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Abstract 

Graphene-related materials with tuneable pore sizes in the nanoscale range offer the 

potential to address significant challenges in biomolecule separation, controlled delivery of 

drugs, selective biosensor, rechargeable batteries, supercapacitors and solar cells. Layered 

assemblies of graphene-related sheets with physical and chemical cross-linkers between 

the sheets have been recognized as one possible strategy for making such nanoporous 

materials. However, current approaches give very limited control over the pore size 

distribution, particularly with regards control of the mean pore size and the degree of 

spread around it. 

This work particularly outlined the design, synthesis and characterization of a 

nanoporous layered graphene hydrogel produced via peptide-mediated self-assembly of 

reduced graphene oxide (rGO). The peptides have been designed using molecular 

dynamics (MD) simulation to self-assemble the rGO sheets with a desired inter-sheet 

spacing (pore size). The hydrogel material was synthesized and characterized using a range 

of methods to demonstrate the desired pore size is achieved. 

In the second body of this work, the rGO binding peptide hydrogel, denoted rGOPH, 

showed to be a promising candidate for the controlled delivery of an anti-cancer drug. In 

particular, it was shown that the rGOPH has a high doxorubicin (DOX) loading capacity 

achieved through physical adsorption within its nanoporous structure. Design of 

experiments (DoE) and statistical analysis on different preparation parameters revealed 

that pore size and drug loading capacity are tuneable. 

In the final part of the work, a desirable pH-dependant drug release properties was 

shown by rGOPH nominating such hydrogels as promising candidates for cancer therapy. 

In addition, the hydrogel materials exhibited a high biocompatibility to the healthy cells for 

their attachments and proliferation. The cytotoxicity of the hydrogel materials 

demonstrated to be low.  

The work reported in this thesis has provided new computational and experimental 

understanding for fabrication of graphene based nano-constructs with tuneable pore size as 
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well as new methodologies and approaches. Although the focus was only on one designed 

peptide, the design and methodologies developed here are quite potent and, therefore, lay 

the foundations for fabrication of nanoporous graphene based materials of virtually any 

pore size to suit the needs of users in broader applications ( such as nanomedicines, 

nanobiotechnology, nanoelectronics, biosensors and biomolecular and nanoparticle 

separations).   
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Chapter 1: Introduction 

1.1 Introduction 

Hydrogels are highly cross-linked materials possessing a tri-dimensional (3D) and 

flexible structure with hydrophilic and polymeric networks able to hydrate and swell when 

they are immersed in aqueous solutions [1]. In fact, each individual building block of 

hydrogel might be soluble in aqueous, but their chemical or physical cross-linking avoids 

their solubilization. However, water and biological fluids can penetrate through the 

hydrogel networks without breaking the strong interactions of polymeric binding structure. 

Due to their peculiar features and changes in properties in response to external stimuli (e.g. 

solvents, temperature, pH, ionic force, etc.) hydrogels have become the focus of 

considerable research interest in pharmaceutical and biological fields. Some examples of 

hydrogel usage are contact lenses, membranes for biosensors, reconstruction of cartilages, 

artificial tendons, skin, and organs, gene and drug delivery systems [2-9]. A detailed state 

of the art on hydrogels, and in particular graphene based hydrogel is presented in Chapter 2 

of this thesis. Hydrogels in pharmaceutical applications can be categorized as stable and 

degradable ones, with the latter having hydrolytically or enzymatically labile bonding 

structure. For drug delivery purposes in particular, breaking these bonds will add more 

complexity to the system for which complicated mathematical modeling is required to 

interpret the delivery mechanism of the drugs. Thus, hydrogels with stable structures are 

the focus of this study. 

It is widely known that the traditional hydrogels have been extensively used in 

biomedical fields due to their excellent properties. These include biocompatibility, rubber 

elasticity, equilibrium swelling, network structure characteristics and environmental 

sensitivity. However, traditional hydrogels and aerogels have drawbacks, such as poor 

mechanical properties and limited functional properties. Graphene as a planar monolayer 

of sp
2 

hybridized carbon atoms, arranged into a two-dimensional (2D) honeycomb lattice, 

has attracted immense research interest to improve traditional hydrogels (reference for 

graphene hydrogels) due to its outstanding thermal conductivity and mechanical stiffness 

(~3,000 W m
-1

 K
-1

 and 1,060 GPa, respectively) [10, 11]. In addition to the stability, the 
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surface area and porous structure of the hydrogels [12-14] play key roles in different 

applications. Three-dimensional (3D) graphene macrostructures, such as hydrogels [15-

18] and aerogels,[17, 19-21] not only possess the large accessible surface areas from the 

graphene nanosheets, but also have highly porous structures with pore sizes ranging from 

nanometers to several micrometers, which makes them suitable candidates for drug 

delivery to tissue engineering applications. 

Three dimensional graphene macrostructures can also be materialized in composite 

hydrogels which are stimuli-responsive for example in pH sensitive, electro-responsive, 

thermo-sensitive hydrogels. Since Bai et al. [22] reported a pH-sensitive GO/poly(vinyl 

alcohol) (PVA) composite hydrogel prepared by a direct mixing method for drug delivery, 

some other graphene-based hydrogel materials began to emerge, such as electro-responsive 

graphene/poly (methacrylic acid) (PMAA) composite hydrogels [13] and temperature-

sensitive GO/Poly(N-isopropylacrylamide) (PNIPAAm) nanocomposite hydrogels that all 

use graphene derivatives and copolymer cross-linkers. However, graphene hydrogels can 

be formed using solely graphene or GO dispersions, but nanosheets are particularly prone 

to self-assemble and aggregate. They restack due to strong π–π stacking interactions 

between graphene sheet and hydrogen binding between oxygen functionalities, 

consequently, deducing its accessible surface area to uptake biomolecules such as drug 

molecules.  

In order to solve this problem, layer by layer (LBL) assembly of graphene and 

graphene oxide (GO) sheets “with” and “without” the presence of spacer has attracted 

considerable attention from researchers [23], aiming to create out-of-plane pores (or inter-

sheet distance) which result in the enhancement of their adsorption characteristics. The 

advantage of graphene LBL assembly is a high level of control over layering and the 

thickness of the obtained construct which arises due to the linear growth of the films with 

the number of bilayers [24] The out-of-plane pores will benefit different applications and 

devices, for instance, proposed for water treatment where the pore size and water flow rate 

matter [25], in gas and energy storages where the accessibility to the active surface areas is 

the key issue [26, 27] and in drug delivery where the poor solubility of the drug, yield of 

drug uptake as well as the release rate are the main concerns [28, 29].  

javascript:popupOBO('CHEBI:36973','C3TA10989E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=36973')
javascript:popupOBO('CHEBI:52531','C3TA10989E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=52531')
javascript:popupOBO('CHEBI:52531','C3TA10989E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=52531')
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In the field of fabricating porous media, it is extremely important to construct them 

with an ordered microstructure and uniform pore size, [14, 30, 31] particularly for the drug 

delivery application, as the uniform spatial structure and pore distribution will ensure that 

the drugs are homogeneously loaded and distributed. Similar to other porous media, tuning 

the pore size in graphene based hydrogels is vital in the sense that the loading and release 

of the drug may be conducted in a more controllable, reproducible and predictable manner.  

The graphene based hydrogel fabricated without presence of inter-sheet spacers 

exhibited the inter-sheet distances varying from 0.39 nm for rGO [32, 33] to ~1.2 nm for 

GO [34]. This range is not suitable for taking up biomolecules as their sizes are about the 

same size or larger than inter-sheet distance. Therefore, the attentions of researchers went 

toward using spacers. Different types of spacers including carbon materials, (such as 

carbon black [35, 36], CMK [37] and CNTs [38, 39]), metallic particles (iron oxide 

nanorods [40], ruthenium dioxide nanoparticles [41], gold nanoparticles [42-44] and tin 

oxide nanoparticles [45]), polymers (such as polyaniline (PANI) [36] and polypyrrole 

(PPy) [46]) and biomolecules (such as DNA [47], Amino Acids [48] and peptides [49] 

were used between graphene sheets, to effectively prevent the self-restacking of the 

graphene sheets and to increase the size of out of plane pore. None of the above 

approaches had a satisfactory degree of control over the pore size anything beyond 1 nm 

and well into the mesopore size range as defined by IUPAC. Such a control of pore size 

remained as main gap in the field of fabricating graphene based hydrogel.  

In addition, many of the mentioned approaches involve layer-by-layer manufacturing 

where the macroscopic material is built up by putting down on a substrate successive layer 

of graphene or graphene-related material and spacer in an alternating fashion. This process 

leads to only a small fraction of the graphene or graphene-related material being separated 

by the spacers, with the remainder being essentially multi-layer graphene or graphene-

related material or even more disordered than this. It also has the disadvantage that it is a 

cyclic process requiring significantly more than one cycle to be undertaken to achieve the 

final product.  

In this study, one step self-assembly of graphene hydrogel using peptide as spacer 

was proposed. Amongst mentioned spacers, peptides are of particular interest, due to high 
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biocompatibility and degree of control over their sizes and interactions with graphene 

sheets through adjustment in their amino acid sequences. Thus, the formation of graphene 

hydrogels with uniform and desirable pore sizes (h) was expected via a simple peptide-

mediated self-assembly of graphene sheets as schematically shown in Figure  1-1. Only a 

small fraction of the prior art involves a self-assembly process in the manufacture and, 

even then, they do not lead to structures akin to those proposed here in any way, nor 

provide the degree of control over the pore size proposed here. 

 

Figure  1-1. Self-assembly of graphene hydrogel construct with tuneable pore size (h) 

1.2 Aim and Objectives of thesis:  

The main aim of this thesis was two-fold: Develop a graphene based layered 

hydrogel material with tuneable pore sizes in the nm-range, and demonstrate its application 

for controlled drug delivery systems (DDS). This aim was achieved by meeting the 

following objectives: 

(1) Using molecular dynamics (MD) simulation to design a peptide that induces the self-

assembly of graphene for forming nanoporous graphene hydrogel constructs.  

(2) Experimental implementation of the peptides designed in Obj. 1 and validation the self-

assembled graphene nano-constructs.  

(3) Assessing the self-assembled nanoporous graphene hydrogel in the controlled drug 

delivery application.  
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1.3 Organization of thesis:  

The thesis is divided into seven chapters covering the major objective of the present 

work; that is, to develop a design approach suitable for the peptide-mediated self-assembly 

of layered graphene hydrogels and their application for drug delivery systems. However, 

before the synthesis and applying these hydrogel materials for the drug delivery purpose, it 

is prudent to understand the graphene binding peptide self-assembly mechanisms, the 

process of hydrogel preparation as well the different mechanisms of controlled DDS. 

In Chapter 2, we review and explain various types of available DDS and their 

mechanism for particular use of hydrogels. We also review recent contributions made to 

find suitable spacers, and how they might help with the self-assembly of the graphene 

sheets preparation of layered graphene hydrogel constructs. Later, the potential drugs that 

could be effectively loaded and delivered using such hydrogel materials are reviewed. 

Chapter 3, summarizes the general strategies utilized in the whole PhD project, 

including MD simulation, materials, synthetic methods for graphene based hydrogels, their 

applications and the techniques for material characterizations and biological evaluations. 

However the detailed experimental procedures for different characterizations and 

applications of prepared hydrogels will be explained in their relevant chapters. 

Chapter 4 describes a novel systematic design approach based on the nature of the 

peptide and graphene sheets in order to realize the feasibility of peptide binding to the 

single graphene surface through both simulations and experiments. The spatial structuring 

of interfacial solvent as a key determinant in peptide adsorption mechanism, peptide 

structure on the graphene surface and the stability of the system are also discussed here 

through statistical analysis of the extensive simulation results.  

Chapter 5 discusses the results of MD simulations for the peptide mediated self-

assembled graphene to form a nanoporous hydrogel construct of tuneable pore size 

(interlayer spacing). In this chapter, the designed systems are experimentally implemented 

in order to synthesis the layered graphene hydrogels. The hydrogels underwent the 
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validation process to determine whether the desirable pore size is achieved. The hydrogel 

structural stability both in the wet- and dry-states are also widely discussed. 

Chapter 6 deals with drug (DOX) loading on the prepared hydrogel materials with 

the focus on the effective parameters on pore size and the yield of drug uptake. Design of 

experiments (DOE) is employed as a systematic method to statistically analyze the data, 

and determine the relationship between the effective parameters and their optimizations in 

order to reduce costs, and more importantly the time of conducting experiments. In 

addition, the influences of the hydrogel pore size on drug adsorption mechanism are 

studied from both simulation and experiment perspectives. 

In Chapter 7, the drug releases of the drug loaded hydrogel (from chapter 6) in three 

environments of acidic, basic and neutral are discussed. This is to elucidate whether the 

hydrogel material are pH sensitive for the release of the loaded drug, and also to find out 

whether it is suitable for cancer therapy. The cytotoxicity tests on the hydrogels with and 

without loading of the drug are conducted to measure the cell viability after their treatment 

with the prepared graphene hydrogels. 

Chapter 8 summarizes the general conclusions of the present work and the potential 

of the graphene layered hydrogel materials for future research. 
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Chapter 2: Literature Review 

2.1 Brief overview of graphene, GO and rGO 

Graphene, a single-layer carbon sheet with a two-dimensional (2D) hexagonal 

packed lattice structure of carbon atoms has remarkable electronic, mechanical, thermal 

and optical properties. It has  many unique properties, including high carrier mobility at 

room temperature (~10,000 cm
2
 V

-1
 S

-1
) [50], large specific surface area (2630 m

2
 g

-1
) 

[51], good optical transparency (~97.7%) in the UV-Visible range [52], high Young’s 

modulus (~1 TPa) [53] and excellent conductivity (3000–5000 Wm
-1

 K
-1

) [54]. Single 

layer of graphene sheet can be obtained by ripping off graphite flakes. The single sheet of 

graphene is flexible, and hence, can be “wrapped up into fullerence and rolled into 

nanotube or even stacked and back to original graphite” (as is shown in) [55].  

 
Figure  2-1. Single layer graphene presented as a material from which other structures such 

as fullerenes, carbon nanotube (CNT) and graphite can be built.[55] 

Real life applications of this outstanding material have been retarded due to the need 

of developing challenging and costly processes to synthesize it purely and on a large scale. 

It is worth noting that depending on the applications, different amounts, sizes and qualities 

of graphene sheets need to be produced. Accordingly, there has been considerable effort 

directed towards synthesizing graphene with required properties.  
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2.1.1 Graphene synthesis methods 

In general, graphene can be produced in two manners (schematically shown in 

Figure  2-2): (1) growth on substrate; growing a single graphene layer directly on a 

substrate surface, and (2) exfoliation; detaching graphene from an already existing graphite 

crystal. The former, due to high level of control in size and geometry of produced 

graphene, has received attention for limited applications, whereas the latter, because of 

producing a large amount of graphene with reasonable quality, has recently received 

considerable research interest. Each of these methods is reviewed in details as follows; 

 
Figure  2-2. Schematic illustration of the main graphene production techniques including 

exfoliation and growth on substrate. [56]  

2.1.1.1 Growth on Substrate 

Epitaxial Method 

As early as 1975, van Bommel et al. [57] discovered that carbon layers ordered into a 

graphene structure by heating a silicon carbid (SiC) at ultra-high vacuum condition. This 

vaporized the silicon face and left behind a carbon-rich surface as a source for graphene 

production (shown in Figure  2-2a). Generally, a single-, bi-layer, or few-layer graphene 

can be formed on the SiC crystal simply by heating and cooling down the substrate. This 
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idea has been welcomed in the last decade by researchers, who reported a noncatalytic and 

catalytic production of graphene sheets on SiC [58, 59] and NiC [60, 61] substrates. In 

both systems the carbon face of the substrate acted as the solid carbon source for graphene 

production. In the instance of NiC, Weatherup et al. [61] found that the thick layer of 

Ni(111) substrates not only act as a catalyst, but also played the role of diffusion barrier 

which further widened the window of synthesis to result in a more stabilized monolayer of 

graphene. However, in the instance of SiC, sputtering carbon films on the Si- and C-faces 

formed a diffusion barrier suppressing the growth of CNT and mainly forming the stable 

graphene sheets. Besides the role of diffusion barrier, it is also worth noting that the 

epitaxial method is highly dependent on the parameter control, such as temperature, 

heating rate, or pressure. For instance, nanotube instead of graphene was synthesized when 

the reaction temperatures and pressure were set too high [59]. Thus, a sophisticated setup 

with high controllability is required to produce the desired graphene sheets. 

Chemical vapor deposition (CVD) method 

CVD is a popular and widely used process in which a substrate is exposed to gaseous 

compounds, particularly carbon precursors for production of graphene, CNT or fullerene. 

The type of carbon source is highly dictated by the availability, the desired amount and 

quality of the product, and more importantly, the cost effectiveness for specific application 

[56]. Depending on all these factors, different types of CVD process; for example thermal, 

plasma enhanced, cold wall, hot wall, reactive, and many others have been introduced. 

Thermal CVD on metal surfaces in the presence of carbonaceous precursor led to the 

formation of thin graphite film [62], and few layer [63] and single layer [64] graphenes 

(shown in Figure  2-2b). Since then, the CVD based production of graphene has 

consistently received interest, particularly for electronic and semiconductors applications. 

Li et al. [65] reported for the first time, the uniform large area of graphene (~cm
2
) on 

copper foils using CVD technique. Although large size graphene sheet was attained, such a 

technique was self-limiting as the graphene growth ceased as two or three layers of 

graphene fully covered the metal surface [65, 66]. As the graphene size and shape matter 

when it comes to the use of this material in device applications, Kim and co-workers grew 

a large scale graphene (with various sizes and shapes of graphene film) by decomposing 
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methane as carbon source on an arbitrary substrate of Ni at the temperature about 1000 °C 

[67]. In this CVD process of using methane, the hydrogen evaporates, the carbon diffuses 

into the Ni followed by nucleation and then nuclei grow into large domain. Consequently, 

the graphene layer can grow on the surface right after cooling down to room temperature. 

Similar to epitaxial method, temperature, heating rate and experimental pressure are the 

key parameters in CVD to optimize the formation and quality of graphene. Although there 

are some controls on the size and the amount of graphene produced by epitaxial and CVD 

method, they both require a complex and costly setup and careful control of synthesis 

parameters in order to grow graphene of reasonable quality. 

2.1.1.2 Exfoliation method 

Exfoliation of graphene film from graphite flakes can be performed in dry or liquid 

phase. In the dry phase, the splitting of layered materials into atomically thin sheets of 

graphene occurs via mechanical, electrostatic, or electromagnetic forces, whereas in the 

liquid phase the graphite flakes are dispersed in liquid environments followed by 

exploiting ultrasound to extract individual graphene layers [56]. 

The “Scotch tape method” 

One common technique in micromechanical exfoliation (or micromechanical 

cleavage) of graphene is known as the “Scotch tape method,” in which a piece of adhesive 

tape is used to peel multilayer graphene flakes off from a chunk of graphite. This was first 

demonstrated by Novoselov et al. [68], who achieved micrometer-sized graphene using a 

scotch tape, as shown in Figure  2-2c. In 1999 and before the discovery of scotch tape 

method, Lu et al. [69], reported a controlled method of cleaving graphite to achieve 

multiple or even single atomic layers of graphite plates simply by rubbing graphite surface 

against other flat surfaces. However, the product was mixture of sheets with different 

numbers of layers where it was difficult to search for individual single sheet among 

multilayers. Later, the scotch tape method helped with detaching transparent monolayer 

graphene from graphite. In this method, first the multilayer of graphene is peeled off from 

graphite crystal by the adhesive tape attached to SiO2 or Si substrate [68, 70, 71]. The glue 

needs to be solved in solvent, for example by acetone, in order to detach the tape, then the 
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peeling of the multilayer with the tape is repeated until it becomes thinner and thinner and 

no thick flakes are visible on the substrate. Finally, the last peeling leads to graphene 

sheets where the sizes vary between nanometers to several micrometers for a graphene 

monolayer, depending on the preparation method of the used substrate. The graphene 

monolayer is visible on the SiO2/Si substrate because it adds up sufficiently to impact on 

the optical path of reflected light.  Nevertheless, it is possible to see graphene monolayer 

under a light microscope, due to interference color effects with respect to the one of an 

empty substrate (phase contrast) [68, 72]. 

The advantages of scotch tape method include the production of high quality 

graphene with almost no defects, and the low complexity of this technique. Nevertheless 

finding and separating the individual graphene sheets from the substrate surface at the end 

might be challenging. However, the major disadvantages of this technique are the 

difficulty in obtaining large amount of graphene by this method, and the lack of 

controllability of this method.  

Graphite dispersion 

Graphene can also be prepared from the dispersion of graphite crystals in liquid-

phase (shown in Figure  2-2d). The easiest method to obtain large amount of graphene is to 

disperse graphite in an organic solvent with similar surface energy as graphite [73]. Ideal 

solvents are those that can minimize the interfacial tension between the liquid and 

graphene flakes [74]. If the interfacial tension between the immersed solid and liquid is 

high, there is poor dispersibility of the solids in liquid [74-76]. This has been demonstrated 

for the graphitic flakes in a liquid with a high interfacial tension and as a result the flakes 

due to high cohesion between them tend to adhere to each other. Solvents with surface 

tension (γ) of about ~40mN/m, [77] are the ”best” candidates for the dispersion of 

graphene and graphitic flakes since the interfacial tension between them and graphene is 

minimum. When the interfacial tension is minimized, the energy barrier to detach a 

graphene layer from the crystal is also reduced. In addition to solvent, other external forces 

like ultrasonication or voltage need to be applied, possibly for several hundred hours to 

help the formation of dispersion [78-81]. The dispersion then needs to be centrifuged in 

order to dispose the thicker un-dispersed flakes [82]. Similar to micromechanical 
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exfoliation, the quality of the obtained graphene flakes is high and does not need a 

complicated setup. This method allows preparing large amount of graphene, however, the 

size of graphene sheets obtained here is small, due to lack of control over the process.  

Graphite oxide exfoliation followed by reduction 

Liquid phase exfoliation of graphite is known as a versatile technique, exploited not 

only for the exfoliation of pristine graphite, but also for the exfoliation of graphite oxide 

and graphite intercalated compounds which have different structures and properties with 

respect to pure graphite [56]. Graphite oxide and graphene oxide (GO) do not differ from 

each other in chemical composition. Although they are only structurally different in terms 

of the number of stacked graphene layers [83], they can both be addressed as GO. The 

oxidation of graphite generates several functional groups such as epoxide, hydroxyl and 

carboxyl, which results in the graphene surface dispersing in water when followed by 

sonication or stirring.  

The earliest examples of graphite oxide preparation were reported in the presence of 

nitric acid (HNO3) [84] or sulphuric acid (H2SO4) [85]. Each of these was mixed with 

potassium chlorate (KClO3). Because this approach was time consuming and produced 

explosive gas chlorine dioxide (ClO2), researchers investigated a safer and quicker method 

with no explosive byproducts. In 1958, Hummers and Offeman [86] modified the 

oxidation process using a mixture of sodium nitrate (NaNO3), sulphuric acid (H2SO4) and 

potassium permanganate (KMnO4) which is widely known as “Hummers method”. Later, 

many researchers replaced the sodium nitrate with less corrosive phosphoric acid (H3PO4) 

as an “improved hummers method” in order to prepare improved GO with fewer defects in 

the basal plane as compared to the GO prepared by the original method [87-90]. In such 

aggressive chemical methods (all Hummers based methods), the sp
2
-bonding structure of 

graphene surface is partially disrupted and introduces oxygen containing groups. For 

instance, hydroxyl or epoxide groups on the basal plane [91-93] with carbonyl and 

carboxylic groups attached to the edges [93-96] of graphene sheets (shown in Figure  2-2e). 

These functional groups endow high negative charge and electrostatic repulsion to each 

individual graphene sheet, making them highly hydrophilic, and consequently inhibiting 

their recombination and aggregation in water [97, 98] or polar organic solvents [99-102], 
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such as acetone, methanol, ethanol, ethylene glycol, [103] propanol, dimethyl sulfoxide 

(DMSO), N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), and 

tetrahydrofuran (THF) [102, 103].The graphite oxidation method is almost similar to liquid 

based exfoliation of pristine graphite. The main difference is to use several chemicals to 

oxidize graphite, and the obtained graphite oxide possesses the layered structure with 

lighter color (brownish) than dark graphite due to partially loss of conjugation during 

oxidation where the hybridization of planar sp
2
 carbon changes to tetrahedral sp

3
.  

If the goal is to produce exfoliated graphene, the GO dispersion needs to be 

chemically [99, 104-108] or hydrothermally [15, 40, 109-112] reduced, resulting in a 

suspension of nanosheets which closely resemble to the structure of graphene [83, 113-

115]. Nevertheless, eliminating all oxygen containing groups on GO is impossible. The 

graphene nanosheets produced chemically are generally called chemically-reduced 

graphene oxide [104, 105, 116], chemically-modified graphene [106, 107, 117] or 

chemically converted graphene (CCG) sheets [99, 108, 118]. This distinguishes them from 

the more pristine graphene layers isolated via micromechanical exfoliation [56, 119] 

techniques. One of the earliest reports of graphite oxide chemical reduction occurred in 

1963 when Brauer, in his “Handbook of Preparative Inorganic Chemistry”, noted a number 

of reducing agents such as hydrazine, hydroxylamine, hydroiodic acid, iron(II) and tin(II) 

ions [120]. Numerous other methods of chemical reduction of graphite/graphene oxide 

involving different reducing agents with either ‘well-supported’ or ‘proposed’ mechanisms 

were extensively reviewed by Chua and Pumera [83]. The most widely used reducing 

agent, albeit toxic and dangerous, is hydrazine (N2H4) [98, 121], typically known to form 

hydrazone with carbonyl groups of GO. It is a powerful and efficient reducing agent that 

can inactivate free radicals and as a result can break down into nitrogen and water. The 

reaction is known as the Wolff–Kishner reduction and Figure  2-3 outlines four different 

proposed routes of epoxide reduction). 
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Figure  2-3. Proposed mechanisms for the reduction of epoxide groups with hydrazine via 

four different routes [83]. 

In order to avoid the generation of toxic chemicals and produce graphene sheets with 

less defects, hydrothermal reduction (hydrothermal dehydration) was proposed, which 

provides a simple, clean way to deoxygenate the GO [112]. In the hydrothermal method, a 

sub- or supercritical water is produced varying the pressure and temperature [122]. Due to 

behaving like a water-like fluid with strong electrolytic solvent power, high diffusion 

coefficient and dielectric constant, the supercritical water plays the role of reducing agent. 

A plausible mechanism for deoxygenation of GO under hydrothermal conditions was 

proposed where the hydrogen ion initiates the dehydration (where water acts as a source of 

H
+
) by reducing of epoxide, hydroxyl and carboxyl groups, thereby promoting the recovery 

of π-network conjugations [112, 122, 123]. The experiment of hydrothermal treatment 

contains autoclaving GO dispersion under supercritical conditions and then cooling it 

down to room temperature. Usually, the hydrothermally treated GO possesses minimum 

level of defects and nearly perfect π-network conjugates. It aggregates quickly, and 

precipitates at the bottom of the autoclave container as a black powder. However, it can be 

re-dispersed in water via ultrasonification and adjustment of the pH to basic condition 
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(where most of functional groups exist in deprotonated states), although the dispersibility 

is not comparable to what is achieved in chemically reduced GO.  

In addition to the chemical and hydrothermal reduction for GO dispersion, there is 

another popular reduction technique called “thermal reduction” which unlike the other two 

is in the dry-state. That is a high-temperature treatment (~>1000 ˚C), resulting in so-called 

“annealing”, from the dry GO film which gradually pyrolyzes and eliminates the oxygen 

containing groups from the GO sheets, reducing them into the more conductive and 

temperature-stable graphene [91, 124-127]. 

All three methods mentioned above for reducing GO result in graphene of varying 

properties and performances in terms of electronic, structural, physical and surface 

morphological properties. Depending on the applications, one would choose more suitable 

method(s). Although the chemistry of graphene oxides reduced using different techniques 

is not unique, they are all generally known as reduced graphene oxides (rGO). Compared 

with the pristine graphene, the produced rGO is of very poor quality, because they contain 

structural defects and broken bonds, nevertheless GO could be the desired product.  

2.1.2 Properties and applications of graphene 

Physicochemical properties 

The graphene with one atom thickness and a honeycomb lattice structure contains 

two equivalent sub-lattices joined together by σ bonds with aromatic ring carbon atoms 

having free π electrons contributing towards a delocalized electron network [128]. The free 

π electrons in planar structure endow graphene with participation in a number of reactions 

like click reactions, cyclo-additions and carbine insertion reactions, transformation from 

the sp
2
 to the sp

3
 arrangements. This leads to generation of topological defects (pentagon, 

heptagon, their combinations), vacancies, cracks, edges, and impurities [129]. The 

geometrically strained areas and zigzag edges of graphene exhibit better chemical 

reactivity compared to the unstrained areas or arm-chair edges because of the ease of 

electron displacement from upper plane of the aromatic ring. Therefore, geometric strains 

or defects are deliberately formed on graphene for the applications requiring high chemical 

reactivity [128, 129]. 
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Pure and perfect graphene sheet is hydrophobic (poorly dispersible in water) in 

nature with the water contact angle in the range of 95–100°[130]. Hence, surfactants or 

other stabilizing agents are required to prevent their agglomeration to achieve better 

suspension in biological fluids. The oxidized form of graphene sheet (GO), on the other 

hand is hydrophilic with the water contact angle of about 30.7° [131] which can form 

hydrogen bonds with water molecules due to the polar oxygen functionalities [128]. 

Reduced form of GO which contains less of oxygen containing group with basal vacancy 

defects that occurred during oxygen removal endows the graphene sheet with amphiphilic 

properties and with less basal reactivity than GO [132, 133]. Physicochemical properties 

like unique planar 2D structure, high specific surface area and availability of free π 

electrons strengthen the physiochemical properties and hence, make it a promising 

candidate for its interaction with organic molecules, in particular drug molecules. 

Thermal and electrical properties 

Graphene sheet due to its unique conjugated structure and its strong carbon bonding 

exhibits an excellent thermal and electrical conductivity [128]. The single layer and defect-

free graphene sheet possesses about ~ 4500 to 5200 W/mK of thermal conductivity 

significantly higher than that of GO sheet~ 2000 W/mK). It also exhibits the electrical 

conductivity as high as 10
4
 S/cm at room temperature  which is yet larger than that of GO 

with the value of 10
− 1

 S/cm [115]. The heat and electrons over the graphene sheet reduces 

when chemical modification and defects are introduced thereby reducing the conductivity 

[134-136]. Electronic devices [137]in particular biomedical devices can benefit from the 

exceptional thermal and electrical conductivity of the graphene sheet specially for 

measuring cell potential and as a substrate for conductive cell culture devices and 

biosensors [138-141]. 

Optical properties 

To date immense interest was gained by graphene based materials for their excellent 

electric charge transport and optical properties. A graphene sheet exhibits light 

transmittance of about 97.7% of the total incident light over a wide range of wavelengths 

[52]. However with increasing the number of graphene layers the light absorption and the 
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optical image contrast will also increase [142]. The use of such properties in optoelectronic 

devices including tunable IR detectors, modulators and emitters by electrical gating and 

charge injection [143]. By cutting graphene sheets into nanoribbons and quantum dots, one 

can make luminescent material with a suitable band gap. Their connectivity of the π 

electron network can also be declined by physicochemical treatment using different gases 

[144-146]. Photoluminescence is another properties of graphene sheets which comprise of 

luminescence properties and electron–hole pairs  [128]. Large photoluminescence, high 

light transmittance and high charge mobility of the graphene based materials made them a 

great candidate for biomedical imaging applications [147, 148]. 

Biological properties 

Graphene based materials with their different physicochemical properties exhibit 

unique interactions with biomolecules, cells and tissues. It is also vital to understand the 

impacts of such graphene interactions from two different perspectives; their biomedical 

applications and their toxicity or biocompatibility [128]. Sanchez et al. [149] and Bianco 

[150] provided a comprehensive discussion on biological properties of graphene based 

nanomaterials and their toxicity. The biomolecule–graphene and cell–graphene interactions 

were briefly overviewed by Goenka’s group [128]. Such unique interaction between 

graphene-based materials and biomolecules like DNA and RNA, can be utilized for DNA 

or RNA sensing and delivery. Hydrophilic GO exhibits preferential adsorption of single 

stranded (ss) DNA rather than double stranded (ds) DNA and hence, protects the adsorbed 

nucleotides from attacking by nuclease enzymes opening up a broad range of application 

[47, 151, 152]. At very low pH, the GO sheets can interact with the negative charges on 

DNA and further enhances the adsorption of small oligomers in high ionic strength 

solution [153]. 

In contrast to the graphene –DNA (or RNA) interactions, other larger biomolecules 

such as proteins and lipids lack of detailed information about their interactions with 

graphene base materials. Therefore, Titov et al. [154] used coarse grained MD simulations 

demonstrated the formation of stable and functional hybrid structures  through graphene 

interacting with lipids. Although experimental data is necessary support the MD simulation 
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results. Such investigations will be crucial in order to understand the interactions of 

graphene with lipid bilayer on cell membrane.  

Graphene similar to other carbon-based materials shown to be non-biodegradable 

leading to potential lung toxicity and environmental hazards [155, 156]. However, they are 

removable if their robust films are used in the forms of implants in body. Single wall 

carbon nanotubes (SWCNTs) show no biological degradation; however carboxylated 

SWCNTs can undergo degradation on exposure to hydrogen peroxide and horseradish 

peroxidase, or hypochlorite and the mammalian myeloperoxidase [157-159]. Following 

this data, the experiments conducted by Kotchey et al. [160] showed that the presence of 

oxygen containing groups on graphene sheets can participate oxidative attack using 

hydrogen peroxide and horseradish peroxidase leading to a susceptible to biodegradable. 

Such studies may lead to a potential design of graphene based materials for their safer 

biodegradable properties with minimum environmental and health hazards. 

Most of the recent reports on the use of graphene based materials (either in the form 

of dispersion or film) have demonstrated the superior biocompatibility of these materials 

which provide a favourable environment for the effective proliferation of human and 

mammalian cells. Such outstanding characteristics seem to indicate that graphene based 

materials could be promising agents to be used in tissue engineering, tissue implants, 

wound therapy, gene and drug delivery applications. Nevertheless, it is worthwhile to 

underline that before using graphene based materials in such biomedical applications, 

understanding its cytotoxicity and biocompatibility is crucial. 

2.2 Graphene toxicity and biocompatibility 

The toxicity of graphene based materials has been a hot topic in research in the 

delivery of genes, pharmaceutical compounds, and in tissue engineering, as it concerns the 

potential short-and long-term health issue of patients. Since the history of serious research 

on graphene biomedical applications has not reached to even a decade, the general concern 

of the public is related to the use of such new nanomaterials and their nanotoxicology, and 

the verification of their acute and chronic toxicity. 
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There are three ways of introducing nanomaterials into the body; (1) inhaling into the 

lungs (biocompatibility test of graphene platelets in the mouse lung from 

biomedical/therapeutic point of view [161, 162]) (2) injection intravenously for drug or 

gene delivery [163, 164] or (3) using them as an implant for drug delivery and tissue 

engineering [165-167]. Sanchez and co-workers [149] reviewed research on the putative 

toxicity of graphene family. They reported that biological interactions of target cells can 

vary across the graphene family depending on layer number, lateral size, stiffness, 

hydrophobicity, surface functionalization, and dosage. However, the short- and long-term 

toxicities of graphene based materials are yet to be clearly defined and discussed. In 

contrast to other carbon nanomaterials such as activated carbon, carbon black and carbon 

nanotubes, there is inadequate information confirming the interactions of graphene based 

materials with different types of target cells and their potential toxicity. 

2.2.1 Bacterial Toxicity 

Since the highly purified CNTs confirmed its antibacterial activity after inactivating 

E. coli. [168, 169], a number of researchers have reported the effects of graphene based 

materials on bacterial toxicity, and their findings have opened up pathways for future 

applications in antimicrobial products. For instance, Akhavan and Ghaderi investigated the 

antibacterial activities of both GO and rGO against Gram-negative, E. coli, and Gram-

positive, S. aureus bacteria. Both graphene based materials were shown to be effective 

agents for killing these bacteria, with rGO exhibiting the higher antibacterial effectiveness 

[170, 171]. Their results showed that GO can be reduced to rGO due to exposure to the 

bacteria and through the metabolic activity of the surviving bacteria via their glycolysis 

process. Similarly, Hu and co-workers [172] showed a reduction of E. coli cell metabolic 

activity to almost 70% and 13% in the presence of GO at the concentrations of 20 and 85 

µg.mL
-1

. However, only 10% of the bacteria survived when they used rGO with 

concentration of 85 µg.mL
-1

. Such a significant difference in microbial cytotoxicity was 

attributed to different surface charges and oxygen containing groups on the surfaces of GO 

and rGO. The lesser the oxygen group, the lesser the metabolic activity and the greater the 

fatality of the bacteria. The authors confirmed these results using transmission electron 

microscopy, which revealed the loss of integrity and damage on bacterial cells membrane 

upon contacting with GO and rGO nanosheets. Nevertheless, the fundamental toxicity 



 

 20 

mechanism and its relationship to structural properties of graphene based material remains 

to be elucidated. 

Contrary to these findings, Wang et al. [173] found that the Shewanella family of 

bacteria containing iron in their chemical structures (in decaheme c-type cytochromes) are 

capable of metal reduction and to reduce GO in suspension cultures without any inhibition 

of bacterial growth in an aerobic condition. Salas et al. [174] also reported the rGO 

production by Shewanella cells as electron donor under strictly anaerobic conditions, 

where the GO sheets served as the sole electron acceptor. Such microbial reduction of GO 

provides a unique, environmentally friendly and nonhazardous approach for the synthesis 

of graphene sheets. 

2.2.2 In Vitro Cell Toxicity 

Several efforts to date have been devoted to explore the in vitro cytotoxic effects of 

graphene based materials [175-178]. The CVD prepared graphene layers used by Zhang 

and co-workers [178] induced a larger metabolic activity and lower cytotoxicity of 

neuronal PC12 cells than that of CNTs. This was due to an increase in the activation of 

caspase 3 (apoptosis marker; known as an effector for death signal), and hence, the release 

of lactate dehydrogenase, and consequently the generation of reactive oxygen species 

(ROS) in neural PC12 cells. The GO cytotoxicity effect against human fibroblast cells was 

demonstrated by Wang et al. [175]. They found dose- and time-dependency for the 

cytotoxicity; where GO at a concentration less than 20 μg.mL
-1

 did not exhibit significant 

toxicity to human fibroblast cells, whereas the concentration above 50 µg.mL
-1

 resulted in 

the largest fatalities. In this instance, excessive water-soluble GO can enter into the 

cytoplasm and nucleus, decreasing cell adhesion, inducing cell floating and apoptosis and 

consequently killing majority of the cells. Their transmission electron microscopy (TEM) 

images showed that as the culture time increased, the amount of GO inside human 

fibroblast cells increased accordingly. This was evident in the presence of many black dots 

(GO) scattered in the cell cytoplasm around cell nuclei and several located inside nucleus. 

