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Abstract 

 Direct liquid-phase exfoliation of layered materials by means of ultrasound, shear 

forces or electrochemical intercalation holds enormous promise as a convenient, cost-

effective approach towards the mass production of two-dimensional (2D) materials, 

particularly in the form of colloidal suspensions of high quality, micrometer- and 

submicrometer-sized flakes. Of special relevance due to environmental and practical 

reasons is the production of 2D materials in aqueous medium, which generally requires 

the use of certain additives (surfactants and other types of dispersants) to assist in the 

exfoliation and colloidal stabilization processes. In this context, biomolecules have 

received in recent years increasing attention as dispersants for 2D materials, as they 

provide a number of advantages over more conventional, synthetic surfactants. Here, we 

review the research progress in the use of biomolecules as exfoliating and dispersing 

agents for the production of 2D materials. Although most efforts in this area have 

focused on graphene, significant advances have also been reported with transition metal 

dichalcogenides (MoS2, WS2, etc) or hexagonal boron nitride. Particular emphasis is 

placed on the specific merits of different types of biomolecules, including proteins and 

peptides, nucleotides and nucleic acids (RNA, DNA), polysaccharides, plant extracts 

and bile salts, in their role as efficient colloidal dispersants of 2D materials, as well as 

on the potential applications that have been explored for such biomolecule-exfoliated 

materials. These applications are wide-ranging and encompass the fields of biomedicine 

(photothermal and photodynamic therapy, bioimaging, biosensing, etc), energy storage 

(Li- and Na-ion batteries), catalysis (e.g., catalyst supports for the oxygen reduction 

reaction or electrocatalysts for the hydrogen evolution reaction), or composite materials. 

As an incipient area of research, a number of knowledge gaps, unresolved issues and 
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novel future directions remain to be addressed for biomolecule-exfoliated 2D materials, 

which will be discussed in the last part of this review. 

1. Introduction

 Owing to their promise as key players in the development of future disruptive 

technologies, graphene and other two-dimensional (2D) materials, including layered 

transition metal dichalcogenides (TMDs; e.g. MoS2 or WS2) and transition metal oxides 

(TMOs; e.g., MnO2 or WO3), hexagonal boron nitride (h-BN), phosphorene or silicene, 

are currently the focus of extensive and concerted research efforts worldwide.1–3 At the 

heart of this strong interest in single- and few-layer sheets of such materials lie a 

number of exceptional physical properties (e.g., electronic, mechanical, thermal and/or 

optical) that are frequently absent from their corresponding three-dimensional layered 

counterparts and only arise as a result of their reduced dimensionality.4 Thus, the wide 

diversity of 2D materials in terms of both properties and composition is expected to 

make for a significant impact in many critical technological areas, such as electronics,5

photonics,6 energy conversion/storage,7 biomedicine,8,9 chemical sensing/biosensing10,11

or (photo)catalysis.12

 To come up to the high expectations placed on graphene and other 2D materials, 

methods for their mass production must be first developed. Ideally, such methods 

should be cost-effective, easy to implement and scale-up, as well as versatile enough to 

afford 2D materials with characteristics specifically targeted to each intended 

application. However, a decade of research into graphene production has taught us that 

no single method can fulfil all these requirements, and instead we have to resort to a 

pool of different bottom-up and top-down approaches, each of which having its own 

advantages and drawbacks.2,13 Among bottom-up methods, chemical vapor deposition 
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(CVD), which relies on the reaction of certain organic or inorganic precursors on 

catalytic (metallic) substrates, is widely touted as a serious contender in the race to 

mass-produce large-area, high quality wafers of graphene or TMDs suitable for high-

end applications in, e.g., electronics or photonics.14,15 Nevertheless, the CVD process is 

currently limited by the need of using high temperatures and vacuum, as well as by the 

subsequent transfer of the wafers to appropriate target substrates that tends to introduce 

impurities and defects, thus impairing their performance.14

 Top-down production approaches, on the other hand, rest upon the exfoliation of 

bulk layered solids to give single- and/or few-layer flakes of the corresponding 2D 

materials. Of particular relevance are those methods based on direct exfoliation in the 

liquid phase that typically make use of ultrasound, 4,16 shear forces17 or electrochemical 

intercalation18 to break the constituting layers of the bulk solid apart. Such a strategy is 

generally able to afford large quantities of high quality flakes of many 2D materials in 

colloidal dispersion that can be readily processed into coatings or thin films, or 

combined with other materials to give composites and hybrid systems suitable for 

different practical uses. Even though direct liquid-phase exfoliation suffers from some 

drawbacks, most notably low exfoliation yield and polydispersity in flake size and 

thickness (including low fraction of single-layer flakes),4,16  its simplicity and versatility 

makes it extremely attractive in many prospective technological applications. For 

instance, the exfoliated flakes can be used as fillers in mechanically reinforced and/or 

electrically conductive composites, components for low-cost solution-printed electronic 

devices, drug delivery vehicles, catalysts and catalyst supports or electrodes for 

supercapacitors and Li-ion batteries.2,4,16 Likewise, this type of wet direct exfoliation 

has to be contrasted with chemical exfoliation, which involves modification of the 

starting layered material by some appropriate means so as to facilitate its efficient 
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cleavage. Prominent examples are the oxidation of graphite to afford graphene oxide 

and reduced graphene oxide,19,20, or the intercalation of 2H-phase MoS2 and other 

TMDs with Li to give single-layer 1T- or 1T´-phase flakes of the corresponding 

material.21,22 Although these chemically exfoliated materials boast some attractive 

features of their own that are important in practical applications,23–28 the processes 

required to prepare them usually entail a significant structural alteration of the original 

layered material (e.g., introduction of defects) that is difficult to fully revert,29 which in 

turn limits their scope of application. By contrast, direct exfoliation is known to 

generally preserve the original structure of the layered material, avoiding the 

introduction of significant amounts of defects aside from those associated to the 

presence of edges in the 2D flakes.4,16

 Research carried out since 2008 has revealed that graphene and other 2D materials 

can be readily obtained by wet direct exfoliation in some selected (typically high boiling 

point) organic solvents.30–32 Alternatively, exfoliation and dispersion can also be 

accomplished either in ionic liquids33 or in water.16 Working in aqueous medium is 

generally advantageous in terms of production safety, handleability and applicability 

(e.g., in biomedicine) of these materials.8,16 Nonetheless many 2D materials, including 

graphene, TMDs or h-BN are intrinsically hydrophobic in their pristine form, implying 

that certain stabilizers or surfactants must be used to afford their direct exfoliation and 

subsequent dispersion in water. Over the last years, a variety of both ionic34 and non-

ionic34–38 surfactants have been successfully employed towards this end. However, most 

of these surfactants were of synthetic origin, which raises concerns as regards the cost, 

environmental impact, toxicity or biocompatibility of the resulting 2D materials.  

 To help broaden the applicability of 2D materials obtained by direct liquid –phase 

exfoliation, recent research efforts have explored the use of natural (i.e., biomolecule-
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based) stabilizers rather than synthetic ones. Potential benefits of biomolecule-assisted 

exfoliation include a wide availability of many suitable biomolecules, greater 

sustainability/environmental friendliness of the production process, better 

biocompatibility of the exfoliated flakes,39 as well as inherent (non-covalent) 

functionalization of the flakes with the biomolecules, which could serve as a chemical 

handle for further derivatization towards different practical purposes. Progress in this 

area has been rapid over the last 2–3 years and has encompassed a wide variety of 

biomolecules (proteins/peptides, nucleotides/DNA, polysaccharides, bile salts, etc). 

Here, we provide an up-to-date overview of this topic with a focus on (1) the specific 

merits of the different types of biomolecules that enable them to act as efficient 

dispersants of 2D materials and (2) the various applications that have been explored for 

such biomolecule-exfoliated 2D materials. In line with its status as the most intensively 

investigated of all 2D materials, graphene has received the lion´s share of attention from 

researchers on this topic, although significant work with MoS2, WS2 or h-BN has also 

been reported. Finally, we bring this review to a close with a perspective on some of the 

challenges that need to be addressed in this research area. 

2. Biomolecule-assisted exfoliation and dispersion of 2D materials

 Many relevant layered materials (e.g., graphite, TMDs or h-BN) as well as the high 

quality single- and few-layer flakes that can be exfoliated from them exhibit a strong 

hydrophobic character. As a result, the direct exfoliation and dispersion processes that 

allow the production of such flakes (e.g., by means of ultrasound or shear forces) cannot 

be accomplished in water unless some appropriate additive (stabilizer) is included.16

Broadly speaking, for a given substance to be successful as a colloidal stabilizer of a 

hydrophobic nanomaterial in water, it needs to exhibit an amphiphilic character. Thus, 
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the hydrophobic section(s) of the amphiphile can readily adsorb onto the surface of the 

nanomaterial, whereas its hydrophilic components, having a polar and/or ionic nature, 

are able to extend into and strongly interact with the aqueous medium, furnishing the 

nanomaterial with colloidal stability by virtue of steric or electrostatic repulsion.40 This 

key observation can be used as a general guide in the selection and testing of efficient 

biomolecules towards the exfoliation and dispersion of 2D materials. In the following, 

we discuss the research work carried out on this topic according to the specific types of 

biomolecules that have been explored. Prospective technological uses of the 

biomolecule-exfoliated 2D materials are also examined in each case. For obvious 

reasons, the approach to 2D materials contemplated here naturally lends itself to its 

implementation in biomedical applications (drug delivery, biosensors, tissue 

engineering scaffolds, etc). Many of the prospective applications that have been 

reported for biomolecule-exfoliated 2D materials are indeed bio-related, although other 

areas (energy, catalysis, composite materials, etc) have also been explored.  

2.1 Proteins and peptides

 Peptides and proteins are biomolecules formed by the assembly of amino acid 

residues, the main difference between the two lying in the length of the amino acid 

sequence: peptides are short sequences, whereas proteins are made up of much longer 

sequences. In their aqueous native state, proteins take on well-defined spatial 

conformations, whereby certain residues are exposed on the outer surface of the 

biomolecule and others are confined within the molecular core so as to minimize its 

solvation free energy. Because the physicochemical characteristics of the residues can 

be quite diverse depending on its specific type [e.g. the residue can have anionic (acid), 

cationic (basic), polar nonionic or hydrophobic character], the resulting 



8 

peptides/proteins typically exhibit combinations of hydrophilic and hydrophobic 

segments that make them potentially useful as amphiphilic dispersants for the 

exfoliation and colloidal stabilization of graphene and other 2D materials. Some 

proteins and peptides had been previously used for the debundling and subsequent 

dispersion of 1D carbon nanotubes (CNTs),41-43 suggesting that they could also be 

effective in the case of graphene. However, in addition to chemical composition, 

dimensionality can also be expected to play a role in the propensity of a nanostructured 

material to be exfoliated and stabilized by a given dispersant, especially if the latter is a 

bulky molecule, such as a protein or a nucleic acid, that exhibits an intricate structure 

determined by a delicate balance of intramolecular forces. For example, while nucleic 

acids have been suggested to wrap around CNTs in a helical fashion,44 such 

conformation is not expected to be in place in the stabilization of 2D materials. Very 

preliminary work with bovine serum albumin (BSA) indicated that the attainment of 

protein-exfoliated graphene was feasible.45 As a result, comprehensive studies aimed 

specifically at 2D materials were then undertaken. 