When the dose of GO in the medium reached 100 μg.mL
-1

, the cell could not survive for 

24 hrs, however, the cells cultured with 5 μg.mL
-1

 GO stayed alive and showed normal cell 

morphology for more than 100 hrs. 
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The cellular uptake and cytotoxicity of the GO dispersion against a mammalian lung 

cell line, A549 was evaluated by Hu and co-workers [172]. They also demonstrated that 

the cell metabolic activity with GO dispersion is concentration and time dependant. GO 

with a concentration of 20 μg.mL
-1

 was found to have low cytotoxicity to A549 within the 

first 2 hrs of incubation, but the cell viability decreased slightly (~20%) after incubation 

for 24 hrs. In addition, the higher concentration of GO (85 μg.mL
-1

) led to a significant and 

unacceptable cytotoxicity (~50%) within 24 hrs of incubation. Later, Chang and co-

workers [179] added the parameter of GO sheet size to the dosage dependency cytotoxicity 

of A549 cell line. They found that the large-GO (780 ± 410 nm) and medium-GO 

(430 ± 300 nm) resulted in no significant loss on the viability of A549 cells because they 

could not penetrate into the cell membrane. The highest GO concentration of 200 μg.mL
-1

 

for large- and medium- size sheets exhibited more than 80% cell viability. However, small-

GO sheets induced the viability loss more than large-GO and medium-GO with the cell 

viability of 67% at GO concentration of 200 μg.mL
-1

. 

In contrast to the high antibacterial properties of rGO, Hu et al. [172] observed a 

remarkable cytotoxicity to the same cell line (A549) after treating them with by hydrazine 

reduced-GO (cytotoxicity of ~47% and ~15% with rGO dispersion of 20 and 85 μg.mL
-1

). 

Again, this could be attributed to the difference in surface charges and functional groups of 

GO and rGO [180, 181]. Unwanted –NH2 functionalities on hydrazine treated rGO (see in 

Figure  2-3, route 3) probably initiates oxidative stress in cells that is followed by their 

aggregation and subsequent damage to the cells. Similar effects were seen from –NH2 

functionalities on fullerene when S. oneidensis MR-1 and E. coli W3110 were 

treated [180], however, this endowed great antibacterial properties to the functionalized 

fullerene. Another possibility was raised by Akhavan and Ghaderi [170], who attributed 

the higher toxicity of hydrazine-reduced GO compared with GO, to the sharp edges of 

graphene sheets after losing oxygen containing groups in the reduction process. They 

believed that the sharpened edges of rGO led to stronger interaction with cell membrane 

and consequently a better charge transfer between bacteria and the edge of rGO. In 

contrast, Liao and co-workers [182] found a lower hemolytic activity (cell membrane 

disruption) of red blood cells (skin fibroblasts) when they were treated with rGO than with 

dispersed GO sheets that possess higher surface oxygen content. The membrane disruption 
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of the red blood cells was attributed to the strong electrostatic interactions between 

negatively charged oxygen functional groups on GO surface and positively charged 

phosphatidylcholine lipids presented on the outer surface of membrane. In another report, 

Sasidharan et al. [183] examined the cytotoxicity effect of graphene sheets toward monkey 

renal cells before and after functionalizing the graphene surface with carboxyl groups. The 

pristine graphene, with its strong hydrophobic interaction with the cells membrane 

accumulated on the cell and deformed the membrane. This eventually resulted in high 

oxidative stress and led to apoptosis of the cells, whereas carboxyl modified hydrophilic 

graphene was welcomed and internalized the cells without causing any significant 

cytotoxicity. 

Most of the cell fatalities reported in literature were due to induced cell apoptosis, 

hemolysis, and oxidative stress [179, 180, 182, 184]. One possibility for inducing the 

oxidative stress and toxicity is that graphene can adsorb the nutrients in culture medium, 

resulting in the depletion of nutrients for the cell growth. The solution to overcome this 

would be incubating graphene based materials in cell culture medium one night before 

treating cell with them, thus, they are saturated of the medium and therefore no further 

need to adsorb nutrients. The other factor which induces the oxidative stress is the strong 

interactions between the cell membrane and graphene based materials and/or charge 

transfer between them [170, 171, 185]. Hence, regardless of using GO or rGO, the 

graphene surface functionalities (charge groups) and the nature of cell membrane play an 

important role in controlling the interactions and minimizing the oxidative stress and 

mortality. 

In order to find a solution for apoptosis and hemolysis, chemical modification of 

graphene surface with biocompatible groups was suggested. For instance, PEGylation 

[164, 186] and chitosan coating [182] of the GO sheets improved the biocompatibility of 

GO. As Liao and co-workers [182] reported, coupling of biocompatible polymers to the 

GO surface either serves as a protective layer, hampering the electrostatic interactions 

between the cell membrane and oxygen containing groups of the GO, or aggregates the 

graphene based particles to minimize the cell-contactable surface area and consequently 

minimize the level of toxicity. Another example is biocompatible PEGylation of the GO 
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surface with the which exhibited neglectable in vitro toxicity to many cell lines, including 

lymphoblastoid cells; Raji [187], colon cancer cell lines; HCT-116 [186] human ovarian 

carcinoma cell line; the OVCAR-3, a glioblastoma cell line; U87MG [188], MDA-MB-435 

[189], mammalian lung cell line; A549 and breast cancer cells; MCF-7 [190], even at high 

concentrations. However, the chemical bonds coupling GO with modified polymer is  a 

crucial issue that needs to be carefully considered as their breakage in in vivo systems can 

induce in vivo toxicity [191]. 

In comparison with the in vitro studies reviewed above for cytotoxicity of graphene 

based material in dispersion form, some results have shown such materials in the form of 

film, and paper or slabs can exhibit excellent biocompatibility with no viability inhibition 

of the treated cells. Agarwal and co-workers [192], examined the cytotoxicity effects of the 

rGO in the form of a film treating three types of cells, such as rat pheochromocytoma 

(PC12) cells, human oligodendroglia (HOG) cells, and human fetal osteoblast (hFOB) 

cells. In agreement to their observations of cell proliferations, they found biocompatibility 

of rGO being with all these cell types. Their comparative studies of rGO film and CNTs 

network revealed that topographic features in nanoscale (shown in Figure  2-4 a and b) 

results in a profound influence on cell functionalities (inhibitory effects such as; cell 

proliferation, viability, and neuritegenesis). Such influences of nanotopographic features 

on the cell functions have been extensively reported elsewhere [193, 194]. Agarwal and 

co-workers [192] believe that 10−20 nm bundles of CNTs may induce deformation of the 

thin cell membrane (5 nm thick) and hinder cell proliferation (shown in Figure  2-4 c and d) 

by inflicting negative impacts to the cell functions such as fluidity of the lipid membrane, 

mobility, and reorganization of membrane proteins. However, different cell types respond 

differently and show distinct sensitivities to the nanotopographic features of carbonaceous 

nanomaterials, however the underlying molecular mechanisms are yet to be discovered.  
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Figure  2-4. SEM images of (a) rGO film and (b) CNTs network (Scale bars = 1 μm). 

Phase-contrast images of PC12 cells grown on (c) rGO film and (d) CNTs network for 5 

days (Scale bars = 100 μm) [192]. 

Later, in 2011, Ruiz et al. [195] investigated the role of GO film (10 μg of GO coated 

on the glass slide) on the mammalian colorectal adenocarcinoma HT-29 cells. They 

examined the cell functions of attachment and proliferation using optical microscopy for 

the glass substrates with and without GO coating (shown in Figure  2-5). Their results 

indicated that HT-29 cells were attached more efficiently to the GO films without damage 

to the cells morphology and without any enlargement. The GO film surface was 

demonstrated to be non-toxic and biocompatible to the HT-29 cells as it promoted the cell 

proliferation immediately after their attachment to GO up to 5 days. In contrast to previous 

reports on the antibacterial properties of the GO film, Ruiz and co-workers [195] found 

GO was a friendly material to the E. coli bacterial cells. Controversially, they believed that 

the residual contamination retained from the GO preparation might be responsible for 

some of bacteria mortalities which were observed in previous reports. 
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Figure  2-5. Micrographs showing human adenocarcinoma HT-29 cell attachment and 

growth on glass slides (a) without or (b) with GO film.[195].  

2.2.3 In Vivo Toxicity 

After confirming the high biocompatibility of graphene based materials toward the 

cultured cells (in vitro), several other groups continued investigating the potential in 

vivo toxicity of graphene in animals.  

In two different studies, the as-prepared GO showed dosage dependent behaviours 

and a severe toxicity when it was overdosed. Zhang and co-workers [163] showed that as-

prepared GO predominantly accumulated in lungs and had a long retention time after being 

intravenously injected into rats or mice. This induced dosage-dependent pulmonary 

toxicity and significant pathological changes, and toxicity was clear when it reached to a 

dose of 10 mg/kg body weight of the mice. Similarly, Wang et al. [175] injected GO 

dispersion intravenously with three different dosages of 0.1, 0.25, and 0.4 mg 

corresponding to mild, medium and high, doses respectively. GO nanosheets of mild (0.1 

mg) and medium dosages (0.25 mg) did not exhibit obvious toxicity to mice, however, 

increasing the dosage to 0.4 mg resulted in severe chronic toxicity. The side effect was 

death of 4/9 mice, and there were pathological effects on the lung, liver, spleen, and kidney 

because they had the highest accumulation of GO. The possible mechanism of GO 

inducing these side effect in mice suggested by Zhang et al. [163] is as follows: when GO 

is intravenously injected into blood circulation system, it should be recognized and tracked 

by immune cells as a foreign body agent. With the exception of the brain, which has blood 

barrier, GO rapidly distributes into other organ like lung, liver, spleen, and kidney. GO 

nanosheets are captured and wrapped by immune cells as soon as they enter into lung, and 

this results in lung granuloma formation. Due to their flake-shapes, GO nanosheets cannot 
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be fully removed by liver, spleen, and kidney, and remain as long-term causes of 

inflammation. When the GO dose is low, there are not significant side effects and the 

organs maintain their normal function, but with a high dosage of GO, there is damage to 

homeostasis. This severely influences the function of these organs and results in organ 

failure and the fatality of mice.  

Although the as prepared-GO nanosheets were used for biomedical applications such 

as cell imaging and drug delivery [187, 196, 197], because of its long-term side effects and 

toxicity to organs such as lung, liver and kidney, it is not a good candidate to be used in 

human body applications. However, further functionalization of the GO surface is likely to 

improve water dispersion. Moreover, better stability of GO will prevent its non-specific 

binding with proteins and decrease its electrostatic interactions with cell membrane [186]. 

These factors may increase its mobility and reduce the extent to which it remains in 

organs. 

One of the earliest examples of exploring the in vivo behaviours, applications, and 

potential toxicology of modified graphene in animal models was reported by Yang et al. 

[198] who injected PEGylated graphene sheets for photothermal therapy  of tumour using 

intravenous administration. This in vivo study did not show any obvious sign of toxicity or 

side effects in the treated mice at the dosage of 20 mg.kg
-1

 body weight within 40 days. 

Neither the injection of modified graphene nor the laser irradiation could cause in any side 

effects (such as body weight loss or death). After one year they studied the 

pharmacokinetics and biodistribution of graphene using 125I radionuclide labelled 

PEGylated graphene sheets and also carried out more systemic toxicology examination of 

such modified graphene material in mice [199]. Their examination on blood biochemistry, 

hematological analysis, and cell histology analysis did not show any appreciable toxicity to 

the treated mice even over the period of 3 months. The biodistribution revealed that the 

presence of PEGylated graphene were minor in any organs of the mouse, except in the 

liver and spleen. In recent comparative studies, Yang’s group also characterized the fate of 

PEGylated GO from two different ways of administration; oral feeding and intraperitoneal 

injection into healthy mice [200]. Their investigations showed no uptake of PEGylated GO 

nanosheets via oral administration, demonstrating limited intestinal absorption of the 
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nanosheets, with approximately complete excretion. In contrast, injection spread the 

PEGylated GO widely in mouse organs, with some accumulation in the liver and spleen. 

Zhang et al. [201] functionalized GO with dextran to improve its stability, 

biocompatibility, pharmacokinetics, and thus biomedical functions of carbonaceous 

materials. Dextran exhibits a spherical shape and is fully degradable in living biological 

systems. The GO conjugated dextran with enhanced stability demonstrated an obvious 

excretion from mouse body after intravenous injection. This was without causing any 

noticeable toxicity to the treated mice over the course of a week. 

Duch et al. [161] in agreement with other previous reports, found that oxygen 

containing functional groups of GO mainly contribute to the pulmonary cytotoxicity in 

mouse alveolar macrophages (MHS) and epithelial cells (MLE 12) after being injected 

directly into the lungs of six C57BL mice. The toxicity of GO raised by generating the 

reactive oxygen species, activating inflammatory and apoptotic pathways and led to severe 

lung injury. In order to minimize the oxidation process, they administered the solutions of 

unoxidized (pristine) graphene and Pluronic (copolymer) dispersed graphene. These two 

species due to lack of oxygen containing groups did not generate any obvious intracellular 

reactive oxygen and resulted in minimal histologic evidence of lung inflammation. 

In summary, the in vivo cytotoxicity of graphene based materials depends on dosage, 

administration approach, and surface oxidation degree and polymer functionalization.  

2.3 Controlled release in drug delivery technology 

2.3.1 Overview of drug delivery options and why controlled release is 
desirable? 

The term “drug delivery system (DDS)” refers to the technology utilized to present a 

pharmaceutical compound (drug) to the desired body sites to achieve therapeutic effect in 

humans or animals [202]. There are three major types of drug release; (1) conventional 

(traditional) release, (2) first order sustained release and (3) zero order controlled release. 

The conventional DDS has been denoted by immediate release and repeated dosing of 

drug, which might lead to the risk of dose fluctuation and side effects. The major 

drawbacks of the conventional DDS are poor patient compliance for frequent necessary 

http://link.springer.com/search?dc.title=C57BL&facet-content-type=ReferenceWorkEntry&sortOrder=relevance


 

 28 

administration and the unavoidable fluctuation of drug concentration which may lead to 

under or over medication. In order to resolve these issues, the formulation of a release 

system that points towards the increased time of drug delivery at a slow and a near 

constant rate is required. This often translates into better patient compliance, and enhances 

clinical efficacy of the drug for its proposed use. The sustained and controlled release 

formulations could be the solutions to the above problem because they might both achieve 

immediate therapeutic response and maintaining desired drug concentrations. Although 

sustained and controlled release systems perform similar functions, the latter is more 

preferred for the following reasons; 

(1).Loading: Drugs are coated with resinous plastic materials in sustained drug 

delivery [203] whereas in controlled drug delivery the drug is delivered through a semi-

permeable membrane [204]. The hydration occurs in membrane core, therefore, there will 

be a stationary concentration gradient across the membrane and release will proceed at 

constant rate.  

(2).Release kinetics: Both Sustained and controlled deliveries offer prolonged drug 

release, however, controlled release systems offer release at a specific controllable or 

predetermined rate. The kinetics in controlled drug delivery is zero order and the release 

take place at constant rate independent of initial drug concentration [205], whereas the 

sustained drug delivery tries to achieve zero order kinetics but follows first order kinetics 

[206]. 

(3).Therapeutic effect: Controlled drug delivery has the largest contribution to the 

therapeutic range, whereas the other methods meet either the toxic or minimum effective 

level (as shown in Figure  2-6). Note that it is desirable, after an initial period of time, that 

the released drug concentration is constant and between the toxic and the minimum 

effective level [202]. 
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Figure  2-6. Released drug concentration over time (gathered from ref [202, 205, 207]. The 

lines that indicate the toxic and minimum effective levels of the drug are coloured red and 

green respectively. The desirable-controlled drug release is shown in blue solid line. Two 

cases of problematic drug release (either conventional or sustained release) indicate the 

drug release ending too soon or, occasionally, being below the minimum effective level or 

higher than the toxic level and these are shown in grey dash lines. 

2.3.1.1 Drug loading into hydrogels 

Depending on hydrogel preparation methods, drug can be incorporated into hydrogel 

matrices via the following ways [208, 209]: (1) post-loading. In this method, the hydrogel 

matrix is formed prior to the drug incorporation into the matrix. When an inert hydrogel 

system is used, the major force for taking up drug is diffusion, whereas in the instance of 

drug-binding hydrogels the drug/hydrogel interactions will be added to the diffusion as 

driving forces for both loading and releasing. (2) in-situ loading. In this case, a hydrogel 

precursor binds with drugs or drug-polymer conjugates through a mixing process. The 

hydrogel network construction and drug incorporation are accomplished simultaneously. In 

such an instance, the drug loading and release are dominated by diffusion, hydrogel 

swelling, reversible drug hydrogel interactions or the degradation of labile covalent bonds. 

In practice, the post-loading is preferred over the in-situ loading due to its simplicity of the 

operation, significant drug encapsulation, and more accurate traceability on drug loading 

and release dosage. Furthermore, the rates of drug loading/release and encapsulation 

efficiency can be easily modulated in post-loading [209], whereas modeling drug release 

from in-situ forming hydrogels is very challenging for several reasons [208]. Firstly, there 

are difficulties in quantifying the extent of drug/hydrogel interactions because they are 
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dependent on hydrogel and drug chemistries together with the method of hydrogel 

fabrication. Secondly, there is no control over the shape of in-situ formed hydrogels, which 

increases the model complexity. Thirdly, it contributes to non-uniform drug distribution 

within the hydrogels. This further increases the difficulties in accurately representing the 

real system in a mathematical construct and experimental measurements, and also involves 

excessive risk when it comes to clinical applications. 

2.3.1.2 Drug delivery mechanisms for hydrogel formulations 

The first step for the prediction of release profile from hydrogels, in particular the 

drug release, is to better understand the release mechanisms. The next step is to identify the 

key factors which govern the drug release from hydrogels. 

2.3.1.2.1 Diffusion-controlled delivery systems 

Diffusion is of the most vital mechanism employed to control the drug release from 

pharmaceutical devices and the resulting release kinetics depend on the size and shape of 

the drug carriers [210]. By adjusting the geometry and the structure of hydrogels, one can 

achieve the desired release profiles. For hydrogels, when the pore sizes are much larger 

than drug molecules, the diffusion coefficient can be directly related to the porosity and 

tortuosity of the hydrogels [211]. Typically the pore sizes of hydrogels are larger than most 

small-molecule drugs, hence, the diffusion of drug molecules are not significantly retarded 

in hydrogel matrices [208]. However, for the hydrogels with the pore sizes comparable to 

or smaller than the drug molecular size, drug diffusion coefficients are decreased because 

of the steric hindrance introduced by the hydrogel matrices [1, 208, 211]. In such systems, 

the average accessible pore volume per available drug molecule is decreased and the 

hydrodynamic drag experienced by the drug is increased, thereby deducing the 

permeability [212, 213]. As stated earlier, hydrogel networks usually possess high water 

permeability and water-soluble compounds can uniformly disperse but tend to diffuse out 

fast during releasing [214], which is not favorable for sustained drug delivery applications. 

To reach to an optimization between the pore size of hydrogel matrices and the drug 

molecules dimension for a desired delivery process, most research efforts have focused on 



 

 31 

understanding diffusion-controlled release and diffusion coefficient of encapsulated drugs 

in relation with the geometry of 3D hydrogel matrices.  

Several efforts have undertaken to empirically determine diffusion coefficients for 

diffusion-controlled drug delivery from hydrogels. The drug release ratio up to any time t 

(Mt) to the final amount of molecule release (M∞) can be expressed by best fitting curves 

according to      (  2-1 below [208, 215, 216]: 
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where Mt represents the cumulative amount of drug released at time t; M∞ cumulative 

drug amount after an infinite time; D the drug diffusion coefficient within the hydrogel 

network and L the thickness of the drug-releasing implant. Although this equation is used 

for several diffusion-controlled drug release systems, the model complexity will increase if 

hydrogel–drug interactions are involved, and when non-spherical drugs molecules are 

used. It is also noted that the equation above is only valid for slab (film) shape hydrogel, 

however, models for other geometries (e.g. spherical and cylindrical) have been  

extensively reviewed elsewhere [216]. 

2.3.1.2.2 Stimuli-sensitive swelling-controlled release systems 

The swelling-controlled delivery is another mechanism for drug delivery in which the 

hydrogels may undergo a swelling-driven phase transition. The transition results in 

entrapped immobile drug molecules rapidly diffuse into medium. The swelling process 

takes place in three different steps: (a) diffusion of water molecules through hydrogel 

matrix, (b) relaxation of hydrogel via hydration, and (c) expansion of hydrogel network 

upon relaxation. 

In such delivery systems, the rate of drug molecule release depends on the rate of 

hydrogel swelling. Environmentally-sensitive hydrogels are able to exhibit dramatic 

changes in their swelling behavior in response to the changes in external environments 

such as the pH, (ionic strength) or temperature [217]. Due to their outstanding swelling 

nature, hydrogel materials can be employed in broad variety of applications, such as 
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separation membranes, biosensors, artificial muscles, chemical valves and drug delivery 

devices [217]. 

pH-sensitive hydrogels 

The hydrogels showing pH-dependent swelling behavior can be swollen using the 

ionic networks containing either acidic (anionic) or basic (cationic) groups [218-220]. The 

swelling occurs as a result of the electrostatic repulsion when functional groups are ionized 

in aqueous media of appropriate pH associated with hydrogel expansion, hence, the uptake 

of solvent into the hydrogel matrix increases [221, 222]. Ionic hydrogels containing 

anionic groups such as carboxylic acid exhibit sudden or gradual changes in their dynamic 

and equilibrium swelling behavior when the pH of the environment goes above the pKa of 

the ionizable species [218, 221, 222]. In contrast, cationic materials contain functional 

groups such as amines ionize in the media at a pH below the pKa of the ionizable groups 

[218, 221, 222]. Consequently, as the degree of ionization increases, the charge density 

increases, causing increased electrostatic repulsions between individual chains. Hence, the 

hydrogel becomes hydrophilic with a great swelling ratio.  

In the case of graphene hydrogels, the same phenomenon applies when the presence 

of coion and counter-ion impacts on swelling and deswelling. For instance, Huang et al. 

[223] found that the presence of (Na+) counter-ion could induce a significant decline of 

electrostatic repulsion between the charge groups of -COO
−
 in poly(acrylic acid-co-

acrylamide) bound GO hydrogel (GO/P(AA-co-AM)) and lead to a decrease of the osmotic 

pressure and swelling of hydrogel networks. Conversely, they observed a dramatic 

swelling capacity when they increased the pH value from 3 to 7, as a large number of 

COOH groups were ionized and converted into COO−. Consequently many hydrogen 

bonds were broken and the electrostatic repulsion of anionic groups results in the swelling 

of GO hydrogel networks. The effect of oxygen containing functional group on graphene 

sheets on swelling behavior was later investigated by Tai and co-workers [224]. They 

prepared polyacrylic acid [225] hydrogels with and without presence of GO and then 

compared the swelling curves of these two hydrogels. A higher swelling capability from 

the GO/PAA composite hydrogel than that of the PAA hydrogel (~1.4 times higher) was 

achieved. The increase of the swelling capability was attributed to both structure and 
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chemistry change of the hydrogel upon adding GO. The hydrogel turned into a fluffy 

structure and introduced several other oxygen containing groups after adding GO, thereby 

catching some additive water and resulting in the increase of the swelling ratio. Similarly, 

Jiang et al. [226] investigated the swelling behavior of a composite hydrogel prepared by 

cross-linking GO and PAA through whole pH ranges from 1 to 14. Their measurements 

indicated that regardless of GO concentration, the swelling gradually increased until pH11, 

because most of the oxygen containing groups were ionized and generated the highest 

electrostatic repulsion that interrupted the hydrophobic interaction and hydrogen bonding 

inside the hydrogel. Further increase of pH by adding sodium hydroxide resulted in a sharp 

decrease of the swelling ratio because the reaction between GO and sodium hydroxide led 

to strong interaction between GO and then outflowing of water from the hydrogel networks 

[226]. They also realized that at any constant pH, increasing the GO concentration would 

decrease the swelling ratio of the hydrogel because the higher the concentration of GO the 

higher hydrophobic interaction occurs. 

Temperature-sensitive hydrogels 

Temperature sensitive/responsive hydrogels are the most studied class of stimuli 

sensitive hydrogel systems in the biological field, particularly in drug delivery research. 

This is because it is easy to change and to control the temperature of hydrogel surrounding 

fluids, hence, making it widely applicable for both in vitro and in vivo studies. 

To be more specific, the temperature responsive hydrogels are materials that exhibit 

significant changes in volume and solvation state at certain temperature (volume phase 

transition temperature (VPTT)) which is accompanied by coil-to-globule shape transition 

of hydrogels. Altering the temperature across VPTT may result in contraction or expansion 

of the hydrogel structure as a consequence of the optimization of the hydrophobic and 

hydrophilic interaction between hydrogen and aqueous solution. Thus, such hydrogels can 

be categorized as positive or negative temperature-sensitive systems. The positive 

temperature-sensitive hydrogel has an upper critical solution temperature (UCST). These 

hydrogels deswell when the temperature goes below the UCST and swell at higher than 

given temperature. Conversely, the negative temperature-sensitive hydrogels possess a 
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lower critical solution temperature (LCST) meaning that they deswell upon heating above 

the LCST and swell upon cooling below the LCST [1]. 

Tanaka and co-workers as one of the pioneers in the field temperature-sensitive 

hydrogels introduced PNIPAAm as the best example of negative temperature-sensitive 

hydrogels [227, 228]. There are numbers of polymers in the thermo-sensitive hydrogel 

family possessing hydrophobic groups of methyl, ethyl and propyl, such as poly(N,N’-

diethylacrylamide) (DEAM) [229-231], poly(N-acryloyl-N’-propylpiperazine) (PAcrNPP) 

[232, 233], and poly(methylvinylether) (PMVE) [234-236]. However, PNIPAAm due to 

the LCST of 32 ˚C close to body temperature received extensive attention for biological 

applications. After the introduction of PNIPAAm, Hitotsu et al. [228] conducted research 

on cross-linked PNIPAAm and found the LCST of their PNIPAAm gels is ~34.3 °C. They 

also found that the LCST could be increased through adjusting ionic interactions by adding 

small amounts of ionic copolymers into the hydrogels. A similar result was attained by 

Beltran and co-workers [237] by adding ionic comonomers into PNIPAAm hydrogels. 

In order to enhance the stimuli responsive properties of PNIPAAm hydrogels, Ma et 

al. [238] introduced in-situ polymerization with GO to prepare a composite hydrogel 

material with enhanced swelling capability and mechanical properties. Combination of GO 

and PNIPAAm offers both electro- and thermo-sensitivity to the composite hydrogels. 

They achieved the equilibrium swelling ratio for GO/ PNIPAAm is almost two times larger 

than that of pristine PNIPAAm, and the final water retention of the composite hydrogels 

was also slightly higher than that of pure PNIPAAm hydrogel. Thermo-sensitivity of 

PNIPAAm in conjunction with hydrophilic groups on GO sheets cause more water 

molecules to hold in the composite hydrogels, thus leading to the increase of the 

equilibrium swelling ratio.  

Peptides and polypeptides [239] due to their amphiphilicity (via charge interactions, 

hydrogen bonding, and hydrophobic interactions, π-π stacking), they can self-assemble to 

form thermo-sensitive hydrogel networks in the form of either nanofibril [240] or scaffold 

shapes [241, 242]. They possess excellent biocompatibility and structural controllability 

making them suitable candidates for therapeutic applications. Pollock et al. [243] revealed 

that introducing the hydrophilic moieties such as poly(ethylene glycol) (PEG), hydrophilic 

http://www.chemspider.com/Chemical-Structure.762.html
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polypeptide, and methacrylate into PNIPAAm bestowed thermogelling properties to the 

polymer aqueous solution. Elastin-like polypeptides or their copolymers with other 

thermo-sensitive polymers, like PNIPAAm, have been used in vitro and in vivo for cancer 

treatment. An example of thermo-sensitive polypeptide used for cancer therapy was 

reported by Dreher etal., [244], who conjugated a common anticancer drug doxorubicin 

(DOX), to polypeptide hydrogels (made by incorporation of Val, Ala and Gly residues 

with different ratios) resulting in a broader transition than the parent polypeptide above the 

LCST. Interestingly, both the polypeptide/DOX hydrogel and the free DOX exhibited near 

equivalent in vitro cytotoxicity because almost all the drug was released at the LCST, 

indicating outstanding thermal responsive properties of the hydrogel. 

In summary, from the drug delivery perspective, the design and usage of polypeptide 

and PNIPAAm either as polymer or copolymer in hydrogels are vital because they should 

uptake drugs at the temperature below their LCST and release entrapped drugs in response 

to the LCST transition. This transition is thermodynamically reversible. The drug release 

occurs when hydration surrounding the hydrogel networks is mostly released upon 

reaching to LCST point through the hydrophobic collapse of the hydrogel, leading to 

hydrogel aggregation and separation from the aqueous phase. Although the LCST behavior 

of polypeptide and PNIPAAm hydrogels are thermodynamically similar, each hydrogel 

needs to be carefully considered due to its distinct advantages and disadvantages as a 

carrier for therapeutics. 

Chemically-controlled delivery systems 

In addition to diffusion and swelling, there is a third type drug release mechanism in 

DDS called, chemically-controlled delivery. The chemically–controlled system can be 

further classified into two systems of erodible and pendent chains [1]. In erodible systems, 

the drug release rate is controlled by degradation or dissolution of the polymer carrier and 

depends on whether diffusion or erosion is the rate-controlling step. When erosion of the 

hydrogel matrix is much slower than the diffusion of the drug through the hydrogel, then 

the drug release is diffusion controlled. The other possibility is that the drug remains 

incorporated in the hydrogel matrix due to the low rate of diffusion, and therefore, drug 

release is erosion-controlled. On the other hand, for pendent chain systems, there is a 
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different scenario in which the drug is attached to the hydrogel via a hydrolytically or 

enzymatically labile bond. In such a case the drug release is based on reaction-diffusion 

which is controlled by the rate of degradation of the bond [208]. 

2.3.2 Overview of drug delivery technology for DOX 

The exploration of graphene derivatives based drug delivery derives from anticancer 

drugs to other drugs for non-cancer diseases treatment. Comparing to covalently bonded 

drugs, the physical binding of drugs onto graphene sheets would maximally preserve the 

biological activity, owing to the lack of chemical reactions between them [245]. Hence, the 

focus of most research was on choosing drug molecules which non-covalently incorporate 

with graphene (through either π-π stacking and/or hydrogen bonding). 

Cancer treatment 

Chemical drugs such DOX [28, 196, 197, 246-249] and camptothecin (CPT) [196, 

245, 249-253] have a high density of π-electron clouds and more than two aromatic rings 

have been used  broadly  as anticancer agents. camptothecin (CPT) has one aromatic ring 

containing molecule [254-256] and is also considered as common anticancer drug used in 

the treatment of solid tumors [257]. Although it can have both π-π stacking and hydrogen 

bonding interaction with graphene derivatives, the interactions are not comparable to that 

of DOX and CPT as they contain more aromatic rings. 

Non-cancer treatment 

Rana and co-workers [258] reported the delivery of Ibuprofen as an anti-

inflammatory drug via using a chitosan-grafted GO with a drug loading rate of 9.7%. They 

demonstrated that controlled drug release can be achieved by the adjustment of pH. 

Another example pH dependent delivery is the release of antibacterial ciprofloxacin (CF) 

loaded on the polyethyleneimine (PEI) cross-linked GO film [259]. The loading and 

release of drug molecule is based on different electrostatic interactions between the drug 

and the carrier at different pHs. 

Among all chemotherapeutic agents, particularly for cancer treatment, DOX has been 

shown to be exceptionally active in a large variety of cancers including hematopoietic 
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malignancies, carcinomas of the breast, lung, ovary, stomach and thyroid, as well as 

sarcomas of bone and soft tissue origin [244]. However, there are several side-effects such 

as cardiotoxicity, alopecia, vomiting, leucopenia, and stomatitis which have hindered the 

successful use of DOX. In order to diminish the undesired effects without reducing drug 

potency, DOX has to be encapsulated into drug delivery agents. These agents should be 

able to efficiently take up the drug, protect it, and selectively release it in specific sites 

without having adverse effects to surrounding tissues [260]. Moreover, it is difficult to 

incorporate drugs with low water solubility into the sustained and controlled release 

mechanism where a constant rate of release is required. Hence, graphene derivatives 

offering both π-π stacking and hydrogen bonding interactions can help most insoluble 

drugs, in particular, DOX to load and release in a controlled way by tuning the 

hydrophobicity/hydrophilicity degree of graphene sheets. Yang et al. [248] found that the 

loading ratio of DOX to GO as carrier could reach 200%, much larger than that of other 

nanocarriers which usually have a loading ratio lower than 100%. They demonstrated that 

graphene derivatives can be employed as efficient nanocarriers for the loading and delivery 

of water-insoluble aromatic drugs.  

2.3.3 pH responsive graphene-based materials in drug delivery 

One of the smartest properties of graphene derivatives is controlled drug delivery 

based on drug-graphene interactions (e.g., hydrogen bonding, hydrophobic, π-π stacking 

and electrostatic interactions) that respond to the stimuli release by adjusting pH, 

temperature, ultraviolet or visible lights, chemical substances or electric fields [258, 261, 

262]. Moreover, graphene sheets as drug carriers are interesting because both sides of 

single graphene sheet could be accessible for drug binding [263, 264]. Graphene with 

extremely large surface area of about ~2,630 m
2
/g, allows for ultra-high drug loading 

efficiency on the sheets as compared to CNT surface with the surface area of almost half 

that of graphene[265].  

Recently, the functionalization chemistry has rationally focused on endowing 

graphene with more aqueous solubility [261] and biocompatibility [160]. The oxygenated 

functional groups on GO surfaces also enabled it to serve as a physical cross-linker in the 

formation of a hydrogel. Bai and co-workers [22] reported a pH-sensitive GO-poly(vinyl 
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alcohol) composite hydrogel by a direct mixing method for drug delivery, which exhibited 

a storage modulus of ~200Pa and was able to release 84% of the loaded vb12 molecules 

into a neutral solution after 42 hrs as opposed to 51% into an acidic solution. The basic 

functionalization of graphene that have been reported to date mainly concerns introducing 

chemically reactive oxygen-containing groups, including carboxylic acid groups which 

situate at the edges of the sheets as well as epoxy and hydroxyl groups on the basal planes 

[106, 129]. 

In the instance of graphene based material in the dispersion phase, the gradual release 

of drug into blood circulation after injection is necessary whereas the rapid release rate of 

drug in endosomes and lysosome is favorable. This issue has been address by the 

investigations of [266] pH-responsive drug delivery. [28] demonstrated the reactive 

oxygen species (ROS) generation and anticancer effect of graphene based carbon nitride 

(g-C3N4) nanosheets under low intensity light irradiation with low cytotoxicity and 

excellent biocompatibility. These nanosheets exhibited the pH-responsive behavior for the 

delivery of the anticancer drug, DOX. Nanosheets had a significant release of DOX of 

about ~ 41.4% under acidic condition (pH=5.0) whereas the DOX release in neutral 

(pH=7.0) and basic (pH=9.0) mediums were as low as 6.1% and 2.8%, respectively. This 

mainly attributed to increased protonation and enhanced solubility of DOX under acidic 

environment. 

Similar pH dependent release of DOX was also reported by Wu et al. [246] who 

observed the highest release in the acidic pH=3.4 where the electrostatic repulsion 

interactions between positively charged DOX and GO was the main reason of such large 

release. In contrast, in basic pH, negatively charged GO formed strong electrostatic 

interactions with the positively charged DOX, hence remaining most of the drug on the GO 

sheets.  

Similar phenomenon of release applies for the graphene based materials in the form 

of films. Huang et al. [259] reported a pH dependent in vitro drug delivery of ciprofloxacin 

CF using the polyethyleneimine (PEI) cross-linked GO porous film. They found that 

accelerated CF release in acidic pH compared to that neutral and basic medium, due to 

weakened electrostatic interactions between CF and PEI modified GO porous film. In 
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acidic environment, the PEI chain undergoes electrostatic repulsions via the ionization of 

amine groups which results in the chain stretch, decreased diffusion resistance and 

consequently enhanced drug release. The CF loaded porous film also exhibited significant 

antibacterial properties compared to that of plain film demonstrating the successful release 

of antibacterial agent of CF. 

2.4 Graphene based materials with contolled structure  

In the field of fabricating porous media, it is extremely important to construct the 

media with an ordered microstructure and uniform pore size, [14, 30, 31] particularly for 

drug delivery applications, as the uniform spatial structure and pore distribution will ensure 

that drugs are homogeneously loaded and distributed. The use of mesoporous, microporous 

and nanoporous graphene based hydrogels as carriers in drug delivery systems is a part of a 

growing body of research [18, 263, 267, 268]. Similar to other porous media, tuning the 

pore size in graphene based hydrogels is vital in the sense that the loading and release of 

the drug may be conducted in a more controllable, reproducible and predictable manner. 

LBL assembly of graphene, GO sheets has attracted considerable attention from  

researchers [23] to create out-of-plane pores which results in the enhancement of their 

adsorption characteristic. This out-of-plane pore benefits different applications and 

devices, for instance, in water treatment where the pore size and water flow rate matter 

[25], in gas and energy storages where the accessibility to the active surface areas is the 

key issue [26, 27] and in drug delivery where the poor solubility of the drug, yield of drug 

uptake as well as the release rate are the main concerns [28, 29]. The advantage of 

graphene LBL assembly is a high level of control over layering and the thickness of the 

obtained construct, which arises due to the linear growth of the films with the number of 

bilayers [24]. As in the construction of self-assembled materials, the control of the periodic 

structures and physiochemical properties of the hybrid graphene materials over a large 

scale is crucial. Particularly, when it comes to applications because the integration of the 

properties of disparate materials is beneficial. With LBL 3D assembly of the graphene 

sheets with desired pore size; one can tune the physiochemical properties and consequently 

address all the issues mentioned above. The best strategies are to materialize graphene 

constructs in a manner that avoids re-stacking and agglomerate formation, and contributes 
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to the material’s active surface. This would benefit many different applications. Currently 

used protocols for the synthesis of this sort of graphene constructs can be classified into 

two types of “with” and “without” spacers, which are explained in detail below. 

2.4.1 LBL assembly of graphene hydrogels without spacer 

Recent researches on the facile self-assembly of layered graphene materials report 

the success in manipulating the assembly of graphene using the principles of colloidal 

chemistry and without using additional matter. [32, 269, 270] The principle is serving soft 

matter, “water” acting as an effective “spacer” to prevent the restacking of graphene 

sheets. Without a spacer, the self-assembly driving force is the strong van der 

Waals interaction between graphene sheets.  The pore size can be altered via differing 

reaction parameters in graphene preparations [26] and also the applied pressure on layering 

graphene sheets [269, 271]. In most of these experiments, the graphene sheets orient in 

nearly parallel manner, nevertheless, the precise controlling of the interlayer spacing (pore 

size) is difficult. From natural graphite, Kovtyukhova et al. [24] prepared monolayer and 

grew multilayer of thin GO films on cationic surfaces via electrostatic self-assembly. They 

are one of the pioneers in the field of LBL assembly, and interestingly, they achieved 

unilamellar GO sheets by alternate adsorption of anionic GO sheets and cationic 

poly(allylamine hydrochloride) (PAH). With only GO sheets, the monolayer GO films 

showed the thickness in the range from 10 to 14 Å with GO out of plane (c-axis) spacing 

of 6.91 Å, which falls within the range of 6.3−7.7 Å reported in the literature.[272-275]. 

However, sequential adsorption of GO sheets and polycations via electrostatic interactions 

invariably resulted in a thickness change, which was 2−3 times by average larger than the 

GO monolayer thickness. The graphene interlayer distance for graphite oxide can be varied 

within the range of 6.87 to 8.72 Å depending on the extent of oxygen content and 

dehydration. Nakajima et al. [273] discovered that when the dried graphite oxide (ID=6.87 

Å) was exposed to air, the interlayer distance increased to 7.75 Å, within 10min, and to 

8.72 Å after 16 hrs. The moisture adsorption is very fast. Thus, a number of preparation 

parameters including pH, level of functionalities, and applied pressure need to be carefully 

considered for controlling the LBL assembly of graphene constructs. Also, a number of 

approaches including hydrothermal reduction [15, 111, 269], vacuum filtration, [32, 276, 

277] spin-coating [125, 278], dip-coating [279-281], Langmuir–Blodgett assembly [95, 

http://pubs.acs.org/action/doSearch?ContribStored=Kovtyukhova%2C+N+I
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282], and direct chemical vapor deposition [39, 67, 283] have been employed to assemble 

GO and rGO nanosheets constructing thin films with tailorable properties. Here, we focus 

on reviewing the first three methods, as they are simple and economical methods that have 

been widely used to prepare 3D graphene. 

2.4.1.1 Hydrothermal method 

Without using any spacer, Tao et al. [269] prepared different types of layered 

graphene films to investigate the effect of pressure and different drying process on the pore 

size distribution (PSD) of these layered materials and their electrical conductivity (shown 

in Figure  2-7a). Parent samples in the form of hydrogels were first prepared using 

hydrothermal reduction of GO sheets and their self-assembly through van der Waals 

interactions. Hydrothermal treatment is one convenient method used to convert GO to rGO 

[269, 284] and involves minimum defects on carbon graphitic structure and the facile self-

assembly of graphene sheets. Each sample was cut from the parent cylindrical hydrogel 

and treated in different ways. The first sample was freeze-dried hydrogel followed by 

annealing at 800˚C, called PGM-800. The second and third samples were the room 

temperature vacuum dried hydrogels with and without following annealing, called HPGM 

and HPGM-800, respectively. In the upper part of Figure  2-7a the SEM image clearly 

shows how freeze drying effectively aided fixing the 3D network constructed of 

interlinked nanosheets, but in a random and spongy assembly which resulted in a mainly 

macroporous structure with some mesoporousity. This demonstrates how freeze-drying can 

retain the morphology of the parent hydrogel without shrinkage. For HPGM, the vacuum 

drying also leads to the formation of porous structure in a disordered, but highly compact 

way (shown in lower part of Figure  2-7a). The proof of highly dense and interlinked 

layered morphology beside scanning electron microscopy (SEM) is the PSD analysis from 

nitrogen adsorption, in which the HPGM showed predominant mesoporousity (smaller 

than 2 and centered at 1.1) and microporousity with a very small size (slightly larger than 2 

nm). Compared with HPGM, HPGM-800 showed a slightly smaller pore size (shown in 

Figure  2-7b) in the micropore range possibly due to thermal shrinkage, and the appearance 

of pores from 1.3 to 3.7 nm could be attributed to the evolution of pores resulting from the 

removal of trapped water and bound oxygen during the annealing process. In summary, 
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freeze-drying can retain the original structure of layered graphene materials. Vacuum 

drying and annealing, respectively, due to increasing the interlinking of graphene 

nanosheets and removal of oxygen containing groups, substantially contribute to enhancing 

electrical conductivity and the charge transfer of these materials. Although the graphene 

interlayer spacing in this spacer-free approach is more controllable than previous spacer 

aided graphene constructs, it mostly generates microporousity of about 1 nm which is only 

able to uptake sub-nanometer size molecules, and this limits its applications. 

 

Figure  2-7. (a) Schematic of the formation of graphene-based 3D porous macroforms with 

different drying process and the SEM images of the resultant PGM and HPGM and (b) 

PSD plots of HPGM before and after annealing process. [269, 284]. 

Shi et al. [111] employed a facile hydrothermal reduction of hydrochloric acid-

treated GO solution to prepare self-assembled 3D construct of H-rGO to be used as 

supercapacitor electrode material. They believe that the existing hydroxyl and carboxylic 

groups in GO solution cause the GO colloid particles to be highly negatively charged and 

repulse each other. Adding hydrochloric acid or positively charged ions lead to an 

ionization equilibrium and fair distribution of electrostatic repulsion among GO sheets in 

dispersion. As reported, the assembly of H-rGO resulted in a much more ordered structure 

compared to typical disordered 3D cross-linking network usually made by the normal 

hydrothermal reduction method, but this was not as parallel as is evident in vacuum filtered 

graphene films. The advantages of ordered over disordered 3D graphene networks is that 

they possess large, open, and smooth interlayer spaces instead of randomly distributed 

pores and fractures. The large average pore-size of approximately 3.8 nm with minimum 

level of graphene restacking in H-rGO leaded to smooth ion diffusion, satisfactory 
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electrical conductivity, and consequently exhibited higher capacitance compared to that of 

rGO.  

rGO layered materials with more uniform layering but smaller pore size were 

synthesized in the form of fiber by Yu et al. [285] through a hydrothermal process 

followed by drying. Capillary forces during the drying process lead to densely stacked rGO 

sheets that were highly aligned along its main axis. Similar to other dense stacking 

graphene films reported elsewhere, this rGO nanofiber also suffered from low accessible 

surface areas for electrolyte penetration into in plane pores, low ion interaction with 

electroactive surface, and hence low capacitive behaviors were observed. The solution to 

this matter is increasing the on-plane (cross-plane) pore size which could be achieved 

either with or without using spacer. 

2.4.1.2 Vacuum filtration method  

The vacuum filtration technique was used by Li and co-workers [32] to self-assemble 

space-free macroscopic layered graphene materials. Using the hydration force and 

remaining oxygen moieties on rGO, they increased the graphene interlayer spacing in 

freeze dried sample to 0.39 nm compared to that of 0.34 nm in graphite. This experiment 

was followed by annealing which caused a drastic restacking and shrinkage in the volume 

of self-assembled material. The increase in interlayer spacing enhanced the capacitive 

properties of the supercapacitor electrode fabricated by this material, but then after 

annealing almost no capacitance was observed. This could be ascribed to the formation of 

a highly open, continuous pore structure, which facilitates the electrolyte diffusion across 

the entire freeze-dried sample, whereas the annealed sample has no accessible pore for 

electrolyte diffusion across the sample. The main preventing factors for graphene 

restacking are intersheet electrostatic repulsions caused by the negatively charged groups 

(oxygen moieties) in conjunction with adsorbed water on rGO, which induce repulsive 

hydration forces between sheets and their interlayer spacing. Moreover, rGO due to loss of 

most of oxygen functionalities possesses an enhanced intersheet π–π stacking interaction 

results in their adhesion. To attain layered graphene materials with the desired pore size 

one has to reach the balance between these repulsive interactions and the intersheet π–π 

stacking, and this is a complex task. Furthermore, the applied pressure via vacuum 



 

 44 

filtration also plays a key role in the dynamics and layering of graphene sheets, which 

makes the system more complicated in order to achieve a construct with unique pore size. 

2.4.1.3 Spin-coating method 

The spin-coating method has several advantages over dip-coating and spray-coating 

methods, in terms of the level of control on transmittance, thickness, and time for 

fabrication of thin films - particularly for LBL assembly of graphene. Lee et al. [286] 

constructed LBL assembled graphene multilayer in a controlled way with a fairly good 

transmittance and reasonable electrical resistance without using a spacer and by employing 

only the electrostatic interactions between oppositely charged exfoliated graphene 

nanosheets (schematically shown in Figure  2-8a). The GO dispersion with its native 

negative charge (GO–COO
–
) simply mixed with positively charged GO dispersion (GO–

NH3
+
: GO treated with N-ethyl-N0-(3-dimethyl aminopropyl) carbodiimide methiodide 

(EDC) followed by chemical reduction, can produce bilayers of oppositely charge 

(schematically shown in Figure  2-8b). Controlling the degree of GO reduction and the 

number of bilayers aided in tuning the thickness of graphene monolayer and multilayer, 

with consequent impacts on the transparency and electrical conductivity. We believe that 

this work could be further extended by manipulating the electrostatic interactions through 

varying the amount charged group graphene surface to potentially tune the interlayer 

spacing of graphene nanosheets. As it is well understood, differing the internal porous 

structures between graphene nanosheets may induce different properties and open up 

pathways for broader real life applications for layered graphene materials. 

 
Figure  2-8. Schematic representation of (a) LBL assembly of rGO multilayer with rGO–

COO
–
 and rGO–NH3

+
, and (b) the resulting LBL film of rGO [286]. 
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2.4.2 LBL assembly of graphene hydrogels with spacer 

GO, due to its thermally instability and high chemical activity can easily undergo an 

exothermic disproportionation reaction under mild heating conditions or be reduced by 

some reducing reagents to convert to rGO [287-290]. However, because of the restoration 

of sp
2
 carbon network and introducing the strong π–π interaction the re-stacking of 

graphene sheets is an issue that needs to be considered during the reduction process. This 

is an unfavorable event in the self-assembly of 3D graphene layered materials for many 

applications, such as adsorption, ionic transportation, and catalysis where a large surface 

area and controlled pore size of the material are required. Therefore, as a solution, 

weakening the π–π stacking interactions by introducing other materials as the spacers 

between graphene sheets has recently attracted substantial research attention [27, 35, 37-

39, 291, 292]. The main role of spacers is to enlarge the interlayer spacing between 

graphene sheets and weaken the inter-planar interactions, and hence prevent the re-

stacking of the graphene sheets during reduction process. However, in some 

electrochemical applications, spacers have additional roles such as conductive pillars in 

between graphene sheets to enhance the electrical conductivity of graphene films in 

vertical axes. The spacer based graphene assembly can be eventually replicated into 3D 

multilayered macroscopic materials resulting in graphene-based materials after reduction.  

2.4.2.1 Carbon materials as spacer 

Carbon materials such as carbon black, [35, 36] CMK [37] and CNTs [38] have been 

used as spacers between graphene sheets, and effectively prevent the self-restacking of the 

graphene sheets. The resulting materials (Schematically shown in Figure  2-9) are 

promising candidates for supercapacitor electrode materials due to rapid electron transport 

capability. By enlarging the inter-layer spacing between the graphene sheets, the 

electrolyte ions are allowed to easily diffuse through the graphene constructs. This 

efficiently improves electrolyte–electrode accessibility, charge transport capability in 

graphene 3D geometry, and enhances the electrode conductivity [36]. In addition, adding 

carbon based materials as spacers dramatically reduces the internal resistance of pillared 

graphene constructs acting as a conductive bridge connecting neighboring graphene sheets, 

and consequently assists in effective charge transport in both lateral (along graphene 
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sheets) and vertical directions [35]. According to Lei et al. [37] mesoporous CMK-5 as a 

spacer has advantages over solid carbon spheres due to its straight mesoporous channels 

which serve as a highway, allowing the fast transport of electrolyte ions in the composite 

when used as an electrode. Although this befits the electrode electrochemical behaviors, 

the non-similarity in CMK-5 particles size (~500 nm) do not fully control the interlayer 

spacing of multi-layered graphene constructs to make uniform parallel structure for other 

applications.  

 
Figure  2-9. Schematic illustration of the multilayered graphene (a1) before (a2) after 

carbon black (CB) intercalation, [35] (b) the preparation procedure for the RGO–CMK-5 

composite, [37] (c) graphene/CNTs composite preparation process, [293] and (d) CNTs 

based pillared graphene oxide construct [38]. 

CNTs assisted pillared graphene constructs have been made in two different ways so 

that the CNTs sit randomly [293, 294] or perpendicularly [38] in between graphene sheets. 

With random decoration of CNTs between graphene layers, a broad range of pore size is 

achieved. For instance, Cheng and co-workers [295] prepared a graphene/CNT composite 

with the CNTs of 1-2 nm in diameter, but because there was no means to precisely control 

the graphene-CNT interactions the pore size achieved in composite film varied between 

1.3 to 32.7 nm with an average value of 6.1 nm. Although in this case the CNTs act as a 

smart spacer to increase the graphene interlayer pore size and contribute to better 

electrolyte accessibility, the precise control on pore size using CNT was a major challenge. 

A similar story is evident in the experiments carried out by Wimalasiri and Zou,[293] who 

randomly mixed different amounts of CNTs with graphene to prevent from their 

restacking. Using N2 adsorption, they showed that the mean pore diameter of graphene 

film could be enhanced from 4.38 to 5.00 nm (with a broad range) after intercalating the 
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CNTs with graphene sheets. Yu et al. [285] using BJH analysis obtained the PSD ranges 

from ~1.5 to 18 nm with a peak at ~5 nm from their microfibrous construct made of an 

interconnected network of CNTs with interposed nitrogen-doped rGO sheets. Although the 

random composition of graphene with CNTs helped with the enhancement of graphene 

interlayer spacing and provided a large accessible surface for fast ion transport, the 

graphene-CNTs binding occurred randomly throughout the whole dispersion without any 

control on parallel morphology for either CNTs or graphene layers. Researchers continue 

working on the graphene-CNTs binding constructs, manipulating different parameters such 

as the degree of GO reduction and CNTs content [270], nitrogen-doped and boron-doped 

CNTs intercalation [296], and generating cross-plane pore on top in-plane pore [297].  

These efforts all aim to produce graphene layered materials with uniform morphology and 

enhanced interlayer spacing that ultimately possess high surface area and diffusivity rates 

into their porous structures. The uniformity of morphology in macroscopic scale was 

attained, but uniformity of the pores, particularly the in-plane pore is a major challenge. 

In contrast, almost perpendicularly pillaring of CNTs on graphene surface was 

carried out by Zhao’s group [38, 39] in which the nickel ion particles as catalyst for CNT 

nucleation were decorated with different concentration on graphene and GO surfaces 

(shown in Figure  2-9d). The CVD method with acetonitrile as the carbon source was used 

for CNTs nucleation and growth on the nickel intercalated graphene platelets. They believe 

that both the amount and length of the CNTs can be tuned by controlling the amount of 

catalyst and reaction time. They also reported preliminary porosity characteristics data 

including surface area and total pore volume measured for such pillared layered graphene 

constructs. SEM images for their samples showed the growth of carbon nanotubes with 

random lengths and in different directions that might result in improper pore size control. 

Unfortunately, the surface area and pore volume are not enough for estimating the pore 

size. The missing element here, the PSD, was not investigated, and how well the pore size 

is controlled is questionable. Another thing that may be worthwhile investigating is the 

stability of such 3D layered structure in vertical axis. As CNTs from one end bonded 

strongly with the two adjacent graphene planes and entangled in each other from the other 

loose end, this might have impacted on the stability of structure, particularly during 

shrinking and swelling in different applications. 
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Another example of CNTs intercalated graphene 3D layered construct is from Roy 

and co-wrokers [298] who deposited iron catalyst particles on thermally expanded 

graphene layers and then grew the vertically aligned CNTs (VACNTs) between the 

graphitic layers (schematically shown in Figure  2-10). Like other CNTs pillared graphene 

constructs, they attained an efficient charge transport by VACNT/graphene conductive 

network for energy generation and storage applications. Synthesizing such an inherently 

porous structure significantly facilitated electrolyte diffusion into the pores and, hence, 

enhanced ionic conductivity. By assuming the geometry of pore to be cylindrical, they 

estimated the PSD from the corresponding pore volume in the range 1 to12 nm which is a 

wide range for micro-mesoporous materials. There could be some more microporosities in 

expanded stacks of graphene (hundreds of layers) which have not been detected via their 

method of PSD analysis. 

 
Figure  2-10. (a) Schematic diagram of a 3D pillared VACNT–graphene nanostructure. (b) 

Schematic representation of the procedure for the preparation of the 3D pillared VACNT–

graphene architectures. Optical images of (c) original highly ordered pyrolytic graphite 

(HOPG) with a thickness of 80 μm and (d) the thermally expanded graphene layers 

intercalated with VACNTs. [298] 

The main issues with most out of plane CNTs intercalated graphene constructs [38, 

298, 299] are PSD (which depends on regularity in pore shape) and physiochemical 

disruption to the planar graphene surface. Firstly, the pores reported in such layered 

constructs are defined as the spacing between CNTs, but not the graphene interlayer 

spacing. Although the CNTs in their microscale look aligned, they have some curvatures in 
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their nanoscale which affect the shape of the pores. Secondly, covalent boding of dense 

CNTs forests on graphene planar surfaces disturbs the planar graphitic lattice structure and 

occupies most of its accessible surface. This might decay or even fade away the 

outstanding physiochemical properties of graphene. Hence, tuneablity of the pore size 

together with retaining the physiochemical properties of graphene are the major issues that 

need to be carefully considered. 

2.4.2.2 Polymers as spacer 

The graphene-polymer based films were also prepared and used for electrochemical 

application due to the enhancement of graphene conductivity and electroactivity via 

grafting with conducting polymers. Polymers such as PANI[36], polypyrrole (PPy)[46] 

due to their high conductivity and fast redox activity were used in layered graphene 

constructs to make promising electrode materials. Wu et al. [300] prepared a 

nanocomposites by mixing graphene and polyaniline nanofiber dispersions made 

uniformly sandwiched nanofibers between graphene layers. The interspaces between the 

graphene layers were non-controllable in a broad range of 10 to 200 nm as it is difficult to 

control the dimensions (thickness and the length) during polymer synthesis as well as its 

coating on the graphene surface. Although parallel sandwiching of polymers between 

graphene sheets forms a porous structure and endows with additional specific surface area 

compared to that of the compact graphene films, but it is not yet comparable to that of 

nano- and meso-porous graphene constructs formed by using other smaller spacers.  

Rouf and co-workers, [291] similar to their divalent metal ion bonded GO method, 

introduced a polymer cross-linked GO sheets, in which polyallylamine (PAA) chemically 

bonded with reactive oxygen groups on graphene surface. The PAA modified GO sheets 

showed higher stiffness compared to that of metal ion bonded GO and unmodified GO 

sheets in linear region. According their hypothesis (shown in Figure  2-11), the PAA via its 

long alkyl chain with a number of reactive amine groups strongly cross-link to GO sheets 

by reacting with the epoxide ring across GO surface as well as some carboxylic groups on 

the edge of GO. That cross-linking played a major role in the mechanics of this highly stiff 

material. 
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Figure  2-11. (a) Schematic model of a sheet of GO showing oxygen-containing 

functionalities. (b) Chemical structure of polyallylamine [291]. 

Zhao and co-workers who have recently focused on pillared graphene constructs 

[38], also synthesized layered GO constructs pillared by PPy as a conducting polymer 

(schematically shown in Figure  2-12) in which the polymerization occurred with the aid of 

different surfactants; cetyltrimethylammonium bromide (CTAB) or 

dodecyltrimethylammonium bromide (DTAB) [301]. They believe that with using 

different surfactants, they are able to control PPy polymerization in the sense of controlling 

the shape and morphology of PPy. Spherical and fibrous shapes PPy were synthesized and 

sandwiched between GO layers using DTAB and CTAB, respectively. Ion transport 

resistance was investigated to compare two different morphologies and their influences in 

electrochemical performance of supercapacitors fabricated using such multilayered 

graphene materials. Synthesizing random shaped fibrous PPy led to generate highest ion 

accessible areas between GO layers resulting in a lower ion diffusion resistance and better 

capacitive performance over spherical PPy-GO composites and plain GO constructs. The 

advantage of such pillared graphene composite materials over using each individual 

component is the strong support of graphene matrix that provide enough surface for the 

deposition of the pillars on both surfaces of the graphene sheets. Furthermore, the strong 

binding between the graphene matrix and pillars further enhances the mechanical strength 

and long-term stability of such multilayered constructs. Although graphene-polymer 

composite constructs are of recent research interests, particularly in electronics, but the 

rapid degradation due to swelling and shrinkage of the polymers [46] might lead to a poor 

stability, thereby limiting their applications. 
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Figure  2-12. Schematic Illustration of the Formation Process of GOPPy Composite [301].   

2.4.2.3 Organic molecules as spacer 

Recruiting both physical and chemical bindings, Lee and co-workers [302] reported 

molecular monolayer self-assembly of photo-switchable aryl diazonium compounds onto a 

graphene sheet, and then placed it between two graphene electrodes to fabricate a 

chemically stable, optically transparent, mechanically flexible and molecularly compatible 

junction.  The conformational structure-dependent photo-switching between the cis and 

trans isomers of aryl azobenzene molecules (shown in Figure  2-13a) were tested under 

light irradiation generated ultraviolet-visible kit. The switching between the cis and trans 

isomers effectively influenced the vertical distance between two graphene electrodes 

(shown in Figure  2-13b), and changes in tunneling barrier, consequently impacting on the 

electrodes current density. Large-area single layer graphene, carefully transferred onto the 

polydimethylsiloxane/polyethyleneterephthalate (PDMS/PET) substrates was used as a 

bottom electrode. Aryl diazonium compounds were then self-assembled onto the 

graphene/PDMS/PET substrate using an immersion method in such a way that covalent C-

C sp
3
 bonds formed between the aryl radicals of aryl diazonium compound and C=C sp

2
 

carbon atoms of the graphene sheet. The graphene top electrode was transferred onto and 

physically contacted with the aryl molecular monolayer/graphene/PDMS/PET substrate. 

The physical contact was to test the bending and twisting flexibilities of the device made 

out of such layered graphene circuit. This is a limited technique as it forms a construct of 
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only two layers graphene and one layer spacer between them. Hence, it is unable to 

fabricate macroscopic multi-layer porous constructs. 

According to Cui et al., the conductance of junctions depended on whether the 

molecules were chemisorbed or physisorbed to the contacts. Junctions with two 

“chemicontacts” were orders of magnitude less resistive than junctions with only one 

chemisorbed contact [303]. Although the chemical contacts in molecular electronics 

applications exhibit a higher junction conductance than the physical contacts [304, 305], 

Lee and co-workers [302] in their photo-switching devices found nearly symmetric 

current-voltage characteristics from molecular junctions of both one- or two-sided 

chemically bound contacts with the same electrode material. It is worth mentioning that the 

design of aryl diazonium compound could be used in a totally different way, for example 

by mixing it with exfoliated graphene sheet dispersion to promote the LBL self-assembly 

of graphene sheet. Multilayered graphene construct with photo-switching properties and 

tuneable pore sizes could offer additional applications in which the swelling and shrinking 

of the construct play a major role. 

 
Figure  2-13. (a) Schematic of a transparent and flexible molecular monolayer junction 

between the two graphene electrodes, (b) Molecular tunneling barriers (with h1 and h2 

being the vertical distance between the two graphene electrodes) corresponding to 

conformational changes in aryl azobenzene molecules with light irradiation [302]. 
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Non-covalent functionalization of rGO with terephthalic acid (TPA) and succinic 

acid (SA) was utilized by Chow and co-workers [306] to prepare LBL graphene based 

paper (shown in Figure  2-14) with enhanced mechanical properties. SA due to its middle 

hydrophobic alkyl chain had a much stronger interaction with rGO sheets than the TPA, 

hence, caused immediate rGO destabilization and precipitation. The role of the functional 

molecule, TPA, was to prevent re-stacking of rGO sheets and to increase the interlayer 

spacing of the graphene sheets in TPA/rGO by ~2.2 Å (according to their XRD results) 

although the end-to-end length of the molecule is ~8 Å. This indicates that the TPA 

molecule lies flat along the basal plane of the rGO surface through π–π interaction via its 

middle aromatic ring. A post-yielding linear elastic behavior named “slip-and-stick” was 

observed in TPA/rGO compared to the pristine rGO, meaning that despite the increasing 

the interlayer spacing of graphene sheets, TPA did not altered the bonding structure of 

graphene. Such post-yielding behavior arose from the repulsive interactions between 

carboxylic acid functional groups of the TPA and carboxylic sites at the edges rGO sheets, 

whereas pristine rGO paper quickly had a catastrophic fracture because of the inherent 

stiffness that resulted from interactions between rGO flakes. As mentioned above in other 

literature, oxygen removal from GO and intercalating graphene sheets with spacers favor 

ion diffusion and electric charge transfer, however, Chow and co-workers [306] realized 

that increases in interlayer spacing increases the resistance (reducing the conductivity) 

associated with electron-hopping across the sheet-to-sheet interfaces. The intercalation of 

rGO with TPA did not significantly increase the inter-sheet spacing; the LBL graphene 

material possesses micro-porous structure, hence limiting its application because few of 

the ions and molecules could penetrate through such small pore. Hence, the two issues 

raised above further emphasize the importance of finding an optimum condition for each 

influencing parameter on the LBL of graphene based materials; that is degree of GO 

reduction and designing sorts of molecules with tuneablity in their sizes and interactions 

with graphene sheets. 
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Figure  2-14. (a) Schematic illustration of the proposed incorporation of TPA within the 

rGO-layered structure, (b and c) Cross-sectional scanning electron microscopy (SEM) 

images of pristine rGO (on the left) and TPA-treated rGO papers (on the right). The scale 

bars indicate 2 μm [306]. 

Sk and Yu [307] reported a LBL assembly of graphene sheets via covalent 

functionalization of GO with p-phenylenediamine (PPD) (forming GPPD) mostly through 

bonding between the PPD amine and the epoxy groups on graphene basal plane, and some 

insignificant amide bonding (–NHCO–) between the PPD amine the–COOH groups on 

graphene (shown in Figure  2-15). Their approach for preventing the restacking graphene 

sheet, not only induced the specific surface area, but also enhanced the ion transport, 

specific capacitance, and cyclic stability of the LBL graphene construct during the 

electrochemical process. Although their Barrett-Joyner-Halenda (BJH) analysis of PSD 

showed the existence of wide range for GPPD film, there were two major peaks 

demonstrating that many pores with pore sizes of 4.21 and 6.02 nm. The BJH method can 

be the evidence for the development of a mesoporous structure, but it fails for mesoporous 

structure [308] and is unable to predict the restacking event of graphene sheet which might 

occur during LBL assembly. Moreover, the major issue with pore sizes of 4.21 and 6.02 

nm is that they are far larger than the size of single PPD molecule. This could be an 

indication of PPD particles with different sizes in between sheets, and probably of their 

aggregation due to their intermolecular interactions. 
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Figure  2-15. Schematic diagram for the conversion of GO to GPPD [307]. 

2.4.2.4 Metal ions/oxides/nanoparticles as spacer 

Ruoff and co-workers [93] investigated the positive and negative impacts of 

chemically cross-linked multilayer graphene constructs and the contribution of the size of 

spacer in the mechanical properties of GO papers. Using divalent metals ions(M
2+

) of 

different sizes; Ca
2+

 with the ionic radius of 1.06 Å vs. 0.78 Å for Mg
2+

, they hypothesized 

that M
2+

 can tightly bond with the carboxylic acid groups on GO edge and weakly bond 

with epoxy group on the planar surface of GO (as shown in Figure  2-16a). The positive 

side of such cross-linking is the strong edge-to-edge binding, resulting in some cross-

linking of neighboring sheets and also improvements in the mechanical stiffness and 

strength of the un-modified GO macroscopic construct in linear region (as shown in 

Figure  2-16b). Binding the M
2+

 to the graphene planar surface and increasing the graphene 

sheets interlayer spacing (d-spacing) are the negative contributions of this cross-linking 

process to the mechanical properties in cross-sectional region. The axial interactions 

between the metal ions and the graphene oxide sheets, which are called intercalations, are 

much weaker than those of metal ions between sheets on the sample plane. These 

intercalations can increase the d-spacing and the cross-sectional area of the sample which 

are excellent points, but lead to an overall reduction of stress (force/cross-sectional area) 

which is a negative contribution to stiffness of M
2+

-modified GO constructs. Although 

these weak intercalations can be removed by rinsing with water, the problem is that the d-
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spacing will decrease back to that of GO constructs, thereby reducing the accessible 

surface area of macroscopic constructs. 

 
Figure  2-16. Models of the M-modified graphene oxide papers: (a) schematic model of the 

reaction between graphene oxide paper and MCl2 (M = Mg and Ca); (b) proposed model 

for the enhanced mechanical properties of graphene oxide paper observed after metal 

modification [93]. 

Ruthenium oxide (RuO2) anchoring on graphene sheets was another approach to 

construct multilayer graphene electrode materials for hybrid supercapacitors with enhanced 

energy-storage capabilities and lower costs [41]. Similar to other spacers, the role of RuO2 

particles was to avoid or decrease the possibility of serious agglomeration and restacking 

of graphene sheet (GS) ensembles (schematically shown in Figure  2-17), and consequently 

provide a higher available electrochemically active surface area for increasing 

supercapacitor energy storage. It has also been emphasized that the presence of some 

oxygen-containing groups helps the dispersibility and uniform decoration of RuO2 

nanoparticles on graphene nanosheets. Both XRD and electrochemical testing results from 

the research carried out by Wu et al. [41] were the confirmation of  the separation of 

neighboring graphene sheets, and consequently results in rich porous texture and a larger 

available surface area for enhancing the energy storage of supercapacitor. However, the 

role of RuO2 nanoparticles in the controlling of the graphene interlayer spacing and 

interlayer spacing effects on the electrochemical behavior of multilayered graphene 

construct were not investigated.  
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Figure  2-17. The LBL preparation of ruthenium oxide (RuO2)/graphene sheet 

composites by combining a sol-gel method [41]. 

Among the most popular metal nanoparticle, gold nanoparticle (AuNP) due its 

outstanding chemical, electrical, and catalytical stability, is commonly used to 

functionalize graphene or its derivatives [43]. The graphene-AuNP hybrid materials 

present fascinating aspects including multiple types, size-related electronic, magnetic, and 

optical properties, and have attracted immense attention in electrical and electronics 

applications such as fast data accesses and improved data retention in flash memory [309], 

and as biosensors [43] . 

One of those earlier interesting works in the preparation of graphene-AuNP hybrid 

materials was reported by Kong et al. [42] who obtained LBL graphene films comprised of 

alternating graphene and AuNP layers (schematically shown in Figure  2-18). LBL 

graphene-AuNP hybrid films were formed by using the sequential vacuum filtration of 

graphene dispersion and spontaneous reduction of gold ions on the surface of top layers of 

graphene in a repetitive manner. Spherically shaped AuNPs, with sizes ranging from 

subnanometer to ~200 nm were formed on the rGO sheets. Although a uniform AuNPs 

intercalated graphene film was prepared, the uniformity is in macroscale. There are two 

issues which could be considered to improve the periodic structure of the film in 

nanoscale. Firstly, the broad range in AuNP size results in a broad PSD in and it would be 

worthwhile to develop a controlled method for the formation of AuNP with unique particle 

size on graphene surface. Secondly, the graphene bilayers provide a strong support to 
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AuNP formed by stacking of graphene sheet which results in producing subnanometer 

pores and this makes a large amount of graphene surface area inaccessible for uptaking 

larger molecules. 

 
Figure  2-18. Schematic of the two-step procedure in fabrication of layer-by-layer 

assembled Au-graphene films; (a) AuNPs formation on graphene film (b) Layer-by-Layer 

assembly of graphene and AuNPs [42]. 

Later, other researchers developed a new and simple method by mixing Au ion 

precursors with the dispersion of exfoliated graphene sheets for preparing the graphene-

AuNP hybrid films [43, 310, 311]. Using well-dispersed graphene sheets, these researchers 

addressed the graphene restacking issue as they could benefit the most from the exposable 

surface of graphene sheets, decorating both sides with synthesized AuNPs. However, they 

could reduce the size of AuNPs to tens of nanometers, and control the interactions AuNPs 

and graphene sheets, but the issue of the uniform growth of AuNPs to tune the graphene 

interlayer spacing remained unresolved. For instance, Zhang et al. [43] reported 

possibilities of chemical and physical attachment of AuNPs at the graphene surface 

through existing functional groups on both sides of rGO. They suggested that AuNPs 

physically attach residual oxygen-containing groups of rGO sheets under the Brownian 

motion and electrostatic interactions whereas these particles tend to chemically bond with 

N-containing groups (N–Au) on the GO sheets (schematically shown in Figure  2-19). 

Eventually, with the continuous evaporation of the mixed solution, there are more 

opportunities for AuNPs and graphene sheets to interact with each other and promote self-

assembly. Although the layered graphene materials prepared here may not have uniform 

nanostructure along the vertical axis due to different size and shape of AuNPs, it showed 
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long-term strong stability because of strong interactions between AuNPs and graphene 

sheets. 

 
Figure  2-19. Schematic presentation of the green synthesis and potential formation 

mechanism of rGO/AuNP film. 

2.4.2.5 Biomolecules as spacer 

Xu et al. [47] used a convenient hydrothermal method for an impressive 3D self-

assembly of GO sheets and in situ formed single strand DNA (ssDNA) chains into 

multifunctional hydrogels (Schematically shown in Figure  2-20). They believe there is 

strong binding of DNA chains to GO sheets via multiple noncovalent interactions, 

including the π−π stacking and hydrophobic interactions. 

 
Figure  2-20. The procedure of preparing GO/DNA self-assembled hydrogel and the 

proposed gelation mechanism [47]. 

Controlling crystal structure or chemical doping of graphene with guest atoms has 

attracted considerable attention over the last few years to tune the electronic properties of 

graphene. Guest atoms such as nitrogen, sulfur, phosphorus and boron are the most 



 

 60 

commonly used dopants for the doping of carbon materials, which have effectively 

extended their end use applications. Nitrogen, in particular, seemed to be the ideal dopant 

for carbon materials such as carbon nanotubes [312, 313] graphene [48, 314] and their 

composites [315, 316] because of its comparable atomic size to carbon and its high 

electronegativity [292].  

Wang et al. [48] synthesized nitrogen doped graphene (NG) using ranges of amino 

acids as nitrogen source via hydrothermal method which was accompanied by the 

reduction of GO as the oxygen containing groups were reduced. Their extensive analysis 

on NGasp, NGarg and NGgly compared with rGO reduced the same method in the absence 

of amino acids. Their nitrogen adsorption results showed that NGasp had the largest 

surface area and total pore volume and that the NGarg exhibited significantly lower surface 

area and volumes than other samples. This could be due to due different interactions of 

negatively charged aspartic acid, positively charged arginine and glycine with the 

negatively charged GO sheets. As shown schematically in Figure  2-21, the negatively 

charged GO sheets, attract similarly with the –NH3
+
 group of all amino acids through 

electrostatic attraction, which endows with their binding with GO surface. The negatively 

charged groups (COO
−
) can repel the negatively charged GO sheets, which can enhance 

the repulsive force between the GO layers. In contrast, the counter-ions of positively 

charged arginine and glycine were attracted by negatively charged GO which weakened 

the electrostatic repulsion of GO sheets. The former enhanced repulsive force allows 

consecutive expansion of the graphene interlayer spacing, but the latter narrowed the 

interlayer distance and ultimately leads to aggregation of graphene sheets. The graphene 

layer expansion combined with the effect of nitrogen doping in NGasp not only led to the 

largest accessible surface area, but also exhibited the highest electrochemical performance 

compared with other samples. Their XRD investigating the d002 peaks as a support to 

surface area and pore volume measurements implied that the interlayer spacing of NGgly 

and NGarg are smaller than that of NGasp, but all are less than 1 nm (in microporous 

range). However, their SEM images together with the BJH method of the PSD analysis 

revealed the presence of even bigger pore size in mesoporous (~2.6 nm for NGasp) and 

macroporous (~1 µm) structure in each sample, indicating that hydrothermal method may 
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not be the suitable method for LBL assembly of graphene sheets in terms of controlling the 

pore size and 3D structure of graphene constructs. 

 
Figure  2-21. Probable interaction between amino acids and GO. (a) DL-aspartic acid with 

GO, (b) L-glycine with GO, and (c) L-arginine with GO [292]. 

Peptide as a short chain of amino acids was used in GO hybrid hydrogel for 

anticancer drug delivery purpose with near-infrared (NIR) light triggered release 

functionalities. The reason that Wu et al. [49] hybridized pyrene ending peptide 

(PyGAGAGY) with GO sheets (GOS) was the gelation problem of the peptide as the 

highly hydrophilic bit, GAGAGY, does not allow to form gel. Their design of peptide was 

smart in that it could bind with graphene sheets from either end; graphene binding motif 

(pyrene) from one end and tyrosine from the other end, bound physically and chemically 

with GO surface (the process schematically shown in Figure  2-22). Owing to strong π–π 

stacking between pyrene and graphene and covalent photo-crosslinking of tyrosine to the 

GO surface, a stable hydrogel with reasonable flexibility was prepared. In addition, the 

repeat sequence of GA in the middle of peptide subsequently leads to the formation of β-

sheets between adjacent peptides [317], that facilitated the inter-sheet crosslinking, 

consequently strengthening the hydrogels. This hydrogel was then used for controlled drug 

release application, where NIR irradiation played a central role in triggered release on 

demand. Using different powers or different irradiation time, they could adjust the local 

temperature of the hydrogel. As soon as the temperature reached to ~47 °C, the β-sheet 

structure of PyGAGAGY melts, starts unfolding, and also disrupts the π–π stacking 

between pyrene and GOS, and together these events facilitated the release of drugs. NIR 

irritation acted as a promising stimulus for controlled drug release, because upon laser 

irradiation each time, the drug exhibited a burst release and the release was terminated 
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once the laser was turned off. Although the hybrid hydrogel carried excellent drug loading 

and release properties, that could be further enhanced by controlling the morphology of 

hydrogel. Their SEM and TEM images showed that the inter-crosslinking between 

peptides did not occur in a controlled way and this resulted in random size of interweaved 

fibrous peptide and ultimately non-uniform assembly of graphene sheet. Other 

characterizations may also be required to qualify the peptide decoration in between GO 

sheets, and more importantly to ensure whether only a monolayer of designed peptide or 

their aggregate performs the LBL assembly of graphene sheet. 

 
Figure  2-22. The design of the hybrid hydrogel. (a) The peptide sequence. (b) The 

hierarchical construction scheme for the hydrogel [49]. 

Organic molecules of different sizes and binding groups [47-49, 302, 306, 307] were 

intercalated between graphene sheets and this successfully increased their interlayer 

spacing. However, the uniformity of pore size distribution in their macroscopic structure 

and their stabilities were not well-understood. Recent research have demonstrated that 

regardless of their sizes, small and large biomolecules (such as peptide, or protein and 

enzymes) assemble either to the edge or planar surface of graphene, GO, or rGO via simple 

physisorption or through electrostatic, hydrogen bonds, hydrophobic or π−π stacking 

interactions [318-323]. However, the design of biomolecules might have greater impact 

than just adsorbing on surface when applied to the engineering of controllable defined 

assemblies. They can be engineered to help the graphene sheets LBL assembly and to aid 

in controlling their interlayer spacing. The impacts of their design along with their surface 

interaction will be extensively discussed in the next sections. 
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2.5 Experimental of protein/peptide adsorption on graphitic 

surfaces  

Proteins/solid surfaces interactions have been an active area of study, which is of 

great interest to different fields of physic, biology, and engineering as it plays a key role in 

interfacial engineering, tissue engineering, materials science, nanotechnology, and 

biomedicine. [324-327]. For instance, in drug delivery system where the biocompatibility 

is of critical issues, a good understanding of the protein−surface interaction will aid to 

designing more effective delivery agents for cellular targeting and membrane penetration 

with minimum toxicity level [267, 328]. The initial event for a material when contacts with 

blood stream is the adsorption of proteins. It is been emphasized that the nature of 

adsorbed protein and its amount directly impact on the compatibility of the material [329].  

Proteins are chemically engineered to interact and bind with specific surfaces, such 

as inorganic materials [330], biomaterials [331], CNTs [332, 333], and graphene [320, 

334] to form ordered self-assembled nanostructures with controlled surface chemistry. 

Among these surfaces, graphene sheet, an individual layer of graphite, acts as an ideal 

planar platform for biomolecule adsorptions via enhancing the effective area of interaction 

without any significant perturbance to the biomolecules. It also does not involve in 

chemical reactions under standard conditions [335, 336]. Biomolecules have received 

interest because they can be designed in a controlled way to conjugate non-covalently with 

different surfaces with less disruption to either the surface or themselves. These 

attachments also enhance the surface biocompatibility [337] and minimize the toxicity risk 

[338] in biological applications. For some biomolecules from small DNA [339, 340] to 

large proteins [341, 342], it is critical for them to retain their biological activities on the 

surface as a small change in their conformation may result in undesirable biological 

consequences. Therefore, predicting their adsorbed conformation and controlling their 

physico-chemical properties at the graphene-biomolecule interface is pivotal to realizing 

their full potentials in biological applications. 