 Early work by Laaksonen and co-workers identified a special class of proteins, 

referred to as hydrophobins, as a particularly suitable dispersant towards the direct 

exfoliation of graphite into graphene in aqueous medium.46 Hydrophobins are surface-

active microbial adhesion proteins involved in the growth and development of 

filamentous fungi, and are quite unique in that they exhibit a patch of hydrophobic 

residues on one side of their external surface (Fig. 1a), making such type of 

biomolecules strongly amphiphilic in nature. By contrast, many conventional proteins 

tend to confine the hydrophobic residues in their interior and mostly expose hydrophilic 

residues on their outer surface. As a matter of fact, sonication of graphite in an aqueous 

solution of the class II hydrophobin HFBI (obtained from the fungus Trichoderma 
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reesei) afforded colloidal suspensions of high quality, micrometric and submicrometric 

graphene platelets that were stabilized by a layer of protein molecules adsorbed through 

their hydrophobic patch (Fig. 1b and c). The same authors were also able to capitalize 

on the ample possibilities of chemical modification associated to proteins to generate 

graphene-based functional hybrids or composite materials, providing three specific 

examples in this regard.46,47 In one of them, an HFBI dimer having the two protein 

domains connected by a disulfide bond was used to exfoliate and disperse graphene 

flakes. Subsequently, Au nanoparticles coated with mercaptosuccinic acid could be 

selectively anchored onto the graphene flakes by way of the disulfide bridges present in 

the adsorbed dimers. In another case, the HFBI protein was appended with a peptide 

segment (ZE, to give the fusion protein HFBI-ZE) that can specifically recognize and 

bind a complementary peptide (ZR) in a highly pH-sensitive manner. At a pH value of 3 

(5), the ZE and ZR peptides experience electrostatic repulsion (attraction). Thus, the 

attachment of ZR-functionalized Au NPs onto HFBI-ZE-exfoliated graphene could be 

hindered or promoted at will simply by means of pH control. 

 In the third example, HFBI was combined with two units of a protein denoted as 

cellulose-binding domain (CBD) that displays a high binding affinity towards cellulose, 

to yield the fusion protein HFBI-DCBD (Fig. 1d).47 Similar to the other HFBI variants, 

this fusion protein could exfoliate and strongly adsorb onto graphene, but at the same 

time it was also able to attach to nanofibrillated cellulose (NFC) through the two 

engineered CBD units (Fig. 1e, left picture). Such a dual binding ability facilitated the 

generation of high performance NFC-graphene composite films with both components 

being intimately mixed and interacting strongly via the fusion protein (Fig. 1e, right 

picture). Indeed, tensile tests revealed that the mechanical properties of the composites 

improved very significantly (Young´s modulus and tensile strength values increased by 
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a factor of 2–3 compared with the NFC-only film) at low graphene loadings (1.25 wt%). 

The key role played by the HFBI-DCBD stabilizer was made apparent by noting that 

when this fusion protein was replaced by the wild-type, HFBI-only hydrophobin, which 

can just bind to graphene but not to cellulose, the resulting NFC-graphene composites 

were inhomogeneous (Fig. 1f) and were mechanically much weaker. 

 More recently, another class of hydrophobins (class I) has also been tested for its 

ability to exfoliate and disperse graphene. Class I hydrophobins tend to possess a higher 

hydrophobic character than that of their class II counterparts, which drastically limits 

their solubility in water. Specifically, Gravagnuolo et al have used the class I 

hydrophobin Vmh2, derived from the fungus Pleurotus ostreatus, as a graphene 

dispersant in ethanol/water mixtures.48 Since Vmh2 features much extended 

hydrophobic patches on its surface, it could not be used as a dispersant in water alone, 

but required a solvent with lower polarity instead.49 Thus, 60 vol% ethanol in water was 

found to be an optimum medium for the efficient exfoliation and dispersion of graphite 

assisted by Vmh2, yielding high quality, few-layer graphene suspensions at significant 

concentrations (~0.5 mg mL-1) that were stable for several months. Electrokinetic 

analysis suggested that the Vmh2-coated graphene flakes were colloidally stabilized by 

electrostatic repulsion stemming from a net positive charge present on the protein. 

Likewise, taking advantage of the fact that the aggregation state of Vmh2 can be 

controlled by environmental factors, solvent polarity in particular, homogeneous Vmh2-

graphene hybrid films could be prepared at the air-liquid interface simply by increasing 

the solvent polarity (adding water to the ethanol-water mixture). 

 In addition to hydrophobins, other proteins have been identified as efficient 

graphene dispersants, in particular lysozyme (Lys) from chicken egg white50,51 and 

BSA.52,53 Indeed, graphite powder could be exfoliated and dispersed in water to give 
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graphene in the form of single-, few- and multi-layer flakes at concentrations up to ~0.2 

mg mL-1 using Lys.50 This protein exhibits a strongly cationic character and 

consequently a high isoelectric point (pI ~10.7) due to the abundance of residues having 

primary amines (i.e., arginine and lysine) in its structure. As a result, the Lys-coated 

graphene flakes could be colloidally stabilized by electrostatic repulsion at pH below 

and above 10.7, but flocculated around the pI value of the protein. Furthermore, 

negatively charged Au NPs were successfully anchored onto the graphene flakes via the 

cationic Lys molecules, and the resulting hybrids were shown to possess a remarkable 

catalytic activity as evaluated through the reduction of o-nitroaniline to o-

phenylenediamine by NaBH4 as a model reaction. The catalytic activity of the Au NPs 

in the hybrids was seen to be much higher than that of their stand-alone counterparts, 

which was attributed to the enhanced stability against coalescence and aggregation 

when the NPs are adhered onto graphene via Lys. With a view to their use in biomedical 

applications, Joseph and co-workers investigated the cytotoxicity of Lys-exfoliated 

graphene towards a number of cell lines: mouse embryonic fibroblasts (NIH-3T3), 

human colorectal cancer cells (HCT-116), human cervical cancer cells (HeLa) and 

squamous carcinoma cells (SCC-7).51 At a graphene concentration in the culture 

medium of 25 g mL-1 the viability of the three cancer cell lines was much lower than 

that of the fibroblasts, suggesting that Lys-coated graphene flakes could be used as 

anticancer agents. The same authors also demonstrated that calf histone was efficient at 

exfoliating graphene, whereas ovalbumin and bovine hemoglobin failed to afford stable 

graphene suspensions. 

 BSA has been very recently used as a particularly effective protein towards the 

high-throughput production of few-layer graphene flakes.52 To this end, shear-based 

exfoliation in a simple kitchen blender was implemented instead of the more common 
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sonication treatment (Fig. 2a-c), which furnished much higher graphene production 

rates (up to 4-7 mg mL-1 h-1). The performance of BSA was compared with that of other 

proteins, including -lactoglobulin (from bovine milk), ovalbumin (egg white) and 

hemoglobin (bovine blood), and the results suggested that the density of negative charge 

on the protein is central to its efficiency as a graphene dispersant. Thus, BSA possessed 

the highest density of negative charge at pH 7 and consequently led to the highest 

production rates. Another attractive feature of this protein was the fact that it afforded 

aqueous graphene dispersions at unusually high concentrations (up to ~7 mg mL-1). The 

BSA-coated graphene dispersions were also shown to be relatively stable under 

biologically relevant conditions (50% fetal bovine serum), which should facilitate their 

use in biomedicine and bioengineering applications. In a related work, Ahadian et al

demonstrated that BSA-stabilized graphene flakes (in this case, exfoliated via 

sonication) also exhibited a reasonable stability in phosphate-buffered saline (PBS) 

solution.53 Furthermore, cell proliferation tests carried out with C2C12 mouse 

myoblasts on BSA-exfoliated graphene films revealed a similar behavior to that 

observed on conventional Petri dishes (Fig. 2d and e), indicating this type of graphene 

to be biocompatible and non-cytotoxic. The BSA-coated graphene flakes were also 

compounded with methacrylated gelatin to give composite hydrogels with tunable 

electrical conductivity and Young´s modulus, which are promising as scaffolds to, e.g., 

regulate the behavior of electro-active cells or the differentiation and fate of stem cells. 

 A number of layered TMDs have also been successfully exfoliated and/or dispersed 

in water using BSA.39,54 Guan et al reported the production of very stable (> 1 year) and 

rather concentrated (> 1 mg mL-1) aqueous suspensions of MoS2, WS2 and WSe2

nanosheets using a cumulative layer-by-layer exfoliation route that relied on a low 

power bath sonication treatment for extended periods of time (48 h).39 BSA was shown 
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to perform better as a TMD dispersant than synthetic polymers (polyacrylic acid, 

polyvinyl pyrrolidone) and other biomolecules (chitosan, gelatin). Likewise, depending 

on the concentration of BSA in the solution, dispersions dominated by single-layer 

([BSA] < 2 mg mL-1) or multilayer ([BSA] ~2-4 mg mL-1) nanosheets could be attained. 

Owing to their very high surface area, the BSA-stabilized single-layer MoS2 nanosheets 

demonstrated good adsorption capacity towards the pesticide 2,4-dichlorophenoxyacetic 

acid as well as a decent specific capacitance with aqueous 0.1 M Na2SO4 as the 

electrolyte. A good biocompatibility of the exfoliated MoS2 nanosheets was also 

suggested on the basis of cell viability tests (MTT assay) carried out with fibroblasts.39

Indeed, single-layer BSA-bound MoS2 nanosheets showed a cell viability percentage 

that doubled that of MoS2 nanosheets colloidally stabilized with surfactants, such as 

poly(acrylic acid) and polyvinylpyrrolidone, indicating its higher biocompatibility. 

 BSA-stabilized WS2 nanosheets have also been used simultaneously as an efficient 

photothermal therapy (PTT) agent and as a photosensitizer carrier for photodynamic 

therapy (PDT), affording enhanced effects in the eradication of HeLa cancer cells.54 In 

this case, the starting bulk WS2 powder was pre-exfoliated in the absence of BSA 

through a grinding step followed by intercalation with H2SO4 and then ultrasonic 

treatment in water. The resulting pre-exfoliated WS2 nanosheets were subsequently 

incubated with BSA to finally give BSA-stabilized WS2 dispersions, which were 

colloidally stable in PBS medium. These nanosheets exhibited a noticeable although 

somewhat limited effect as PTT agent under near-infrared laser irradiation (808 nm, 1 

W cm-2, 10 min) against HeLa cells (cell viability ~50 % relative to the control sample). 

Likewise, the BSA-coated WS2 flakes could be loaded with significant amounts of 

methylene blue (MB; up to 0.1 mmol g-1), thus potentially serving as a carrier of this 

photosensitizer for use in PDT. However, irradiation (665 nm LED lamp, 50 mW cm-2, 
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3 min) of HeLa cells incubated with the BSA-WS2-MB system yielded again rather 

mediocre results (cell viability ~65% relative to control). A similar outcome was 

obtained using free MB. On the other hand, a combined PTT and PDT treatment with 

BSA-WS2-MB, whereby irradiation using the 808 nm laser was followed by exposure to 

the 665 nm LED lamp, led to much improved results (cell viability < 20%). It was 

inferred that irradiation of the WS2 nanosheets with the near-infrared laser, in addition 

to directly providing some PTT effect on the cancer cells, triggered the desorption of the 

MB molecules adsorbed on the nanosheets. In turn, the desorbed MB molecules were 

much more efficient as PDT agents than their adsorbed counterparts, since the 

generation of singlet oxygen (the main reactive species produced in PDT to induce 

cellular death) was not impaired by the presence of an adjacent WS2 nanosheet. As a 

result of these synergistic PTT and PDT effects, an enhanced anti-cancer activity was 

obtained. Finally, due to the high atomic number of W, the authors could also use the 

BSA-stabilized WS2 nanosheets as contrast agents for X-ray computed tomography 

imaging. 

 Ge and co-workers have employed gelatin, a mixture of proteins and peptides 

obtained by partial hydrolysis of collagen, towards the exfoliation and dispersion of 

few-layer graphene, MoS2, WS2 and h-BN flakes in water at reasonably high 

concentrations (~1 mg mL-1).55 Owing to its good biodegradability and 

biocompatibility, gelatin is potentially useful as a substrate and/or carrier in tissue 

engineering,56 but its poor mechanical properties constitute a significant obstacle to 

such an application. In the search of a solution to this issue, the authors implemented a 

simple method whereby the gelatin-stabilized graphene dispersions were processed into 

solid gelatin-graphene composite films, with the graphene flakes acting as mechanical 

reinforcement of the gelatin matrix. Composite films incorporating 1 wt% graphene 
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boasted a 73% increase in tensile strength and 180% increase in Young´s modulus 

relative to the pure gelatin film. More recently, the same method has been used to 

prepare gelatin/h-BN composite films from gelatin-exfoliated h-BN flakes, which were 

then tested for oxygen barrier applications.57 At h-BN loadings of ~2.3 wt%, the oxygen 

permeability of the composite decreased by a factor of 20 at a gas pressure of 1.5 bar 

and by a factor of 500 at 2 bar compared with the pure gelatin film in the absence of h-

BN. 

 Although a number of proteins have demonstrated their utility as dispersants for 

graphene and other 2D materials, in many cases their mechanism of adsorption on (and 

stabilization of) such materials remains poorly understood. For hydrophobins a 

reasonable guess can be made, as discussed above, on account of their having large 

segregated domains of hydrophobic nature on their external surface, which confers them 

a strongly amphiphilic character. On the other hand, the situation for more conventional, 

water-soluble proteins, including Lys and BSA, appears to be more complicated: these 

proteins do not generally possess spatially segregated sequences of hydrophobic 

residues, as hydrophobins do, and in their native state they tend to expose hydrophilic 

residues to the aqueous medium and to confine hydrophobic ones in their interior so as 

to minimize their solvation free energy.58 This observation suggests that proteins that 

can colloidally stabilize graphene and other 2D materials in water could undergo 

conformational changes to promote their adsorption (such changes could be further 

triggered by the additional energy and external forces introduced into the system during 

exfoliation, e.g. via sonication). Indeed, there exists some experimental evidence in 

support of such a hypothesis for the case of Lys- and BSA-stabilized graphene.51,52

 Relevant insight on the issue of protein adsorption onto graphene has been recently 

disclosed from a theoretical perspective.59 Although previous computational work based 
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on density functional theory (DFT) and molecular dynamics (MD) addressed the 

interaction of single amino acids with graphene in vacuum as well as under more 

realistic aqueous environment,53,60-62 it has been recognized that the adsorption behavior 

of proteins or even peptides cannot be just extrapolated from the results obtained for 

their individual constituting amino acids.62 Rather, the whole structure of the protein 

needs to be considered to arrive at a faithful description of its adsorption on a substrate. 

With this objective in mind, extensive MD simulations have been used to investigate the 

adsorption of bovine fibrinogen and BSA on graphene, taking the presence of water 

molecules from the solvent medium explicitly into account.59 The results indicated that 

both proteins experienced conformational changes to make aromatic residues (e.g., 

tryptophan or tyrosine) originally confined in their interior interact with the graphene 

surface via - stacking. Significantly, it was also found that basic residues, such as 

arginine and lysine, were even more relevant than aromatic ones in driving the 

adsorption of the proteins onto graphene (Fig. 3a). Such a priori unexpected outcome 

was rationalized by noting that the number of water molecules in the first solvation shell 

around the positively charged basic residues decreased by a relatively small extent upon 

adsorption of the residue on graphene. Thus, the loss of electrostatic contributions to the 

solvation free energy of the residue was accordingly small, which could be compensated 

by a favorable residue-graphene van der Waals interaction. By contrast, a very recent 

MD simulation of BSA adsorption on graphene that used the same explicit solvent 

model for the water molecules suggested that BSA undergoes minimal conformational 

changes under free adsorption and only experiences significant changes in the presence 

of an external force acting on the protein.63 Such a discrepancy between this and the 

previous work could be due to limitations associated to the MD theoretical approach, 

such as the accuracy of the different force fields employed in the simulations.63
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 The relevance of protein conformational changes has also been highlighted in a 

very recent study involving soy protein and graphite nanoplatelets.64 It was observed 

that the ability of this protein to stabilize the platelets in water was remarkably enhanced 

when trifluoroethanol (TFE) was added to the suspension and the temperature was 

raised to 90 ºC. MD simulations revealed that such an improvement was the result of 

protein denaturation by the combined action of TFE and temperature, so that the 

hydrophobic residues originally hidden in the protein core became exposed to the 

surrounding medium and thus could adsorb on and colloidally stabilize the graphite 

platelets (Fig. 3b). 

 Compared with proteins, little work has been reported on the use of peptides for the 

direct exfoliation and colloidal stabilization of 2D materials. As a matter of fact, this 

issue has just been addressed for the first time in a study that compared the efficiency of 

18 amphiphilic peptides and lipopeptides, both of anionic and cationic nature, towards 

the ultrasound-assisted exfoliation of graphite in water to give few- and multi-layer 

graphene flakes.65 These peptides were structurally similar to conventional surfactants 

in that they were made up of a hydrophobic tail incorporating a short sequence of 

hydrophobic amino acid residues, plus an optional alkyl chain, and a polar ionic head 

containing either a protonated amine (-NH3
+) or a deprotonated carboxyl (-COO-) group 

(Fig. 4a and b). It was generally observed that the anionic peptides performed better as 

graphene dispersants than their cationic counterparts (Fig. 4c). The authors proposed 

that the establishment of cation- interactions between cationic peptides and the 

polyaromatic surface of graphene would lead to a relatively low electrostatic repulsion 

between graphene flakes coated with such a type of peptides, and hence to a limited 

colloidal stability of their dispersions. The best exfoliation/dispersion results were 

attained with the anionic peptide I3C (IleIleIleCys) and its gemini surfactant-like dimer 
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I3C–CI3, which was attributed to the previously demonstrated strong ability of these 

peptides to self-assemble both in the bulk aqueous medium and at the water-solid 

interface.66

2.2. Nucleotides, RNA and DNA 

 Nucleotides are organic molecules consisting of three components, namely, an 

aromatic nitrogenous base (nucleobase) of non-polar, hydrophobic nature, a sugar 

moiety with five carbon atoms and a strongly polar (poly)phosphate group. This 

structural make-up implies that nucleotides exhibit an amphiphilic character that could 

be harnessed towards their use as dispersants in the direct exfoliation and stabilization 

of 2D materials. Similarly, nucleic acids such as RNA and DNA, which are long 

polymeric sequences assembled from certain sets of nucleotides as monomers, 

constitute a priori good candidates for the same purpose. However, in spite of their 

strong potential, work on the use of nucleotides and nucleic acids as dispersants for the 

direct exfoliation of 2D materials has been limited. 

 To this day, only one nucleotide [flavin mononucleotide (FMN), a derivative of 

vitamin B2] has been used for the exfoliation/dispersion of graphite,67–69 its performance 

being outstanding in several respects. The chemical structure of FMN incorporates a 

dimethylated isoalloxazine unit as the nucleobase, a ribitol moiety and a single 

phosphate group (Fig. 5a). FMN had been previously used as a surfactant for carbon 

nanotubes70 and it was known from theoretical calculations that the adsorption energy 

of its isoalloxazine unit on the nanotube wall is high.71 Likewise, prior circumstantial 

evidence in a different context had revealed that FMN adsorbs strongly onto reduced 

graphene oxide nanosheets,72 suggesting that it could also make an efficient dispersant 

in the preparation of oxide- and defect-free graphene flakes. This hypothesis was 
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substantiated later on when pristine graphite powder could be successfully exfoliated 

and dispersed in aqueous FMN solutions via sonication (Fig. 5b and c).67 Significantly, 

graphene suspensions with long-term stability could be attained using a very low 

amount of FMN relative to graphene (FMN/graphene mass ratios as low as ~0.04). This 

result was in marked contrast with what is usually reported in the preparation of 

surfactant-stabilized graphene, where surfactant/graphene ratios one or two orders of 

magnitude larger are the norm.36,73–75 Having a very low fraction of dispersant is 

generally desirable because its presence can be detrimental to the performance of 

materials and devices obtained thereof.16 For instance, films assembled from graphene 

flakes stabilized with a low amount of FMN exhibited remarkable electrical 

conductivity (~52000 S m-1) without the need to resort to post-treatments (e.g., high 

temperature annealing). Furthermore, the use of FMN as a dispersant led to highly 

concentrated graphene suspensions (up to ~50 mg mL-1; see inset to Fig. 5c), again 

outperforming most efficient surfactants previously used for the same purpose.  

 FMN has also exhibited a notable templating ability towards the unzipping of 

graphene flakes into graphene nanoribbons. This was demonstrated by Yoon et al,68

who exfoliated graphite flakes in aqueous FMN solution using a cup-horn sonicator. 

After discarding most of the resulting dispersion through sedimentation at a high 

centrifugal force (80000 g), a nanoribbon-enriched supernatant was obtained (Fig. 5d). 

The nanoribbons were ~10-100 nm wide and ~250 nm long on average, and could not 

be obtained using other dispersants such as sodium dodecyl sulfate or sodium cholate. 

Detailed studies by transmission electron microscopy led the authors to propose that the 

adsorption of linear assemblies of FMN molecules onto exfoliated graphene flakes 

triggered the unzipping of the flakes into nanoribbons via sonication (inset to Fig. 5d). 

The linear self-assembly of FMN onto graphene was driven by two specific features of 



20 

the isoalloxazine moiety: (i) its strong binding affinity towards graphitic surfaces and 

(ii) its propensity to form hydrogen bonds with neighboring isoalloxazine moieties. 

 Most work on the direct exfoliation of graphite to give colloidally dispersed 

graphene relies on ultrasound or shear forces to cleave the graphite layers. However, the 

latter approaches are not without their limitations, including a low exfoliation yield 

(usually <5 wt%).16 To address this issue, researchers have combined electrochemical 

pre-exfoliation of graphite with ultrasound-/shear-assisted liquid-phase dispersion of the 

pre-exfoliated material.76 Depending on the specific experimental conditions, 

electrochemical exfoliation can lead to very high quality and thin (1-3 monolayers) 

graphene flakes, which could be advantageous application-wise.77,78 FMN has been 

recently employed as a dispersant for different graphite types that had been pre-

exfoliated by an electrochemical (anodic) method in aqueous K2SO4 solution.69 In all 

cases, the amount of FMN-stabilized graphene produced was much larger than that 

obtained when only sonication or shear forces were used. Thin films of the 

electrochemically exfoliated, FMN-stabilized graphene flakes demonstrated good 

biocompatibility towards the murine fibroblast cell line L-929, suggesting their 

prospective utility in biomedicine.69

 The growth of metal or semiconducting nanoparticles (NPs) on pristine graphene to 

form functional hybrids is frequently troublesome due to the absence of strong 

anchoring sites in the graphene support. In the case of FMN-exfoliated graphene this 

problem could be overcome, and defect-free flakes incorporating large numbers of 

noble metal (Ag, Pt and Pd) NPs with sizes in the 3–25 nm range were readily 

prepared.67 The ionic phosphate group in FMN molecules adsorbed on the graphene 

flakes was thought to facilitate the nucleation of the NPs from their metallic precursors. 

The resulting metal NP-graphene hybrids were tested as catalysts for the reduction of 
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nitroarenes, exhibiting activities comparable or even higher than those of the best 

performing metal catalysts previously investigated. The hybrids were also evaluated as 

electrocatalysts towards the oxygen reduction reaction with a view to their use as 

electrochemical oxygen sensors (Fig. 5e). A linear range of response to oxygen 

concentration from 0.30 to 7.6 mg L-1 was observed (inset to Fig. 5e), with limits of 

detection between 0.25 and 0.29 mg L-1. 