Among different sizes and conformations of proteins, peptides have been the concern 

of many studies due to the flexibility in the selection, design, and tailoring of this versatile 
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biomolecule as a molecular building block [337]. Peptides are short from polymers of 

amino acid monomers linked by peptide bonds (covalent bond formed between two 

monomers when the carboxyl group of one monomer reacts with the amino group of the 

other monomer). They are easily distinguished from proteins based on the size, which 

contain fewer than 50 monomers [343]. Engineered artificial peptides and their interactions 

with solid surfaces have been suggested as a means whereby the self-assembly of 

nanoscale entities may form nanostructured materials [344]. The flexibility in design leads 

to control of the solid-peptide intermolecular interaction and also of the materials 

formation in order to produce the highly efficient self-assembled nano-constructs [345, 

346]. 

 The binding of peptides to graphitic surfaces concern the adsorption and/or 

desorption of peptides on these surfaces  [347]. Few experiments with varied methods have 

been performed to qualitatively and quantitatively study the adsorption and structure of the 

peptides bound to graphitic surfaces. For instance, by using the phage display technique, 

atomic force microscopy (AFM), and Raman and fourier transform infrared (FTIR) 

spectroscopy, Katoch et al. [320] identified peptides with a selective affinity for 

graphene. Their results elucidated that a helical conformation peptide via its hydrophobic 

side-chain can non-covalently bind with the graphene surface and functionalize it without 

any chemical perturbation to the graphene structure. It has also been shown that the 

morphology of the peptide does not change significantly even after incorporating reduced 

graphene oxide sheets. Adhikari and Banerjee [348] carried out transmission electron 

microscopic (TEM) and AFM experiments to show the high morphological stability 

peptide whilst bound with graphene via its phenyl and fluorene aromatic rings. Aromatic 

containing biomolecules are capable to strongly interact with graphene’s polarizable, 

hydrophobic surface. It has been shown both experimentally [349] and via molecular 

simulations [350-352] that aromatic groups adsorbed strongly to graphitic carbon surfaces. 

Using AFM imaging for graphite-binding peptide, So et al. [349] revealed that there is a 

strong correlation between the amino acid composition (their sequence) and the result of 

peptide self-assembly on the surface. They also found that the mutations of the peptide 

aromatic residues significantly influence the binding characteristics. Their results showed 

that by replacing Tyrosine (Y) residue (with aromatic side-chain) with alanine (A) (without 
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aromatic side-chain) the ability for the peptide to bind to graphite surface was eliminated, 

whilst replacing tyrosine with tryptophan (W) or phenylalanine (F), respectively, tunes the 

peptide’s affinity to graphite from strong to weak or moderate binding. In other reports, 

ssDNA has exhibited relatively strong binding to graphene basal plane via the aromatic 

groups of the nucleobases through π- π stacking interaction [339, 340, 353, 354]. More 

interestingly the ssDNA retains its activity to hybridize with a complementary strand, even 

in the adsorbed state on graphene.  

Depending on the surface characteristics (whether polar or nan-polar), different 

interactions govern the peptide adsorption and assembly. Chen and co-workers [355] 

implemented their computational aided designed peptide (EAK16-II) in experiments to 

grow nanofiber out of peptide assembly on the negatively charged surface of Mica. This 

was to investigate the importance of peptide-peptide and peptide-surface electrostatic 

interactions in the affinity of peptide and its self-assembly on surface. An in situ atomic 

force microscopy and dynamic light scattering (DLS) and ζ-potential experiments were 

conducted for real time observing peptide adsorption on surface and measuring the 

nanofiber growth rate along with the peptide charge under various pH conditions. They 

introduced a controllable peptide assembly by controlling the peptide-surface and peptide-

peptide interactions. The Strongest affinity of the peptide to the negative mica surface was 

seen when highly concentrated HCl (10 mM, pH=2.2) was used relative to that observed in 

pure water and 1 mM HCl solution, while the highest peptide adsorption rate was in pure 

water. Although the acidic environment makes the EAK16-II molecules positively charged 

and facilitating its interaction with negatively charged surface of Mica, these positive 

charges are enough to inhibit peptide-peptide and peptide-nanofiber assembly after a short 

nanofibers assembled on surface. This is due to the large repulsion between positively 

charged (protonated) residues of peptide in acidic environment, when the pH of solution is 

lower than the pKa of the glutamic acid (E, pKa of 4.05) and lysine (K, pKa of 10.54). In the 

case pure water, the rate of peptide self-assembly and nanofiber growth was the highest as 

the pH is between the two pKa of positively and negatively charged residues, leading to 

fairly distribute the opposite charges in the solution and enhancing the inter-peptide 

interaction. In contrast to the neutral and acidic condition, with using 1 mM NaOH, the pH 

increased to 9.9 very close to the pKa (10.54) of lysine residues, hence, they became 
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slightly deprotonated and negatively charged which led to smaller adsorption rate than that 

in pure water and HCl. However, with further increasing in pH (to 11.5) and the 

concentration of the basic solvent (to 10mM), lysine became highly negative and no 

assembly of peptide was observed on mica substrate. 

In another work, Chen and co-workers [356] investigated the adsorption of ionic 

peptide of EAK16-II on the HOPG and its comparative affinity and stability studies with 

the negatively charged surface of Mica. The EAK16-II nanofibers made by the peptide 

assembly on mica remain stable in acidic solution but not in alkaline solution, while they 

exhibited a high stability on HOPG surface regardless of solution pH. The lower stability 

EAK16-II modified Mica in basic pH was due to the weakening of peptide-surface 

interaction as a result of changing the charge to negative and enhancement in peptide-

surface repulsion. When hydrophobic interaction governs the peptide-surface affinities, for 

instance, in EAK16-II modified HOPG, the interaction would be strong enough for not 

being affected by varying pH. Their AFM images evidenced to a highly ordered deposition 

of EAK16-II nanofibers on the HOPG (either parallel or aligned 60° or 120° to each other), 

whereas they formed a randomly oriented nanofiber networks on the surface of Mica. The 

highly ordered structure of EAK16-II on HOPG resembles the crystallographic structure of 

the graphite surface. 

2.6 Molecular modelling of protein/peptide adsorption on 

graphitic surfaces 

2.6.1 The use of MD in peptide/graphene interactions 

Although experimental studies have substantially improved the understanding of both 

the impacts of the surface and the peptide on their binding conformations, the detailed 

mechanism of adsorption and structural dynamics at surfaces are not yet well understood. 

However, force-field based atomistic simulations (molecular mechanics, or MM) and 

molecular dynamics (MD) [348] can play valuable roles in providing detailed information 

on graphene-peptide surface interactions and any conformational changes in peptide. These 

adsorption processes can be modelled with tens of thousands of atoms at a given 

temperature and in a reasonable computational time. Computational studies 
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complementary to experimental studies have therefore been emerging about the protein 

adsorption on different surfaces in recent years.  

MD simulation based research to date have clearly revealed that peptide adsorption 

on graphitic surface can comprise of direct surface [321, 328, 352, 357] and solvate 

mediated interactions [335, 351]. Direct graphene-peptide interactions may consist of 

hydrophobic [341, 352, 358, 359] and π- π stacking [321, 341, 360] interactions if the 

surface is non-polar and it could be electrostatic interaction when the surface is polar [341, 

358]. Apart from graphene-peptide specific interactions, the interfacial water profile on 

graphene surface are also considered in the peptide adsorption process. It has been shown 

that water behaves in an unusual way at graphene and graphite surfaces as they form 

ordered layers of opposite charges [361, 362] that could potentially impact biomolecule 

dynamics [335, 351], particularly for peptides containing polar residues. These studies 

have focused on water layering and peptide conformational changes cover fix graphene 

sheets. However, to the best of our knowledge the peptide penetration into interfacial water 

of the flexible graphene sheet and its adsorption mechanism on the surface has not been 

well studied. It is worth to understand whether the ordering of water molecules is a surface 

flexibility dependent and if such layering has different behavior than that of the fixed 

graphene sheet. It is also vital to know if the oscillation of the flexible graphene has a 

serious impact on the peptide conformation. By elucidating the peptide behavior in 

interfacial water and on flexible graphene surface, MD simulation can aid in developing 

new peptide designs that demonstrate controllable and predictable binding interactions and 

structures. The choice of flexible graphene here further illuminate the graphene-binding 

peptide structure as the graphene sheets in reality exists flexible in aqueous phase. 

In this review, the adsorption of peptides on different graphitic surfaces is 

investigated as they make similar interactions with peptides due to the similarities in 

carbon-carbon bonding and aromatic structures. However, among these surfaces, graphene 

sheet, an individual layer of graphite, acts as an ideal planar platform for biomolecule 

adsorptions via enhancing the effective area of interaction between the surface and 

biomolecules without any significant perturbance to the biomolecules. It also does not 

involve in chemical reactions in aqueous solution under standard conditions [335, 336]. 
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Using MD simulations, Kim et al. [321] revealed that the designed peptides are able 

to bind to either the planar or the edge of graphene sheets through π–π stacking or 

electrostatic interactions, respectively. Chen and co-workers [328] using accurate all-

atomic MD simulation and via the CHARMM22 empirical force field demonstrated the 

adsorption and initial assembly events of an ionic peptide, EAK16- II, on the extremely 

hydrophobic surface of HOPG. An accurate all-atomic MD simulation of EAK16-II 

adsorption on HOPG was performed using the CHARMM22 empirical force field. They 

used two peptide molecules with the same chain of AEAEAKAKAEAEAKAK (where A 

corresponds to alanine, E glutamic acid, and K lysine) mixing of neutral, positively and 

negatively charged residues (shown in Figure  2-23a). They believed that deposition of first 

peptide was governed mainly by the hydrophobic interactions between Alanine residues 

and the graphitic surface, while the second peptide approached the surface via both 

electrostatic and hydrophobic interactions. Unlike Alanine which bound tightly to the 

surface, the charged residues stayed deeper into the solvent led to electrostatic interactions 

between opposite charged residue of two peptides (shown in Figure  2-23b). Although the 

hydrogen bonding had a non-significant impact during peptide adsorption, it aided with 

inter-peptides interactions and succeeding peptide assembly process on the surface. The 

peptide chains could self-assemble both in solution and on the surface; thus, indicating that 

peptides intermolecular interactions during their adsorption and initial folding/assembly 

stage is also of vital cases to be studied besides the peptide adsorptions on the surface.  

 
Figure  2-23. (a) Schematic diagram of EAK16-II structure [356] (b) Side view of the 

snapshots of the peptide−graphite surface system at adsorbed state (the three residues 

alanine, glutamic acid, and lysine are colored in gray, red, and blue, respectively) [328]. 
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Recently, numbers of interesting computational studies have been carried out on 

peptides adsorption, and their interactions with fixed graphitic surfaces, for instance single 

graphene sheet [320] or graphite [328, 359, 363]. Their observations showed that the 

peptides have undergone some conformation changes, due to their strong interaction with 

the graphene surface. Their findings can be helpful to better understand the intermolecular 

interactions in peptide-graphene system, but it is still far to match with what is really 

occurring in the experiment. In the experiment, both peptide and graphene sheet are 

flexible and there are more than one graphene sheet which interact with both of peptide 

and other graphene sheet at the same time. To the best of our knowledge, the adsorption 

behavior in such complex system either computationally or experimentally has not been 

reported elsewhere. The effects of charged groups (oxygen functionalities) on graphene 

and peptides concentration to build a framework of graphene nano-construct still remained 

unclear. In general, molecular simulation methods hold promise to provide an excellent 

complement to experimental studies [364] and it is this which motivated to work 

computationally and experimentally in this project. However, before conducting 

simulation, very well understanding of different methods of simulation together with the 

applied empirical forcefields are necessary.  

2.6.2 Simulation 

2.6.2.1 Potentials and molecular simulation methods 

Molecular simulation methods can basically be separated into two distinct categories; 

(1) quantum mechanics (QM) methods which treat electrons as the basic elements of the 

system and apply Schrödinger’s equation to calculate the molecules behavior, and (2) 

classical mechanics (CM) methods which treat individual or groups of atoms as the basic 

units of the system by applying empirical force fields to calculate the molecular behavior 

[364, 365]. However, QM is very accurate, but it is generally restricted to small set of 

atoms and unsuitable for the simulation of protein (or peptide)-surface interactions.  

CM simulation methods can be further subdivided into three basic types: (1) 

molecular mechanics (MM), (2) Monte Carlo (MC), and (3) molecular dynamics (MD) 

methods [365]. MM methods are used to calculate the potential energy of a molecular 

structure based on the coordinates and bonded state of the atoms. It includes ‘energy 
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minimization’ or ‘geometry optimization’ and almost always used at the front end of an 

MC or MD simulation. MC and MD methods are similar to MM methods in using the 

same empirical force field for the calculations; however, the MC and MD methods 

incorporate temperature for calculation of thermodynamic properties of the system, 

especially changes in free energy. The difference between MC and MD are in time 

dependency. MC can calculate thermodynamic properties (e.g., changes in free energy) of 

a system, but do not provide direct information regarding the rate, or the kinetics of 

molecular processes. Unlike MC, MD is time dependent and is suitable to predict both the 

thermodynamic and kinetic behavior of the system by using Newton’s equations of motion. 

MD methods are much more commonly used to simulate the behavior of large 

biomolecular systems since MC is drastically limited for any large change in the position 

of the atoms of the protein for instance when the simulation is conducted in explicit water. 

2.6.2.2 Empirical Force field 

In addition to Newton’s equations of motion, there are some other equations based on 

molecular thermodynamics and statistical mechanic which are useful to control and 

determine the system temperature and pressure. The empirical force field given in equation 

below (for which the terms are displayed in Table  2-1) that is used in an MM, MC, or MD 

simulation to calculate the potential energy (E) of the biomolecular system (e.g., proteins, 

carbohydrates, phospholipids, RNA, and DNA). 
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  ∑    𝜃  𝜃  
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where the first three terms on the right-hand side of the equation represent the 

potential energy of the covalently bonded atoms in the system generated by covalent bond 

stretching, bond bending, and dihedral bond rotation, respectively. The last two terms of 

this equation represent the contributions of the non-bonded interactions (Lennard-Jones (L-

J) 12-6 interactions and electrostatic interactions) to the potential energy of the system 

[364].   
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Table  2-1. Bonded and non-Boned terms of empirical forcefield. 

Force field equation Terms 
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The values of empirical parameters for both bonded and non-bonded terms are 

extremely important. For a system with properly parameterization, an empirical force field 

can provide an accurate representation; however, for the system which is not parameterized 

properly, the predicted behavior of the system would be far from reality [364]. 
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Chapter 3: Methodology 

3.1 MD simulations 

In this study, three series of MD simulations were carried out before conducting 

experiments. First was a system containing single graphene sheet with a MD designed 

peptide molecule (UA2) in the bulk water phase at about 15 Å above graphene sheet, in 

order to investigate the feasibility and the mechanism of peptide binding to graphene 

surface. Second was the system with two graphene sheets with different numbers of 

peptide to promote the self-assembly of graphene sheets and constructing hydrogels with 

layered structure. After accomplishing the second set and validation the self-assembled 

graphene nano-constructs, the third set of MD simulations dealt with assessing the nano-

constructs in the application for drug (DOX) taking-up. In all simulations, the graphene 

and UA2 peptide  (with the sequence of FFGGEEEEEEGGFF) were, respectively 

generated using the graphene and protein builder in the VMD package.[366] In keeping the 

neutral pH, zwitterionic form of the UA2 molecule with negatively charged side-chains of 

the glutamic acid residues was modelled. DOX molecule and its force field parameters 

were generated by SwissParam Technology[367], where the NH3
+
 group of DOX 

deprotonated to NH2 in neutral pH condition. The intra-graphene and peptide-graphene 

interactions in nano-constructs together with the DOX interaction with nano-construct 

were all modelled by the CHARMM27 all-atom forcefield [368] and water molecules 

treated using the TIP3P model. The MD simulations were performed using the NAMD 

[369] free software, (see details of each MD simulation procedure in its relevant chapters 

of thesis). 

3.2 Experiments 

3.2.1 Material and Chemicals 

The details of materials and chemicals used in this study are given in Table  3-1:  
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Table  3-1. Materials and chemicals used in this study. 

No Materials and chemicals Formula Supplier 

1 Natural graphite, 

(325 mesh, 99.8%) 

C Alfa Aesar 

2 Sulfuric Acid H2SO4 Sigma Aldrich 

3 Phosphoric Acid 

(85wt. % in H2O) 

H3PO4 Sigma Aldrich 

4 Putassium Permanganate KMnO4 Sigma Aldrich 

5 Hydrogen peroxide  

(30 wt% in H2O) 

H2O2 Sigma Aldrich 

6 Hydrochloric acid  

(32wt% in H2O) 

HCl Sigma Aldrich 

7 Hydrazine N2H4 Sigma Aldrich 

8 Ammonia NH3 Sigma Aldrich 

9 Fluorescein 

isothiocyanate–dextran 

(FITC)-(4kD, 10kD and 

20kD) 

C21H11NO5S Sigma Aldrich 

10 Doxorubicin 

hydrochloride  

C27H29NO11 ·HCl 

 

Sigma Aldrich 

11 Sodium chloride NaCl Sigma Aldrich 

12 UA2 Peptide FFGGEEEEEGGFF Synthesized in 

Laboratory 

3.2.2 Preparation 

Below are the information in regard to step by step production of rGO from natural 

graphite and fabrication of related hydrogels in both wet and freeze-dried forms. Detailed 

experimental procedures for different characterizations and applications of prepared 

hydrogels will be explained in their relevant chapters. 

3.2.2.1 Preparation of graphene oxide (GO) 

Graphite oxide or Graphene oxide was prepared by the oxidation of natural graphite 

according to the improved Hummer’s method [88]. Briefly, a 9:1 mixture of concentrated 

sulphuric acid and phosphoric acid (120:13 mL) was cooled overnight to 4 °C. The already 

cooled acid mixture was slowly added to graphite powder (1 g) and potassium 

http://www.sigmaaldrich.com/catalog/product/sigma/46945
http://www.sigmaaldrich.com/catalog/product/sigma/46945
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CB0QFjAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fd1515&ei=XN4cVYCyIIbkaqaVgNgI&usg=AFQjCNFF_6qGd011eTPIEF7cxmtpzOFinw&sig2=nfhUOQ7jOz1ybw4CTBxCxQ&bvm=bv.89744112,d.d24
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CB0QFjAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fd1515&ei=XN4cVYCyIIbkaqaVgNgI&usg=AFQjCNFF_6qGd011eTPIEF7cxmtpzOFinw&sig2=nfhUOQ7jOz1ybw4CTBxCxQ&bvm=bv.89744112,d.d24
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permanganate (6 g) under stirring at room temperature. Then, the mixture was heated to 50 

°C for about 12 hrs to form a thick paste. After the reaction, the paste was cooled down to 

room temperature and quickly poured onto ice cubes (150 mL) with 30% hydrogen 

peroxide (1 mL) for an hour. The mixture was washed and filtered with distilled water and 

hydrochloric acid (32%) followed by repeated washing with ethanol and eventually with 

Milli-Q water. For each successive wash, the obtained brown dispersion was centrifuged at 

4400 rpm for 2 hrs to remove residual salts and any un-exfoliated graphite oxide. The 

obtained GO was vacuum dried overnight at room temperature. 

3.2.2.2 Preparation of reduced graphene oxide (rGO)  

In a typical procedure for chemically reducing GO to prepare rGO, the GO from 

previous step was used to prepare homogeneous dispersion (0.5 mg.mL
-1

) in a 25 mL flask. 

Different reduction experiments were conducted by varying hydrazine amount and the 

reduction temperature. Hydrazine solution (35wt% in water) of different amounts (varied 

between 25 and 75 µl) and constant volume (75 µl) of ammonia solution (28 wt% in water) 

were added into the flask and mixed with the GO dispersion. The dispersions with different 

amounts of hydrazine were shaken vigorously and stirred for a few minutes, then placed in 

an oil bath (with the temperature varied between 85 and 95 °C) for 1hr. In all reduction 

experiments, the brownish dispersion of GO turned to black rGO. The rGO dispersions 

prepared were used for further characterization and hydrogel fabrication.  

3.2.2.3 Preparation of reduced graphene oxide hydrogel (rGOH) thick films 

To prepare the rGOH film, a 25 mL of rGO dispersion (0.5 mg.mL
−1

) was filtered 

through a Millipore mixed cellulose esters filter membrane (47mm in diameter, 0.45 μm 

pore size,) by vacuum filtration. The vacuum was disconnected once no free rGO 

dispersion was left on the filtrate cake. The resultant rGOH film was then immediately 

transferred to a Petri dish and immersed in Milli-Q water overnight to remove remaining 

ammonia and unreacted hydrazine. A relatively thick film was carefully peeled from the 

filter membrane using tweezers. The obtained rGOH film was stored in Milli-Q water prior 

to any characterization to prevent the water evaporation. The thickness of the rGOH films 

can be controlled by adjusting the concentration and/or volume of feed rGO dispersion. 
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3.2.2.4 Preparation of peptide solution 

The UA2 peptide was synthesised using a solid phase standard Fmoc chemistry 

procedure with a rotary sintered glass funnel [370, 371]. The UA2 stock solution of 25 µM 

was prepared by dissolving 4 mg of peptide into 150mM sodium chloride solution made in 

100 mL Milli-Q water. The salt was used for enhancing the solubility of peptides. It is 

known that using high concentrations of NaCl perturbspeptide conformations and 

promotes peptides to form beta-sheets by reducing electrostatic repulsion [372-374]. Our 

simulation results have shown that the UA2 is stable in NaCl solution even at 

concentration as high as 0.3M.  

3.2.2.5 Preparation of rGO binding peptide hydrogel (rGOPH) thick film 

Non-covalent adsorption of UA2 onto the rGO sheets occurred by adding 25 mL rGO 

dispersions (0.5 mg.mL
-1

) to 25 mL of UA2 (with different concentrations varied between 

0.04 and 0.10 µM). The mixtures of rGO and UA2 were stirred for about 30 min and 

filtered through a mixed cellulose esters filter membrane (47mm in diameter, 0.45 μm pore 

size, Millipore) by vacuum filtration. The resultant rGOPH film was then washed three 

times and immediately transferred to a Petri dish and immersed in Milli-Q water overnight 

to remove the remaining unbound peptides. 

3.2.2.6 Freeze drying  

The wet hydrogel films were freeze-dried prior to their characterizations. The wet-

state rGOH and rGOPH films were transferred into cylindrical containers and immersed 

into liquid nitrogen to freeze the hydrogels. A lab-scale freeze-drying device ALPHA 1-

2LD plus (CHRIST, Germany) was used to dry the frozen films at the temperature of 188K 

and under the pressure of 10
-2

Pa for 24 hrs. 

3.2.3 Instrumentation 

3.2.3.1 Zeta Potentials 

In fact, there is no direct way of measuring the surface charge density and the zeta 

potential of particles. However, zeta potential can be calculated through the particles 
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mobility which is determined via electrophoresis phenomena. The particle mobility is 

measured by laser Doppler velocimetry and Smoluchowski model can be used to convert 

the mobility to particle zeta potentials. As a quantitative method, the zeta potential was 

utilized in this study to confirm the functional groups of aqueous GO/rGO dispersions after 

reducing GO at varying different parameters. The electromobilty was monitored by a 

Malvern Zetasizer Nano-ZS particle analyzer. 

3.2.3.2 Contact Angle 

Contact angle in air measurements were taken using an Attension Theta optical 

tensiometer to establish the correlation between the GO reduction process and material 

hydrophobicity/hydrophilicity characteristics. The freeze-dried films of GOH and rGOH 

(with different reduction degree) were attached on a glass slide and water droplets (1~2 

μL) were then dropped carefully on the surfaces of films. Wetting behaviors of each film 

was recorded and imaged using a camera installed on the tensiometer. 

3.2.3.3 Raman Spectroscopy 

Raman Spectroscopy was used to characterize the quality and graphitic structure of 

graphite powders, GOH, rGOH and rGOPH films. Raman relies on the Raman scattering 

of monochromatic light and records the shift of energy known as the Raman Shift 

calculated by the following equation: 

10

11


            ( 3-1) 

where ∆𝜔 is the Raman shift (in cm
-1

), 𝜆0 is the excitation wavelength, and 𝜆1 is the 

Raman spectrum wavelength. The Raman experiments were conducted using a HORIBA 

Scientific Raman system with the excitation wavelength of 537 nm. The freeze-dried 

hydrogel films were scanned while placing on a glass substrate. The Raman band of 

substrate at 520 cm
-1 

was used as a reference to calibrate the spectrometer. LabSpec Raman 

spectroscopy software was used to analyze of the spectra. 
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3.2.3.4 Scanning Electron Microscopy (SEM)  

SEM is a nondestructive surface microscopy technique using a beam of electrons and 

the backscattered electrons to generate two dimensional images of the sample surfaces. 

The SEM experiment can be carried out either under vacuum or the environmental 

condition and the sample surface must be conductive. In the instance of non-conductive 

samples, sputter coating with other conductive elements (e.g. carbon, platinum and gold) is 

necessary before SEM imaging. A FEG Environmental (QUANTA_450) scanning electron 

microscope was used at various magnifications. Samples were adhered by conductive 

carbon tape to the side walls of nut mounted in metallic pegs. The sample films were 

oriented in a way that films cross sections were pointing to the microscope camera in order 

to better visualize the graphene parallel layering structure. 

3.2.3.5 Transmission Electron Microscopy (TEM)  

TEM is a powerful technique whereby a beam of electrons are transmitted through an 

ultra-thin sample under vacuum. Owing to the small de Broglie wavelength of electrons, 

TEM can resolve down to the nano-scale. Graphene sheets of single layer and multilayer 

rGOH and rGOPH were imaged under TEM using a Philips CM200 with a charge coupled 

device (CCD) camera, Gatan at the power of 80 eV. Sample preparation was done by 

crushing, ultrasonicating and dispersing the graphene-related hydrogels in Milli-Q water. 

A small droplet of each dispersion was placed on a mesh carbon coated copper grid. After 

drying, the grid was placed in the TEM chamber for imaging. 

3.2.3.6 Fourier Transform Infrared Spectroscopy (FTIR)  

FTIR is a nondestructive technique where infrared (IR) radiation is passed through a 

sample in which some IR radiation is absorbed and some transmitted. Molecules absorb 

radiation, moving them to a higher energy state that causes molecules to stretch, bend, or 

rotate. The absorption spectrum is a physical property of the molecule; a molecular 

“fingerprint” identification. The term FTIR originates from the fact that a Fourier 

transform algorithm is required to convert time domain raw data into a frequency domain 

actual spectrum with either transmission or absorption percentage against wavenumber 

(cm
-1

). The Nicolet 6700 Thermo Fisher FTIR Infrared Spectrometer was used to identify 

https://calcium.adelaide.edu.au/microscopy/calcium.pl?Op=ShowIt&CalendarName=QUANTA_450
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the functional groups of freeze-dried hydrogels, particularly existence/removal of the 

oxygen containing groups on/from graphene sheet whilst oxidation and reduction process. 

The FTIR was attached with an ATR enabling the use of solid samples directly without 

any further preparation. The FTIR resolution was set to .1 cm
-1

 at 64 scan rate and from 

4000 to 600 cm
-1

 range. In order to collect the background before scanning the hydrogel 

samples, a spectrum was run without sample on the sample holder stage. The background 

spectrum was subtracted from the sample spectrum in order to avoid contributions of the 

ambient air. All measurements were conducted at room temperature.  

3.2.3.7 X-ray Photoelectron Spectroscopy (XPS)  

XPS is a technique for the surface elemental analysis which utilizes monochromatic 

x-rays in order to eject inner shell electrons of the sample surface along with their energy 

measurements. Unlike XRD, ultra high vacuum (UHV) is needed for the detector to record 

incoming photoelectrons. The identification of presented elements on the sample surface is 

carried out through the electron binding energy (𝐸𝑏) that depends on the energy of the 

electronic orbit and the element from which the electron is emitted. Chemical shifts which 

are in effects of 𝐸𝑏 are used to detect compounds of different electro-negativity and 

valance number in the sample. The XPS spectra are plotted as photoelectron intensity 

against binding energy providing with the information about the elements and their 

electronic states in the samples. A Kratos (UK) Axis-Ultra spectrometer with a 

monochromatic Al Kα source (1487 eV) operating at 15 kV and 14 mA was used to 

estimate degree of oxidation, reduction, and chemical functional groups at the surface of 

GOH and rGOH. In the instance of the rGOPH samples, the XPS aided to measure the 

peptide concentration bound to the graphene surface with different degrees of reduction. 

The analysis of the photoelectron spectra (peak identification and curve fitting) was 

conducted using CasaXPS (V2.3.5) software. All hydrogel samples were freeze-dried and 

the XPS measurments were conducted at room temperature. 

3.2.3.8 Wide Angle X-ray Diffraction (WAXRD)  

WXRD or generally known as XRD is another non-destructive technique used for the 

analysis of physical (crystalline or semi-crystalline) structures of solid materials at room 
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temperature. It is suitable to obtain information about the crystalline structures of the 

materials and amorphous materials exhibit poor feature whilst undergoing XRD 

experiments. By the use of electromagnetic radiation wave properties that interact with the 

atoms or molecules in the unit cell of a crystal, XRD is able to record the interference 

patterns in the form of peaks. These peaks at certain incident angle represent planes aiding 

to measure the interplanar spacing using the Bragg Relation as follows:  

 sin2 hkldn           ( 3-2) 

where n is the order of diffraction of parallel planes with indices (hkl), 𝜆 is the 

wavelength of x-ray, 𝑑ℎ𝑘𝑙 is the interplanar spacing of planes (between the layers of atoms), 

and 𝜃 is the Bragg angle between the incident x-ray beam and the surface of crystal. Cu Kα 

wavelength at 1.54 angstroms was used in X-ray instruments which is appropriate for most 

crystals. The XRD plots the sum of diffracted x-rays from the sample surface as a function 

of 2𝜃. In the context of layered graphene-related hydrogels; the XRD aids to infer the 

graphene interlayer spacing at different instance of with and without spacers in between 

sheets. All samples in the form of powder (graphite) or film (freeze-dried hydrogels) were 

placed on a glass substrate prior to XRD measurement. 

3.2.3.9 Ultraviolet-visible (UV-vis) Spectroscopy 

UV-vis as a non-destructive technique using ultraviolet-visible spectral region to 

irradiate liquid samples, excites their electrons, and measures their absorbance. The 

molecular structure of the liquid samples can be determined by knowing absorbance 

wavelengths and the electronic transition rules. These transitions then can be plotted as 

absorbance vs. wavelength. The major use of UV-vis in this study is to determine and 

monitor the solute concentration in a solution during adsorption and release into and from 

different media. According to the Beer-Lambert Law: 

cL
I

I
A

out

in  10log         ( 3-3)  

where 𝐴 is measured absorbance, 𝐼in is intensity of the incident radiation, 𝐼out is the 

transmitted intensity, 𝐿 is the path length of light travels through the cuvette, 𝜀 is the molar 
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extinction coefficient, and 𝑐 is the sample concentration. In this study a UV–vis 

spectrometer (USB4000-UV-VIS - Ocean Optics) was used to confirm the reduction of 

GO to rGO, real time monitoring the solute concentration change in dye adsorption, drug 

loading and drug release. Quartz cuvette was used and Milli-Q water was used for baseline 

measurements. All UV-vis spectra were taken at room temperature. Ocean optics 

spectrasuite software was used for analysis of the spectra.  

3.2.3.10 Atomic Force Microscopy (AFM)  

AFM is a nondestructive surface analysis technique with a subnanometer level 

resolution. The operational basic principle of AFM is a Si tip of known dimensions 

mounted on a cantilever brought into near contact with the surface of the sample through a 

computer based control. The Si tip experiences forces from the surface of the sample 

(electrostatic, van der Waals interactions) which result in a deflection in the cantilever in 

accordance to Hooke’s Law. The cantilever contains a piezoelectric element which 

transmits these forces into signals and ultimately converts them into a 2D and 3D images 

of the sample surface. The advantage of the AFM over other imaging techniques is the 

precise height measurement that can aid in measuring the graphene inter-sheet spacing 

(pore size) in graphene-related layered materials. The AFM samples in this study were 

prepared by drop-casting a diluted suspension of each sample onto a fresh-cleaved Mica 

substrate. Surface topography and height profile of the samples were examined by a 

MultiMode® 8 (Bruker) AFM and NT-MDT Ntegra Solaris AFM. A Nanoscope software 

was used to image the surfaces and height profile analyses of single layer and LbL films of 

graphene. All experiments were conducted on tapping mode at room temperature. 



 

 81 

Chapter 4: Molecular Dynamics and Experimental Study 

of the Adsorption of a Designed Peptide on Graphene 

 

 

Abstract 

Non-covalent binding of peptide with a graphene surface is a promising method for 

their self-assembly and for producing graphene based nano-constructs. A newly designed 

amphiphilic surfactant peptide (with amino acid sequence of FFGGEEEEEEGGFF), 

named UA2, succeeded in interacting favorably with flexible graphene surfaces in an 

aqueous solution by hydrophobic to hydrophobic non-covalent interactions. The computer 

aided molecular dynamics (MD) simulations demonstrated that adsorption mechanism of a 

single UA2 peptide at a flexible graphene water interface is two-fold: (1) direct adsorption 

and (2) water-mediated adsorption. The phenylalanine (PHE) residues as hydrophobic face 

of UA2 are the dominant adsorption factor for the direct adsorption of the peptide as they 

prefer to lie flat against the graphene sheet with only a slight unfolding of the ∝-helical 

peptide backbone. This occurs through π- π stacking interactions and the regions between 

stacked PHE residues and the graphene sheet are devoid of water molecules. In he instance 

of water-mediated adsorption, the enhanced layering of interfacial water prevents 

the peptide from completely flattening and unfolding on graphene surface. This also allows 

the water molecules moving between the glutamic acid residue (GLU) and the graphene 

surface which endow wettability to the GRP-UA2 construct. The atomic force microscope 
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(AFM) and transmission electron microscope (TEM) images in agreement with MD 

simulation result demonstrated the UA2 affinity and its stable adsorbed structure toward 

the graphene surface. These results provide some structural information about the 

interactions of the amphiphilic peptide with a hydrophobic surface and their stability at the 

solid-water interface. We anticipate that the fundamental finding in this paper can be 

extended to design the self-assembly process of complex graphene binding peptide nano-

constructs.  

4.1 Introduction 

The authors have recently developed a peptide that mediates the self-assembly of 

graphene oxide (GO) and reduced GO (rGO) to form a layered hydrogel with desired pore 

size as illustrated in Figure  4-1. The peptide is composed of three basic components: the 

‘anchor’ that prefers to engage with the GO/rGO rather than water, the ‘bridge’ that prefers 

to remain in water, and the ‘neck’ between the bridge and anchor that is sufficiently 

flexible to allow the latter to fully engage with the graphene whilst leaving the former 

within the solution phase. By having an anchor at either end of a bridge of a particular size, 

graphene sheets are drawn together to form the layered structure with a corresponding pore 

size. 

 

Figure  4-1. Self-assembly of graphene hydrogel construct with tuneable pore size (h) 

There are a variety of possible candidates for the three components of the peptide 

used to create the material illustrated in Figure  4-1. The one of particular interest here, 

which has been shown through experiment to yield the layered structure with a pore size of 

around 2.6 nm [375, 376], is F2G2E6G2F2, henceforth termed UA2. As shown in Figure  4-
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2, this sequence yields a bridge that is -helical in nature, as suggested by the work of 

[377, 378]. Selection of the anchor groups was informed by our prior work [363, 379], 

which suggests that the aromatic rings in phenylalanine (and other aromatic-containing 

residues) may well engage with the graphene through what are presumably - stacking 

interactions. As part of our efforts to test this hypothesis, we have used molecular 

dynamics (MD) simulation to understand the adsorbed state of the peptide shown in 

Figure  4-2 and the mechanism by which it is formed from the bulk phase. In as far as is 

possible, the predicted peptide adsorbed state was validated by use of atomic force 

microscopy (AFM). This combined modelling and experimental study is reported here. 

The modelling and experimental methodologies are first detailed along with the materials 

used. The modelling results are then presented and compared with prior work focused on 

peptide/protein adsorption on graphite and graphene. The AFM-based validation is then 

presented and discussed before conclusions are drawn. 

 
Figure  4-2. The equilibrated structure of the peptide in physiological solution after 10ns of 

MD simulation. 

4.2 Methods 

4.2.1 Molecular Modelling 

The molecular model of the UA2 peptide was generated using the protein builder in 

the visual molecular dynamics (VMD) package [366]. In this study, all MD simulations 

were performed using the NAMD program [369]. The peptide intramolecular interactions 

and peptide-water interactions were evaluated using the CHARMM27 force field [368] 

with the TIP3P explicit water molecule [380]. All simulations were undertaken at 298 K 

and 1 atm. Two different systems were modelled as outlined below. 
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For the first system of peptide in water, without the presence of a graphene, a single 

peptide was placed in a periodic cubic water box of size 50×55×43 Å
3
. The system was 

then solvated by water molecules model with sodium ions added to match the negatively 

charged glutamic acid residues of the bridge and, hence, ensure overall charge neutrality of 

the simulation cell [381]. Energy minimization and system equilibration was then carried 

out for 200 ps and 1 ns respectively, until the root mean square deviation (RMSD) and the 

system's total energy became stable.. Then MD production run was undertaken for 10ns in 

the isothermal-isobaric ensemble to explore peptide conformation in solution. The 

Langevin thermostat was employed to integrate equations of motion with a time-step of 2 

fs. Long-range full electrostatic interactions were handled using the Particle-Mesh Ewald 

(PME) approach with a cut-off of 1.2 nm. 

The second system was constructed by placing a single flexible graphene sheet in a 

periodic rectangular simulation cell with a box size of 55×50×50 Å
3
, along with the 

designed peptide (from the first system), and solvated using water. Energy minimization 

and system equilibration were carried out in a similar manner to that of the first system. 

The NPT ensemble was used for the production MD run, with simulation conditions as 

specified above for the first system. Periodic boundary conditions ensured that the 

graphene sheet modelled here was of infinite size. To ensure the feasibility of binding the 

peptide with graphene plane and in order to establish the generality of the adsorption 

mechanism, 45 simulations were undertaken for the same conditions other than using 

different initial peptide configuration. The initial configurations were generated by 

inserting the peptide above the centre of the graphene surface such that its centre of mass 

(CoM) was 20 Å above the graphene surface. The peptide was then rotated in increments 

of 18 degrees around two axes that pass through its centre of mass and are perpendicular to 

each other while at the same time being parallel to the graphene sheet and aligned with its 

edges. In addition to 40 configurations generated in this way, 5 more initial configurations 

were created in which the peptide was randomly oriented. (representative snapshots shown 

in Supplementary Figure  4-3). The simulations for all 45 different configurations were 

continued until 100ns. 

http://www.absoluteastronomy.com/topics/Isothermal-isobaric_ensemble
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4.2.2 Microscopy 

4.2.2.1 Materials 

Natural graphite (325 mesh, 99.8%) was obtained from Alfa Aesar. For the GO and 

rGO preparation (whose dispersions are shown in Supplementary Figure  4-1), H2SO4, 

H3PO4, KMnO4, H2O2, HCl and hydrazine (N2H4) and Ammonia (NH3) were used as 

received from Sigma Aldrich except the peptide. The peptide was synthesized in-house 

using a solid phase standard Fmoc chemistry procedure with a rotary sintered glass funnel 

[370, 371]. Peptide had ~90% purity.  

4.2.2.2 Transmission Electron Microscopy (TEM) 

The morphology of the rGO before and after peptide adsorption was also examined 

using a Philips CM100 TEM. The TEM samples were prepared by placing a small drop of 

(10 times diluted suspension in Milli-Q water: 0.05mg ml
-1

) of rGO on a carbon coated 

copper grid. After imaging of the rGO sample, a small drop of peptide was added on the 

same grid, left undisturbed overnight to allow peptide adsorption and then drying.  