 It has been known for more than a decade that nucleic acids (DNA and RNA in 

particular) are able to debundle and disperse individual CNTs in aqueous medium. 44,79

In the case of DNA, a previous denaturation step was often required to cleave the 

double-stranded biomolecule (dsDNA) into single-stranded DNA (ssDNA), so that a 

strong ssDNA-CNT interaction can be established through - stacking between the 

nucleobases and the nanotube sidewall. As previously noted, it was also suggested that 

nucleic acids are able to wrap around CNTs in a helical fashion, giving rise to well-

stabilized colloidal systems. 44 However, such a helical conformation is not expected to 

be in place in the stabilization of 2D materials. This was probably one of the reasons 

why early efforts on the direct exfoliation of graphite assisted by ssDNA relied on the 

covalent incorporation of a pyrene moiety at one end of the nucleic acid strand, so that 

the strong pyrene-graphene interaction would facilitate the immobilization of the 

biomolecule on the 2D structure.80 Nevertheless, subsequent studies demonstrated that 

nucleic acids are able to exfoliate and colloidally stabilize both graphene81,82 and other 

2D materials (WS2 and WSe2; Fig. 6a and b)83 by themselves, i.e. without the assistance 

of attached moieties. Furthermore, dsDNA could be directly employed towards the 

exfoliation of graphite into graphene via sonication82: it was postulated that the large 

amount of energy introduced into the system during sonication sufficed to disrupt the 

hydrogen bonding in the dsDNA molecule, thus yielding individual ssDNA strands and 
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circumventing the need of a prior denaturation step. In all cases, stable aqueous 

suspensions of single- and few-layer flakes with lateral sizes in the ~0.1-1 m range and 

significant concentrations (up to ~2 mg mL-1) were attained, denoting the effectiveness 

of nucleic acids as dispersants of 2D materials. 

 First-principles calculations based on DFT revealed that all the nucleobases present 

in DNA and RNA, i.e. adenine (A), thymine (T), guanine (G), cytosine (C) and uracil 

(U), physisorbed on the surface of graphene, MoS2 and WS2 with relatively high 

binding energies in the ~65-90 kJ mol-1 range and following the order G > A > T > C > 

U.84 MD simulations have also been carried out to investigate the dispersion of 

graphene flakes by short ssDNA segments (3-18 nucleobases) in aqueous medium.85,86

Both homologous (i.e., containing only one type of nucleobase) and mixed (AGTC 

repetition) base sequences were considered. In general, the results indicated that the 

investigated oligonucleotides are efficient graphene dispersants. However, their 

dispersing ability was seen to depend on the specific base sequence and was dictated by 

the interplay of three competing interactions: (i) - stacking between nucleobases 

within the ssDNA molecule, (ii) hydrogen bonding between ssDNA and water 

molecules, and (iii) nucleobase-graphene - stacking.85 For the homologous 

oligonucleotides, the strength of their adsorption onto graphene was governed by the 

nature of the repeating nucleobase, as it followed the same trend as that obtained for the 

single (monomeric) nucleosides in aqueous medium. Nevertheless, the oligonucleotide 

with the mixed base sequence was predicted to be the best dispersant on account of its 

higher propensity to lie flat on the graphene surface in an elongated conformation, 

which maximized the number of nucleobases interacting with the latter. 

 Concerning the practical use of nucleic acid-exfoliated 2D materials, a number of 

possibilities have been explored. For example, thin films made from RNA-exfoliated 



23 

graphene flakes have demonstrated a performance as transparent conductors that is 

comparable to that of graphene films obtained using synthetic surfactants.81 Likewise, 

graphene-Au nanoparticle hybrids with potential utility in sensing or catalysis have been 

prepared through specific binding of ssDNA-stabilized graphene flakes to Au NPs 

labeled with complementary ssDNA strands.80 In the biomedical realm, ssDNA-

exfoliated WS2 and WSe2 flakes have been very recently investigated for their 

antibacterial effect.83 It was determined that the viability of Escherichia coli cells 

decreases markedly upon exposure to aqueous dispersions of these TMD flakes at a 

concentration of 80 g mL-1 (Fig. 6c). Best results were obtained for ssDNA-exfoliated 

WSe2, affording a decrease in viability of ~80 %, whereas a more modest performance 

(~40-50 %) was attained with WS2 and graphene oxide, the latter also studied for 

comparison purposes. Control experiments suggested that bacterial damage was 

probably caused by direct oxidation of cellular components through contact with the 2D 

sheets without the generation of reactive oxygen species. In a different work, graphene 

exfoliated with dsDNA as a dispersant has been shown to inhibit the migration of 

cancer cells in zebrafish embryos (human tumor xenograft model) to an extent similar to 

that achieved using the commercially available anticancer drug paclitaxel (Fig. 6d).82

Because tumor-free embryos appeared to be viable following exposure to the graphene 

flakes, the results indicated that this material might be used as a drug to prevent cancer 

metastasis. 

2.3. Polysaccharides and plant extracts 

 Polysaccharides are polymeric carbohydrate molecules composed of long chains of 

monosaccharide units bound together by glycosidic linkages. Cellulose is the most 

abundant polysaccharide; in fact, it is the most profuse organic biopolymer on Earth. It 
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consists of a linear chain of several hundreds to many thousands of D–glucose units 

linked by β(1→4) glycosidic bonds. The amphiphilicity of cellulose comes from the 

presence of both hydrophilic hydroxyl groups in equatorial positions on the 

glucopyranose rings and of hydrophobic C–H moieties in axial positions,87 and 

manifests itself, e.g., by the formation of emulsions in water–oil mixtures.88 Cellulose 

has been shown to be useful as an amphiphilic exfoliating agent and dispersant of 

graphene and other 2D materials. Indeed, Carrasco et al obtained stable, concentrated 

aqueous dispersion of mostly single–layer graphene by direct liquid–phase exfoliation 

of graphite using a low relative amount of cellulose nanocrystals.89 In this case, the 

colloidal stabilization was aided by the presence of abundant sulfate groups in the 

nanocrystals coming from their extraction process with sulfuric acid.  

 Another form of cellulose that has found use as amphiphilic dispersant for graphene 

and other 2D materials is microfibrillated or nanofibrillated cellulose (NFC). NCF is a 

mesoscopic material with a length in the micrometer scale and diameters of just a few 

nanometers that constitutes an important structural reinforcing component of the 

primary cell wall of green plants. It can be obtained, usually as a hydrogel, by 

mechanical disintegration of macroscopic pulp fibers. Its excellent mechanical 

properties make NCF attractive as filler for nanocomposites with improved mechanical 

properties. However, its propensity to aggregate poses an important obstacle for such 

application. Malho and co–workers circumvented this problem by first directly 

exfoliating and dispersing graphite in NFC hydrogel to yield homogeneous aqueous 

dispersions of multi–layered graphene flakes and then preparing nanocomposites by 

removal of water through filtration.90 No aggregation of the NFC fraction occurred 

during the process. Instead, the resulting nanocomposites consisted of linear co-

assemblies of graphene layers and NFC, and displayed a superior combination of 
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stiffness, toughness and strength. Hydrophobic and aromatic ring polarization 

interactions of the graphene surface with the pyranose rings of cellulose were assumed 

to be the driving force for the co–assembly between graphene and NFC as well as the 

origin of the enhanced mechanical properties of the composite. Such interactions have 

been previously reported to arise between the aromatic residues of proteins and 

cellulose,91–93 thus supporting the idea that a similar interaction mechanism might apply 

in the graphene-cellulose case. We have previously mentioned that the fusion protein 

HFBI–DCBD was used to mediate the binding between NFC and graphene, and thus to 

strengthen the resulting composite material.47 Indeed, this protein–mediated binding 

was more efficient than that of the present nanocomposite consisting of just NFC and 

graphene in that it led to a higher stiffness; nevertheless, the composite also exhibited a 

lower flexibility and toughness. NFC is also an efficient dispersant for other 2D 

materials, such as h–BN and MoS2.88 Strong and flexible NFC-exfoliated MoS2 films 

were successfully used as Na–ion battery anodes for prospective flexible battery 

applications. Parenthetically, levulinic acid (4–oxopentanoic acid), which is derived 

from the degradation of cellulose, has been very recently put forward as an 

environmentally friendly, biomass–derived solvent (rather than dispersant) for the 

scalable production of defect-free single–layered graphene from graphite.94 Specifically, 

it was claimed that flakes less than 1.0 nm in thickness, taken as single–layered 

graphene, were found to comprise ~84% of the total dispersed flakes. 

 Lignin is the second most abundant natural polymer after cellulose and the most 

abundant aromatic renewable material on the planet. It is a key structural material in the 

supporting tissues of vascular plants, forming cell walls in wood and bark, to which it 

lends rigidity and hydrophobicity. Lignin is a cross–linked polymer consisting of three 

types of phenylpropane subunits connected in complex ways (see Fig. 7a). Although it 
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is predominantly hydrophobic, it also contains weakly acidic groups, namely, phenolic 

and carboxylic groups that are negatively charged in alkaline condition. Different lignin 

derivatives are obtained depending on the particular process used for its extraction, 

namely, the kraft pulping process produces alkali lignin (AL), while the sulfite pulping 

process produces sodium lignosulfonate (SL). Both processes lead to an increase in 

hydrophilicity via the introduction of new phenolic groups through the kraft pulping 

process95 and sulfonate groups through the sulfite process. The amphiphilic 

polyelectrolyte SL was previously shown to be an excellent dispersant for CNTs,96 and 

very recently Lou and co-workers have demonstrated its efficiency in the case of 

graphene.97 Indeed, the latter were able to obtain stable aqueous graphene dispersions at 

unusually high concentrations (up to 13.5 mg mL-1). In addition, Liu et al have 

demonstrated AL–assisted exfoliation of a variety of lamellar materials (graphite, MoS2, 

WS2, and h–BN) in aqueous media.98,99 The graphene flakes prepared with AL were 

tested as mechanical reinforcement filler for epoxy resin matrixes, proving them to be 

more efficient than commercial nano–additives such as CNTs or carbon nanofibers. The 

presence of graphene flakes at a loading of 0.1 wt% rendered the fractured surface of 

the epoxy/graphene composite (Fig. 7b and c) rougher than that of the neat epoxy resin 

(not shown), hampering crack propagation (Fig. 7c) and thus increasing the required 

strain for fracture.98 MoS2 flakes exfoliated with AL were tested as a cathode for Li-ion 

batteries, displaying a reversible capacity of 164 mA h g-1 (Fig. 7d), which remained 

above 110 mA h g-1 at 12 C (Fig. 7e), and excellent rate capabilities compared to its 

bulk counterpart.99 Such an enhanced performance was partly rationalized by the 

ultrathin nature of the exfoliated MoS2 flakes, which greatly increases the surface area 

available for contact with the electrolyte and in turn shortens the electron and ion 
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migration lengths. On the other hand, the relatively small lateral size of the flakes 

increased the fraction of edge sulfur atoms that were assumed to act as redox centers. 

 Gum Arabic (GA), or gum acacia, is the best known of the tree gum exudates and 

can be obtained easily and abundantly. GA is a low–cost, environmentally friendly 

edible emulsifier with a high solubility in water over a broad pH range, and is 

extensively used in the processing of drugs, foods and drinks. Its structure comprises 

both hydrophilic hyperbranched polysaccharides (mainly galactose and arabinose) and 

hydrophobic glycoproteins. Stable ink dispersions of CNTs prepared by sonication of 

CNT bundles in aqueous GA solution had been previously reported,100 suggesting that 

GA could also be an effective stabilizer in the case of graphene. This possibility was 

indeed demonstrated by both Guardia et al35 and Chabot and co-workers.101 The latter 

showed that GA adsorbed onto the graphene flakes could be totally removed by 

filtration and acid hydrolysis to yield pure multilayer graphene powder with a yield of 5 

wt%. Fan et al used GA–stabilized graphene dispersions to prepare Ag–graphene 

hybrids, which were found to be suitable substrates for the detection of 4–

aminothiophenol by surface–enhanced Raman spectroscopy in liquid environment.102

Graphene dispersed with glycidyl methacrylate–modified GA could be introduced into a 

poly(acrylic acid) hydrogel at a loading of 5 wt%, significantly improving its 

mechanical properties.103

 Chitosan (CS) is a naturally occurring linear cationic polysaccharide composed of 

randomly distributed β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine units. 

It is extracted via deacetylation of chitin from shrimp and other crustacean shells by 

treatment with NaOH. CS comprises both hydrophobic, non–polar acetyl chain 

segments and hydrophilic, positively charged amino groups. Owing to its 

biodegradability, biocompatibility, antimicrobial activity and excellent film–forming 
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ability, CS has drawn interest in such diverse fields as pharmaceutics, fuel cells, 

agriculture or food science.104 CS has been reported to promote the dispersibility of 

CNTs in aqueous medium.105-107 More recently, Unalan and co–workers have described 

the CS-assisted exfoliation of graphite using short (30 min) sonication times, affording 

5.5 mg mL-1 aqueous dispersions of high quality graphene flakes.108 As for MoS2, Feng 

et al reported its exfoliation and dispersion in acidic aqueous CS solution to prepare CS-

MoS2 composites with good dispersion of the 2D filler, leading to a material with 

improved structural stability as well as mechanical and thermal properties.109 It has also 

been found that well-dispersed, CS-exfoliated MoS2 flakes increased the flame 

retardance and reduced the smoke toxicity of MoS2-epoxy resin composites.110 Such 

improvements were tentatively explained on the basis of a barrier effect provided by the 

ultrathin MoS2 flakes. Restriction of both external heat and oxygen flow would explain 

the improved flame retardance, while inhibition of the escape of volatile toxic 

substances would reduce the smoke toxicity. 

  Single–layer MoS2 flakes have been recently put forward as a novel near–infrared 

(NIR) absorbing agent, exhibiting higher absorbance in the NIR region than, e.g., gold 

nanorods.111 Using CS-exfoliated MoS2 aqueous dispersions, the spectroscopic 

properties of MoS2 have been combined with the ability of CS to impart physiological 

stability and biocompatibility towards the development of phototherapy systems against 

cancer in two instances in the literature (Fig. 8). In the first example (Fig. 8a and b), Yin 

et al developed a chemotherapeutic drug nanocarrier for a NIR light-triggered drug 

delivery system.112 To this end, MoS2 flakes with controllable size were obtained 

through an exfoliation process based on oleum treatment (Fig. 8a, step 1) and stabilized 

in aqueous solution with the assistance of CS (Fig. 8a, step 2). Doxorubicin (DOX), a 

common chemotherapeutic drug, could be loaded onto the CS-modified MoS2 flakes 
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(Fig. 8a, step 3) without detriment to the colloidal stability of the dispersion. Then, NIR 

light-induced local hyperthermia acted as a stimulus for the on–off control of DOX 

release from the CS–modified MoS2 flakes (Fig. 8b). In the second example (Fig. 8c), 

Zhang and co-workers used an ionic liquid-assisted grinding method in the presence of 

CS to obtain CS-modified MoS2 flakes, which performed satisfactorily towards in vitro

PTT tests with human hepatocyte carcinoma (HepG2) cells.113 These biocompatible and 

colloidally stable CS–modified MoS2 flakes were also used as a contrast agent in X–ray 

computed tomography imaging due to the ability of Mo to absorb X–rays.112

 A variety of other polysaccharides, including hyaluronic acid (HA),114 pullulan,108

guar gum115 and xantham gum,115 have been identified as exfoliating and/or dispersing 

agents for graphite and other layered materials. HA is an anionic polysaccharide 

(specifically, a glycosaminoglycan) that constitutes an essential component of the 

extracellular matrix of connective, epithelial and neural tissues. Pyrene has been 

appended to HA molecules to introduce the possibility of – stacking with graphitic 

systems, and the resulting amphiphilic biopolymer has been found to facilitate the 

aqueous exfoliation not only of graphite but also of h–BN and MoS2.114 Culinary 

hydrocolloids such as guar gum, xantham gum and tannic acid (a polyphenol) have 

facilitated the exfoliation and dispersion of MoS2 in water, which could be subsequently 

decorated with Au nanoparticles via in situ reduction by the hydrocolloids. The 

resulting hybrids exhibited an excellent catalytic activity in the reduction of 4–

nitrophenol with NaBH4.115 Finally, several medicinal plant extracts have also been 

tested as mediators for the direct exfoliation of graphite, although with mixed results. 

The most successful were extracts from cocklebur (Xanthium strumarium) and Japanese 

mugwort (Artemisia princeps).116 In these cases, stable aqueous dispersions of 

multilayer graphene flakes could be obtained with a reported yield of ~6 wt%.  
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2.4. Bile salts

 Bile acids are a type of steroid acids present in many vertebrates and primarily 

synthesized by the liver from cholesterol. Their main biological function is to act as 

natural surfactants for the emulsification of lipids, facilitating digestion of the latter by 

the organism.117 The amphiphilic character of bile acids (or their salt forms) is provided 

by a core made up of four non-aromatic rings (three cyclohexane rings and one 

cyclopentane ring) appended with an alkyl chain that is terminated by a polar carboxylic 

or sulfonic acid group [e.g., see Fig. 9a (left) for the structure of sodium cholate (SC)]. 

The planar four-ring section possesses a number (typically 2 or 3) of hydroxyl groups 

located on one side of the molecule, making this face hydrophilic in nature while the 

opposite face remains hydrophobic [see Fig. 9a (right) for the case of SC]. As 

demonstrated by MD simulations,118,119 this configuration favors the adsorption of the 

bile salt onto graphene and CNT surfaces (and probably other hydrophobic 

nanostructures), with its hydrophobic face contacting the graphitic surface (even though 

- stacking will not be in place) and its hydrophilic face exposed to the aqueous 

environment, thereby promoting the role of the bile salt as a dispersant for such 

nanostructures. Indeed, the potential of bile salts as dispersants for the colloidal 

stabilization of carbon nanostructures was first disclosed by Wenseleers et al, who 

demonstrated their remarkable ability to exfoliate and disperse CNT bundles into 

individual entities.120

 The use of bile salts in the colloidal preparation of 2D materials was pioneered by 

the groups of Hersam121 and Coleman.122,123 The latter have subsequently devoted 

considerable research efforts with this type of dispersant to address several key issues 

towards the implementation of wet direct exfoliation as a competitive production 
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method. In this endeavor, the bile salt (SC in most cases) was mainly employed as a 

benchmark surfactant due to its convenience as regards processing and characterization 

purposes. For example, SC is a readily available and rather innocuous compound that is 

transparent to visible as well as near and middle ultraviolet light. In early work with bile 

salts, SC-water solutions were combined with long sonication times to demonstrate that 

aqueous graphene and TMD suspensions can be procured at significant concentrations 

(~0.5 mg mL-1).123,124 By contrast, initial reports using other surfactants and shorter 

sonication could only exfoliate graphene at very low concentrations (<0.05 mg mL-1),125

which are impractical for many applications. More recently, SC was employed as an 

aqueous dispersant to introduce and implement the concept of shear exfoliation of 

graphite and other layered solids to give few-layer flakes of the corresponding 2D 

material.126 The main advantage of this method compared with sonication-induced 

exfoliation lies in the fact that under conditions relevant for scale-up (i.e., for large 

production volumes) both the rate and yield of production of the 2D materials are much 

higher (~1-2 orders of magnitude). 

 Colloidal dispersions of 2D materials obtained by the direct exfoliation methods 

considered here are typically polydisperse in nature, implying that as-prepared samples 

generally comprise a mixture of flakes with different lateral sizes (length, L) and 

thicknesses (number of monolayers, N).127 To determine these morphological 

parameters, researchers have relied on microscopy techniques (e.g., transmission 

electron and/or atomic force microscopy) to measure L and N for a statistically 

significant number of individual flakes transferred from the liquid phase to a proper 

substrate. However, this process can be extremely time-consuming, so the availability 

of a fast in situ diagnosis tool would be most desirable. In this regard, it has been noted 

that the optical extinction spectra of several 2D materials (MoS2, WS2, graphene) 
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contain quantitative information about the mean L and N values for the flakes in the 

dispersion.127–129 This question was first investigated in the case of MoS2, using SC as a 

dispersant due to its optical transparency in the relevant wavelength range.127 To this 

end, Backes et al prepared a set of aqueous MoS2 dispersions with different lateral size 

and thickness distributions by sorting a stock SC-stabilized suspension via a 

straightforward centrifugation approach referred to as band sedimentation (Fig. 9b). As 

noticed from Fig. 9c, some features in the extinction spectra were strongly dependent on 

the specific sorted fraction. More to the point, the ratio of extinction at the B-exciton 

peak located at ~605 nm and the local minimum at ~345 nm (ExtB/Ext345) was directly 

correlated with the mean flake length in the dispersion (Fig. 9d). This result could be 

rationalized by taking into account that the local electronic structure, and hence the local 

optical properties and spectral shape, of the flake edges differs from that of the inner 

region of the flakes. Because the relative fraction of edge regions increases as the lateral 

size of the flake decreases, the shape of the optical spectrum will be size-dependent, so 

that a quantitative relationship between L and ExtB/Ext345 could be derived. Likewise, 

the position of the A-exciton peak (A, ~660-675 nm range) was seen to be dependent 

on N owing to quantum confinement effects (Fig. 9e), so that an empiric formula 

relating A and N was obtained. More recently, similar quantitative spectroscopic 

metrics have also been established for both WS2
128 and graphene129 using the same or 

similar methodological approaches. Considering that optical extinction spectroscopy is 

a readily available technique in most laboratories worldwide, these results can be 

expected to expedite the development of liquid-phase exfoliated 2D materials towards 

many uses. 

 Although post-production processing based on centrifugation can be implemented 

to sort the originally polydisperse colloidal suspensions of 2D materials into samples 
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with narrow lateral size and/or thickness distributions,121,127–129 such processes tend to 

be tedious and time-consuming. A way to circumvent any post-processing steps in the 

size selection of liquid-phase exfoliated MoS2 has been recently proposed by Varrla et 

al.130 The authors demonstrated that flakes with mean length and thickness between ~40 

and 200 nm and ~2 and 12 monolayers, respectively, can be controllably tuned simply 

by adjusting the concentration of SC used during the exfoliation step (smaller and 

thinner flakes are obtained at higher SC concentrations). This finding is important 

because it provides a convenient access to MoS2 flakes with sizes that can be optimized 

towards specific target applications (see below). At present, only SC has been shown to 

possess a capability for flake size selection during exfoliation, the origin of which is not 

well understood. As a tentative explanation, it has been argued that size selection arises 

from differences in packing density of SC molecules between edge and basal plane 

regions of MoS2 due to electronic structure and geometrical effects.130

 In addition to SC, other bile salts have been tested as dispersants for graphene, 

including sodium deoxycholate (SDOC), sodium taurodeoxycholate (STDOC) and  3-

[(3-cholamidopropyl)dimethyl ammonio]-1-propanesulfonate (CHAPS).35,131,132 Like 

SC, SDOC and STDOC are anionic dispersants, implying that they provide stability to 

colloidal systems via electrostatic repulsion, whereas CHAPS possesses a zwitterionic 

character. The main advantage of some of these bile salts as compared with the case of 

SC lies chiefly in their ability to afford aqueous graphene suspensions at significantly 

higher concentrations (up to ~12 mg mL-1 with STDOC),131,132 which can be 

advantageous when considering practical applications (e.g., for the development of 

graphene-based conductive inks). 