4.2.2.3 Atomic Force Microscopy (AFM) 

The surface topography of reduced graphene oxide (rGO), whose preparation is 

reported Supplementary Information, and its height profile before and after the peptide 

adsorption were examined by AFM (NT-MDT Ntegra Solaris) in tapping mode. The rGO-

only samples were prepared by drop-casting a 10 times diluted suspension of the rGO 

Milli-Q water (0.05mg ml
-1

) onto a cleaned mica substrate. Samples were then allowed to 

dry in air before imaging immediately thereafter. The rGO-peptide samples were prepared 

by adding a droplet of diluted peptide solution (0.01µM) immediately after the rGO-only 

sample has been placed on the mica giving 20 minutes to allow the peptide to completely 

adsorb on to the rGO.  
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4.3 Results and Discussions 

4.3.1 Peptide structure in the solution phase 

The peptide structural stability in the solution phase was explored by the time 

evolution of the helicity over 10ns of MD production run. As exhibited in Supplementary 

Figure  4-2 (black line), the degree of the peptide helicity is nearly constant at an average of 

90% within 10ns of simulation compared to the helicity of the initial equilibrated structure. 

Although GLU had the highest propensity to form the helical structure, the neighboring 

GLY and PHE except the N- and C-Terminus residues also contributed in part to the 

helical structure of the designed peptide. This also confirms the stability of the peptide in 

neutral pH water. The root mean square deviation (RMSD) is another technique to quantify 

the structural change in the peptide after being relaxed and equilibrated for 10ns (Shown in 

Supplementary Figure  4-2, red line). The RMSD of peptide backbone leveled off at 

average value of ~0.88 Ǻ with fluctuation of ±0.28 Ǻ about the mean value demonstrating 

that the level of changes is very low and again confirming the high structural stability of 

the designed peptide in the ionic water solution. 

4.3.2 Adsorbed peptide structure 

4.3.2.1  Modelling 

In all 45 simulations, the peptide was observed to adsorb onto the graphene surface 

without any significant change in its secondary or tertiary structures. Four examples of 

initial configuration together with the adsorbed structure of the peptide on graphene are 

shown in Supplementary Figure  4-3, in which at least two of its four aromatic residues 

PHE(1), PHE(2), PHE(13) and PHE(14), (shown in blue, black, pink brown stacks, 

respectively) bind to the graphene, typically with the aromatic ring parallel to the surface. 

Similar to previous reports [350-352, 363, 379], the affinity for such carbon aromatic ring 

containing groups for a graphitic surface is not unexpected. Adsorption of peptides with 

any orientation was found to be intrinsically strong with similar surface interactions on the 

graphene hydrophobic surface even in the initial adsorption stage. This process led to a 

similar spreading of peptide on the surface, making both anchor groups in contact with the 
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surface leading to a very strong and basically irreversible adsorption (see shown in 

Supplementary Figure  4-3). 

To better understand the adsorption behavior, we have investigated the binding 

geometry of the PHE aromatic rings as well as the ring-tilt angle with respect to the normal 

of graphene surface. The distribution of tilting angle between the normal of PHE rings and 

graphene surface correlating with the ring-surface distance throughout the simulation are 

shown by contour plots in Figure  4-3. The darker regions in each plot indicate that the 

rings predominately sit parallel to the surface (with a tilting angle close to zero) when they 

are within its vicinity. Some fluctuation is seen in the tilting angle plots which are due to 

the flexibility of the graphene sheets. However the PHE aromatic rings are quickly able to 

attain back their parallel ordering form. The complete parallel orientation occurs when the 

ring reaches to 3.3Å to the surface where the π–π stacking interaction occurs between any 

carbon aromatic rings. (The best example of π–π stacking interaction is graphite whose 

graphene interlayer spacing is 3.35Å) ،There are some minor separated regions seen for 

PHE13 and PHE14 which are the sign of their aromatic rings popping off from the surface. 

These could be attributed to the oscillation of C-terminus as its negatively charged and 

influenced by high negative charge density of the interfacial water, which is illustrated in 

Figure  4-4a and b. As a result the PHE residues at this end of peptide try to fluctuate 

between flat and no-flat mode until they find proper spatial arrangement on the surface 

which will be discussed later in the section of graphene-peptide interaction. However, we 

believe that this occurrence does not have any significant issue on peptide stability in its 

adsorbed state. 
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Figure  4-3. Contour plot for distribution of tilting angle between the normal of PHE rings 

and graphene surface correlating with the ring-surface distance for (a) PHE1, (b) PHE2, (c) 

PHE13 and (d) PHE14. (Derived from all 45 MD simulations.) 

Although in all the 45 simulations undertaken, the π–π stacking interaction were the 

leading factor to initiate the peptide adsorption on the surface, there appears to be another 

strong interaction occurs between the surface and peptide which pulls the peptide down 

toward the graphene surface. Figure  4-4a reveals the origin of this interaction that also 

induces peptide stability on the surface. In part, the origin is the layering of the water 

molecules adjacent to the graphene surface as is revealed in Figure  4-4a, which has the 

effect of projecting the graphene surface around 10 Å into the solution. More importantly, 

however, is the orientional ordering of the water adjacent to the graphene surface. It has 

been shown that water behaves in an unusual way at graphene and graphite surfaces as 

they form ordered layers of opposite charges [362, 382] that could potentially impact 
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biomolecule dynamics [335, 351], particularly for peptides containing polar residues. 

However, those studies have focused on water layering and peptide conformational 

changes over fix graphene sheets. Similarly, for our case of flexible graphene sheet, 

Figure  4-4a revealed the multiple peaks in the hydrogen atom density profile and its 

difference from that of the oxygen atoms. The hydrogen and oxygen atoms carry partial 

charges of opposite sign (the net charge is shown in Figure  4-4b) , and this orientational 

ordering means that the graphene surface is endowed with charged layers that in effect 

bringing electrostatic interactions into play for the peptide charged residue and the solid 

surface.  

Here we found that the second factor responsible for the strong adsorption of the 

UA2 is the strength of the interaction between the graphene surface and the GLU (7 and 8) 

which anchor on top of the first water layer (seen in Figure  4-4a at height ~4Å above 

graphene). The GLU side-chain distribution in Figure  4-4c is in agreement with the GLU 

normal distance above graphene shown in Supplementary Figure  4-4. This demonstrates 

that the GLU residues with negatively charged side-chains did not initiate the lockdown 

(adsorption in the first water layer) due to the large negative charge associated with the 

first water layer oxygen atoms. GLU (7 and 8) only anchor on top of the first water layer 

and the water molecule can pass through them and the graphene surface as is shown in the 

inset image of in Figure  4-4. However, the GLU (7 and 8) side-chain could not overcome 

the negative charge barrier seen at height between 3 to 4 Å in Figure  4-4b, but their 

average interaction energy with the graphene surface is as large as 8.85 kcal.mol
-1

 in last 

60 ns of simulation, and only 3.5 kcal.mol
-1

 less than the already lockdown PHE residues 

(shown in Supplementary Figure  4-5). This suggests the presence of the GLU residue plays 

a central role in stabilizing the UA2 in the vicinity of the graphene surface, and aids the 

PHE and GLY residues to remain in their lockdown phase. Such strong interaction 

between charged residues and charged water layers are addressed as solvent-mediated 

interactions [335, 351] in which the charged layer of interfacial water could potentially 

impact biomolecule dynamics [335, 351], particularly for peptides containing polar 

residues. Beside all, the hydrophilic properties of GLU combined with hydrophobic 

behaviors of graphene and peptide hydrophobic bound residues endow a reasonable 

amphiphilicty to the graphene binding peptide structure. 
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These explorations revealed that the dynamics of peptide adsorption and desorption 

on the surface are controlled by the property and the texture of the surfaces, adjacent water 

molecules’ orientations, and the design of the peptide. Hence, surface design and 

modification may also enhance the possibility of regulating the peptide adsorption and/or 

desorption behaviors. 
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Figure  4-4. Variation with normal distance above the solid surface of: (a) relative density 

of the oxygen (solid line) and hydrogen (broken line) in the water and (b) water net charge 

density (c) GLU residues’ side-chain distribution. 
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4.3.2.2 Experiment 

The TEM images of single rGO sheet and GRP-UA2 are shown in Figure  4-5a and b, 

respectively. Comparing these two images, the plain rGO sheet exhibited more transparent 

and smoother texture with few wrinkles. The graphene sheet lost the transparency and 

showed rough surface topology with mesh-like layering. Comparison of these two 

micrographs suggests that the mesh-like layering is the peptide on the graphene surface. 

 

Figure  4-5. TEM images of (a) single rGO sheet and (a) GRP-UA2. 

We also confirmed the peptide binding to the graphene surface by AFM imaging 

before and after adding the UA2 (shown in Figure  4-6 left and right respectively). AFM 

2D (top) and 3D (bottom) images show the uniform peptide binding to the graphene 

surface without any aggregation. The AFM height traces (middle) show a uniform increase 

in rGO thickness from ~0.9 nm to ~1.5 nm after treating with UA2. The height difference 

is very close the our results from simulation which was 6.16Å by the average for the 

distance of the peptide center of mass normal to the surface in it completely bound mode. 

In agreement with AFM investigations of peptide binding graphitic surface reported 

elsewhere [320] [348], our results demonstrate that the peptides through hydrophobic 

residues strongly interact with the surface without any significant perturbation to its 

secondary structure. Combining the AFM and TEM results thereby imply that the UA2 

peptide molecules bind effectively and uniformly on the graphene surfaces with final laid 

down adsorbed structure. 
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Figure  4-6. AFM 2D and 3Dimages and height profile of the X cross-sections indicated in 

black for rGO sheets (left) and GRP-UA2 (right). 

4.3.3 Adsorption Mechanism 

4.3.3.1 Exemplar trajectory 

We investigated long enough simulation time to cover all events for a single peptide 

to migrate from bulk state to the completely adsorbed (lockdown) state on the graphene 

surface. Representative snapshots of graphene and peptide at different simulation times to 

show the adsorption kinetic process introducing the events are exhibited in Figure  4-7. The 

contributions of the aromatic containing residues in the adsorption of the designed peptide 

onto the graphene are also shown. Thus, at t= 0, the peptide in the bulk solution phase and 

the graphene were well separated. The UA2 approached the third water layer on graphene 
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very quickly within only 1.5ns, which we call it as interfacial diffusion event. The snapshot 

at t= 2.0ns exhibits that the UA2 further diffused into the second water layer called 

anchoring event. The UA2 then rapidly elapsed the anchoring at t=2.5ns and enters to the 

first water layer, called contacting event (see Figure  4-7). Our criterion to state that a 

residue or a peptide is in completely adsorbed (lockdown) state was derived from the 

literatures which defined a minimum dwell time of 10ns for species on the graphene 

surface [383, 384]. The first adsorbing state or lockdown event occurs at t = 3.0ns when 

residue PHE(2) forms a flat binding mode with graphene through the π–π stacking 

interaction, which is considered as a very strong interaction between graphitic material and 

the aromatic residues. This interaction is only governed by the surface properties, hence 

addressed as direct surface interaction. The second lock-down of the peptide residue which 

is attributed to the residue PHE(1), occurs approximately 0.5ns after the first. The peptide, 

by overcoming the energy barrier after a slightly conformational change at about 20ns 

begins anchoring by the residue PHE(14) and gradually moving down closer to the 

graphene surfaces. The complete adsorption takes place when the residue PHE(14) has 

been bound with the surface at almost 35ns. However, the residue PHE(13) did not bind 

with graphene surface and although PHE(1) started to fluctuate on the surface at about 37
th

 

ns.  Here we demonstrate that only two Phenylalanine residues are adequate to bind and 

keep the peptide adsorbed on the surface for 100ns of MD run. Moreover, it is believed 

that the residues’ movement helps the peptide to adopt its favourable orientation [347]. In 

this study, we have shown that the UA2 maintained its favorable α-helical structure and 

that binding with graphene surface had no meaningful influence on perturbation of GRP-

UA2 overall conformational dynamics.  
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0ns Bulk Phase 
1.5ns Diffusion into third water layer 

(interfacial diffusion) 

  
2ns Diffusion into second water layer 

(Anchoring) 

2.5ns Diffusion into first water layer 

(Contact) 

  

3ns First adsorbed phase                     

(First Lockdown) 

3.5ns Second adsorbed phase 

(Second Lockdown) 

  
35ns Third adsorbed phase               

(Third Lockdown) 
100ns Complete adsorbed phase 

  
Figure  4-7. Side view snapshots of the representative UA2 adsorption on graphene 

surface. The snapshots of the designed UA2 in the side view are displayed by the new 

cartoon model, and the graphene is displayed by a VDW model. 

Conformational dynamics and mechanism of UA2 adsorption on graphene surface 

was studied by analyzing the trajectory of an exemplar MD simulation (the same system 

used the section of adsorbed state structure). The detailed dynamics of the peptide 
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structural change were investigated from the time evolution of the helicity change and 

calculating the peptide RMSD as shown in Supplementary Figure  4-6. The high stability of 

the α-helix of about 70% (compared to the peptide structure in bulk water) observed in our 

MD simulations is in good agreement with the RMSD value as low as 1.90±0.51 Å, both 

indicating that the helical structure of the UA2 is dynamically stable in solution even after 

being initially adsorbed on the graphene surface. 

To investigate the detailed peptide–graphene interactions in GRP-UA2 and the 

effects on the UA2 conformation, the interaction energies for each type of residues are 

plotted in Supplementary Figure  4-5a–c. The interaction between graphene and 

hydrophobic residues (PHE1, PHE(2), PHE(13) and PHE(14)) implies that all of these 

residues reached their lowest energy level except PHE(13) (see the green curve in 

Supplementary Figure  4-5a) which has not bound with the graphene surface. The PHE(2) 

and PHE(14) residues make the dominant interaction between the UA2 and graphene 

surface with the approximate dwells of 96.5ns and 65ns via the van der Waals and 

hydrophobic interactions (shown by the red and blue curves in Supplementary 

Figure  4-5a). A similar phenomenon has also been observed in previous reports [320, 347, 

385], which revealed that the van der Waals interaction between aromatic groups of 

biomolecules and graphitic carbon surfaces are the dominant factor for their adsorption on 

the surface. Combining the results from Supplementary Figure  4-5a and b, it is evident that 

the second residue initiates interacting with graphene surface after the first lockdown 

group is next to PHE (either PHE or GLY) which again confirms that non-polar residues 

are prioritized to initiate the adsorption. 

The interesting stepwise and time dependence of the GRP-UA2 interaction energy 

for the solvated peptide are exhibited in Supplementary Figure  4-5a–c. The stepwise 

feature reflects stepwise adsorption dynamics of each of the UA2 residues at the graphene 

surface. From the observation of interaction energy changes (Supplementary Figure  4-5) 

and the trajectory animation (shown in Figure  4-8), one understands that the UA2 

adsorption on the surface is always accompanied with some conformational rearrangement 

and reorientation of the residues that are close to the surfaces. Hence, the decrease of 

interaction energy is not linear. The similar stepwise adsorption behaviors on graphitic 
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surfaces were proposed in a 2 ns MD study for the adsorption of human serum albumin on 

the surface of carbon nanotubes [347] with 15ns for the adsorption of de novo designed α-

helical peptide on the graphene surface [383]. However, in this study we found that the 

stepwise adsorption dynamics takes place over a much longer time scale, and the dwell 

time in one single step can last for 60 ns for any residue that is already in lockdown (seen 

in Supplementary Figure  4-5). By comparing Supplementary Figures 4-5 and 4-6, it can be 

ascertained that changes in initial α-helical structure, particularly from 35ns to 40 ns of the 

MD run (when the other end of peptide is bound to the surface), are strongly correlated 

with the peptide–graphene interaction energy in GRP-UA2. This indicates that a stepwise 

adsorption of peptide residues may induce α-helix unfolding to some extent [383]. The 

slight structure change of α-helices from 15ns to 20ns (shown in Supplementary 

Figure  4-6) originated from the partial unfolding of the α-helices that occurs with GLY(3) 

residue. This was then followed by a substantial drop in interaction energy after the 

adsorption of the second residue, PHE(2). Another change in the UA2 conformation 

between 35ns to 40ns is correlated to an oscillation of the graphene-GLY(12) interaction 

energy over the same time range, when the other end of the UA2 lockdown is on the 

surface via PHE(14). In addition to the GRP-UA2 interaction, the UA2 spatial 

rearrangement on the surface is the other reason for the small loss of helicity. All these 

minor changes in peptide structure might therefore be due to graphene surface disruption 

that occurs when the peptide reaches to its fully adsorbed state and the closest distance to 

graphene surface. Nevertheless, the UA2 retrieved its α-helical structure by the spatial 

rearrangements completed at 40th ns and showed a very high structural stability until 

100ns of the MD run. 

It is noteworthy that slight oscillations are seen for the graphene-GLU(7 and 8) 

interactions, when they initiate interacting with the surface together with GLY(3) (shown 

in Supplementary Figure  4-5c). The reasons for how the hydrophilic GLU residues 

interacts with the hydrophobic graphene surface and how far they go down in the water to 

the surface will be discussed further in the next section where we investigate the water 

structure above the graphene surface. 



 

 98 

The interaction energy of GRP-UA2 for all different initial configurations decreases 

with the increasing adsorption fraction of UA2, as one example is shown in Figure  4-8. To 

determine the fraction of adsorbed atoms, we consider an atom adsorbed (or lockdown) 

when it displaced the first water layer from the graphene surface (within 5Å of the 

graphene surface) and has remained there approximately constant for at least 10 ns. 

Support for this criterion was obtained from existing computational studies of adsorption 

of de novo designed α-helical peptide [383] and insulin [384] on graphene surface using 

MD simulation approaches. 

 

Figure  4-8. Trajectory of the exemplar MD simulation from initiation of the lockdown 

phase to the complete peptide adsorption: Correlation of the fraction of UA2 adsorbed 

atoms with interaction energy. Snapshots three different event where the peptide 

undergoes major changes in structure from: (i) initial states at bulk water to (ii) lockdown 

state of one end and  (iii) lockdown of the other end (complete adsorption).  
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From the observations of the whole peptide in Figure  4-8 and each individual 

residues in Supplementary Figure  4-5, one can realize the stepwise adsorption of the 

peptide residues on the surface where the PHE(1 and 2), for an example of peptide binding 

graphene, initiate lockdown at first water layer and contact with the graphene surface in 

less than 5ns. This rapid movement of the peptide from bulk phase towards the surface was 

observed in every simulation, despite the nearest residues to the surface initially being 

outside the cut-off range of the peptide-solid surface dispersion interaction (i.e. beyond 12 

Å). After PHE(1 and 2), the non-polar residue of GLY(3) and GLU(8) are the next 

candidates that approach the graphene surface. An obvious increase and drop have been, 

respectively seen for the fraction of adsorbed atoms and interaction energy at t=35 ns, 

whilst the other end of the peptide lies down on the graphene surface via PHE (14). Then 

GLY(11 and 12) and GLU(7 and 8) approached the surface such that GLY(11 and 12) 

lockdown occurred in the first layer, but the GLU(7 and 8) only anchored between first and 

second water layer. As a result, the UA2 had approximately 50% adsorbed atoms in the 

first water layer for even more than 40ns, thereby having great affinity to the graphene 

surface.  

4.3.3.2 Statistical analysis of ensemble of simulations 

In order to generalize the hypothesis of PHE residues acting as lockdown initiator, 

statistical analysis of all 45 simulation were conducted and are shown in Figure  4-9. As 

mentioned earlier the criterion to state that a residue side-chain or a terminal is in 

lockdown state defined as their minimum dwell time of 10 ns in first water layer (~5Å 

above graphene). Perhaps unsurprisingly, only the side-chain of the PHE residues, initiate 

going down toward the graphene surface to lock itself onto the surface (20 to 28.88%) as is 

shown by black bars in Figure  4-9. As with their initial diffusion into the third water layer, 

this bias towards the PHE residues is due to their great capacity to form non-covalently π–

π stacking interaction with the graphitic surface materials [360]. However, statistical 

analysis revealed that all the PHE residue equally interact with the surface, although a 

slightly higher fraction is evident for the side-chains of PHE(1 and 14) compare to PHE(2 

and 13) that are located at both ends of the peptide. The reason for this might be that 

besides the π-π stacking interactions, the residues PHE(1) and PHE(14) have charged N-
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term and C-term, which can  interact with the negative and positive charged regions on 

second water layer (seen in Figure  4-4b) via electrostatic interaction. 

 

Figure  4-9. The fraction of 45 simulations in which the indicated terminal/residue side-

chain groups initiated adsorbed (lockdown state) and their first and second follower. 

Whilst PHE residue with non-polar side-chains have the largest propensity to initiate 

lockdown, Figure  4-9 and Figure  4-10 in line with each other show that for most of the 

simulations, the probability of a residue being the first follower or the second to lockdown 

relates more to the residue next to the first lockdown residue (either PHE or GLY), and is 

therefore exponentially related to the distance from the initial lockdown residue. It seems 

that the nature of the UA2 residues plays an important role in ordering adsorption so that 

the non-polar residues are more likely to be attracted to the graphene surface. The polar 

residue, however, appeared to be a candidate for the second follower groups which only 

anchor between the first and second water layer and would otherwise be unlikely to lock 

itself onto the surface. Figure  4-9 also demonstrate that the N-term and C-term are the 

most favored groups as second follower to the initiating lockdown group with the 

probability of 13.33% and 15.55%, respectively. The negative C-term after the complete 

adsorption of PHE(14) always takes on a stable adsorbed form and stays in the positive 
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charged region of the first water layer as it cannot overcome the large negative charge 

barrier of the first water layer above the graphene surface. On the contrary, the positive N-

term, after adsorption of the PHE(1), is found to stick and fluctuate only between the 

negative charge region of first and second water layer (i.e. between 3<height<5 Å). These 

movements of the N-term may sometimes take along the PHE(1) side-chain from the first 

to the second water layer and vice versa, thereby fluctuating the PHE(1) residue on the 

graphene surface (seen between 80<t<100 ns in Figure  4-8 and Supplementary Figure  4-5). 

 

Figure  4-10. The probability of a residue following the adsorption initiator into the 

adsorbed (lockdown) state as a function of its distance from the initiator in number of 

residues. The exponential fit to the data is characterized by a coefficient of determination 

of R
2
 = 0.9372. 

To investigate the role of each residue on perturbations to the UA2 α-helical 

structure, we plot in Figure  4-11 the fraction of initial α-helix as a function of amino acid 

residues (all quantities are averaged over 100ns of 45 simulations). Figure  4-11 is in 

agreement with Supplementary Figure  4-5, shows that the perturbance to UA2 is caused by 

strong interactions between non-polar residues and graphene, and that this is stepwise and 

almost symmetric between the N-terminal and the C-terminal regions. The PHE residues as 
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anchor groups (adsorption initiators) including N-terminal and C-terminal lose >70% of 

their α-helix content, whereas the following residues GLY(3) and GLY(12) still have 

approximately 50% of the α-helix content left.  

 

Figure  4-11. Time-averaged fraction of initial α-helix of each residue over the 100 ns for 

45 MD runs 

In line to Figure  4-11, the statistical analysis in Figure  4-9 indicates that there is no 

adsorption preference between the N-terminus and the C-terminus to the graphene surface. 

We attribute this to the similarly strong interactions of the N- and C-terminal residues with 

the uncharged graphene surface. The side-chains of residues PHE(1and2) and PHE(13and 

14) contain the aromatic ring contributing in π–π stacking interactions (van der Waals 

interactions). The following residues next to them, and GLY(3) and GLY(12) are non-

polar, so they may be adsorbed at the graphene surface due to hydrophobic interactions. 

These strong interactions between UA2 residues and graphene would therefore disrupt the 

native intra-peptide interactions, thus inducing α-helix perturbation occurs from either end, 

regardless of what initiated the UA2 adsorption. The results from GLU side-chain 

distribution evident in Figure  4-4c also shows that GLU residues were almost equally 

spread out within the positive charged regions and the bulk of water without any disruption 
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to the UA2 helical structure. This in conjunction with results from Figure  4-11 confirms 

how the position of the GLU residues is important for retaining the UA2 α-helical 

structure, thereby maintaining the structural stability. All of these conclude that the peptide 

conformational change mainly occurs due to its direct contact with the surface rather than 

being influenced by the interfacial water layering profile. Sequencing the residues is 

therefore also a vital factor to be considered in the peptide design. 

4.4 Conclusions 

In summary, we have systematically studied the adsorption and conformational 

dynamics of the designed α-helical peptide, UA2, at the flexible graphene surface by 

carrying out 45 all-atom MD simulations in water for 100 ns time scale. The average 

helicity of 85% for UA2 after 10ns of simulation confirmed the stability of the peptide 

solely in the water solution with a neutral pH. The simulations of GRP-UA2 showed that 

both N- and C-terminal residues have similar preferences to adsorb at graphene surface 

because of the strong π- π stacking interactions of PHE residues that symmetrically 

designed both ends of the UA2. The PHE residues through direct surface interactions after 

diffusing into the third and second water layers, lockdown on the graphene surface by 

replacing several water molecules in the first water layer. GLU negative charged side-

chains are also the second leading factor for the UA2 stabilizing on the graphene surface 

through solvent mediated interactions, however, the closest they go toward the surface is 

the positive charged region between first and second water layer. Analysis of the peptide–

graphene interactions in GRP-UA2 demonstrates that the surface oscillation of the 

graphene sheets does not significantly perturb the water density profile or the native intra-

peptide interactions, except for a slight change in the UA2 helicity where the UA2 very 

quickly retrieved its helical conformation. Our experiment results through TEM and AFM 

images have shown the peptide affinity and assembly on the flexible graphene surface. The 

height profile measurement of GRP-UA2 has also confirmed the lie down orientation of 

peptide via demonstrating the height increase of ~6 Å compared to that of the plain 

graphene sheet. Finally, the results of this study also show that our approach can be useful 

for further investigation of a wide variety of graphene binding peptide for the self-

assembly of the graphene nanosheets, and the fabrication of graphene multilayered nano-
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constructs. We believe that symmetric design of peptide having aromatic containing 

residues at each end may aid with their symmetrical binding with pair of graphene sheets if 

it is placed in between sheets. This would result in graphene self-assembly, forming bilayer 

and multilayer nano-constructs. As graphene nano-construct preparations advance in 

adsorption industrial applications, the graphene binding peptide with controlled peptide 

sizes will benefit various applications, such as in heavy metal and dye removal from 

wastewater, gas adsorption and controlled drug delivery. 
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Supplementary information 

1. Preparation of graphene oxide (GO) and reduced graphene oxide (rGO)  

Graphite oxide or Graphene oxide (GO) was prepared by oxidation of natural 

graphite according to the improved Hummer’s method
[88]

. In a typical procedure for 

chemically reducing GO to prepare rGO, the as-synthesised GO was used to prepare 

homogeneous dispersion (0.5 mg ml-1) in a 25mL flask. Then, 25µl of hydrazine solution 

(35 wt% in water, Aldrich) and 75.0 µl of ammonia solution (28 wt% in water, Crown 

Scientific) were added to the flask. The dispersion was shaken vigorously and stirred for a 

few minutes, then placed in an oil bath (~95 °C) for 1 hr. The brownish dispersion of GO 

(shown in Figure  4-1, left,) turned to black rGO (shown in Figure  4-1, right). The rGO 

dispersion prepared was diluted 200 times with Milli-Q water for further use in AFM and 

TEM characterizations. 

 

Supplementary Figure  4-1. GO (left) and rGO (right) dispersions. 
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2. Peptide structural stability 

The average peptide helicity of 85% and average RMSD value of 0.97 Ǻ for peptides 

backbone (shown in Supplementary Figure  4-2) confirm the high structural stability of the 

designed peptide in the ionic water solution. 

 

Supplementary Figure  4-2.Variation of α-helicity (black) and RMSD (red) of the 

solvated UA2 over a sample simulation  



 

 107 

3. Examples of peptide initial (in bulk) and final (adsorbed state) configurations  

C
o
n
f.

 
Initial state Final (Lockdown) state 

1 

 
 

2 

 
 

3 

  

4 

 

 

Supplementary Figure  4-3. Simulation representative snapshots for the UA2 peptide with 

different initial orientations interacting with graphene surface. Water molecules are not 

displayed for clarity. 
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Supplementary Figure  4-4. The normal distance of GLU side-chain to the graphene 

surface. 
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Supplementary Figure  4-5. Interaction energy between UA2 residues ((a) PHE, (b) GLY 

and (c) GLU) and graphene surface. 
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4. Dynamics of the peptide structural change 

The detailed dynamics of the peptide structural change were investigated from the 

time evolution of the helicity change and calculating the peptide RMSD as shown in 

Supplementary Figure  4-6 by the black and red lines, respectively. The average helicity 

value of 70% at complete adsorbed state confirms that the UA2 retained its α-helical 

structure. The high stability of the α-helix observed in our MD simulations is in good 

agreement with the RMSD average value which is as low as 1.90 Å. It is noteworthy that 

the small RMSD corresponds to weak disruption of UA2 conformation from interaction of 

the UA2 with the graphene surface. The major change of the helicity value takes place in 

between 35th ns and 40th ns of MD run which corresponds to a local α-helix unfolding-

refolding of the UA2. A minor fluctuation of helicity is also seen between 10th ns and 20th 

ns, in which a partial unfolding–refolding of α-helix occurs, indicating that the helical 

structure of the UA2 is dynamically stable in solution even after being initially adsorbed 

on the graphene surface. 

 

Supplementary Figure  4-6. Variation of α-helicity (black) and RMSD (red) of the 

adsorbed UA2 over 100ns of MD simulation. 
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Chapter 5: Peptide-mediated Self-assembly of Graphene 

and Related Materials to form Nanoporous Hydrogel with 

Tuneable Pore Size 

 

Abstract 

Graphene-related materials with tuneable pore sizes in the nanoscale range offer the 

potential to address significant challenges in biomolecule separation, controlled delivery of 

drugs [18], selective biosensors [386], rechargeable batteries [387], supercapacitors [388, 

389] and solar cells [390] . Layered assemblies of graphene-related sheets with physical 

[48, 306, 319] and chemical [38, 391, 392] cross-linkers between the sheets has been 

recognized as one possible strategy for making such nanoporous materials. However, 

current approaches give very limited control over the pore size distribution, particularly 

with regards control of the mean pore size and the degree of spread around it. Here, we 

demonstrate that through use of a designed peptide, a layered nanoporous graphene-related 

hydrogel with a specific desired pore size can be formed via self-assembly in a highly 

scalable way from an aqueous solution containing the graphene-related material and 

peptide. The principles of the peptide design are given along with the synthesis method of 

thick and transparent thin hydrogel films and their characteristics. It is also shown that the 

porosity within the hydrogel films is retained when freeze-dried. It is finally shown that the 

material can be used to exquisitely separate biomolecules in the nanometer range. The 

proposed approach can in principle be used to construct a robust hydrogel material of 

virtually any pore size to suit the needs of users in nanomedicines, nanobiotechnology, 

nanoelectronics, biosensors and biomolecular and nanoparticle separations.  

5.1 Introduction 

Graphene, due to its facile scalable synthesis from inexpensive graphite and its 

outstanding mechanical, chemical, electrical, optical and thermal properties, has attracted 

immense interest since its physical isolation earlier this century [55, 393]. Layered 

graphene-based materials that are able to accommodate molecules and nanoscale entities 
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between the individual graphene or related (e.g. graphene oxide or reduced GO) sheets has 

more recently also been of considerable interest [144, 393-395] because they offer the 

possibility of combining one or more of the outstanding properties of the graphene-related 

material with a high surface area-to-volume ratio. Such nanoporous graphene-based 

materials have significant potential in electrode materials of energy storage devices where 

the electrolyte ions diffusivity and rapid electron transport capability is necessary [23, 46, 

298] in gas and energy storages where the accessibility to the active surface areas is the 

key issue [27], and in drug delivery where the poor solubility of the drug, the yield of drug 

uptake, and release rate are the main concerns [29]. 

Nanoporous, layered graphene-related materials may be formed through a manual 

layer-by-layer (M-LBL) [42, 44, 396] approach or self-assembly (SA) [24, 32, 43, 301].  

The latter is far more scalable than the former and, therefore, of greater interest [397, 398]. 

Layered graphene-related materials produced through the SA protocols can in turn be 

classified into two categories: those with spacers, and those without. In the absence of 

spacers, the self-assembly driving force is the π−π stacking (a type of van der Waals) 

interaction between graphene sheets.  The pore size between the sheets can be altered via 

the reaction conditions used in graphene preparation [26], and also by the filtration 

pressure applied for the fabrication of layered graphene film [271]. However, this approach 

is intrinsically limited to small pore sizes (varying from 0.39 nm for rGO [32, 33] to ~1.2 

nm for GO depends on the density of oxygen containing group) with limited control. The 

use of spacing units between the graphene sheets provides a basis for addressing both these 

issues. 

A variety of inter-sheet spacers have been used to date. The first group are inorganic 

nanoscale elements such as carbon black [35], randomly [270, 285, 293-297] and vertically 

aligned [38, 39, 298]
 
carbon nanotubes, mesoporous carbon nanoparticles [37], iron oxide 

nanorods [40], ruthenium dioxide nanoparticles [41], gold nanoparticles [42-44, 310, 311] 

and tin oxide nanoparticles [45] or nanorods [399]. Polymers constitute a second group of 

spacers, including those that react with the graphene [291, 400, 401] and those that are 

polymerized in situ. Neither of these two groups of spacer provides a high degree of 

control over the pore size distribution (PSD) due to the challenges faced in controlling the 
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spacer size. Metal ions are a third group of spacers; these not only push apart the sheets but 

also cross-link them laterally [93]. Whilst tighter control over the PSD is achieved in this 

approach, the pore size range is limited to around a nanometre and the porosity is 

susceptible to collapse if the ions leach out with a change in solution conditions. Linkers 

chemically bound to the graphene sheets can address this issue whilst also giving greater 

control over the PSD, but the pore sizes are still limited to a narrow range and the chemical 

binding to the graphene can also cause undesired property changes.[334] 

Peptides have previously been used to direct the self-assembly of polymer-based 

hydrogels with desired characteristics [377]. In a similar vein, it is proposed here to use 

designed peptides to induce the self-assembly of graphene-related sheets to form a layered 

hydrogel with specifically desired inter-sheet distance (pore size) as illustrated 

schematically in Figure  5-1a. This concept is illustrated here through a peptide, denoted 

hereafter UA2, that endows the graphene-based hydrogel with a pore size of 2.6 nm. 

 The design principles of the peptide are explained below; 

5.2 Results and discussions 

5.2.1 Peptide design 

The peptide is made up of three components as illustrated in Figure  5-1b. The first is 

a relatively rigid, hydrophilic region that bridges the majority of the distance between the 

two graphene-related sheets it is bound to. In the case of the UA2 peptide used to 

demonstrate the principles here, the bridge is composed of poly(glutamic acid); this has 

been selected because the side-chain of glutamic acid (Glu, E) carries a negative charge 

under pH neutral conditions and its propensity to form an α-helix [377, 378]. Our recent 

work [382] has also suggested the negative charge of the glutamic acid (Glu, E) may 

prevent it penetrating the water layer that is directly adjacent to carbon surfaces. The 

second component of the peptide prefers to leave the solution phase and interact physically 

with the graphene-related sheet with sufficient strength to ensure the peptide remains 

attached to the sheet. In the UA2 peptide, there are instances of this component at either 

end as illustrated in Figure  5-1b. Molecular modelling of met-enkephalin on graphite [363] 

indicates that phenylalanine (Phe, F) may be a suitable anchor residue, whilst other recent 
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work [349, 382] suggests that tyrosine (Tyr, Y) or tryptophan (Trp, W) may also be 

suitable. [349, 382] Each anchor of the UA2 peptide is composed of two Phe residues, 

which molecular modelling suggests is sufficient to ensure the anchor remains irreversibly 

adsorbed to the graphene-related sheet [382]. The final component of the peptide design is 

the region between the bridge and anchor, which must be sufficiently flexible to allow the 

aromatic group(s) of the anchor residues to fully engage with the graphene-related sheet 

whilst not being so long that it allows both anchors to adsorb onto the same sheet with the 

hydrophilic bridge still remaining in the solution phase. Once again, using experience from 

our prior molecular modelling work [363], this was fulfilled in the UA2 peptide by two 

glycine (Gly, G) residues. The distance between the graphene-related sheets (the pore size) 

can clearly be varied by changing the number of residues in the three different components 

of the peptide, although in the case of a design such as the UA2 peptide the bridge is the 

main route by which pore size can be varied. Molecular modelling (see sections 1 and 2 of 

Supplementary Information) indicates that the UA2 peptide sequence of F2G2E6G2F2 

should yield an inter-sheet distance of around 2.6 nm. 
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Figure  5-1. (a) Self-assembly of graphene related hydrogel with tuneable pore size and (b) 

the components of the peptide design used to self-assemble the graphene-based 

nanoporous hydrogel with a specific pore size. 

5.2.2 Hydrogel synthesis 

Hydrogel films are made using a vacuum filtration approach as outlined in 

methodology section and the process is shown in section 3 of the Supplementary 

Information. Films of widely varying thickness can be made with ease by simply varying 

the concentration of the graphene-related material and peptide in the solution that is subject 

to filtration. Free standing strongly hydrogel films prepared by reduced graphene oxide 

(rGO) binding peptide, denoted hereafter rGOPH, such as that shown in Figure  5-2a are 

obtained when they are of the order of 15 μm or more thick. These rGOPH films and 

similar made from GO and partially reduced GO are robust and paper-like (i.e. flexible and 
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non-brittle) provided they do not dry out; if this does occur, they disintegrate. The films 

retain the structural integrity and much of their porosity even after strong agitation in 

boiling water for at least 30 minutes (see Supplementary Movie 5-3). Dried films that 

retain the desired pore size can also be formed by freeze drying of the hydrogel films as 

outlined in the methodology section. Thin, transparent hydrogel films such as that shown 

in Figure  5-2b can also be formed provided the film is transferred to a rigid backing (e.g. 

glass slide) post-filtration (see section4 of Supplementary Information); films as thin as 

~300 nm have been formed to date, although in principle thinner films should be possible. 

These thinner films are delicate to the touch, but are otherwise quite stable even being 

dried out provided they are attached to the glass substrate. 

5.2.3 Hydrogel characterisation 

The cross-sectional SEM image from the hydrogel fracture edge in Figure  5-2c 

clearly reveals the homogeneous and highly oriented layered macrostructure of the 

graphene nanosheets parallel to each other, and similar to the one obtained without 

presence of peptide [402]. The TEM image in Figure  5-2d shown the spiky and mesh-like 

layering of the peptide over the graphene surface (this is comparable with the TEM image 

of hydrogel without presence of peptide, shown in section 5 Supplementary Information, 

which only contained the transparent graphene sheets. 

AFM was used to establish the inter-sheet spacing as per the procedure outlined in 

the methodology section. Figure  5-2e shows a typical AFM image of an rGO hydrogel 

after being well crushed and dispersed in water and the deposited on a mica surface. 

Scanning the probe over the surface yielded height profiles such as that shown in Figure  5-

2f, which indicate the distance between the rGO sheets is around 2.6 nm. Many scans 

yielded an average inter-sheet distance (i.e. pore size) of 2.595±0.176 (see Supplementary 

Table  5-1), which is consistent with the 26.26 ± 0.80Å nm obtained from the molecular 

simulation underpinning the peptide design (see section 2 of Supplementary 

Information).This is a significant enhancement in the pore size compared to that of 

hydrogel made solely by rGO (denoted as rGOH) and without presence of peptide. Our 

AFM measurements and MD simulation results (see in section 5 and 6 Supplementary 
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Information) in consistent with each other demonstrated that the inter-layer distance of the 

graphene plane in rGOH is ~0.7 nm which is in the range reported elsewhere [32-34].  