 Bile salt-exfoliated 2D materials (graphene and MoS2 in particular) have shown 

potential towards different prospective applications in, e.g., catalysis, energy storage or 
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biosensing. In the case of graphene, these include its use as transparent and conducting 

films121,122 and support of Pt NPs for the oxygen reduction reaction.131 For MoS2, thin 

films of this TMD blended with an electrically conductive nanostructured carbon 

material (SC-dispersed graphene or CNTs) were tested as thermoelectric devices and 

cathodes for Li-ion batteries.123 Significantly, the electrical conductivity of the films () 

could be increased by several orders of magnitude upon addition of the nanostructured 

carbon, while their Seebeck coefficient (S) only decreased to a limited extent. As a 

result, the power factor of MoS2/CNT hybrid films (P = S2), a measure of the utility of 

a material as a thermoelectric device, reached remarkable values (P = 87 W K-2 m-1 for 

a film with 75 wt% CNT loading). As a cathode for Li-ion batteries, the SC-exfoliated 

MoS2-CNT hybrid films exhibited a good capacity retention (>70%) and high 

coulombic efficiency (>95%) after 100 charge-discharge cycles. Furthermore, the 

ability to control the lateral dimensions of liquid-exfoliated MoS2 flakes (either by post-

production centrifugation or through specific concentrations of SC) has been shown to 

be beneficial in catalytic applications, for instance when MoS2 is used as an 

electrocatalyst for the hydrogen evolution reaction (HER).127,130 Taking into account 

that the catalytically active sites of MoS2 are mostly located at the flake edges,133 the 

performance of this 2D material towards the HER should be improved as the mean 

lateral size of the flakes in the tested sample is decreased. Indeed, larger current 

densities and lower onset potentials associated to better HER response were measured 

from MoS2 flakes prepared via exfoliation at higher SC concentrations, which yielded 

smaller mean flake sizes (Fig. 9f).130 Very recently, a systematic comparison of the 

HER activity of thin films of different SC-exfoliated TMDs (MoS2, MoSe2, MoTe2, 

WS2, WSe2, WTe2) has been carried out.134 The activity was found to be in the order 

selenides > sulfides > tellurides, with MoSe2 as the best-performing electrocatalyst. The 
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exact origin of these differences in catalytic performance is currently unknown. One 

possibility would be a higher intrinsic activity of the catalytic sites in the selenides, 

which were assumed to be located at the flake edges (like in the case of MoS2). 

Alternatively, the density of catalytically active sites could be higher for the selenides, 

for example due to a lower propensity to become deactivated via functionalization with 

impurities during exfoliation. In any case, the catalytic activity of all the tested TMDs 

could be significantly improved by increasing the film thickness (larger number of 

active sites) and by adding carbon nanotubes to the film (higher electrical conductivity 

of the electrode).

 The colloidal stability of charge-stabilized dispersions is known to sensitively 

depend on a number of parameters, including the concentration of electrolytes.135

Capitalizing on these effects, Li et al have recently developed a label-free colorimetric 

DNA biosensor based on a SC-exfoliated (and therefore charge-stabilized) aqueous 

MoS2 suspension.136 It was observed that the as-prepared suspension (MoS2

concentration: 0.05 mg mL-1) became destabilized and sedimented when an electrolyte 

(NaCl, 10-2 M) was added. However, salt-induced sedimentation could be inhibited in 

the presence of ssDNA oligonucleotides (7.5 nM). This effect was ascribed to co-

adsorption of ssDNA on MoS2, with its negatively charged phosphate groups providing 

the flakes with enhanced resistance to charge screening by the electrolyte and hence 

with improved colloidal stability. On the other hand, when the complementary ssDNA 

oligonucleotide was included in the mixture, hybridization between the two 

complementary strands to give dsDNA took place, which involved desorption of the 

ssDNA strands from MoS2 and consequently sedimentation of the latter. Under such 

conditions, the extent of sedimentation (or equivalently, the amount of MoS2 remaining 

in dispersion) was seen to depend on the concentration of the complementary ssDNA in 
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the mixture. Thus, a straightforward method to quantitatively detect this ssDNA could 

be put in place by measuring the optical extinction of the remaining MoS2 dispersion at 

a given wavelength (672 nm). A linear range of measurement between 0.5 and 7.5 nM 

with a detection limit of 0.3 nM was determined. This approach was also sensitive 

enough to detect polymorphisms in the ssDNA strands at the single-nucleotide level. 

2.5. Other bio-related compounds

 Besides the different classes of biomolecules discussed in the preceding 

subsections, a number of other bio-related compounds have been explored towards the 

exfoliation and dispersion of 2D materials (mostly graphene). A rather atypical example 

in this regard is that of saccharin. Although saccharin is indeed an artificial organic 

compound, it is nonetheless non-toxic, biocompatible and widely used in the food 

industry as a sweetener. This compound has been recently employed as both 

intercalating and dispersing agent towards the electrochemical (anodic) exfoliation of 

graphite in aqueous medium.137 Phospholipids, a type of naturally occurring molecules 

that make up the basic scaffold of cell membranes, constitute another example. Such 

compounds are amphiphilic substances comprised of two long alkyl chains connected 

by a polar head that incorporates a phosphate group, and are known to strongly interact 

with graphitic surfaces.138 It has been experimentally demonstrated that lecithin, a 

phospholipid mixture extracted from, e.g., soybeans or egg yolk, can be used to 

exfoliate and disperse graphite into few-layer, defect-free graphene at modest 

concentrations (~0.05 mg mL-1) in chloroform.139 MD simulations suggested that 

stabilization was achieved through adsorption of reverse micelles and hemimicelles on 

the graphitic basal plane, where a large number of alkyl chains were directly exposed to 

the solvent medium and provided a steric barrier to flake coagulation. Phospholipid 

(liposome)-exfoliated graphene has also been prepared both in water and PBS medium 
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at concentrations of ~0.1-0.2 mg mL-1 and successfully tested as an efficient 

antibacterial agent.140 Specifically, moderate concentrations (0.05 mg mL-1) of these 

graphene flakes were found to inhibit bacterial growth for both Gram-positive 

(Staphylococcus aureus) and Gram-negative (Escherichia coli) strains in a way 

comparable to that achieved with graphene oxide (growth reduction of ~85-90% relative 

to an isotonic saline solution taken as control sample). The extent of growth reduction 

was significantly smaller when the bacterial strains were exposed to phospholipids in 

the absence of graphene flakes, highlighting the relevant role played by the 2D carbon 

material as an antibacterial agent. 

 Urea, an environmentally friendly organic compound generated as a by-product of 

the metabolism of nitrogen-containing substances in mammals, has also been recently 

employed for the exfoliation of graphite141 and h-BN142 to give few-layer flakes in 

aqueous suspension. We note, however, that urea is not an amphiphilic compound, so 

that the mechanisms involved in its ability to colloidally disperse these materials 

deserve special attention. In the case of graphene, which was exfoliated through probe 

sonication, experimental evidence suggested that the ultrasonic treatment triggered the 

reaction between the primary amine group of urea molecules adsorbed on graphene and 

CO2 dissolved in the aqueous medium from air.141 Such a reaction furnished the urea 

molecule with a –NHCOOH group that can subsequently deprotonate and provide 

colloidal stability to the graphene flakes via electrostatic repulsion. Regarding h-BN, 

exfoliation was accomplished by means of a solid-state ball milling process in the 

presence of urea (typical h-BN:urea mass ratios of 1:60; see Fig. 10a).142 Significantly, 

the as-milled product could be directly dispersed in water at a high yield (85 wt%) 

without the need of sonication. The dispersions were comprised of 1–2 nm thick, 

amino-functionalized h-BN flakes with a small lateral size (~50–100 nm; Fig. 10b) and 
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could be prepared at concentrations up to ~30 mg mL-1 (Fig. 10c, left photograph). It 

was proposed that mechano-chemical processes during ball milling facilitated both 

exfoliation of the bulk h-BN particles and functionalization of the resulting thin flakes 

at edges and defects with urea-derived amine groups. Furthermore, gelling of the highly 

concentrated suspensions was observed when left undisturbed for two weeks (Fig. 10c, 

right photograph), which afforded extremely lightweight h-BN aerogels (densities down 

to ~1.4 mg cm-3) after a freeze-drying step (Fig. 10d). Thin, transparent films were also 

produced through vacuum filtration of the aqueous h-BN dispersions, which exhibited 

strong ultraviolet and blue light emission that could be useful in bioimaging, lasing or 

optoelectronic applications. 

 Drug molecules have also been used towards the exfoliation and dispersion of 

graphene in aqueous medium. For example, ball milling of graphite with the antifungal 

drug amphotericin B was shown to afford water-dispersible, few-layer graphene flakes, 

even though this compound is hydrophobic in nature and therefore possesses very low 

water solubility.143 The mechanism behind the ability of amphotericin B to stabilize 

graphene in water was not investigated and is currently unknown, although the molecule 

was assumed to be adsorbed on the exfoliated flakes. However, pharmacological and 

biocompatibility tests indicated that this graphene was essentially inactive against many 

fungi species of the Candida genus (the free drug is highly toxic to fungi) and lacked 

significant toxicity to human lung epithelial cells (A549 line). The biological inertness 

of amphotericin B-loaded graphene towards fungi was attributed to the fact that the drug 

cannot reach the site of action at the fungus cell membrane at therapeutic concentrations 

when it is strongly bound to graphene. On the other hand, chlorin e6, an efficient 

photosensitizer drug in PDT, has been used as a dispersant for graphene in aqueous 

medium (Fig. 10e and f).144 Like amphotericin B, this drug molecule exhibits a poor 
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solubility in water, but in this case the colloidal stabilization mechanism was known 

from previous studies with CNTs:145 adsorption of chlorin e6 on the graphene surface 

through - interaction yielded a charge-transfer complex that induced a strong polarity 

in this molecule, which in turn afforded aqueous dispersibility to the graphene-chlorin 

e6 hybrid system. Furthermore, the graphene-chlorin e6 hybrid was used as a PDT agent 

towards the destruction of HeLa cancer cells. Specifically, the viability of HeLa cells 

exposed to concentrations of chlorin e6 loaded onto graphene of 0.05, 0.10 and 0.20 g 

mL-1 decreased dramatically (down to ~4%) upon irradiation with 660 nm laser light, 

whereas no significant effect was observed when free chlorin e6 was employed instead 

(Fig. 10g). Such concentrations of the photosensitizer were much smaller than those 

required when chlorin e6 was combined with carriers other than pristine graphene (e.g., 

graphene oxide146 or conjugated polymers).147 The experiments revealed that the 

graphene-chlorin e6 complex was internalized by the HeLa cells much more efficiently 

than free chlorin e6. Once in the cytosol, part of the photosensitizer molecules desorbed 

from the graphene flakes and were able to induce the generation of reactive oxygen 

species through absorption of the 660 nm light, which in turn triggered cell death. 

Because graphene itself also absorbs 660 nm light and heats up as a result, some 

contribution to cellular death by a PTT mechanism was thought to be in place as well. 