 

Figure  5-2. Photographs of (a) thick and (b) transparent hydrogel films (c) Cross-section 

view SEM image of rGOPH (d) TEM image of multi-layered rGOPH from the top view 

(red arrows correspond to individual layering of graphene sheets covered by peptide), (e) 

Tapping-mode AFM image (blue and red lines are random sections for pore 

measurements) and (f) height profile of rGOPH which illustrates an inter-layer spacing of 

~2.6nm comparable with that of in rGOH,  
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5.2.4 Dry-state characterization of porosity (nitrogen adsorption) 

To investigate stability of self-assembled 3D lattice, porosity of rGOPH film is also 

studied in dry phase using nitrogen adsorption experiments. Nitrogen adsorption isotherms 

for freeze-dried rGOPH sample, shown in Figure  5-3a, exhibits a combination of type I 

and II adsorption isotherms based on IUPAC classification [403]. This primarily indicates 

a relatively small contribution of micropores and a substantial contribution of mesopores 

for the sample. The isotherm also shows a H4 type hysteresis loop indicating presence of 

narrow slit-like pores [403, 404]. The calculated BET [405] surface area, micropore 

volume [406], and total pore volume for the sample are 66 m
2
.g

-1
, 0.02 cm

3
.g

-1
, and 0.13 

cm
3
.g

-1
, respectively. 

To discuss the calculated PSD for the sample, we suggest classifying pore size range 

into four possible categories retrieved from simulations as discussed in the Supplementary 

Information Section 7 (Supplementary Table  5-2) and identified in Figure  5-3b Stacked 

graphene layers and graphene layers with 1 layer of water molecule between them, form 

pore sizes within Category 0 which is not detectable by nitrogen adsorption. Category 1 

includes perfect graphene layers with two layers of water molecules between them (1nm 

based on simulations), defects in stacked graphene layers, and lying down protein 

molecules between two graphene layers (1.2 nm based on the simulations). The first peak 

in PSD in Figure  5-3b shows presence of these groups of pores in our rGOPH sample. 

Category 2 consists of the perfect pores form from the insertion of upright protein 

molecules between graphene layers. As it is shown in Figure  5-3b, the peptide insertion 

into the structure results in the formation of a considerably large distribution of pores 

within Category 2 (with the peak cantered by 2.52 nm), proving successful protein binding 

with graphene layers from its both ends. Based on the simulation results, pores larger than 

3 nm are non-existent. However, PSD from nitrogen adsorption show a shoulder extending 

up to 4 nm. We assume these pores are due to the void spaces between multi-layer 

graphene units. 

The positions of peaks in PSD results on dry-state sample show promising 

consistency with the simulations and with the wet-state AFM results, indicating that the 
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freeze-drying process does not have any negative impacts on the porous structure.  This is 

evidence of the high mechanical stability of the sample pore structure.  

 

Figure  5-3. (a) Nitrogen adsorption isotherms, and (b) Pore size distribution derived from 

nitrogen adsorption isotherm on dried rGOPH film based on the Quenched Solid Density 

Functional Theory (QSDFT) method [407]. Pores are classified as Category0: non-

detectable pores, Category1: Stack mediated pores, Catagory2: Peptide mediated pores and 

Catagory3: inter-particles void. 
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5.2.5 Demonstration of size-exclusion and kinetic separation 

To illustrate the potential of the hydrogel materials in the biomolecule separation 

context, the rate of take-up of florescent-labeled dextran molecules of three different sizes 

was investigated. As demonstrated in Figure  5-4a, which shows the variation of the 

concentration of the dextran molecules in the solution with time after introduction of the 

hydrogel, the rate of take-up of the FD4 molecule (~1.4 nm) [408] is greater than that of 

the FD10 molecule (~2.3 nm) [409], whilst the FD20 molecule (~3.3 nm) [410] is not 

taken-up at all, in line with the fact that it is larger than the pore size within the material. 

The photographs of FD4, FD10, and FD20 before and after 24hrs of hydrogels introduction 

shown in Figure  5-4b are the evidence to such observations. The contrast between the 

FD4/10 on the one hand and FD20 on the other very clearly demonstrates the capacity for 

the material to separate molecules on the size exclusion principle. The differing rates of 

take-up of the FD4 and FD10 molecules also demonstrate the material can be used to effect 

separation based on kinetic effects. 



 

 121 

 

Figure  5-4. (a) Time evolution of the FITC-labeled dextrans concentration change in 

hydrogels (adsorption profile) and (b) the representative colors of the dye solutions before 

and after the dye adsorption. 

5.3 Conclusions 

In summary, this study presents a novel design for utilizing π- π stacking interactions 

in the LBL self-assembly of graphene nanosheets to build new uniform 3D structured 

hydrogels with tuneable pore sizes and structural characteristics. The hydrogel was made 

simply by mixing the graphene dispersion with the UA2 peptide, without the need for 

either surfactant stabilizers or co-solvent to dissolve the peptide. This facile approach 

worked beneficially for enhancing the hydrophobic properties of graphene, π−π stacking 

interactions and therefore, successful binding to the UA2 through its aromatic residues 

(Phe). In agreement with simulation results, the TEM and AFM for a few layers scale, UV-

Vis and N2-adsorptions for the bulk material demonstrated that the desired pore size was 

achieved in LBL assembled hydrogel. The porous structures of the materials were stable in 
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both dry- and wet-states. In conclusion, the novel LBL self-assembled hydrogel, not only 

exhibits very good physiochemical properties for size selective biomolecules separation, 

but also opens up new vistas of applications in the areas of nanomedicines, 

nanobiotechnology and nanoelectroncis. We believe that the work presented here has 

provided one significant step forward to our aim of bringing graphene based materials 

closer to real-world applications. 

5.4 Methods 

5.4.1 MD simulation 

Graphene and UA2 were, respectively generated using the graphene and protein 

builder in the VMD package.[366] In keeping with the neutral pH considered throughout 

the work here , the zwitterionic form of the UA2 molecule with negatively charged 

sidechains of the glutamic acid residues was modelled. The intra-graphene and peptide-

graphene interactions were modelled by the CHARMM27 all-atom force field [368] and 

the water molecules treated using the TIP3P model. The representative MD simulations of 

rGOH and rGOPH were performed using NAMD [369] (see details in supplementary 

information section 1 and 6).Synthesis 

5.4.1.1 Preparation of rGOH thick films 

The rGO dispersion was prepared by chemical reduction of a GO solution. Details of 

the synthesis procedure for GO and rGO dispersions and their characterizations are 

reported in Section 3 of the Supplementary Information. To prepare the rGOH film, a 25 

mL of rGO dispersion (0.5 mg.mL
−1

) was filtered through a Millipore mixed cellulose 

esters filter membrane (47 mm in diameter, 0.45 μm pore size,) by vacuum filtration. The 

vacuum was disconnected when the filtration was over and no free rGO dispersion was left 

on the filtrate cake. The resultant rGOH film was then immediately transferred to a Petri 

dish and immersed in Milli-Q water overnight to remove the remaining ammonia and 

unreacted hydrazine. A relatively thick film was carefully peeled from the filter membrane 

using tweezers and was used for most measurements. The rGOH film was stored in Milli-

Q water prior to any characterization to prevent the water evaporation. The film was cut to 
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size using a razor blade for various tests. The thickness of the rGOH film can be controlled 

simply by adjusting the concentration and/or volume of the rGO dispersion. 

5.4.1.2 Preparation of peptide solution 

The UA2 peptide was synthesised using a solid phase standard Fmoc chemistry 

procedure with a rotary sintered glass funnel [370, 371]. The UA2 with concentrations of 

0.1µM was prepared by dissolving into 150mM sodium chloride solution made in Milli-Q 

water. The salt was used for better solubility of the peptide and no co-solvent was used. It 

is known that using the high concentration of NaCl perturbs the peptide conformations and 

promotes peptides to form beta-sheets by reducing electrostatic repulsion [372-374]. 

However, the results from our simulation have shown that the UA2 is very stable in NaCl 

solution even at concentration as high as 0.3M.  

5.4.1.3 Preparation of rGOPH thick film 

Non-covalent adsorption of UA2 onto the graphene sheets occurred by adding the 25 

mL of rGO dispersion (0.5 mg.mL
-1

) to the 25 mL of UA2 (0.10 µM). The mixture of rGO 

and UA2 was then stirred for about 30 min and filtered through a mixed cellulose esters 

filter membrane (47 mm in diameter, 0.45 μm pore size, Millipore) by vacuum filtration. 

The resultant rGOPH film was then washed three times and immediately transferred to a 

Petri dish and immersed in Milli-Q water overnight to remove the remaining unbound 

peptides. (See supplementary section 4 for the preparation method of transparent rGOH 

and rGOPH). 

5.4.2 Characterizations 

Morphology of the rGOH and rGOPH were investigated by SEM images using a 

FEG Environmental (QUANTA_450) scanning electron microscope. The TEM images 

were obtained using a Philips CM100 transmission electron microscope operated at 80-kV. 

Surface topography and height profile of the rGOH and rGOPH were examined by atomic 

force microscope (AFM, NT-MDT Ntegra Solaris) in tapping mode. The AFM samples 

were prepared by drop-casting a diluted suspension onto a cleaned Mica substrate and 

imaged immediately.  

https://calcium.adelaide.edu.au/microscopy/calcium.pl?Op=ShowIt&CalendarName=QUANTA_450
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5.4.2.1 Hydrogel pore size confirmation in the dry-state via nitrogen adsorption 

Thick film samples were freeze-dried prior to porosity characterization. The wet-state 

rGOH and rGOPH films were transferred into cylindrical containers. Only the bottom of 

the container was immersed into liquid nitrogen, and the wet film was frozen immediately. 

A lab-scale freeze-drying device ALPHA 1-2LD plus (CHRIST, Germany) was used to 

dry the frozen films at the temperature of 188K and under 10
-2

Pa of pressure for 24hrs. 

Freeze-dried samples were degassed prior to the adsorption experiments at ambient 

temperature and a background vacuum of 10
-5

kPa for 12hrs. Nitrogen gas adsorption 

experiments were carried out at 77K using a Belsorp-max gas adsorption apparatus. Ultra 

high purity (>99.999%) helium and nitrogen from Coregas Australia were used for dead-

space measurements and adsorption experiments, respectively.  

5.4.2.2 Hydrogel pore size confirmation in the wet-state via real time UV-vis  

The pore size of the prepared thick hydrogels in the wet-state were further confirmed 

by loading FITC-labeled dextrans as test biomolecules with wide range of spherical sizes; 

FITC-dextran-4k (FD4, Sigma; mol. wt. 4000, Stokes radii ~1.4 nm), FITC-dextran-10k 

(FD10 s, Sigma; mol. wt. 10,000, Stokes radii ~2.3 nm), and FITC-dextran-20k (FD20 s, 

Sigma; mol. wt. 20,000, Stokes radii ~3.3 nm). The pore size assessment experiments were 

performed by placing 20mg of hydrogels in 3 mL cuvette containing FD4, FD10, and 

FD20, with a concentration of 20µM dissolved in Milli-Q water. The adsorption 

efficiencies were monitored on UV–vis spectrometer (Ocean Optics-CHEMUSB4) at a 

wavelength of 490nm for the excitation of FITC-dextran [411]. 
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Supplementary information 

Section 1. MD simulation method for graphene self-assembly  

The simulation system was constructed by placing two graphene sheets in a periodic 

rectangular simulation cell, with a box size of 60.5 × 62.5 × 80 Å
3
, along with as-designed 

peptide (α-helix with the amino acid sequence of FFGGEEEEEEGGFF). The graphene 

sheets modelled here have the finite size of 41.75 x 42.55 Å
2
. The system was then 

solvated using the TIP3P water model [412] and sodium ions were added to ensure overall 

charge neutrality of the cell[381]. Then energy minimization and system equilibration were 

carried out for 200 ps and1 ns, respectively, until the root mean square deviation (RMSD) 

and the system's total energy become stable.  This indicated that the equilibrium state was 

reached. Then MD production run underwent for 30 ns in the isothermal-isobaric 

ensemble, number of moles, pressure and temperature (NPT) ensemble, to explore 

graphene-peptide interactions and conformations in solution. The Langevin dynamics and 

CHARMM force field were employed to integrate equations of motion with a time-step of 

2 fs. Long-range full electrostatics were handled using the Particle-Mesh Ewald (PME) 

approach with a cut-off of 1.2 nm. The self-assembly process of two graphene nanosheets 

via the peptide as cross-linker (with a pore size of almost 2.6 nm) is shown in 

Supplementary Movie 5-1 as video. The snapshots of the graphene assembly before and 

after binding with peptide were shown in Supplementary Figure  5-1a and b. The graphene–

peptide-graphene sandwiched structure was successfully maintained until the 30
th

 ns of 

MD simulation. 

 

Supplementary Figure  5-1. The snapshots for the graphene nanosheets self-assembly 

using the peptide molecule: (a) the initial and (b) final configurations. 

http://www.absoluteastronomy.com/topics/Isothermal-isobaric_ensemble
http://www.absoluteastronomy.com/topics/Isothermal-isobaric_ensemble
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Section 2. Investigations of graphene-peptide interactions, graphene 

interlayer distance and peptide structural stability from MD Simulation 

To investigate the detailed graphene-peptide interactions in rGOPH, the interaction 

energies for the UA2 with each graphene sheets are plotted in Supplementary Figure  5-2a. 

The interaction between graphene and aromatic ring containing residues (head groups) 

implies that UA2 reached their lowest energy level after binding with graphene surfaces 

and promoting the graphene self-assembly. The UA2 bound with the graphene surfaces 

with its first and second head groups at 5 and 8 ns respectively, via the dominant 

interaction of π−π stacking interactions and the hydrophobic interaction, and then remained 

stable at its lowest energy for more than 20 ns over 30 ns of simulation. A similar 

phenomenon was also observed in many previous reports[320, 347, 385, 413-415] which 

revealed that the π−π stacking interactions (van der Waals interaction) between aromatic 

groups of biomolecules and graphene-like surfaces are the dominant factor for their 

adsorption on the surface. A slight fluctuation of energy occurred between 24
th

 and 25
th

 ns 

which was due to peptide temporary disarrangement, however it quickly rearranged itself 

and reached the minim energy level without any significant disruption to the self-

assembled structure. The green line in Supplementary Figure  5-2a exhibits the time 

evolution of distance between two graphene sheets over 30ns of simulation. The average 

interlayer distance of the rGOPH computed from the position of two graphene sheets after 

complete binding with UA2 is 26.26±0.80Å which is in agreement with the range 

confirmed by the AFM experiments. 

The impacts of graphene-peptide interactions on the UA2 structure and configuration 

were also investigated from the time evolution of the helicity change and calculating the 

peptide root-mean-square deviation (RMSD) as shown in Supplementary Figure  5-2b in 

blue and red lines, respectively. The average helicity value of 70% at complete adsorbed 

state confirms that the UA2 retained its α-helical structure. Similarly, with graphene-

peptide interactions a little fluctuation was observed in peptide helicity from 24
th

 to 25
th

 ns.  

This originated from peptide disarrangement between graphene sheets, however, the 

peptide could quickly rearrange, obtain the helical structure and preserve it throughout the 

entire simulation. The inset images in Supplementary Figure  5-2b aid visualization and 
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understanding of the events of peptide disarrangement and rearrangement from MD 

simulation. The high stability of the α-helical structure observed in our MD simulations is 

in agreement with the RMSD average value which is as low as 2.15 Å. It is noted that the 

very small RMSD corresponds to weak disruption of UA2 configuration from interactions 

with both graphene sheets. With respect to helicity change between 24
th

 and 25
th

 ns of the 

MD simulation, a minor change of the RMSD value was expected to take place. However, 

no significant changes occurred in the self-assembly process of graphene sheets, indicating 

that the helical structure of the UA2 is dynamically stable in solution even when 

interacting with the graphene surface. 
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Supplementary Figure  5-2. (a) Time evolution of graphene interlayer distance13 and the 

interaction energy between UA2 peptide and below (blue) and top (red) graphene sheets, 

(b) Variation of α-helicity (blue) and RMSD (red) of rGOPH over a sample simulation. 

Insets are snapshots for the peptide initial, 24th ns and final configuration in MD 

simulation. 
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Section 3. Preparations and Characterizations GO and rGO  

Section 3.1. Preparation of graphene oxide (GO) 

Graphite oxide or Graphene oxide (GO) was prepared by oxidation of natural 

graphite according to the improved Hummer’s method
[88]

. Briefly, a 9:1 mixture of 

concentrated sulphuric acid and phosphoric acid (120:13 mL) was cooled overnight to 4 

°C. The already cooled acid mixture was slowly added to the graphite powder (1 g) and 

potassium permanganate (6 g) during stirring at room temperature. Then, the mixture was 

heated to 50 °C for about 12 h to form a thick paste (as shown in Supplementary 

Figure  5-3). After the reaction had completed, the paste was cooled down to room 

temperature and quickly poured onto ice cubes (150 mL) with 30% hydrogen peroxide (1 

mL) for an hour. The mixture was then washed and filtered with distilled water and 

hydrochloric acid (32 %) followed by repeated washing with ethanol and eventually with 

Milli-Q water. For each successive wash, the obtained brown dispersion was centrifuged at 

4400 rpm for 2 hrs to remove residual salts and any un-exfoliated graphite oxide. The 

obtained GO was vacuum dried overnight at room temperature. 

 

Supplementary Figure  5-3. Graphite to graphene oxide 

Section 3.2. Preparation of reduced graphene oxide (rGO)  

In a typical procedure for chemically reducing GO to prepare rGO, the GO from 

previous step was used to prepare homogeneous dispersion (0.5 mg ml
-1

) in a 25 mL flask. 

Then, 54 µl of hydrazine solution (35 wt% in water, Aldrich) and 75.0 µl of ammonia 
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solution (28 wt% in water, Crown Scientific) were added to the flask. The dispersion was 

shaken vigorously and stirred for a few minutes, then placed in an oil bath (~90 °C) for 1 

hr. The brownish dispersion of GO (shown in Supplementary Figure  5-4a) turned to black 

rGO (shown in Supplementary Figure  5-4b). The rGO dispersions prepared were used for 

further characterization and hydrogel film fabrication.  

 

Supplementary Figure  5-4. (a) GO and (b) rGO dispersions. 

 

Supplementary Figure  5-5. Filtering apparatus (left) filtrate cake or hydrogel. 

Section 4. Preparation of the transparent rGOH and rGOPH 

Dilute dispersions of rGO (0.0025mg.mL
-1

 rGO in 200mL Milli-Q water) and rGOP 

(0.0025mg.mL
-1

 in 200 mL of a solution of the peptide 0.0005 µM) were prepared and 

were then vacuum filtered on a mixed cellulose ester membrane (47 mm in diameter, 0.45 

μm pore size, Millipore). The thickness of film can be carefully controlled from tens to few 

hundred nanometres by varying the concentration of dispersions. The rGOH and rGOPH 
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films were then adhered to the glass substrate so that the hydrogel sides were touching the 

glass substrate. They were then put under weight by utilizing a vice clamp at room 

temperature overnight (as is shown in Supplementary Figure  5-6a). The weight was then 

removed and the membrane was dissolved in acetone to leave the thin transparent hydrogel 

films on the substrate (as shown in Supplementary Figure  5-6b). 

 

Supplementary Figure  5-6. Optical images of (a) vice clamp holding the graphene film 

between two glass substrate (b) transparent film of rGOH and rGOPH. 

Section 5. Characterizations of GOH and rGOH 

UV-vis spectrometer (Ocean Optics-CHEMUSB4) was employed to monitor the 

reaction process of the formation of stable graphene from GO to rGO dispersion. As shown 

in Supplementary Figure  5-7a, the absorption peak of the GO dispersion at 233 nm 

gradually redshifts to 269 nm, indicating that the reduction reaction was successful, and 

that the electronic conjugation within the graphene sheets is restored with hydrazine 

reduction. Inset images in Supplementary Figure  5-7a are contact angle measurements 

(using an Attension Theta optical tensiometer) to establish the correlation between the 

reduction process and material characteristics. Increasing the average contact angle from 
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41.20 for GOH film to 79.75 for rGOH film suggests the change in the wettability of the 

sample and confirms the efficient oxygen removal from the graphene surface.  

Supplementary Figure  5-7b shows the typical Fourier Transform Infrared 

Spectroscopy (FTIR) spectra of GO and the hydrazine treated rGO obtained by Nicolet 

6700 FTIR. With GO, the characteristic peaks appear for hydroxyl (−OH stretching group 

at ~3218 cm
−1

), carbonyl C═O stretching (1730 cm
−1

), aromatic C═C (1620 cm
−1

), 

carboxy C−O (1415 cm
−1

), epoxy C−O (1228 cm
−1

), and C−O (1070 cm
−1

) which are all 

within the ranges reported elsewhere [416-418]. After chemical reduction, the peaks for 

the oxygen functional groups were reduced efficiently and the remaining noteworthy peak 

is attributed to the aromatic carbon double bonds (C═C) group. 

XPS measurements in agreement with UV-vis and FTIR spectroscopy could provide 

sound evidence of the successful reduction of GO. The XPS spectra of GO and rGO films 

shown in Supplementary Figure  5-7c and d respectively, indicate that the carbon 

backbones, namely carbon sp
2
 at 284.4–284.9 eV and carbon sp

3
 at 285.3–285.8 eV, of GO 

paper before reduction were functionalized with oxygen containing groups such as 

epoxide/hydroxyl groups (C–O: 286.1–286.7 eV), carbonyl group (C═O: 287.4–287.9 eV), 

and carboxyl group (O– C═O: 288.8–291 eV) [417, 419]. The deconvoluted C1s XPS 

spectra in Supplementary Figure  5-7d reflect heavy reductions of oxygenated species 

arising mainly from the removal of C–O and C═O groups along with the restoration of sp
2
 

graphitic carbon, and decreases in sp
3
 carbon and carboxyl groups. After the chemical 

reduction, almost all epoxide bonds (which have slightly greater binding energy than the 

hydroxyl group) were broken after reacting with hydrazine and converted to hydroxyl 

group according to step 1 of reduction reported by Wang et al. [420] Therefore, the oxygen 

species of C−O had a shift toward 286 eV attributing to C−OH. As they reported for the 

step 2 of reduction, the hydroxyl group is the second target. After reacting with hydrazine, 

a significant proportion of them are reduced, and some remain unreacted (as shown 

Supplementary Figure  5-7c). The carbonyl (C═O) and the carboxyl (O═C−O) also 

reduced significantly, which indicates an efficient reduction process. 
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Supplementary Figure  5-7. (a) The absorption peak of the GO and rGO dispersions (Inset 

images are Milli-Q water droplets on GOH and rGOH films), (b) FT-IR spectra of GOH 

and rGOH, (c) Deconvoluted XPS C1s spectra of (c) GOH and (d) rGOH. 
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Using vacuum filtration approach we could obtain high-quality free-standing rigid 

and flexible film of reduced graphene oxide hydrogel (rGOH) and also a very thin 

transparent hydrogel but attached to a glass substrate (shown in Supplementary 

Figure  5-8a). This rGOH is sufficiently robust to be handled by hand and cut using normal 

scissors. The cross-sectional scanning electron microscope (SEM) image from the rGOH 

fracture edge in Supplementary Figure  5-8b clearly reveals the homogeneous and highly 

oriented layered structure of the graphene nanosheets parallel to each other, and similar to 

one achieved in previous work.[402] The morphology of as-prepared rGOH with its 

multilayer 3D structure was also characterized using atomic force microscope (AFM) 

(Supplementary Figure  5-8c) and transmission electron microscope (TEM) images 

(Supplementary Figure  5-8d), which both show how single layers of graphene arrange in 

parallel and on top of each other via the strong Van der Waals interactions between each 

two sheets. The small broken sheets layered on top occur due to conducting high 

ultrasound for the TEM sample preparation. The height profile of the rGOH shown in 

Supplementary Figure  5-8e, demonstrates that the inter-layer distance of the graphene 

plane in hydrogel is ~0.7 nm. Although for bare and defect-free graphene planes (basically, 

for un-reacted graphite), the natural interlayer distance is around 0.34nm, for rGO, owing 

to the presence of some un-removed O and OH groups, the natural interlayer distance is 

around 0.7nm.[27, 273, 278] This inter-planar distance of graphene sheets in hydrogel was 

also confirmed by our molecular dynamics (MD) simulation (Supplementary Figure  5-8f). 

This shows that hydration of graphene (the presence of 1 layer water in between graphene 

sheets) leads to interlayer spacing of about ~0.7nm (see supplementary Movie 5-2 for the 

trajectory of graphene sheet self-assembly). This sits in the range reported by Nakajima et 

al,[273] for which the graphene interlayer distance varied between 6.87 to 8.72 Å 

depending on the extent of oxygen containing group and the hydration level. However, this 

could increase up to 1.2 nm for GO due to its great hygroscopic nature and large number of 

oxygen functional group.[34] 



 

 135 

 

Supplementary Figure  5-8. (a) Photographs of rGOH film in both transparent and thick 

form, (b) SEM image of rGOH obtained from the cross section view, (c) Tapping-mode 

AFM image, and (d) TEM image of multi-layered rGOH from the top view, (e) Height 

profile of rGOH which illustrates a graphene interlayer spacing of about ~7Å, and (f) side 

view snapshots of the representative rGOH from MD simulation. 

Supplementary Figure  5-9 shows the wide-angle X-ray diffraction (WXRD) patterns 

of graphite graphite, GOH, rGOH and rGOPH. Compared with pristine e graphite, the 

inter-layer spacing of GOH increased notably from 0.34 to 0.95 nm, indicating weakening 

of the inter-layer π−π stacking interactions. However, the inter-layer spacing decreased to 

0.70 nm for rGOH after the reduction of GO and the elimination of oxygen containing 
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groups. This interlayer spacing is in agreement with MD simulation results and the AFM 

measurements of inter-sheets distance for rGOH. Both GOH and rGOH show a minor peak 

at about 2θ of 26˚ and this could be attributed to the existence of some graphene stackings. 

The rGOPH lacks any significant peak in WXRD except a very broad peak at about 2θ of 

26˚ indicating that most of graphene interlayer spacing has been successfully filled with 

peptide. There are also some minor stackings which are negligible. 

 

Supplementary Figure  5-9. WXRD patterns of graphite (black), GOH (brown), rGOH 

(blue) and rGOPH (red). 

Supplementary Figure  5-10 represents the typical Raman spectra of graphite and 

GOH, rGOH and rGOPH film. The Raman spectrum of the pristine graphite, as expected, 

displays a prominent G (the E2g mode of sp
2
 carbon atoms) peak as the only feature at 

about 1580cm
−1

. For both samples of GOH and rGOH, the two peaks at about 1347 and 

1588 cm
−1

 can be assigned to the D- and G-band, which respectively correspond to the 

vibrations of sp
3
 carbon atoms of disordered graphene nanosheets (such as ripples, edges, 

and defects) and the vibrations of sp
2
 carbon atom domains of graphite. The G band of 

graphite is broadened and shifted from 1580 to 1588 cm
−1

 after the oxidation process 

indicating a better exfoliation of graphene layers [421] in GOH and rGOH. In addition, the 

D-band and the G-band produced a small red shift (9 and 8 cm 
−1

, respectively) in rGOPH 

javascript:popupOBO('CHEBI:36973','B919074K','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=36973')
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compared with GOH and rGOH. Previous studies provide robust evidence that the 

interaction of graphene with other components might change the Raman peak frequencies 

[421-423]. Therefore, we hypothesize that such a significant shift in the position of the G 

band is probably due to the interaction between rGO and peptide during the self-assembly 

process.  

 

Supplementary Figure  5-10. Raman spectra of graphite (black), GOH (brown), rGOH 

(blue) and rGOPH (red). 

Further investigation is required to clarify this hypothesis. The intensity ratios of D- 

and G-bands (ID/IG) is used to determine the quality of graphitization or defective 

disorders on the crystalline structure of graphite. Compared with graphite, the ID/IG of 

GOH is drastically increased from 0.21 to 1.01, which is due to the increase of the 

disordered structure in the graphene sheets during oxidization[421]. After reduction of GO 

to rGO, the ID/IG of the rGOH increased to 1.09. This is due to the removal of some 

oxygen-containing functional groups[98, 423, 424] which alters the surface structure of 

GO with more defects and decreases the average size of the in-plane sp
2
 domains (an 

increase of the edge defects) upon reduction [98, 425]. In addition, non-covalent 

modification of the graphene surface has been shown to contribute to the increase of ID/IG 

[421, 425]. For the rGOPH, the ID/IG is slightly increased to 1.15, which is indicative of 
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the increasing disorder after peptides bind with the graphene surface. This helps with 

further exfoliation of graphene layers and of course increasing their interlayer spacing. 

Section 6. MD simulation method for graphene self-assembly dispersed in 

water 

For the system composed of graphene and water, two nanosheets of graphene with 

the finite sizes of 41.75 x 42.55 Å
2
 were placed in a periodic cubic box of 70.5 x 72.5 x 

45.0 Å
3
. The system was then solvated using the TIP3 water model and the energy 

minimization was carried out for 200 ps. Molecular dynamics in the isothermal-isobaric 

ensemble, moles, pressure and temperature (NPT) ensemble was used to explore graphene 

conformation and the self-assembly in solution. The Langevin thermostat and CHARMM 

force field were employed to integrate equations of motion with a time-step of 2 fs. The 

particle mesh Ewald (PME) method was used to calculate the electrostatic interactions 

with a cut-off distance of 1.2 nm. The system underwent a 30 ns production run, with 

frames saved every 2 ps. 

The self-assembly process of two graphene nanosheets (with a separation of 0.7 nm 

in the normal direction) was shown in Supplementary Movie 5-2 as video. The snapshots 

of the evolution of the graphene assembly as well as the interlayer water relative density 

were shown in Supplementary Figure  5-11. The graphene–water-graphene sandwiched 

structure was successfully maintained until the 30
th

 ns of MD simulation. 

http://www.absoluteastronomy.com/topics/Isothermal-isobaric_ensemble
http://www.absoluteastronomy.com/topics/Isothermal-isobaric_ensemble
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Supplementary Figure  5-11. Time evolution of graphene interlayer distance (green) and the interaction energy between two graphene 

nanosheets (black). (Insets are the evolutionary snapshots of two graphene nanosheets self-assembly and the interlayer water relative 

density.)

1
3
9
 

 



 

 140 

Supplementary Table  5-1. Mean pore size measurements from different AFM height 

profile images of rGOPH. 

Sample Pore size (nm) 

1 2.6 

2 2.8 

3 2.7 

4 2.5 

5 2.6 

6 2.7 

7 2.4 

8 2.2 

9 2.5 

10 2.5 

11 2.5 

12 2.7 

13 2.4 

14 2.8 

15 2.9 

16 2.9 

17 2.6 

18 2.5 

19 2.5 

20 2.6 

Mean Pore size= 2.595±0.176 

 

Section 7. Dry-state analysis of PSD  

To discuss the origins of the peaks shown in Figure 4d of the article, we wish to 

categorize available pores for our samples into four individual groups for considering all 

the possibilities for pore formation. A summary of the classification with schematic view 

of the pores is reported in Supplementary Table  5-2.  
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Supplementary Table  5-2. Possible pores in wet-state hydrogels. 

Category Scheme Description 

0 

not detectable by 

adsorption 

experiments 

(<0.9 nm) 

 

Two fully-stacked 

graphene layers  

 

Two graphene layers 

with one layer of water 

between them  

1 

Stack mediated pores 

(0.9 – 1.5nm) 

 

Two graphene layers 

with two layers of water 

between them 

 

Defect examples 

 

Protein molecule 

inserted between 

graphene layers 

(undesirable orientation) 

2 

Peptide mediated 

pores 

(1.5 – 3.0 nm)  

 

Peptide molecule 

inserted properly 

between graphene layers 

(desirable orientation) 

3 

Inter-particles void 

(>3.0 nm) 

 
 

Voids between multi-

layered graphene units 

(>3nm) 
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Chapter 6: Peptide Mediated Self-Assembly of Graphene 

based Hydrogels: Preparation, Optimization and Drug 

Delivery Application 

Abstract 

Amphiphilic hydrogels, such as graphene based hydrogels are known as a promising 

agent for sustainable drug delivery systems. However, it is a challenge to control their 

porous structures and pore sizes as these two factors significantly influence drug delivery 

behavior. A layered nanoporous graphene hydrogel named “rGOPH” with tuneable pore 

sizes produced through peptide-directed self-assembly was shown to be a promising 

candidate for the controlled delivery of an anti-cancer drug, doxorubicin (DOX). In 

particular, the hydrogel prepared with optimum degree of reduction of graphene oxide 

(GO), which was defined by design of experiment (DOE) analysis, showed the highest 

DOX loading capacity of about ~500 µg DOX/mg rGOPH. Pore sizes of less than ~1 nm 

would be achieved when the GO sheets were slightly and highly reduced, whereas the 

optimal reduction of GO led to the desired pore size of ~2.6 nm which aided with taking up 

more drug into the nanoporous structure. The effect of hydrogel pore size on drug delivery 

process has also been studied in this work. Utilizing the molecular dynamics (MD) 

simulations along with experiments demonstrated that the larger pore size (~2.6 nm) in the 

hydrogel network provides favorable accessibility for the diffusion of water as well as drug 

molecules. The DOX adsorption kinetic study for hydrogels revealed that the adsorption 

mechanisms were physisorption within their nanoporous structure as they well followed 

the pseudo-first order dynamic equation. 

6.1 Introduction 

Interest has focused on graphene nanomaterials because of their tunable 

biocompatibility and environmental responsiveness together with unique electronic, 

optical, mechanical, and chemical properties. Graphene based hydrogels have subsequently 

been extensively explored as promising biomaterials for biosensor,[426, 427] tissue 

engineering, [128, 428] gene [429] and drug delivery. [128, 267] Graphene oxide (GO) 
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[430, 431] and reduced graphene oxide (rGO) [432] as different subclasses of graphene 

have been widely studied for amphiphilic hydrogels preparations in the realm of 

nanomedicine delivery. High specific surface area, π–π stacking, hydrophobic interactions 

and electrostatic of graphene based hydrogels can be exploited to attain high loading of 

poorly soluble drugs such as anticancer drugs without losing potency or efficiency.[128] 

Both GO and rGO owing to their extremely high specific surface area and possessing 

active functional groups are able to interact with various drug molecules, such as 

doxorubicin (DOX) [28, 196, 197, 246-249], camptothecin (CPT), [196, 245, 249-253] 5-

fluorouracil (5-FU) [254-256] and Ibuprofen [258]. Amongst these, the common 

anticancer drug DOX has received the most attention for exploiting both π-π stacking 

(containing 5 aromatic rings) and hydrogen bonding interaction with graphene derivatives 

[28, 196, 197, 246-249]. 

In the field of fabricating porous media, it is extremely important to construct them 

with an ordered microstructure and uniform pore size, [14, 30, 31] particularly for drug 

delivery applications, as the uniform spatial structure and pore distribution will ensure that 

drugs are homogeneously loaded and distributed. The use of mesoporous, microporous and 

nanoporous graphene based hydrogels as carriers in drug delivery systems is a part of a 

growing body of research [18, 263, 267, 268]. Similar to other porous media, tuning the 

pore size in graphene based hydrogels is vital in the sense that the loading and release of 

drugs may be conducted in a more controllable, reproducible and predictable manner. The 

idea of using varieties of spacers (cross-linkers) such as carbon based materials, [35-38, 

293] polymers and [46, 291] metallic based particles [40, 41, 93] in order to prepare 

graphene based hydrogels has been interesting to increase the graphene interlayer spacing 

(pore size) and even control the hydrogel pore size. These kind of graphene based 

materials neither have an accurately uniform pore size nor are biocompatible to be tested 

as drug delivery agent. Thus, the focus of researchers moved toward using biomolecules 

such as amino acids or peptides [292, 317] as the spacer. They are favorable due to their 

high biocompatibility, controllability in their designs and binding with graphene sheets. 

One of the very few examples of peptide binding graphene hydrogel which peptide 

mediate the graphene gelation is peptide–graphene oxide hybrid hydrogel prepared by Wu 

et al.,[49] for drug delivery. Although their peptide was intelligently designed to bind with 
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graphene sheets and aid with their gelation, the pore size could not be controlled and it was 

randomly distributed in micrometer scale. To the extent of our knowledge, preparing the 

graphene hydrogel with highly accurate tunability in mesopore size and their inclusion of 

drugs in a reproducible and predictable manner has not been reported elsewhere when the 

peptide is not used. 

In our previous work (in Chapter 5), a novel amphiphilic hydrogel named “rGOPH” 

with tunable pore size was produced via peptide mediated self-assembly of graphene 

sheets. In this study, the effects of preparation parameters on hydrogel pore structure as 

well as the loading capacity of DOX as a sample drug are statistically considered. Thus, 

pore engineering on graphene based hydrogels was investigated by conducting numerous 

experiments varying experimental parameters (such as hydrazine amount and temperature 

for the GO reduction, and peptide concentration) for preparation of rGOPH. We have used 

a wide range of hydrazine amounts and temperature here based on literature to better 

understand the effect of oxygen containing functional groups in the peptide mediated self-

assembly of graphene sheets. The range of peptide concentration as one of the main 

variables for rGOPH preparation was set based on our preliminary screening experiment 

(in Chapter 5). The interactions between variables influencing the dependent parameter 

(response) which is the DOX loading capacity and their optimizations were then studied 

using statistical design of experiments (DOE) which will be explained in details in 

methodology section. Molecular dynamics (MD) simulation of rGOPHs was utilized as a 

tool to study the inter-molecular interactions in hydrogels and better interpret the 

occurrence in different experiments. 

In addition, the influence of the hydrogel pore size on drug adsorption mechanism 

has been studied. As a fundamental method to monitor the adsorption efficiency, we used 

the adsorption kinetics to predict the adsorption characteristics and mechanisms. 

Furthermore, the effect of pore size on DOX loading yield and mechanism were 

investigated using MD simulations. Here, we believe that real time monitoring of DOX 

adsorptions into hydrogels and analysis of their kinetics will benefit from understanding 

the inter- and intra-molecular interaction mechanism between the DOX and graphene 
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based hydrogels and serves as the basis for the establishment of drug delivery systems in 

nano-constructs. 

6.2 Experimental Details 

6.2.1 Materials 

Natural graphite (325 mesh, 99.8%) was obtained from Alfa Aesar. H2SO4, H3PO4, 

KMnO4, H2O2, HCl and hydrazine (N2H4) and Ammonia (NH3) used in GO and hydrogel 

preparation were all purchased from Sigma Aldrich except the peptide which was 

synthesized in our laboratory. All the Chemicals were directly used without further 

purification. 

6.2.2 Methods 

GO dispersion was produced by a modified Hummers’method [86] as originally 

presented by Kovtyukhova and colleagues [24], using graphite as a starting material. 

Details of the synthesis procedure for GO dispersions and their characterizations were 

reported in the supplementary information of Chapter 5. GO was converted back to 

conducting graphene (or rGO) by reacting with different amounts of hydrazine at different 

temperatures as guided by DOE. The reduced graphene oxide was then used to prepare the 

reduced graphene oxide hydrogel (rGOH) and reduced graphene oxide binding peptide 

hydrogel rGOPH films via directional flow caused by vacuum filtration. The residual 

hydrazine was removed via soaking and washing with Milli-Q water for several times. 

More details on how to prepare the rGOH and rGOPH hydrogels can be found in chapter 5. 

In this study, 20 samples of rGOPH were prepared by varying three main parameters 

(hydrazine amount and temperature for the GO reduction, and peptide concentration for the 

pore size enhancement) in order to investigate their influences on controlling pore sizes as 

well as drug loading capacity.  

After preparing wet hydrogel films, they were freeze-dried only prior to 

characterization of the films. The wet-state rGOH and rGOPH films were transferred into 

cylindrical containers and only the bottom of the container was immersed into liquid 

nitrogen and the wet film became frozen immediately. A lab-scale freeze-drying device 
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ALPHA 1-2LD Plus (CHRIST, Germany) was used to dry the frozen films at the 

temperature of 188K and under the pressure of 10
-2

Pa for 24 hrs. 

6.2.3 Characterization 

6.2.3.1 GO and rGO surface charge measurements 

The dispersion/aggregation states of GO and rGO sheets upon the parameters of 

hydrazine amount and reduction temperature were monitored by measuring their surface 

charges (zeta potentials) using a Malvern Zetasizer Nano-ZS particle analyzer.  

6.2.3.2 Contact angle measurements 

Contact angle measurements (using an Attension Theta optical tensiometer) to 

establish the correlation between the reduction process and material hydrophobicity.  

6.2.3.3 Fourier transform infrared (FTIR) spectroscopy analyses 

FTIR spectra of all freeze-dried hydrogel films were recorded on a Bruker Tensor27 

spectrometer. Spectra were obtained in an optical range of 400–4000 cm
−1

 by averaging 3 

scans at a resolution of 5 cm
−1

 with 1 min interval to minimize the effects of dynamic 

scanning. 

6.2.3.4 Atomic force microscopy (AFM) investigations 

Surface topography and height profile of the rGOH and rGOPH were recorded by a 

MultiMode® 8 (Bruker) AFM in tapping mode. Image and height profile analyses of the 

AFM images were performed using the Nanoscope software. The AFM samples were 

prepared by drop-casting a diluted suspension of each hydrogel onto a fresh-cleaved Mica 

substrate and were then imaged. 

6.2.3.5 X-ray photoelectron spectroscopy (XPS) analyses 

XPS of the hydrogel films was carried out using a Kratos (UK) Axis-Ultra 

spectrometer with a monochromatic Al Kα source (1487 eV) operating at 15 kV and 14 

mA. The analysis of the photoelectron spectra was conducted using CasaXPS (V2.3.5) 
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software. Freeze-dried hydrogels samples were degassed prior to the nitrogen adsorption 

experiments at ambient temperature and a background vacuum of 10
-5

kPa for 12 hrs. 

Nitrogen gas adsorption experiments were carried out at 77K using a Belsorp-max gas 

adsorption apparatus. Ultra high purity (>99.999%) helium and nitrogen from Coregas 

Australia were used for dead-space measurements and adsorption experiments, 

respectively.  

6.2.4 Loading of DOX in hydrogels 

The loading of DOX on the freestanding rGOH and rGOPH films were done by 

immersing films (in wet state) into DOX solutions in Milli-Q water, as shown in Figure  6-

1. For each real time observation, 3 mL of DOX solution (50 µg.mL
-1

) was added into 

cuvette and then 15 mg of each film (in wet state) was placed on the bottom of the cuvette. 

Absorbance of DOX at a wavelength of 490 nm [187, 433] was monitored continuously for 

24 hrs by a UV–VIS spectrometer (USB4000-UV-VIS - Ocean Optics). The one day 

loading capacity was calculated according to the following equation [28]: 

hydrogel

finalDOXinitialDOX

W

WW
capacityLoading


       ( 6-1) 

where Winitial DOX is the weight of DOX initially added, Wfinal DOX is the weight of DOX 

left in the cuvette after 24 hrs and Whydrogel is the weight of rGOH and rGOPH samples 

which is approximately 15 mg for each experiment. (The amount of DOX after the loading 

can be calculated from the calibration curve shown in Supplementary Figure  6-1)  
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Figure  6-1. Schematic drawing of the real time monitoring of DOX loading on hydrogels 

placed inside a cuvette. 

6.2.5 Statistical analyses on the effecting parameters for DOX loading 

The statistical design of experiments (DOE) is a time and money saving method 

achieved by significantly reducing the number of trials required to study a multi-variable 

phenomenon. This is extremely useful when screening probable variables for cases 

involving second-order models [434]. In addition, the DOE is used to compute the multiple 

interactions between the main variables and also their influences on the response of a 

process. Response surface method (RSM) is a collection of mathematical and statistical 

techniques that generates three dimensional plots and displays statistical analyses about 

how the responses are influenced by the process variables. RSM was also applied to the 

optimum operating conditions for the system and to identify the region, which satisfies the 

operating specifications [435].  

The most popular RSM design is the central composite design (CCD) for analysis of 

experimental data. The CCD is applied to estimate the coefficients of a particular model 

equation. The CCD method is efficient and flexible, providing sufficient information on 

the effects of variables and overall experimental error with a minimum number of 

experiments [435]. Center points in CCD design are usually repeated 4-6 times to get a 

good estimate of experimental error (pure error). Six center points will be created by 

default for experimental designs with three variables. Central composite designs generally 

require 3 levels for each variable: -Alpha, -1, 0, 1 and +Alpha. In this study, Alpha value is 

taken as one resulting at 3 levels, Lowest (-1), middle (0), highest (+1) which is more 

specifically known as central composite face centered design (CCFD). Full factorial design 
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for a study with three variables requires 20 experimental trials. RSM has successfully been 

applied to study and optimize the experiments with graphene for instance in chemical 

synthesis of graphene based nanocomposites [436, 437], biomolecule immobilization on 

graphene surface [438], and vitamin B12 adsorption of graphene oxide [439].  

The objective of using DOE in the present work is to investigate the DOX loading 

capacity of rGOPH using the CCFD. The main parameters (variables) investigated were 

for the degree reduction of GO based on literature. The amount of hydrazine to obtain rGO 

from the low to extremely high degree of reduction were chosen 25 and 75 µL which sits 

in the ranges used by Dan Li et al. and Ferna´ndez-Merino et al,[118, 440] . The 

temperature dependence of GO reduced by hydrazine was investigated using suggested 

ranges of temperature from literature [441, 442] for rGO synthesis with reasonable 

dispersibility. 

The statistical analyses were performed using Design-Expert [443] software (version 

6.0.7, Stat-Ease Inc., Minneapolis, USA). The response surface method (RSM) of 

statistical analysis system and design expert was used to statically analyze the 

experimental data. A CCFD was applied with three design parameters (variables); the 

hydrazine amount for GO reduction (A), the reduction temperature (B), and peptide 

concentration (C). The variable levels are such that the upper level corresponds to code +1, 

the lower level to code -1 and the middle level to code zero. The coded level and actual 

value of these variables have been generated and tabulated by the DOE analysis (shown in 

Table  6-1) in which the value of -1 and 1 shows the minimum and maximum range of each 

variable and 0 is the center point.  
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Table  6-1. Coded and actual values of variables of the design for graphene oxide reduction 

and rGOPH preparation. 

Variable notation Unit 

Coded levels of the 

variables 

-1 0 1 

Reduction Temperature (A) ºC 85 90 95 

Amount of Hydrazine (B) µL 25 50 75 

Peptide Concentration (C) µM 0.04 0.07 0.10 

The 20 runs of statistical experiments suggested by CCFD method with actual values 

are presented in Supplementary Table  6-1. The response selected was loading capacity of 

DOX on rGOPH. After running these 20 trials, the corresponding quadratic models for the 

above response and parameters were computed. The purpose of these experiments was to 

determine the functional relationship for the yield of drug loading in relation to these 3 

variables. These are carried out for developing the model and optimizing the rGOPH 

preparation parameters.  

The results obtained were then used to elucidate regression model fitting and the 

statistical analysis to ensure the adequacy of the model in representing results. The 

mathematical relationship relating variables to the responses can be calculated by the 

general quadratic equation model as follows: 
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where Yi represents the predicted response (dependant variable), Xi and XiXj , 

respectively, are the independent variables and their interactions which influence the 

response variable Yi; β0 is the constant coefficient, βi , βii and βij are coefficients for the 

linear, quadratic and interaction effects, respectively. Ɛ is the standard error. There are 

three variables are involved, hence, k is 3 in this study.  

The quality of the developed model was determined by the coefficients of 

determination (R-squared), while the analysis of variance (ANOVA)[444], as the most 

efficient parametric method available, helped to evaluate the statistical significance of the 

model by the values of regression and mean square of residual error. ANOVA is a method 
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of testing for the equality of three or more population means by analyzing sample 

variances. The ANOVA table, including lack of fit, Fisher’s F-test and its associated 

probability p(F), is used to determine the significance of the first degree (linear), second 

degree (quadratic), and cross-product (interaction) terms of the polynomial. After ensuring 

the validity of the model, the equation was used to predict the optimum values, to plot the 

two-dimensional contour plot to determine the interactions between the parameters, and 

the three-dimensional response surfaces. The generated mathematical model was also 

validated by conducting experiments at DOE given optimal conditions.  

6.2.6 MD simulations 

Graphene and peptide were, respectively generated using the graphene and protein 

builder in the visual molecular dynamics (VMD) package [366]. The DOX molecule 

structure was generated using Zinc database[445]; its topology and CHARMM force field 

parameters were constructed by SwissParam[367]. Neutral pH considered in each 

simulation is similar to it corresponding experimental condition, and the UA2 molecule has 

charged N-terminal (NH3
+
) and C-terminal (COO

–
) ends. Graphene-graphene and peptide-

graphene interactions were modelled by the CHARMM27 all-atom force field
[368]

, and MD 

simulations were performed by the NAMD program [369] (see details in supplementary 

information, section 3). 

6.3 Results and discussion 

6.3.1 DOX loading capacities under different pH values 

The loading behaviors of DOX (at the initial DOX concentration of 50 µg.mL
-1

) 

toward the rGOPH films were investigated at pH 5.4, 7.4 and 9.4 adjusted by PBS buffer. 

The adsorption of DOX in each hydrogel was monitored by the DOX UV absorption peak 

at 490 nm through the established standard curve (Supplementary Figure  6-1). As shown in 

Figure  6-2, the rGOPH exhibits the expected distinct pH-dependent behavior with different 

loading factor toward. The DOX loading ratio was the largest in neutral condition (510.4 

µg) as compared with the acidic (283.6 µg) and basic conditions (390.2 µg). Such behavior 

may be interpreted as the different degree of hydrogen-bonding interaction between drug 
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molecules and oxygen containing groups of hydrogels under different pH conditions [28, 

248]. It is noteworthy that all three samples to be tested in different pH values were cut 

from the same hydrogel film (with the same degree of reduction of GO and peptide 

concentration), there should be almost the same size of dominant hydrophobic (π-π 

stacking) interactions between them and DOX. Thus, the only differentiating factor in 

loading capacity is the number of hydrogen bonding groups.  

As shown in Table  6-2, the acidic condition can only provide four and the least 

hydrogen bonds, as –NH2 of DOX forms –NH3
+
 with H

+
 and therefore cannot participate 

in hydrogen bonding. Although, there are eight types of possible hydrogen bondings under 

both neutral and basic conditions, the latter generates a lesser number of hydrogen bonds, 

as six out of eight types of hydrogen bonds involve peptide and the concentration of 

peptide in hydrogels is not comparable with that of graphene sheets. Moreover, in a basic 

condition, –COOH of graphene sheets which is one of main hydrogen bonding initiators 

becomes deprotonated to –COO
–
 and cannot participate in forming hydrogen bonds with –

OH or –NH2 groups of DXR. Hence, in view of achieving the hydrogel with the largest 

loading capacity, we then chose neutral pH for DOX loading on rGOPHs of statistical 

experiments. 

 

Figure  6-2. The loading capacity of DOX in rGOPH (prepared at optimized conditions) at 

different pH values adjusted by PBS buffer. 
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Table  6-2. Groups form hydrogen bonds in rGOPH and DOX at different pH values. 

pH rGOPH DOX 
Types of possible hydrogen bonds 

5.4 
–COOHgraphene , –OHgraphene, 

–NH peptide, –C=Opeptide 
–OH 4 

7.4 
–COOHgraphene, –OHgraphene, 

–NHpeptide, –C=Opeptide 
–NH2, –OH 8 

9.4 
–OHgraphene,–NH2peptide C-term, 

–NHpeptide, –C=Opeptide 
–NH2, –OH 8 

6.3.2 Model equation development and DOE statistical analysis 

The loading behaviors of DOX on both rGOH and rGOPH were studied at neutral 

pH. The concentration of DOX was determined by monitoring the absorption peak at about 

490 nm through the established DOX UV calibration curve (Supplementary Figure  6-1). 

The DOX loading efficiency for each hydrogel was investigated at a constant initial DOX 

concentration (50 µg.mL
-1

) with respect to the different hydrogel preparation parameters 

(reported in Table  6-3).  
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Table  6-3. Experimental design and the actual response of the DOX loading on rGOPH 

samples. 

Run Variable Type 
Variables Response 

A, (ºC) B, (µL) C, (µM) Dox Loading variable,  
(µg DOX/ mg dry hydrogel) 

1 Fact 85 25 0.04 244.4 

2 Fact 95 25 0.04 109.7 

3 Fact 85 75 0.04 292.6 

4 Fact 95 75 0.04 71.5 

5 Fact 85 25 0.10 263.9 

6 Fact 95 25 0.10 261.5 

7 Fact 85 75 0.10 348.2 

8 Fact 95 75 0.10 307.2 

9 Axial 85 50 0.07 419.3 

10 Axial 95 50 0.07 327.1 

11 Axial 90 25 0.07 394.6 

12 Axial 90 75 0.07 410.2 

13 Axial 90 50 0.04 305.7 

14 Axial 90 50 0.10 417.3 

15 Center 90 50 0.07 469.2 

16 Center 90 50 0.07 510.5 

17 Center 90 50 0.07 469.6 

18 Center 90 50 0.07 501.8 

19 Center 90 50 0.07 477.9 

20 Center 90 50 0.07 505.6 

Figure  6-3 shows the comparison between the Actual (experimental) value and DOE 

predicted value for DOX loading capacity. It is clear that the fitted regression equation for 

our experiments has shown a good fit of the model with the R-squared (R
2
) value of 

0.9886. This indicates that 98.86% of the total variation in DOX loading capacity was 

attributed to the experimental parameters studied, and hence, could be explained by the 

fitted model. The R
2 

always lies between 0 and 1 and as suggested by Joglekar and May 

(1987)[446], the R
2
 should be greater than 0.80 for the good fit of a model. 
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Figure  6-3. The experimental DOX loading capacity plotted against the predicted values 

calculated from the DOE-RSM model. 

Using DOE, the multiple regression analysis was applied to establish the polynomial 

coefficients. The final equation for determination of the DOX loading capacity can be 

summarized as follows: 

54482981404396215488162665199

346084181649

222 .BC.AC.AB.C.B.A.

C.B.A.)
mg

g
(factorLoading

hydrogel

DOX






 ( 6-3) 

where A, B and C are reduction temperature, hydrazine amount and peptide 

concentration, respectively The adequacy and significance of the predicted quadratic 

model were further established by performing ANOVA as given in Supplementary 

Table  6-2. Some additional statistical parameters mainly standard deviation (SD) and 

coefficient of variation (CV) are given in Supplementary Table  6-3. To better understand 

and visualize the effects of each parameter and their interaction effects, the contour and 3D 

behaviors of the response (DOX adsorption) can be plotted as a function of the two 

variables at a time while maintaining the other variable at fixed levels (center-point). The 

quadratic response surface plot in the optimization of each two variables are illustrated and 

explained in separate sections below. All profiles represent similar surfaces where the 

maximum response is located inside the experimental variable ranges, indicating that 

variation of each variable level does directly influence the studied system. 
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6.3.2.1 Effect of the temperature and Hydrazine amount on DOX loading capacity 

According to the contour and 3D surface plots, as shown in Figure  6-4 , the amount 

of DOX loading on the rGOPH gradually increases and then starts to decrease with the 

increasing temperature and amount of hydrazine. The optimum temperature and hydrazine 

amount for the rGO preparation to have the maximum DOX loading efficiency were found 

to be 89 °C and 54 µL, respectively.  

 
Figure  6-4. Response surfaces for DOX loading capacity against A:reduction temperature 

and B:amount of hydrazine depicted as contour (a) and three-dimensional (b) plots. The 

variable C was kept at its zero (centerpoint) level. 

The two important parameters impact on the degree of reduction are the temperature 

and the amount of hydrazine (reducing agent). The reduction degree seems to be very 

influential on the structure and properties of graphene multilayered films. The water 

contact angle and FT-IR analysis as qualitative methods (in Supplementary Figure  6-2 and 

6-4, respectively) and Zeta Potentials measurement (in Supplementary Figure  6-3) as 

quantitative methods were applied to monitor the properties and chemistry of GO sheets 

upon different degrees of reduction. These characterizations together confirmed highly 

hydrophilic behavior and lowest degree of reduction of the graphene sheets reduced at 

either the lowest temperature or the lowest hydrazine amount (at 85 ˚C or with 25 µL 

hydrazine). The slightly reduced GO prepared at this condition is named “rGO-SR”. On 

the contrary, the rGO produced at the highest temperature and hydrazine amount (at 85 ˚C 

or with 25 µL hydrazine) is highly hydrophobic, hence, named “rGO-HR”. There is 
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another hydrogel prepared at the optimum conditions of these two parameters (89 °C and 

54 µL) which is optimally reduced and named “rGO-OR”. Section 2 of supplementary 

information together with supplementary Figures 6-2, 6-3 and 6-4 evidence and give more 

details about how GO degree of reduction influences on properties, stability and chemistry 

of the material. 

The degree of reduction also influences the peptide adsorption on graphene surface, 

thereby affecting the self-assembly of graphene layers. As is reflected in the contact angle 

measurement, Zeta potentials and FT-IR, the lower the temperature and the hydrazine 

amount, the more oxygen functionalities and hydrophilicity for the graphene sheets. 

Hence, the peptide with hydrophobic end groups is unlikely to bind with such a highly 

hydrophilic surface. According to Bai et al. [447] and Konkena et al.[448], highly 

hydrophilic graphene sheets precipitate on top of each other via strong hydrogen bonding 

among oxygen-containing functionalities. This is also the case when graphene sheets are 

over reduced by increasing the temperature and using excessive hydrazine. Excellent 

reduction of graphene sheets occurs when most functional groups leave the surface and the 

most sp
2
 carbon are regenerated on the graphene surface. When the graphene sheets are too 

reduced, the chance of their stacking becomes higher due to a greater π−π stacking 

interaction. Although the similar π−π stacking is the interaction in between the graphene 

sheet and peptide ends, this is not just enough to overcome the strong π−π interaction 

between highly reduced graphene sheets. In the instances of rGO preceptiation or 

excessive aggregation interactions between graphene sheets, the chance for the peptide to 

reside in between graphene sheets is very low. The AFM image and corresponding height 

profile for rGOPH-SR and rGOPH-HR strongly evidence their aggregations. The graphene 

interlayer spacing for rGOPH-SR and rGOPH-HR are at average of ~0.7 nm and ~0.9 nm, 

respectively. These two values fit in the range between 0.68 nm and 1.2 nm which were 

reported for interlayer spacing of graphene sheets with the lowest and highest amount of 

oxygen functionalities, respectively [34, 273]. 
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Figure  6-5. Tapping-mode 2D AFM images of (a) rGOPH-HR and (c) rGOPH-SR; Height 

profile of (b) rGOPH-HR and (d) rGOPH-SR. 

XPS was performed in order further confirm the ejection/retention of the peptide 

from/at the graphene interlayers of different hydrogels. Figure  6-6a shows an XPS wide-

scan spectrum obtained for various hydrogel films with three major peaks found that from 

left to right are attributed to the O 1s and N 1s and C 1s characteristics. Their 

corresponding oxygen, nitrogen and carbon atomic concentration are given in Figure  6-6b. 

Considering that the peptide concentration in three rGOPH films were the same with 

insignificant molar ratio compared with rGO, the rGOPH-SR with the lowest concentration 

of carbon (76.31%) and the highest concentration of oxygen (20.15%) indicate the lowest 

degree of GO reduction. In contrast the rGOPH-HR contains the highest concentration of 

carbon (87.65%) and the lowest concentration of oxygen (10.06%) which are the 
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indications of the highest degree of reduction. The atomic concentration of nitrogen in 

hydrogels was used in order to measure their peptide content. Although no peptide was 

used in the plain rGOH, it has 1.56% of nitrogen, which suggests the incorporation of 

some insignificant nitrogen atoms on the graphene surface after being treated with 

hydrazine. The N 1s peaks of rGOH (shown in Figure  6-6c) after deconvolution revealed 

that all of nitrogen atoms are in the form C-N as with a peak at 399.1 eV. [449] After 

subtracting 1.56% from nitrogen concentration of each rGOPH, it is revealed that rGOPH-

SR and rGOPH-HR contain an insignificant amount of peptides as they both loose peptides 

during the self-assembly of graphene sheets. In contrast, a significant amount of nitrogen 

in rGOPH-OR (more than three times large than that of rGOPH-SR) is a strong support to 

the hypothesis of peptide retention in the hydrogels during the self-assembly process. In 

order to ensure that the origin of difference between the nitrogen concentration of rGOH 

and rGOPH is the presence of peptide, the N 1s peak of each rGOPH was deconvoluted 

and shown in Figure  6-6d, e and f. The rGOPHs have two extra peaks than the plain 

rGOH. The deconvoluted peaks found at 400.3 eV and 401.7eV, in rGOPH films, 

respectively correspond to the amide bond nitrogen (CO-NH) [450, 451] and protonated 

amino groups (NH3+) [450, 452, 453] present in the peptide molecules. 

According to our MD simulation (shown in Figure  6-7a) of a peptide between two 

plain graphene sheets representing as highly reduced GO, the phenylalanine (PHE)-

graphene interaction energy at each end of protein is about 25 kcal mol
-1

 (in binding state) 

which is almost 30 times smaller than that between two graphene sheets ~730 kcal mol
-1

 

(in stacking state). As a consequence, the graphene sheets during stacking, squeeze out 

most of the peptides from interlayers and tend to form irreversible agglomerates or even 

re-stack to form graphite like material. In another MD simulation, we demonstrate that 

introducing some oxygen containing groups on the graphene surfaces will endow 

hydrophilic properties as well as the electrostatic repulsions between them. 
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Figure  6-6. (a) The wide-scan X-ray photoelectron spectra (XPS) of various hydrogels. (b) 

the content of each hydrogel, The XPS spectra of the N1s for (c) rGOH, (d) rGOPH-SR, 

(e) rGOPH-HR and (f) rGOPH-OR. 

As shown in Figure  6-7b, there is no interaction energy that could overcome the 

PHE-graphene interaction. The oxygen functionalities aided with preventing graphene 

aggregation. The graphene binding peptide also has a significant role in controlling the 

graphene interlayer spacing of about ~2.6 nm until the 50
th

 ns of the simulation. Here, we 
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emphasize that different amount of oxygen functionalities generate different levels of 

intermolecular interactions in the system and influence the peptide mediated self-assembly 

of graphene based hydrogels. 

 

Figure  6-7. Time evolution of interactions in (a) graphene-graphene and (b) graphene-

peptide MD simulation systems. 

When two graphene sheets stack, their interactions reduce the pore size by squeezing 

most of the peptide out of the interlayer spacing. (That is, at the competition of binding, the 
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graphene-graphene interaction wins over that of the graphene-peptide). MD simulation 

results shown in Supplementary Figure  6-5a and b confirmed that this is a common 

occurrence, regardless of the peptide concentration. These results demonstrated that 

placing two or three graphene sheets could not prevent graphene restacking and all 

peptides were pushed out by very large graphene-graphene van der Waals interaction. As 

mentioned earlier, when the graphene sheets aggregate or re-stack, their interlayer spacing 

is less than 1 nm. Hence, there is not enough accessible space for the penetration and 

accommodation of DOX (with the size of ~1 nm at the largest dimension) into the 

hydrogel. The adsorption of DOX occurs mostly on the outer accessible surfaces of 

rGOPH, although a little takes place between the graphene layers The DOX loading 

capacity is therefore very low.  

With the optimally reduced GO, the chances for the peptide to successfully bind and 

retain the position in between the graphene sheets is much higher. Therefore, the interlayer 

spacing (pore size) is larger than that of stacking case, hence, a larger volume is accessible 

for accommodating the drug molecules. Besides possessing a large accessible pore volume, 

the optimally reduced graphene oxide can benefit from both hydrophobic and hydrophilic 

sites generated on the surface, thereby highly favoring the DOX loading capacity.  

6.3.2.2 Effect of reduction degree and peptide concentration on DOX loading 

capacity 

The DOX loading capacity against the variables of the temperature and peptide 

concentration for both contour and three-dimensional depictions is shown in Figure  6-8. 

The lowest loading capacity was obtained where the reduction temperature was the highest 

(95 °C), regardless of peptide concentration. The peptide concentration and the reduction 

temperature had a significant interaction toward the response, when the temperature was 

below 90 °C. This is also in agreement with our assumption of the decrease in pore size as 

a result of graphene aggregation when the reduction temperature is higher than 90 °C. Our 

simulation results revealed that, under such conditions, the van der Waals interaction (π−π 

stacking interaction) between graphene sheets is high enough (more than 700 kcal mol
-1

) to 

stack them and squeeze out the peptide from their interlayer spaces, regardless of the 

peptide concentration. This has also been observed in our MD simulations (shown in 
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Supplementary Figure  6-5), by adding two and then three peptides in graphene interlayer 

space until the graphene surfaces were completely covered with peptide molecules 

(assuming a high peptide concentration). Both simulation results demonstrated that the 

peptides initially bind strongly enough to graphene surfaces to keep them apart until a 

specific point, but then as graphene sheets come closer to meet each other through the 

edges (where dangling bonds exist), they tend to stack and eventually push out the peptides 

from interlayer spaces. That is, the graphene stacking interaction - which is a type of van 

der Waals interaction - is as high as it could be to prevail over the graphene-peptide 

interactions. 

 

Figure  6-8. Response surfaces for DOX loading capacity against A:reduction temperature 

and C:peptide concentration depicted as contour (a) and three-dimensional (b) plots. The 

variable B was kept at its zero (centerpoint) level. 

Similarly, the contour and three-dimensional characteristics of the DOX loading 

capacity against the variables of the hydrazine amount and peptide concentration are 

plotted in Figure  6-9. The hydrazine amount interaction with the peptide concentration 

exhibited similar features as the temperature. At any constant peptide concentration, the 

lowest and the highest hydrazine amount leads to the lowest loading capacity of DOX. 

This re-emphasizes that the highly hydrophilic or highly hydrophobic graphene sheets are 

not good candidates for the peptide mediated self-assembly of graphene based hydrogels.  
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Figure  6-9. Response surfaces for DOX loading capacity against B: amount of hydrazine 

and C:peptide concentration depicted as contour (a) and three-dimensional (b) plots. The 

variable A was kept at its zero (center-point) level. 

Furthermore, the effect of peptide concentration on controlling pore size was 

investigated by mixing rGO-OR with peptide with different concentrations of 0.04, 0.08 

and 0.1µM. The AFM image and corresponding height profile are shown in Figure  6-10a 

and b. The peptide concentration of 0.04 µM resulted in the average pore size of ~1.4 nm, 

assuming that the peptide concentration was not yet enough to overcome the strong π−π 

stacking interactions of graphene sheets. However, the assumption for such an occurrence 

is that the peptides are still in between graphene sheets, but mostly in a laid down position 

rather than positioning upright. Figure  6-11 demonstrated the graphene interlayer pore size 

measured by AFM for the peptide concentrations of 0.08 and 0.10 µM. Although both 

peptide concentrations aided in achieving the desired pore size of ~2.6 nm, the 0.08 µM 

peptide concentration led to the higher capacity of DOX loading. This concentration has 

also been suggested as an optimum concentration by the DOE analysis. 
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Figure  6-10. (a) Tapping-mode 2D AFM image and (b) height profile of the rGOPH with 

0.04 µM of peptide concentration. (X cross-sections labeled from A to B) 

 

 
Figure  6-11. (a and c) Tapping-mode 2D AFM images of the rGOPH-OR with of peptide 

concentration of 0.08 and 0.10 µM, respectively. (b and c) height profile of the rGOPH-OR 
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with of peptide concentration of 0.08 and 0.10 µM, respectively. (Cross-sections labeled 

from A to B and from C to D) 

Nitrogen adsorption experiments were conducted to investigate the effect of peptide 

concentration on the pore structure and DOX loading capacity. Three hydrogel samples of 

underwent nitrogen adsorption; rGOH (without the peptide), rGOPH-0.08 µM (with 

optimum peptide concentration), and rGOPH-0.10 µM (with the highest peptide 

concentration). Their corresponding isotherms are plotted in Figure  6-12a. All three 

isotherms exhibit combinations of type I and II trend based on IUPAC classification[403] 

indicating the presence of both micropores and mesopores with type H4 hysteresis loop, 

which is  characteristic of narrow slit-shaped pores[403, 404]. The isotherms show a 

decrease in microporosity and increases in mesoporosity with increasing peptide 

concentrations. However, as is shown in the embedded table in Figure  6-12b, total pore 

volume is almost the same for rGOH and rGOPH-0.08 µM with a slight decrease for 

rGOPH-0.10 µM. The equivalent BET surface area[405] also reduces with the peptide 

concentration. This behavior is expected, as accommodating peptides of more than a 

certain concentration at the graphene interlayer space decreases the accessible pore 

volume, and consequently, the accessible surface area to the DOX molecules.  

Figure  6-12b illustrates the calculated pore size distribution (PSD) based on the slit 

model and the Quenched Solid Density Functional Theory (QSDFT) method[407]. The 

calculated PSD for rGOH shows a sharp narrow peak at around 1 nm, with a relatively 

wide shoulder that extends to 4 nm. Although the plain rGOH without peptide at the 

graphene interlayers exhibited by far the largest pore volume, most pores are less 

accessible - or even inaccessible - to the DOX molecule because of their size of about ~1 

nm. This is why the rGOH exhibited the lowest DOX loading capacity (see Supplementary 

Figure  6-6 for the comparison of DOX loading capacity). The calculated PSD for both 

rGOPH samples (with 0.08 µM and 0.10 µM peptide) are similar with respect to the 

position of peaks, but quite different in their intensities. They both exhibit an initially 

narrow distribution of pores ranging from 1.0-1.5 nm, and a second broader distribution 

between 1.5 nm and 6.0 nm. The inset of Figure  6-12b with a higher magnification of PSD 

shows that both second peaks for rGOPHs reach their maximum at the desired pore size of 

~2.6 nm. However, the peak for the hydrogel with 0.08 µM peptide concentration has a 
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higher intensity than the hydrogel with 0.10 µM contributing to the larger accessible pore 

volume for taking up the drug molecule. These results are in agreement with our DOX 

loading capacity experiments where the rGOPH-0.08 µM demonstrated the highest uptake 

of the drug. 

Generally, the existence of peptide between the graphene layers has two opposite 

impacts on the prepared hydrogel. Although the peptide fills the accessible pores and has a 

negative effect on available pore volume, it can also bind strongly to the pore walls 

(graphene layers) and create a desirable pore size - provided that enough peptide 

concentration is used. We believe a peptide concentration of 0.08 µM results in a desirable 

pore size, and a reasonable pore volume for DOX adsorption. Although excessive 

concentrations lead to stronger graphene-peptide bindings, more parallel graphene layering 

and consequently more controlled pore size, it is discouraged due to the negative effect of 

pore filling.  

 

Figure  6-12. (a) Nitrogen adsorption isotherm and (b) PSD analysis of hydrogels; rGOH 

(without the peptide), rGOPH-0.08 µM (with optimum peptide concentration), and 

rGOPH-0.10 µM (with the highest peptide concentration) 

6.3.3 Pore size effects on DOX loading capacity; MD simulation perspective 

In order to investigate the effect of different pore size on the DOX loading capacity, 

the hydrogel structures were constructed with the graphene interlayer spacing of 1.0 and 

2.6 nm, respectively presenting the hydrogels with and without the peptide as interlayer 

spacer. The idea of choosing these pore sizes was planted through the graphene interlayer 

spacing measurement from AFM observations. In the case of smaller pore size (shown in 
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Figure  6-13), the DOX molecules began to make hydrogen bond (shown with red line) 

with oxygen functionalities within the first 3ns of simulation, just before struggling to 

penetrate into the pore. Hence, the hydrogen bonding is probably a main driving force for 

its taking up into the pore, but not the size of the pore. Then the π−π stacking interactions 

with hydrogen bonding lead the DOX molecules to bind tightly and in flat mode to the 

graphene surface. The overall DOX faction in the adsorbed state (on the right snapshot in 

Figure  6-13 the adsorbed DOX molecules shown with red color bound to graphene surface 

and non-bound DOX molecules are with different colors) did not exceed 25% within 30ns 

of simulation.  

However, Figure  6-14 shows different results for the hydrogel with the larger pore 

size, where the DOX molecules did not initiate the stable hydrogen bonding with oxygen 

containing groups until an almost 20% of the DOX was adsorbed by the pore. This clearly 

suggests that two similar hydrogels with similar amount of oxygen containing groups, 

probably show similar adsorption mechanisms, but the larger pore may have the larger 

intra-particle diffusivity effect. The effect of pore size on the adsorption mechanism will 

be discussed more in the section of the kinetics of adsorption. Beside the role of π−π 

stacking, the number of hydrogen bondings increased proportionally with the fraction of 

DOX being adsorbed by the graphene hydrogel. This robustly indicates the importance of 

such strong interactions in physical adsorption of the drug molecules after their intra-

particle diffusion into the pore. In addition to the DOX permeability effects of the hydrogel 

pore size, the adsorption rate and loading efficiency were investigated. Comparing 

Figure  6-13 and 14, the hydrogel of 2.6 nm pore size exhibited a faster initial and overall 

adsorption rate with a loading efficiency almost 2.5 times larger than that of 1.0 nm pore 

size within 30ns of MD simulations. Interestingly, this ratio of loading efficiency is very 

similar to what was observed in our experimental data for the DOX adsorption ratio in the 

rGOPH/rGOH which was about ~2.6 after 24 hrs of adsorption. The inserted photographs 

of cuvettes in Figure  6-13 and 14, respectively, show the changes of DOX solution colour 

for the rGOH and rGOPH. The latter significantly changed the colour of the solution, 

indicating the higher loading efficiency compared to the former. 
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Figure  6-13. The time evolution of the DOX adsorption into the graphene hydrogel with 

pore size of ~1.0 nm. Insets are different views simulation representative snapshots for 

before and after DOX adsorption. (Water molecules are not displayed for clarity). The 

inserted photographs of cuvettes show the DOX solutions before and after treating with 

hydrogel. 
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Figure  6-14. The time evolution of the DOX adsorption into the graphene hydrogel with 

pore size of ~2.6 nm. Insets are different views simulation representative snapshots for 

before and after DOX adsorption. (Water molecules are not displayed for clarity). The 

inserted photographs of cuvettes show the DOX solutions before and after treating with 

hydrogel. 

6.3.4 Kinetics of adsorption 

The adsorption process of DOX as a sorbate from aqueous solution into porous 

media (hydrogels in our case) may involve several steps: (i) transportation in the solution; 
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(ii) diffusion through the liquid film surrounding the solid particle, known as external or 

inter-particle diffusion; (iii) diffusion within the liquid included in the pore, known as 

internal diffusion or intra-particle diffusion; (iv) adsorption or desorption on the surface of 

the interior sites, which can involve several mechanism such as physio-chemical sorption, 

ion exchange and precipitation [454, 455]. The first step refers to the bulk diffusion and 

has no different rate limitation effect as all the experiments were performed at similar 

conditions. The second and the third factors, respectively, refer to the external mass 

transfer and intra-particle mass transfer resistances. The intra-particle is more important in 

this study as it directly relates to the pore size and shape. The fourth factor is as vital as the 

third, which suggests the mechanism of adsorption in the pores and whether it is physically 

controlled (physisorption) or chemically controlled (chemisorption). The different models 

used were pseudo-first order (physisorption), pseudo-second order (chemisorption) and 

Weber and Morris or intra-particle model for mass transfer effects. 

When film diffusion is rate controlling (simple sorption or physisorption), the pseudo-first 

order rate equation of Lagergren is applied, which expressed as follows [246, 455]:  

t
k

qqq ete
303.2

log)log( 1        ( 6-4) 

where k1 is the Lagergren rate constant of adsorption (min
-1

) which varies inversely 

with the particle size and the film thickness. The plot of log (qe−qt) against t gives a linear 

relationship from which k1 and the adsorption capacity of the hydrogels (qe) are determined 

from the slope and intercept of the plot, respectively. 

The pseudo-second order model, based on the assumption that the rate-limiting step 

may be chemical sorption or chemisorption involving valency forces through sharing or 

exchange of electrons between sorbent and sorbate, provides the best correlation of the 

data 
[456]

. This model can be represented by the following linear form [246, 455]: 
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where k2 is the pseudo second-order rate constant of adsorption (g mg
−1

 min). The 

values of qe and k2 are, respectively, determined from the slope and intercept of the plot of 

t/qt against t. 

According to Weber and Morriss [457], when the adsorption process is influenced by 

the intra-particle diffusion, the uptake of the sorbate qt should vary linearly with the square 

root of time t. This dependence could be expressed as follows [246, 455]: 

iipdt Ctkq  5.0
         ( 6-6) 

where kipd is the rate constants of intra-particle diffusion (mg g
−1

 min
−0.5

) and Ci is the 

intercept at the stage i. 

Figure  6-15a-d show the real time DOX loading capacity of four different hydrogels 

along with their corresponding linear regression in terms of pseudo-first order, pseudo-

second order and intra-particle diffusion kinetics, respectively. As shown in Figure  6-15a, 

the DOX loading capacity in rGOPH-OR was the largest as expected (more than twice as 

large as that of rGOH and more than 1.5 times larger than that of rGOPH-SR and rGOPH-

HR) due to a higher accessible volume to take up the DOX molecules. 
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Figure  6-15. (a) Real time monitoring of DOX adsorption by hydrogels, DOX adsorption 

kinetics of (b) pseudo-first-order, (c) pseudo-second-order, (d) intra-particle diffusion 

models. 

The model with the highest correlation coefficients (R
2
) between the observed and 

the fitted data is selected as the one with the best fit. Comparing the R
2
 of pseudo-first 

order, and pseudo-second order, as indicated in Table  6-4, the adsorption of DOX on all 

hydrogels follows the similar kinetic model. The pseudo-first order kinetic of rGOH, 

rGOPH-SR, rGOPH-HR and rGOPH-OR demonstrated a better fit to the experimental 

adsorption data, that is, higher R
2
 compared to their corresponding pseudo-second order 

(shown in Figure  6-15b and c). Therefore, the adsorption mechanism of DOX onto 

hydrogels is physisorption or physical binding, including both specific (such as van der 

Waals, hydrogen bonding, hydrophilic and hydrophobic interactions) and non-specific 

(simple physical) adsorptions. Among all hydrogels the plain rGOH had the lowest R
2 

(0.9885) of the pseudo-first order attributing to have less accessible pores for DOX to 

diffuse in. However, not having the peptide in the hydrogel significantly reduces its 
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specific adsorption characteristics. The small R
2 

of the pseudo-second order model varying 

from 0.8733 to 0.9739 clearly reveals that the chemisorption or chemical binding between 

DOX and hydrogels is unfeasible. This is apparently a good sign as chemisorption is 

difficult to reverse and a significant amount of energy is required to remove chemically 

adsorbed molecules. In view of drug delivery applications, particularly for releasing the 

drug, physisorption is more favorable than chemisorption as reversibility is the advantage 

of non-covalent functionalization [49, 458, 459]. It is noteworthy that apart from 

physisorption, the diffusion kinetics could be influenced by another parameter such as 

intra-particle diffusivity. The hydrogels adsorption data are very well fitted by the Weber 

and Morriss 
[457]

 kinetic model, with the average R
2
 of ~0.99, indicating that the adsorption 

process here was also intra-particle diffusion controlled (as shown in Figure  6-15d and 

Table  6-4). With respect to adsorption rate, the rGOPH with K1 and Kipd values of 8.9E-4 

min
-1 

and 13.57 mg g
−1

 min
−0.5

, respectively, had the most rapid uptake of DOX amongst 

all hydrogels. The rGOPH with Kipd value of almost twice as large as rGOH and higher R
2 

value supports our assumption of the impacts of the pore size on the adsorption mechanism 

stated in previous section. The bigger the pore size the larger the intra-particle diffusivity.  
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Table  6-4. Kinetic parameters for Pseudo-first-order, Pseudo-second-order and Intra-

particle diffusivity. 