3. Summary and outlook

 Significant research efforts carried out over the last few years have laid the 

foundations for the use of biomolecules as exfoliating and dispersing agents towards the 

production of 2D materials from their bulk layered counterparts. This biomolecule-

based approach typically exploits the amphiphilicity of many bio-related compounds to 

afford flakes of the 2D materials in aqueous medium, which is advantageous for 
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environmental, safety and other practical reasons. A relatively wide variety of 

biomolecules, such as proteins and peptides, nucleotides and nucleic acids, 

polysaccharides or bile salts, have already demonstrated their utility in this regard, so 

that the basic library of biodispersants of 2D materials has now been established. We 

expect this library to expand in the future with the addition of further compounds from 

the different classes of biomolecules that have been identified. Table 1 provides a 

summary list with the specific bio-related compounds that have been used to this day as 

dispersants for 2D materials, as well as information on the particular exfoliation 

methods used, the typical concentrations attained for the resulting colloidal suspensions 

and some applications tested with these biomolecule-exfoliated materials. The 

performance of some small biomolecules, such as certain amphiphilic peptides, sodium 

cholate or flavin mononucleotide, is comparable to or even better than that of many 

synthetic surfactants of similar molecular weight reported before. It also becomes 

immediately apparent that most work in this research area has focused on graphene, 

although progress with TMDs and h-BN has also been substantial. However, there is no 

reason to believe that the production of other classes of 2D materials (particularly those 

that also exhibit some degree of hydrophobicity) cannot benefit from the use of 

biomolecules as exfoliating and/or dispersing agents. 

 As discussed in the previous sections and similar to the case of synthetic 

surfactants, the colloidal stabilization of 2D materials in the aqueous phase by 

biomolecules is based on adsorption of the latter onto the surface of the flakes, which in 

turn generally relies on relatively weak (non-covalent) interactions such as van der 

Waals forces or - stacking. This weak interaction has its own advantages and 

drawbacks. For instance, the atomic and electronic structure, and therefore many of the 

attractive properties of the pristine 2D material, is largely preserved in the biomolecule-
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exfoliated flakes.48,52,67,123,126,141 On the other hand, the biomolecule-stabilized flakes 

could experience competitive adsorption when exposed to media that incorporate certain 

(natural or synthetic) compounds. This effect could either serve a good purpose (e.g., it 

can be used to load drugs on the flakes with a view to biomedical applications or to 

adsorb pollutants from wastewater for environmental remediation)39,54 or have negative 

consequences; for example, it could lead to coagulation of the originally stable colloidal 

dispersions. When competitive adsorption is to be avoided, the use of biomolecules that 

have demonstrated a particularly strong binding affinity to the 2D material, such as 

hydrophobins46,47 or flavin mononucleotide67 in the case of graphene, would be 

preferred. 

 It is apparent that biomolecule-exfoliated 2D materials are particularly promising 

platforms for a range of applications in the biomedical field. However, such applications 

will not come to fruition unless the long-term effects on living organisms as well as the 

distribution pattern in organs/tissues and fate of such materials are thoroughly evaluated 

and understood. At present, this type of information is mainly lacking for 2D materials 

in general and their biomolecule-exfoliated counterparts in particular. Instead, most 

biocompatibility tests reported in the literature for, e.g., protein-exfoliated graphene or 

MoS2 flakes have been limited in scope and have focused on short-term (a few days) 

tests.39,53 Connected with this question is the issue of potential conformational change 

associated to the use of certain large biomolecules, especially proteins, as exfoliating 

and/or dispersing agents. For example, there is indication that some proteins undergo 

denaturation when they are employed as stabilizers in the sonication-induced exfoliation 

of graphite into graphene.51,52 At present, it is unknown on a protein-by-protein basis 

whether denaturation is just the result of direct protein-graphene interactions or is 

triggered by the external stimuli applied to the system (i.e., ultrasound), but in either 
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case it can have negative effects (e.g., loss of a desired function of the protein or 

emergence of unwanted interactions in biological media). There are, however, some 

possible strategies that could be implemented to preserve the native state of the protein 

upon its adsorption onto the 2D material. For example, it has been shown that the 

carbohydrate-binding protein Concanavalin A retains its biological activity upon 

adsorption onto CVD-grown graphene films if the graphene-protein interface is 

appropriately engineered (specifically, using a multivalent, pyrene-based tripodal 

molecule as protein anchor).148 By contrast, loss of function was observed when the 

protein was directly adsorbed onto the graphene film. A similar approach could be used 

for the preparation of aqueous dispersions of graphene flakes. To avoid the possible 

deleterious effect of ultrasound treatment on the protein conformation, exfoliation by 

shear mixing could be a reasonable option: it has been demonstrated that shear rates at 

least as high as 2×105 s-1 are not able to denature globular proteins in water.149 We note 

that these shear rates are typically employed for the exfoliation of layered materials.126

 The rich chemistry associated to many large biomolecules, including nucleic acids 

and proteins, provides ample opportunities to further tune the interfacial characteristics 

and functionality of the exfoliated 2D materials towards different practical applications, 

for example, to attain a highly selective and specific recognition of biological and other 

targets or to modulate the colloidal dispersibility of the flakes. Nevertheless, with a few 

exceptions,46,47,150 this possibility has remained largely untapped. In this regard, 

functional nucleic acids such as aptamers and nucleic acid enzymes (ribozymes, 

deoxyribozymes) can be designed and synthesized à la carte to have a high binding 

affinity and selectivity towards specific targets.151 These nucleic acids could be used as 

multifunctional systems, affording simultaneously the exfoliation and/or dispersion of 

the 2D material and the selective recognition of molecular species, so that the as-
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prepared nucleic acid-stabilized flakes could be directly used in, e.g., biosensing or 

medical diagnosis applications. It is worth mentioning that many biosensors based on 

the combination of graphene with functional nucleic acids have been previously 

reported in the literature,152 but these prior efforts did not typically incorporate the role 

of the biomolecule as a dispersant in the production of graphene itself. 

 Overall, this review has shown that significant advances in the production of 2D 

materials by direct liquid-phase exfoliation methods as well as in the implementation of 

such materials towards practical applications can be made possible by the use of 

biomolecules as exfoliating/dispersing agents. We believe that this research area will 

further benefit from the many possibilities for development that lie ahead as regards the 

incorporation of biomolecules in both the mentioned and additional functional roles. 
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Table 1. Summary of the different biomolecules that have been reported in the literature 
to exfoliate and colloidally disperse graphene and other 2D materials by direct methods. 
Typical concentrations (conc.) of the resulting dispersions as well as explored 
applications for the materials derived thereof are also indicated. 

Biomolecule 2D material Exfoliation 
method 

Conc.  
(mg mL-1) 

Applications Refs. 

Proteins, peptides 

HFBI (class II 
hydrophobin) 

Graphene Bath/tip 
sonication 

0.04 Mechanical reinforcement 
of polymer composites 

46,47 

Vmh2 (class I 
hydrophobin) 

Graphene Tip 
sonication 

0.5 -- 48 

Bovine serum 
albumin 

Graphene, MoS2
WS2, WSe2

Bath/tip 
sonication; 
shear 
mixing; 
H2SO4
intercalation 

0.2-7 Filler of biomedical 
hydrogels; adsorbent for 
toxic compounds; 
supercapacitor electrode; 
PTT agent; carrier in 
PDT; CT contrast agent  

39,45,52–
54 

Lysozyme Graphene Tip 
sonication 

0.2-2.1 Metal catalyst support; 
anticancer agent 

50,51 

Calf histone Graphene Tip 
sonication 

-- -- 51 

Gelatin Graphene, h-BN Bath/tip 
sonication 

0.6-1.4 Gelatin-based composites: 
mechanical reinforcement; 
gas barrier 

55,57 

Amphiphilic 
peptides 

Graphene Bath 
sonication 

0.03 -- 65 

Nucleotides, 
RNA, DNA 

Flavin 
mononucleotide 

Graphene Bath/tip 
sonication; 
electrochemi
cal 
intercalation 

0.2-50 Metal catalyst support for 
ORR and nitroarene 
reduction; support for 
cellular growth 

67–69 

RNA Graphene Bath 
sonication 

-- Transparent conducting 
films 

81 

DNA Graphene, WS2, 
WSe2

Bath/tip 
sonication 

0.8-2.3 Anticancer and 
antibacterial agents 

80,82,83 

Polysaccharides, 
plant extracts 

Cellulose Graphene, MoS2, 
h-BN 

Bath/tip 
sonication 

0.9–1.1 Mechanical reinforcement 
in polymer composites, 
Na-ion batteries anode 

88–90 

Lignin Graphene, MoS2 Bath/tip 
sonication 

0.65–13.5 Mechanical reinforcement 
in polymer composites, 
Li-ion batteries cathode 

97–99 

Gum arabic Graphene Bath 
sonication 

0.69–1.12 Mechanical reinforcement 
in polymer composites, 
metal catalyst support for 
SERS 

101–103 

Chitosan Graphene, MoS2 Bath/tip 
sonication; 
ionic liquid–
assisted 
grinding; 
oleum 

0.85–5.5 Mechanical reinforcement 
and flame retardant in in 
polymer composites, NIR 
agent for photothermal 
ablation of cancer, 
chemotherapeutic drug 

108–113 
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treatment nanocarrier for NIR–
photothermal triggered 
drug delivery 

Hyaluronic acid Graphene, MoS2, 
h-BN 

Tip 
sonication 

-- -- 114 

Pullulan Graphene Tip 
sonication 

2.3 -- 108 

Guar gum MoS2 Bath 
sonication 

0.24 Metal catalysts support for 
nitroarene reduction 

115 

Xantham gum MoS2 Tip 
sonication 

0.06 Metal catalysts support for 
nitroarene reduction 

115 

Tannic acid MoS2 Bath 
sonication 

0.15 Metal catalysts support for 
nitroarene reduction 

115 

Levulinic acid Graphene Bath 
sonication 

0.065 -- 94 

Artemisia 
princeps 

Graphene Bath 
sonication 

-- -- 116 

Xanthium 
strumarium 

Graphene Bath 
sonication 

-- -- 116 

Bile salts

Sodium cholate Graphene, MoS2, 
MoSe2, MoTe2, 
WS2,WSe2,WTe2,
NbSe2, TaSe2,   
h-BN, MnO2

Bath/tip 
sonication, 
shear mixing 

0.04-0.8 Transparent conducting 
films; HER 
electrocatalyts; 
thermoelectric devices; 
Li-ion battery cathodes; 
mechanical reinforcement 
of polymer composites 

36,121- 
124,126-
130,132, 
134, 136 

Sodium 
deoxycholate 

Graphene Bath 
sonication 

0.1-2.6 -- 35,132 

Sodium 
taurodeoxycholate 

Graphene Bath/tip 
sonication 

0.02-12 Metal catalyst support for 
ORR 

35,131 

CHAPS Graphene Bath 
sonication 

0.08 -- 35 

Other bio-related 
compounds 

Saccharin Graphene Electrochemi
cal 
intercalation 

-- -- 137 

Lecithin 
(phospholipid) 

Graphene Bath 
sonication 

0.05 -- 139 

POPC 
(phospholipid) 

Graphene Bath 
sonication 

0.1-0.2 Antibacterial agent 140 

Urea Graphene, h-BN Tip 
sonication, 
solid-state 
ball milling 

0.15-30 -- 141,142 

Amphotericin B 
(drug molecule) 

Graphene Solid-state 
ball milling 

0.15 -- 143 

Chlorin e6 
(photosensitizer 
drug) 

Graphene Bath 
sonication 

-- Drug carrier for PDT 144 

Acronym definitions: photothermal therapy (PTT), photodynamic therapy (PDT), computed tomography (CT), 
oxygen reduction reaction (ORR), surface–enhanced Raman spectroscopy (SERS), near–infrared (NIR), hydrogen 
evolution reaction (HER), 3-[(3-cholamidopropyl)dimethyl ammonio]-1-propanesulfonate (CHAPS), 1–palmitoyl–2-
oleoyl–sn–glycerol–3-phosphocholine (POPC). 
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Figure 1. Use of hydrophobins towards the exfoliation of graphene in aqueous medium 
and preparation of graphene-based functional composites. (a) Schematic structure of the 
HFBI protein, which has a diameter of about 2 nm. The green area represents the patch 
of hydrophobic residues through which the protein adsorbs onto the graphene flakes. N
denotes the N terminus of the molecule that is used as a chemical handle to attach 
additional species (e.g., proteins, peptides, etc) and generate HFBI variants. (b) The 
HFBI proteins adsorb onto the surface of graphite (left picture) to assist in its ultrasonic 
exfoliation to give HFBI-stabilized graphene flakes in water (right). (c) Atomic force 
microscopy image of an HFBI-exfoliated graphene flake showing an incomplete 
monolayer of adsorbed proteins in a lighter contrast. (d) Schematic structure of the 
HFBI-DCBD fusion protein, formed by two cellulose-binding domain (CDB) proteins 
appended to HFBI. The surface region of the CBD protein that binds selectively to 
cellulose is highlighted in green. (e) Schematic of the dual binding of HFBI-DCBD to 
nanofibrillated cellulose (NFC) and graphene (left picture), as well as the resulting, 
intimately mixed NFC-graphene composite (right). Graphene flakes are shown in cyan 
and NFC fibrils in gray color. (f) Digital photographs of NFC-graphene composite films 
prepared only with HFBI-DCBD (i), 70% HBFI-DCBD and 30% HFBI (ii) and only 
HFBI (iii). Reproduced from refs. 46 and 47 with permission from Wiley-VCH.  

a b c

d e

f (i) (ii) (iii)
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Figure 2. (a) Schematic of the exfoliation of graphite under shear forces using BSA as a 
dispersant. The resulting BSA-coated graphene flakes are referred to as biographene. (b) 
Digital photographs of graphite powder floating on an aqueous BSA solution before 
shear treatment (left beaker) and the resulting BSA-stabilized graphene dispersion after 
exfoliation (right beaker). (c) Transmission electron microscopy image of BSA-
exfoliated few-layer graphene flakes. (d) Live/dead assay based on fluorescence images 
of C2C12 mouse myoblasts seeded at an initial density of 2×104 cells cm-2 on a naked 
Petri dish (top row) and on a Petri dish covered with BSA-coated graphene flakes 
(bottom row). Green (red) indicates live (dead) cells. (e) Quantification of viable C2C12 
myoblasts 1, 3 and 5 days after cell seeding on both naked and BSA-stabilized 
graphene-covered Petri dishes. Reproduced from refs. 52 and 53 with permission from 
Wiley-VCH and Royal Society of Chemistry, respectively. 

a

b

c

d e
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Figure 3. Simulation of the adsorption of proteins onto the graphene surface. (a) Three 
representative snapshots at t = 0, 100 and 200 ns from a MD simulation of the 
interaction of BSA with graphene in the presence of water molecules (not shown). In 
the initial, non-interacting configuration (t = 0 ns), the basic, acidic, aromatic as well as 
other hydrophobic and hydrophilic residues are highlighted in blue, red, purple, white 
and green respectively. Following BSA adsorption, only the residues that are interacting 
with the graphene surface are highlighted, which reveals the important role of basic 
residues. (b) MD simulation snapshots of the interaction of soy protein and graphene in 
water at 300 K (left) and in water-trifluoroethanol (TFE) mixture at 363 K (denaturated 
protein, right). The number of aromatic groups interacting with graphene (highlighted in 
purple) increases from ~3 to about ~6 when the protein becomes denaturated. 
Reproduced from refs. 59 and 64 with permission from Nature Publishing Group and 
American Chemical Society, respectively. 
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Figure 4. Use of peptides in the exfoliation and dispersion of graphene in water. (a,b) 
Molecular structure of the tested cationic (a) and anionic (b) peptides. The capital letters 
denote specific amino acids or alkyl chains: alanine (A), lysine (K), isoleucine (I), 
phenylalanine (F), tyrosine (Y), aspartic acid (D), valine (V), cysteine (C), leucine (L) 
and hexadecyl chain (C16). The gemini surfactant-like peptides (e.g., V3C-CV3) were 
generated by oxidation of the thiol group in the cysteine residue of the monomeric 
peptide and subsequent formation of disulfide bridges. (c) Comparison of relative 
concentrations for graphene dispersions obtained with the different peptides. A/l denotes 
the optical absorbance (per unit path length) of the graphene suspensions measured at a 
wavelength of 660 nm, which is proportional to the suspension concentration according 
to the Lambert-Beer law. Inset: digital photograph of a representative set of aqueous 
graphene dispersions. Reproduced from ref. 65 with permission from Royal Society of 
Chemistry. 
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Figure 5. (a) Chemical structure of flavin mononucleotide (FMN). (b) Atomic force 
microcopy image of FMN-exfoliated graphene flakes. The flakes are submicrometric in 
lateral size and a few nanometers thick. (c) Raman spectra of FMN-exfoliated graphene 
(orange trace) and the starting graphite powder (black). A low D to G band ratio denotes 
high quality graphene flakes. Inset: digital photograph of cuvettes containing (from left 
to right) a concentrated (~45 mg mL-1) FMN-stabilized graphene dispersion, the same 
dispersion diluted by a factor of 100, 1000 and 5000, as well as pure water. (d) 
Transmission electron microscopy image of graphene nanoribbons obtained from FMN-
templated unzipping of graphene flakes. Inset: schematic of the templating process. (e) 
Linear scan voltammograms of O2 reduction at glassy carbon electrodes modified with 
FMN-stabilized graphene-metal NP hybrids in O2- and N2-saturated 0.2 M NaOH 
solution (solid and dotted lines, respectively). The studied materials were graphene only 
(black), graphene-Pt NP hybrid (blue), graphene-Pd NP hybrid prepared in ethanol 
(green) and graphene-Pd NP hybrid prepared with NaBH4 (brown). Scan rate: 50 mV s-

1. The inset shows the corresponding O2 concentration calibration curves. Reproduced 
from refs. 67 and 68 with permission from American Chemical Society and Elsevier, 
respectively. 
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Figure 6. (a) Schematic of the exfoliation of bulk WS2/WSe2 with ssDNA in water via 
sonication to give single-/few-layer flakes of these TMDs. The ssDNA-stabilized flakes 
are negatively charged due to the phosphate groups of ssDNA. (b) Atomic force 
microscopy image (top) and line profile (bottom) of ssDNA-exfoliated WS2 flakes. (c) 
Viability loss of Escherichia coli cells upon exposure for 5 h to an aqueous dispersion 
of ssDNA-exfoliated WS2 or WSe2 flakes (80 g mL-1). Results obtained with graphene 
oxide (GO) are also shown for comparison. (d) Representative fluorescence (dark 
background) and combined optical/fluorescence (light background) microscopy images 
revealing the migration of human colorectal cancer cells (HCT-116 line) xenografted on 
the yolk sac of zebrafish embryos: (i) control group (no drug), (ii) with addition of 50 
nM paclitaxel, (iii) 50 g mL-1 and (iv) 75 g mL-1 dsDNA-exfoliated graphene. The 
arrows in (i) indicate tumor foci disseminated from the yolk sac. Reproduced from refs. 
82 and 83 with permission from American Chemical Society. 
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Figure 7. Use of alkali lignin (AL) as a green dispersant for 2D materials. (a) Structural 
model of lignin. (b,c) Scanning electron microscopy images of fractured surfaces of 
epoxy/AL-exfoliated graphene composites with 0.1 wt% graphene loading. The scale 
bars in (b) and (c) are 10 m and 100 nm, respectively. (d) Cycling performance at 0.6 
C and (e) rate capabilities (1-3 V range) of AL-exfoliated MoS2 flakes in tests as a 
cathode for Li-ion batteries. Reproduced from refs. 98 and 99 with permission from 
Elsevier and Royal Society of Chemistry, respectively. 
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Figure 8. Chitosan (CS)-modified MoS2 flakes as a NIR light–triggered drug delivery 
system for cancer therapy. (a) Schematic illustration of the synthesis of the CS-modified 
MoS2 (MoS2–CS) flakes: (1) exfoliation by oleum treatment to produce single-layer 
MoS2 flakes, (2) subsequent modification with CS and (3) loading of doxorubicin 
(DOX). (b) NIR light–triggered delivery of DOX loaded onto the MoS2 flakes to the 
tumor site. (c) Optical microscopy images of the photothermal destruction of human 
hepatocyte carcinoma (HepG2) cells incubated with 50 μg mL−1 MoS2-CS flakes 
following different times of exposure to 808 nm NIR light irradiation at a power of 2 W 
cm−2. Because they can be readily stained by trypan blue, the dead cells emerge as blue 
spots in the images. Reproduced from refs. 112 and 113 with permission from American 
Chemical Society and Royal Society of Chemistry, respectively.
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Figure 9. Preparation and use of bile salt-exfoliated MoS2. (a) Left: chemical structure 
of sodium cholate (SC). Right: all-atom molecular model of SC (red: O; cyan: C; green: 
Na; white: H). (b) Sorting of SC-exfoliated MoS2 flakes via band sedimentation 
centrifugation. Schematic of the experimental setup: a stock MoS2 dispersion is layered 
on top of a race layer containing D2O and a 1:1 mixture of D2O and H2O (left); after 
centrifugation, seven fractions are separated along the race layer (middle); a digital 
photograph of a dispersion after band sedimentation (right). (c) Extinction spectra of the 
fractions normalized to the local minimum at 345 nm. (d) Ratio of extinction at B-
exciton to local minimum at 345 nm, ExtB/Ext345, plotted as a function of mean flake 
length, L, measured by transmission electron microscopy. (e) Mean number of 
monolayers per flake (measured from atomic force microscopy images) plotted against 
the position of the A-exciton peak observed in extinction and absorbance spectra. The 
data for both extinction and absorbance are very similar. (f) Linear sweep 
voltammograms (5 mV s-1) recorded for thin films of SC-exfoliated MoS2 flakes 
deposited onto pyrolytic carbon substrates, revealing their electrocatalytic response 
towards HER. Data for MoS2 samples with mean flake length of 146 nm (black line), 
100 nm (green) and 75 nm (red) are shown. Reproduced from refs. 119, 127 and 130 
with permission from American Chemical Society and Nature Publishing Group.       
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Figure 10. (a) Schematic of the exfoliation of h-BN with urea by a solid-state ball 
milling approach. (b) Transmission electron microscopy image of urea-exfoliated h-BN 
flakes (scale bar: 50 nm). (c) Left photograph: as-prepared, urea-exfoliated aqueous h-
BN dispersions at concentrations of 6 and 30 mg mL-1. Right photograph: same 
dispersions after standing undisturbed for two weeks. Gelling is observed for the highly 
concentrated dispersion (d) Digital photograph of an h-BN aerogel obtained after 
freeze-drying a gelled dispersion. (e) Chemical structure of chlorin e6. (f) Digital 
photograph of the supernatant obtained after sonication and centrifugation of graphite in 
the presence (left) and absence (right) of chlorin e6. (g) Cell viability of HeLa cells 
exposed to either graphene-chlorin e6 hybrid (G-Ce6) or to free chlorin e6 (Ce6) and 
irradiated with 660 nm laser light for 2 min. Reproduced from refs. 142 and 144 with 
permission from Nature Publishing Group and American Chemical Society, 
respectively.
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