Sample 

Pseudo-first-order 

model 

 Pseudo-second-order 

model 

 Intra-particle 

diffusivity 

K1 qe R
2
 K2 qe R

2
 Kipd R

2
 

rGOH 4.1E-4 429.43 0.9885  2.06E-05 442.31 0.8733  6.54 0.9844 

rGOPH-SR 6.8E-4 410.48 0.9900  9.82E-06 447.66 0.9589  8.37 0.9936 

rGOPH-HR 9.0E-4 268.16 0.9918  1.52E-05 331.25 0.9784  6.58 0.9829 

rGOPH-OR 8.9E-4 574.64 0.9947  1.73E-06 681.72 0.9739  13.57 0.9965 

6.4 Conclusions 

The rGOPH was found to be effective adsorbents for hydrophobic drug molecules 

due to its amphiphilic nature of peptide and oxygenated un-substituted graphene domains. 

The optimization of DOX loading capacity using RSM based CCFD design was 

demonstrated to be both efficient and economical for optimizing the experimental 

conditions with the least possible number of experiments. The rGO-OR prepared at 

optimum condition (89 °C and 54 µL hydrazine) with moderate hydrophilic/hydrophobic 

properties aided to achieve the desired pore size of ~2.6 nm as well as the highest DOX 

loading capacity, whereas both highly and slightly reduced GO, due to the highest inter-

sheet van der Waals interactions demonstrated the lowest values in pore sizes and DOX 

loading capacities. The kinetics studies demonstrated that rGOPH had the physisorption 

characteristics for adsorbing DOX as the experimental data well fitted to pseudo-first order 

model. The rGOPH due to have a larger pore size providing more accessible adsorption 

sites showed a quicker adsorption rate and higher loading efficiency compared to that of 

rGOH, the hydrogel without peptide. The possible adsorption mechanisms are mainly due 

to hydrogen bondings, π−π stacking interactions between the species of hydrogels and 

DOX. We believe this systematic study for preparing hydrogels of tunable pore size along 

with providing fundamental understanding drug adsorption mechanism, benefits the 

developments of controlled drug delivery systems using graphene based materials.  
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Supplementary information 

Section 1. Statistical experiments and analysis of variance (ANOVA) 

Supplementary Table  6-1 shows the 20 runs of statistical experiments based on 

CCFD to investigate loading capacity of DOX on rGOPH. The purpose of these 

experiments was to determine the functional relationship for the yield of drug loading 

capacity in relation to the 3 variables. They also develop the model and optimize the 

rGOPH preparation parameters.  

Supplementary Table  6-1. Experimental matrix for central composite design (CCD) for 

rGOPH preparation. 

Run Variable Type 
Variables 

A, (ºC) B, (µL) C, (µM) 

1 Factorial 85 25 0.04 

2 Factorial 95 25 0.04 

3 Factorial 85 75 0.04 

4 Factorial 95 75 0.04 

5 Factorial 85 25 0.10 

6 Factorial 95 25 0.10 

7 Factorial 85 75 0.10 

8 Factorial 95 75 0.10 

9 Axial 85 50 0.07 

10 Axial 95 50 0.07 

11 Axial 90 25 0.07 

12 Axial 90 75 0.07 

13 Axial 90 50 0.04 

14 Axial 90 50 0.10 

15 Center 90 50 0.07 

16 Center 90 50 0.07 

17 Center 90 50 0.07 

18 Center 90 50 0.07 

19 Center 90 50 0.07 

20 Center 90 50 0.07 
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The adequacy and significance of the predicted quadratic model were further 

established by performing Analysis of variance [444] as given in Supplementary Table  6-2. 

The p-value and F-value were used to determine the significance of each term at a 

specified level of confidence. The smaller the p-value of each term, the more significant its 

corresponding coefficient and the greater contribution of that term towards the response 

variable [436, 460]. The p-values (Prob > F) less than 0.05 imply that the model terms are 

significant and the p-values greater than 0.10 indicate the insignificancy of the model 

terms which has to be later removed in the model development process. In this instance, all 

linear, quadratic and cross-product terms (A, B, C, A
2
, B

2
, C

2
, AB, AC and BC) are found 

to be significant model terms, and had the largest influences on the DOX loading capacity 

at 95% confidence level of significance as indicated by the lowest p-value (<0.05). The p-

value of greater than 0.05 (which was not seen in this study) implies the insignificancy of a 

term’s effect on the response model. Therefore, that specific term has to be removed for 

modifying and further developing the model. According to the ANOVA table, the model 

F-value is 96.16 which indicates the model is significant. There is only 0.01% chance that 

a “Model F-value” this large could occur due to noise.   
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Supplementary Table  6-2. Analysis of variance 
[444]

 for the response-surface quadratic 

model of the DOX loading capacity. 

Source 
Sum of 

Squares 
DF 

Mean 

Square 
F-value 

p-value 

(Prob > F)  

Model 3.046E+005 9 33844.56 96.16 < 0.0001 Significant 

Linear 

A 24167.60 1 24167.60 68.67 < 0.0001 
 

B 2202.50 1 2202.50 6.26 0.0314 
 

C 36403.53 1 36403.53 103.44 < 0.0001 
 

Quadratic 

A
2
 27228.64 1 27228.64 77.37 < 0.0001 

 
B

2
 12205.21 1 12205.21 34.68 0.0002 

 
C

2
 18258.28 1 18258.28 51.88 < 0.0001 

 

Cross-

product 

AB 1951.35 1 1951.35 5.54 0.0403 
 

AC 12193.60 1 12193.60 34.65 0.0002 
 

BC 1795.44 1 1795.44 5.10 0.0475 
 

Residual 3519.45 10 351.94 
   

Lack of Fit 1728.41 5 345.68 0.97 0.5151 not significant 

Pure Error 1791.04 5 358.21 
   

Cor Total 3.081E+005 19 
    

The lack of fit, a test to indicate the significance of the replicate error (from the 

replicate measurements) in comparison to the model dependent error (from the model 

performance), is the ratio between the lack of fit mean square and the pure error mean 

square. By using the F-value in our model, we determined the insignificance of the lack of 

fit error. This is desired, and indicates that how well the model fits with the experimental 

data. 

Some additional statistical parameters are given in Supplementary Table  6-3 to 

determine the model reliability and reproducibility. The standard deviation (SD) of the 

fitted model was 18.17. The smaller the standard deviation and the closer the R
2
 value to 1, 

the more accurate the model will be, and predicted response values will therefore be much 

closer to the actual values. The coefficient of variation (CV) known as the ratio of the 

standard error of estimate to the mean value of the observed response is expressed as a 

percentage. According to and May (1987) [446], A model with the CV less than 10% can 
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be considered practically reproducible. In our DOX loading experiments, the CV value as 

low as 5.23% indicates precision and the high reliability of the conducted experiments. The 

adequate precision measures the signal-to-noise ratio, which is calculated by dividing the 

difference between the maximum predicted response and the minimum predicted response 

by the average SD of all predicted responses. As Montgomery (2012)[435] has suggested, 

for the model to be able to give reasonable performance according to the prediction, it 

needs to have an adequate precision ratio greater than 4, and the difference between 

adjusted and predicted R-squared (ΔR-squared)  should be <0.2. In this instance, the 

adequate precision of 31.05 (which is >4) and ΔR-squared of 0.024 indicate that the model 

is adequate with a low signal to noise ratio. 

Supplementary Table  6-3. Statistical parameters as obtained from ANOVA for the 

response(DOX loading )-surface fitted model. 

Type of variables value  Type of variables value 

Standard Deviation (SD) 18.76  R-Squared 0.9886 

Mean 358.73  Adjusted R-Squared 0.9783 

Coefficient of variation C.V. (%) 5.23  Predicted R-Squared 0.9447 

Prediction error sum of squares 

(PRESS) 
17028.89 

 
Adequate Precision 31.051 

The loading efficiency of DOX was calculated by using DOX UV calibration curve 

at 490 nm. The correlation between the UV-vis absorbance at 490 nm and the 

concentration of DOX was normalized by linear regression, and this showed a well-

correlated linear relationship (R
2
=0.9982). The standard curve had a good linear relation, 

described by the following typical equation:  
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Supplementary Figure  6-1. UV absorbance versus concentration of DOX. The fit (red 

curve) was used for calculation of the amount of DOX that was loaded on the hydrogels. 

Section 2. Characterizations of rGO-SR, rGO-HR and rGO-OR 

Wettability or water contact angle measurements were conducted as a qualitative 

method to confirm the loss of oxygen groups and increasing the hydrophobicity. However, 

it is not capable to quantify the degree of oxygen loss. The degree of reduction of the films 

was further assessed by their hydrophobicity. Supplementary Figure  6-2 shows the 

wettability of the rGO film (rGO-SR, rGO-HR and rGO-OR) and was obtained by fixing 

one of the above parameters and varying the other. The average water contact angles of the 

rGO film treated at an optimum temperature of 89 °C with 25, 54 and 75µL of hydrazine 

were 52.26°, 70.5°and 84.73°, respectively. In the case of fixing the hydrazine amount at 

optimum value of 54 µL, the average contact angles on rGO surface were 53.06°, 70.5° 

and 84.67° for being treated at 85, 89 and 95 °C respectively. Clearly, the rGO surface 

showed the higher hydrophobicity, indicating a high degree of reduction and more removal 

of oxygen content by increasing either the reduction temperature or hydrazine amount. 
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Supplementary Figure  6-2. Water contact angle: (a) rGO treated with 25 µL (1), 54 µL(b) 

and 75 µL(3) of hydrazine at a constant temperature of 89 ˚C and (b) rGO treated at 85 ˚C 

(1), 89 ˚C (2) and 95 ˚C (3) with using a constant amount of hydrazine; 54 µL. 

Optimally reduced GO is more stable, does not stack like highly reduced GO, or 

precipitate like highly oxidized GO. 

The top photos in Supplementary Figure  6-3a and b on top, show the effects of the 

hydrazine amount and the temperature on the degree of oxygen group removal by fixing 

one parameter at its center level and varying the other one as guided by DOE. All 

dispersions were left undisturbed for one week to check their stability. Regardless of the 

reducing temperature, the rGO turned into black colour after adding even a small amount 

of hydrazine. The rGO prepared with lower and middle levels of each parameter exhibited 

stability after a week, but those prepared at the higher level conditions (e.g. at 95˚C or with 

75 µL of hydrazine), agglomerated and precipitated due to the large loss of graphene 

surface functionality. In contrast, the GO dispersion was stable for several months due to 

possessing large amounts of oxygen containing groups. As a quantitative method, the zeta 

potentials were utilized to confirm and track the loss of oxygen functionalities the aqueous 

dispersions after reducing the GO and varying different parameters. The bottom figures in 

Supplementary Figure  6-3b show that all the samples were negatively charged to some 

extent indicating to contain oxygen functionalities. The zeta potential of GO was initially 

around –69.3 mV, but started decreasing after adding more hydrazine and increasing the 
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temperature, contributing to the elimination of the oxygen-containing functional groups. 

According to basic principles of colloidal science,[461] the minimum absolute value of 

zeta potentials has to be 30 mV to ensure there is  sufficient repulsion to reach to the 

colloidal stability. The American Standard Test Methods (ASTM) [462] on the other hand 

defines that colloids possess “good stability” if they have zeta potentials of higher than 40 

mV. All dispersions prepared here had zeta potentials larger than this range, except those 

prepared at the highest level of parameters (for example at 95˚C with 75 µL of hydrazine). 

The zeta potentials of highly reduced GO were even below 30 mV, thereby reducing the 

electrostatic repulsions, colloidal stability and consequently agglomerating. 

 

Supplementary Figure  6-3. (a) GO and rGO dispersions (5 mg.mL
−1

) prepared (a) with 

different amount of hydrazine at constant temperature of 89˚C and (b) at different 

temperature with constant volume of hydrazine (54 µL). Their corresponding zeta potential 

graphs are given below the photograph. 

These results suggest that the formation of a stable rGO should be attributed to a 

slight electrostatic repulsion generated by ionization of carboxylic acid (in basic pH~9), 

but not only the hydrophilicity of GO through the hydrogen bonding with water as was 

previously presumed. In order to futher confirm the origin of this electrostatic repulsion 

and unveil the graphene surface chemistry, FT-IR analyses of four different samples were 

investigated. These were GO; slightly reduced GO (rGO prepared with the lowest level of 

paramteres at 85˚C with 25 µL hydrazine) named “rGO-SR”; highly reduced GO (rGO 

prepared with the highest level of paramteres at 95˚C with 75 µL hydrazine) named “rGO-

HR”; and optimally reduced GO (rGO prepared with optimum level of paramteres at 89˚C 
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with 54 µL hydrazine and which endowed the highest yield of DOX uptake defined by 

DOE), named “rGO-OR”. Supplementary Figure  6-4 shows the typical FT-IR spectra of 

GO and the hydrazine treated rGO with different degrees of reductions. In the instance of 

GO, the characteristic peaks appear for hydroxyl (−OH stretching group at ~3218 cm
−1

), 

carbonyl C═O stretching (1730 cm
−1

), aromatic C═C (1620 cm−1), carboxy C−O (1415 

cm
−1

), epoxy C−O (1228 cm
−1

), and C−O (1070 cm
−1

) which are all in the ranges reported 

elsewhere [416-418]. The rGO-SR demonstrated a substantial loss of its oxygen containing 

group, with the groups with C−O stretching in particular. The rGO-OR exhibited similar 

losses with greater intensities. Our FT-IR results are in agreement with the literature [463-

465]. Chemically reduced GO, particularly when treated with hydrazine, loses the majority 

of the oxidized groups, including the phenolic hydroxyl and epoxide groups, whereas 

carboxyl groups remain untouched. It is noteworthy that carboxyl groups are unlikely to be 

reduced by hydrazine under the reaction conditions used in this study. These groups should 

therefore remain in the form of –COO
–
 on rGO while being reduced in the basic 

environment. In the instance of rGO-HR, the peaks for the oxygen functional groups were 

reduced efficiently. The remaining significant peaks are attributed to the aromatic carbon 

double bonds (C═C) group and a minor C═O stretching which represents the presence of 

carboxyl group. When the C═C stretching peak become dominant, it leads to strong π−π 

stacking interactions and aggregation of graphene sheet as is evident for the highly reduced 

samples in Supplementary Figure  6-3a and b. 

 

Supplementary Figure  6-4. FT-IR spectra of GO and rGO-SR, rGO-OR and rGO-HR 
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Supplementary Figure  6-5. Interaction energies between plain graphene sheets (blue 

line), between graphene sheets and PHE residues of the (a) two and (b) three peptides 

located at the interlayer space (red line). Insets are snapshots from the initial, stacking and 

final states of the MD simulation. 
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Supplementary Figure  6-6. Real time monitoring of DOX adsorption by hydrogels; 

rGOH (without the peptide), rGOPH-0.08 µM (with optimum peptide concentration), and 

rGOPH-0.10 µM (with the highest peptide concentration) 

Section 3. MD simulation details 

1) Two Graphene sheet with single and multiple designed peptides 

Three different simulation systems were constructed by placing two graphene sheets 

in a periodic rectangular simulation cell, with a box size of 60.5 × 62.5 × 80 Å
3
, along with 

one, two and three designed peptide (α-helix with the amino acid sequence of 

FFGGEEEEEEGGFF) in between graphene sheets with their center of mass (CoM) set at 

zero. The graphene sheets modelled here have the finite size of 41.75 x 42.55 Å
2
. The 

system was then solvated using the TIP3P water model[412]. The density of the water well 

away from the graphene surface was arranged to be equal to that of bulk water at 298 K 

and 1 atm. 0.15M Sodium ions were added to ensure overall charge neutrality of the 

cell[381]. Then energy minimization and system equilibration were carried out for all three 

systems for 200ps and1 ns, respectively, until the root mean square deviation (RMSD) and 

the system's total energy become stable. This indicated that the equilibrium state was 

reached. Then MD production run for the three system underwent for at least 30 ns in the 

isothermal-isobaric ensemble, number of moles, pressure and temperature (NPT) 

ensemble, to explore graphene-peptide interactions and conformations in solution. The 

http://www.absoluteastronomy.com/topics/Isothermal-isobaric_ensemble
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Langevin dynamics and CHARMM force field were employed to integrate equations of 

motion with a time-step of 2 fs. Long-range full electrostatics were handled using the 

Particle-Mesh Ewald (PME) approach with a cut-off of 1.2 nm. 

2) Two rGO sheets with single peptide 

This system was set the same as graphene system with a single designed peptide with 

an only difference that the surface of each graphene sheet were partially covered by 

oxygen containing groups (including 34carboxylic and 38hydroxyl functionalities) 

endowing hydrophilicity to the graphene hydrophobic surface. The Energy minimization 

and 50 ns MD production run were carried out with the same condition and configuration 

as systems mentioned above. 

3) MD simulation for the effects of pore size in drug adsorption 

In order to simulate the hydrogels with pore size of ~1.0 nm for rGOH and ~2.6nm 

for rGOPH, two systems were built by placing two partially oxidized graphene sheets with 

the distances of 1 and 2.6 nm from each other. To give rigidity to the pore structure, all 

carbon atoms on the edges of the graphene sheets were constrained within the vicinity of 

their initial coordination during the entire simulation by a harmonic constraint. The force 

constant was set at value of 2 for those atoms’ restraining potential. 8 DOX molecules 

were then located outside the pores at a similar distance (~1 nm) to the pore entrance. 

Energies of both systems were minimized and the 30 ns MD production runs were carried 

out using the same ensemble as graphene peptide system, except adding harmonic 

constraint parameters. 
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Chapter 7: A Peptide Mediated Self-Assembled Graphene 

Hydrogels: Controlled Drug Release and Cytotoxicity 

Tests 

Abstract 

Peptide mediated self-assembled graphene hydrogel, denoted rGOPH, as a novel 

layered nanomaterial, demonstrated to be a promising carrier for drug delivery due to its 

high loading capacity. However, the therapeutic potentials of rGOPH, in terms of drug 

release, biocompatibility and cytotoxicity have not been explored. In this study, we have 

proven that rGOPH with its pH-responsive release behavior can be used as an efficient 

nanodrug carrier for cancer therapy. The release behavior of doxorubicin (DOX), as an 

anticancer model drug, was investigated under various pH values in vitro, and the results 

exhibited slow drug release profile together with an initial small burst effect. The high 

mesenchymal stem cells (MSCs) viability of about ~95% indicated the outstanding 

biocompatibility and low toxicity of this material. This study provides insights into the 

design of suitable layered graphene based films for biomedical applications. 

7.1 Introduction 

Among all chemotherapeutic agents, particularly for cancer treatment, doxorubicin 

(DOX) showed to be exceptionally active to a large variety of cancers including 

hematological malignancies [466], carcinomas of the breast [467], lung [468], ovary [469], 

stomach [470] and thyroid [471], as well as sarcomas of bone and soft tissue origin [472]. 

However, the side-effects such as cardiotoxicity, alopecia, vomiting, leucopenia, and 

stomatitis of DOX hindered its successful applications. In order to diminish the undesired 

effects without reducing drug potency, DOX has to be encapsulated into various drug 

delivery agents [473, 474]. These carrier agents should be able to efficiently uptake drug, 

protect it and selectively release it in specific sites with minor adverse effects to 

surrounding tissues [260]. 
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Graphene related (e.g. graphene oxide (GO) or reduced GO) sheets as novel carbon 

nanomaterials have recently been of considerable interest in drug delivery applications as 

both sides of the nanosheet could be accessible for drug loading [263, 264]. It can be 

further functionalized to exhibit good aqueous solubility[261] and biocompatibility[160]. 

The functional groups on graphene sheets can be protonated or deprotonated at different 

pH values[94, 475] endowing pH dependent release of drugs[28, 246, 259]. The major 

issue with using GO and rGO in dispersion form is the reactive oxygen species (ROS) 

[179], which damages healthy cells through generating oxidative stress[476]. Oxygen 

containing graphene and pristine graphene sheets, respectively through the electrostatic 

interaction with phosphatidylcholine lipids of the red blood cells (skin fibroblasts) [182] 

and hydrophobic interaction with monkey renal cells[183] resulted in high oxidative stress 

and led to apoptosis of the cells. Other study demonstrated that the removal of oxygen 

functionalities from the GO surface can reduce its cytotoxicity and enhance cell viability 

[477]. However, the toxicity of graphene based dispersions found to be concentration 

dependent [179, 182]. 

In contrast to dispersion form of GO and rGO based materials, some results have 

shown such materials in the forms of film, paper or slabs can exhibit excellent 

biocompatibility with limited viability inhibition of the treated cells. For instance, Agarwal 

and co-workers [192], found that rGO in the film form is biocompatible with rat 

pheochromocytoma (PC12) cells, human oligodendroglia (HOG) cells, and human fetal 

osteoblast (hFOB) cells. Also the GO film showed to be a non-toxic platform for 

proliferating mammalian colorectal adenocarcinoma HT-29 cells [195]. These results 

suggest that the graphene based films with integrated structure might be more suitable 

candidates for biological applications as they make less interaction with individual cell 

membrane and lead to less damage to the healthy cells. On the contrary, graphene sheets in 

dispersion phase have the high chance to interact with cell membrane and cause large ROS 

and cell toxicity. 

GO [478, 479], rGO [480] and CVD grown graphene [479, 481] films have 

demonstrated to be great platforms for anchorage-dependent cells such as mesenchymal 

stem cells (MSCs) which need to adhere to substrates in order to spread, proliferate, and 
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perform their function [482]. Their adhesion occurs through the hydrophobic interaction 

between π-electron cloud on graphene and the inner hydrophobic core of proteins. In 

addition, oxygenated groups on graphene surface via electrostatic interactions can bind to 

serum proteins, Fibronectin, which enhances the cellular adhesion and proliferation [479]. 

Hence, graphene surface chemistry plays a major role in biocompatibility toward 

anchoring MSCs. 

Our previous study (in Chapter 6), along with other studies, found DOX, a common 

anticancer drug model, have high affinity to adsorb on the surface of graphene related 

materials via π–π stacking and hydrogen bonding,[28, 246-248] suggesting that the 

constructs made of graphene derivatives may be suitable for drug delivery. A layered 

graphene hydrogel film with tuneable pore size made of peptide mediated self-assembly of 

graphene sheets, denoted rGOPH, showed to be a promising candidate for the controlled 

delivery of DOX. A sample with the highest DOX loading capacity (~ 510.5 µg DOX/mg 

rGOPH) was chosen to investigate the drug release behavior under different pHs. Such a 

novel hydrogel, not only benefits from a high accessible volume for taking-up drug 

molecules, but also contains peptides serving as biocompatible cross-linker. The 

advantages of the prepared rGOPH over Wu et al. [49] in drug delivery application are the 

uniform porous structure and controlled chemistry of the material. Wu’s hydrogel made of 

random pores for which near-infrared (NIR) irradiation power and time played key roles 

adjusting the local temperature of hydrogel for controlling the release behavior. Our 

hydrogels with tuneable mesoporous structures lead to spontaneous drug release in a more 

sustained way under a specific pH value. To date, very little is known about the release 

behavior and cytotoxicity of graphene binding peptide materials. Hence, besides the pH 

dependent drug release, this study also focuses on the cell viability and biocompatibility of 

the rGOPH. To accomplish this, we selected anchorage-dependent MSCs as the model cell 

to investigate the bicompatibility of the obtained rGOPH films over a long period of time 

in order to demonstrate that such amphiphilic hydrogel films could offer an excellent 

micro-environment for cell adhesion and proliferation. 
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7.2 Experimental Details 

7.2.1 Materials 

In order to investigate the drug release behaviour of the rGOPH, a sample from 

previous chapter with the highest DOX loading capacity (~ 510.5 µg DOX/mg rGOPH) was 

chosen as model hydrogel sample. The details of rGOPH synthesis and DOX loading 

process have been described in Chapter 6. 

For cell viability, Dulbecco's Modified Eagle's Medium (DMEM), trypsin-EDTA, 

penicillin-streptomycin and fetal bovine serum (FBS) were purchased from Gibco-BRL 

(Grand Island, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) was also ordered from Molecular Probes (Oregon, USA). 

7.2.2 Methods 

7.2.2.1 Release of DOX from rGOPH hydrogels  

The drug-loaded hydrogel were prepared by immersing rGOPH in a cuvette 

containing 3 mL of DOX (50 µg mL
-1

) for 24 hrs. To investigate the release of DOX from 

hydrogels, the film was taken out from drug loading cuvette and then rinsed for several 

times with DI water to remove the drug molecules which were attached to the outer surface 

of the hydrogel. The hydrogel film was then cut into 3pieces (~5 mg for each piece) and 

immersed in 3 separate cuvettes (shown in Figure  7-1) of 3 mL PBS solutions with pH 5.4, 

7.4 and 9.4 to investigate the release profile in acidic, neutral and basic environments. The 

drug release was assumed to start as soon as the hydrogels were transferred into the 

reservoir. The release reservoir was kept under constant stirring and 37 ˚C. The 

concentrations of DOX released from hydrogels were quantified using UV-vis 

spectroscopy. The amount of DOX release was calculated by using the DOX UV 

calibration curve at 490 nm. The correlation between the 490 nm absorbance and DOX 

concentration is showed in Figure  7-2. 



 

 192 

 

Figure  7-1. Schematic drawing of the real time monitoring of DOX release from 

hydrogels. 

 

 

Figure  7-2. UV calibration curve of DOX concentration in PBS buffer at the wavelength 

of 490 nm. 

7.2.2.2 Cell culture 

A stem cell line, mesenchymal stem cells (MSCs) (murine, 10T1/2, RIKEN cell 

bank, Japan) was grown in cell culture flasks containing DMEM supplemented with 10 % 

FBS, 100 U mL
-1

 of penicillin, 100 mg mL
-1

 of streptomycin and 2 mM L
-1

 L-glutamine. 

The cells were kept in a humidified incubator at 37 °C in the presence of 5% CO2 for cell 

culturing. 
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7.2.2.3 Cytotoxicity: Analysis of cell viability 

Cell viability was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) tetrazolium  assay in a microplate reader. MSCs were 

seeded in 96-well microplate at a density of 5.0×10
4
 cells/mL in 200 μL DMEM 

supplemented with 10% FBS, 100 U mL
-1

 of penicillin, 100 mg mL
-1

 of streptomycin and 

2mM L
-1

 L- glutamine for 24 hrs and incubated at 37 °C in a 5% CO2 humidified 

incubator. Cells were then cultured in medium with various mass of rGOPH for 24 hrs. 

Control cells did not receive any hydrogel treatment. Three replicate wells were used for 

the control and test experiments. Cell viabilities were examined using MTT assays. 10 µL 

of MTT (5 mg mL
-1

 in PBS) were added to each well, including both samples and controls, 

and then incubated for 4 hrs at 37˚C. All the liquid was removed from wells and 150 µL 

dimethyl sulfoxide (DMSO) was added to each well to ensure complete solubilisation of 

formazan crystals. After 1 hr further incubation, the absorbance was measured at 595 

nm using a microplate reader (BioTek, USA). Cell viability was expressed as a percentage 

of the control cell culture value. A control was performed in parallel to monitor the 

influence of medium on the assays. The cell viability of each treatment was calculated by 

following equation [247]:  

100





)blank(OD)control(OD

)blank(OD)sampletest(OD
viabilityCell     ( 7-1) 

Cell viability values were expressed as mean ± standard deviation of three 

independent experiments. Comparisons between two groups were analysed using one-way 

analysis of variance, with P<0.05 taken as statistically significant. 

7.2.2.4 Biocompatibility studies of rGOPH 

Two thin transparent films of rGOPH (0.5 mg) were prepared using vacuum filtration 

and attached to separate glass slides. The rGOPH containing slides were placed into cell 

culture plate and MSCs at a density of 5.0×10
5
 cells/mL in 2 mL DMEM were added. The 

cell culture plate was then incubated following the same procedure reported in 

section  7.2.2.2. For biocompatibility studiy, live/dead cytotoxicity/viability kit was used to 

stain live and dead cells. 1 μM of acetomethoxy derivate of calcein (calcein AM) and 2.5 
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μM of ethidium homodimer-1 (EthD-1) working solutions were prepared freshly according 

to manufacturer’s protocol. At days 1 and 10 of incubation, the growth medium was 

removed and rGOPH films were washed with 1.0 mL PBS. The liquid was replaced with 2 

mL of dye working solution and further incubated at 37˚C for 15 min. The dye solution 

was discarded and samples were carefully washed with PBS to remove unreacted dyes. 

The cultured cells on the rGOPH films were observed under a Leica SP5 spectral scanning 

confocal microscope (Leica Microsystems, Germany). Excitation wavelengths were set to 

494 and 528 nm and emission wavelengths were at 517 and 617 nm for live (green) and 

dead (red) cells, respectively. 

7.3 Results and discussion 

7.3.1 DOX release 

Figure  7-3 shows the 10 days DOX release profile of a rGOPH sample investigated at 

the pH values of 5.4, 7.4 and 9.4. As expected, the GO shows distinctly different release 

profiles toward DOX at different pH values. The cumulative release of DOX from rGOPH 

is 63.91% at pH 5.4, 19.04% at pH 7.4, and 6.63% at pH 9.4. The release profiles of DOX 

from rGOPH at different pH values shows that DOX stacked on graphene hydrogels 

remained stable in neutral and basic conditions and the laded DOX could be released in 

acidic condition. After an initial low level burst effect (less than 10%), DOX only 

continues to be released to any acidic conditions such as tumour sites. The release rate is 

sustained at an essentially constant value for around 3.5 days. 

The accelerated DOX release in the acidic environment can be attributed to the 

increased protonation and solubility of DOX, similar to the reported pH-dependent loading 

and releasing properties of other graphene based materials[28, 248]. The pH-dependent 

DOX release may be related to intermolecular hydrogen-bonding. As all three samples 

tested were cut from the same hydrogel film, there should be similar level π-π stacking 

interactions between rGOPH and DOX. Thus, the leading factor in release is the hydrogen 

bondings. As depicted in Table  7-1, there are 4, 8 and 8 types of hydrogen bonding could 

be formed between DOX and rGOPH, respectively, under basic, neutral and conditions.  
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Table  7-1. Groups form hydrogen bonds in rGOPH and DOX in different pH values. 

pH rGOPH DOX 
Types of possible hydrogen bonds 

5.4 
–COOHgraphene , –OHgraphene, 

–NH peptide, –C=Opeptide 
–OH 4 

7.4 
–COOHgraphene, –OHgraphene, 

–NHpeptide, –C=Opeptide 
–NH2, –OH 8 

9.4 
–OHgraphene,–NH2peptide C-term, 

–NHpeptide, –C=Opeptide 
–NH2, –OH 8 

In the acidic environment, –NH2 group of DOX becomes protonated –NH3
+
 and 

cannot participate in hydrogen bonding. In this case, only 4 types of hydrogen bondings 

occur between rGOPH and DOX. Furthermore, the protons (H
+
) in acidic solution may 

also compete with the hydrogen-bond-forming groups (either from hydrogel or DOX) and 

may then weaken the above mentioned hydrogen-bonding interactions [248]. The –NH3
+
 of 

DOX has the pKa value of 4.6 and loses the proton in neutral environment, hence, it can 

take part in the formation of hydrogen bonding with functional groups on graphene surface 

when the pH increased to 7.4. In basic environment, –COOH of rGOPH loses its hydrogen 

(becomes deprotonated) to form –COO
–
 and no longer participate in hydrogen bonding 

formation with –OH and –NH2 groups of DOX. The –NH3
+ 

of the peptide in rGOPH 

becomes deprotonated and join the hydrogen bonding with DOX. Therefore, the smallest 

number and weakest hydrogen bonding interactions between rGOPH and DOX is expected 

in acidic environments, which supports our experimental results where the highest yield of 

DOX release was obtained from rGOPH at pH=5.4. It is noteworthy for the interaction 

between the graphene sheets and DOX, π-π stacking may be the most important one 

because the release rate of DOX from rGOPH significantly decreased after the burst 

release (first 4 hrs) under acidic conditions, even with decreasing the hydrogen-bonding 

interactions. The pH-dependent drug releasing behaviors favors the cancer drug delivery 

applications, since the microenvironments of extracellular tissues of tumors is acidic. That 

could efficiently facilitate the drug release from rGOPH made in the form of chips 

localized in the tumor sites. 
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Figure  7-3. The cumulative release of DOX from rGOPH at different pH values. 

7.3.2 Effects of hydrogels weight on cell viability 

The MSCs were treated with different amounts of rGOPH (5, 10, 15, 20 and 25 mg) 

for 24 hrs, and the effect of hydrogels on cell viability assessed using MTT assays. 

According to Figure  7-4, the treated cells showed that cell viability for hydrogels were not 

dose-dependent. Increasing the hydrogel weight from 5 to 25 mg, the cell viabilities were 

all above 95%, indicating the low toxicity of the as-synthesized hydrogels. This is probably 

attributed to the removal of oxygen containing groups during GO reduction process. It is 

well-known that the number of oxygen containing group proportionally relates to the level 

oxidative stress mediated by ROS generation [483, 484] which is the main reason of 

nanomaterial toxicity to healthy cells. Comparing with other studies of using GO or rGO 

dispersions for treating MSCs [177, 485], our results strongly suggested that successful 

reduction of GO sheets and their integrated structure in the form of rGOPH film resulted in 

negligible cytotoxicity in MSCs. 
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Figure  7-4. The effect of rGOPH (0, 5, 10, 15, 20 and 25 mg) on cell viability of MSCs for 

24 hrs. The results represent the means of three separate experiments, and error bars 

represent the standard error of the mean. Treated groups did not show any statistically 

significant differences from the control group by Student’s t-test (P < 0.05). 

7.3.3 Effects of DOX and GO/DOX on cell viability 

MSCs were treated with DOX and rGOPH/DOX for 24 hrs, and the cell viability 

effects were assessed using MTT assays. Figure  7-5 compares the cell toxicity of 5 µg of 

DOX provided via 100 µL of a 50 µg.mL
-1

 DOX solution (DOX-only) and 5 mg of a 

hydrogel loaded with approximately 50 μg of DOX that releases same amount of DOX (5 

µg, by maximum in acidic condition) from previous 24 hrs assessment (rGOPH/DOX). As 

show in Figure  7-5, at a dosage of 5 mg rGOPH for 24 hrs, we demonstrated that the drug-

free hydrogel showed no toxicity (cell viability about 97.5% ± 0.8%) to cells. The DOX 

treated cells had an obvious decrease in cell viability (down to ~71.6% ± 1.6%) confirming 

that the DOX had a significant toxicity to healthy cells. However, the cell viability 

increased for the rGOPH/DOX (to ~86.7% ± 1.5) even though the hydrogel contained drug 

dosage around 30 times larger than DOX-only. That reveals that most of drug molecules 

are adsorbed in hydrogel so that they could not expose to the cell environment, particularly 

in neutral pH (pH of healthy cells). These results strongly suggest that the rGOPH not only 
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being highly biocompatible, but even decrease the toxicity of the DOX toward healthy 

cells. 

 

Figure  7-5. The effect of rGOPH, DOX, and rGOPH/DOX on cell viability of MSCs for 

24 hrs. The results represent the means of three separate experiments, and error bars 

represent the standard error of the mean. Treated groups showed statistically significant 

differences from the control group by Student’s t-test (P < 0.05). 

7.3.4 Biocompatibility studies 

Given the potential use of the hydrogel films in biomedical field, MSCs viability 

cultured on the rGOPH films with highest weight of 25 mg was evaluated using live/dead 

staining with calcein-AM (to stain live cells with a green color) and ethidium homodimer 

(to stain dead cells with a red color). Confocal fluorescence microscopy revealed that most 

of the cells plated were alive on the rGOPH film. For instance, Figure  7-6 from left to 

right, respectively, shows the confocal fluorescent images of live, dead and mix of 

live/dead cells on the rGOPH film. The upper row images features the cells after 1day 

seeding time whereas the lower ones represent the 10 days incubation of the cells treated 

on rGOPH. The absence of red color cells attributes to the high biocompatibility of the 

film, the longer the seeding time, the more anchoring of the cell and the stronger 

attachment to the rGOPH film. Such behavior demonstrates that rGOPH is not only a 

favorable platform for MSCs, it also aided with retaining the live cells functionalities up to 
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10 days after seeding. Compared with other studies of the rat pheochromocytoma (PC12) 

cells[192] and mammalian colorectal adenocarcinoma HT-29 cells [195] treated on 

graphene based films, our rGOPH film exhibited more than 2 times longer 

biocompatibility and even with using 50 times larger graphene concentration. Our 

biocompatibility results are also comparable with GO treated MSCs reported by Elkhenany 

et al. [478] who found MSCs adhered and proliferated on GO film for over a 10 days 

period. However, the mass of graphene based film in our study is 5 times larger than what 

they used. After all of these comparisons, the toxicity of rGOPH film found to be 

independent of time and the weight of hydrogel and it is assured that there is no serious 

risk of using them for treating even healthy cells.  

 

Figure  7-6. Confocal laser scanning microscopy images (live, dead and mix of live/dead 

images) of MSCs treated with rGOPH(25 mg) at day1 and 10. 

7.4 Conclusions 

In summary, the pH-dependent release of anticancer drug molecule DOX from 

rGOPH was investigated in PBS solutions under acidic, neutral and basic conditions. The 

rGOPH exhibited the highest release rate in acidic environment, thereby, could be a 
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promising candidate for cancer therapy. MSCs were used to assess the cytotoxicity of 

rGOPH and rGOPH/DOX. MTT assays found that rGOPH regardless of weight had a 

negligible toxicity to MSCs and that rGOPH/DOX containing larger dose of DOX was less 

cytotoxic than pure DOX. This confirms the controlled release behavior of rGOPH which 

was slow and in a sustained way. Our biocompatibility test results also showed that MSCs 

independent of the seeding time retained their functionalities on the rGOPH film indicating 

that such material have no damage risk being localized in healthy cells environment. Our 

approach is the first utilization of a peptide mediated layered graphene hydrogel with 

tunable pore size as a drug carrier, and this result opens the door for designing suitable 

graphene related materials for real biomedical application and many other areas. 
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Chapter 8: Conclusions 

In this work, layered graphene hydrogels were systematically studied from their 

design and MD simulations to preparations, characterizations and applications. 

First, a tetradecamer α-helical peptide (FFGGEEEEEEGGFF), denoted UA2, was 

designed and synthesised. The peptide helicity and RMSD measurements demonstrated its 

outstanding structural stability in the ionic water solution with a neutral pH. The statistical 

analysis from the adsorption mechanism and conformational dynamics of 45 all-atom MD 

simulations of Graphene/UA2 system confirmed the feasibility and similar preferences of 

peptide adsorption on flexible graphene surface. The dominant factor for UA2 binding to 

the graphene surface was the strong π- π stacking interactions of PHE residues that 

symmetrically designed both ends of UA2 (N- and C-terminal residues). The PHE residues 

initially through direct surface interactions, lockdown on the graphene surface, however, 

GLU negative charged side-chains were also the second leading factor for the UA2 

stabilizing on the graphene surface and the closest they went toward the surface was the 

positive charged region between first and second water layer. The surface oscillation of the 

flexible graphene sheets did not perturb the interfacial water density profile or the native 

intra-peptide interactions and its helical conformation. The experiment results through 

TEM and AFM images confirmed the peptide affinity and assembly on the flexible 

graphene surface. The height profile measurement in agreement with simulation result 

confirmed the peptide height of about ~6 Å indicating that the peptide had the lie down 

orientation after complete adsorption on the graphene sheet.  

UA2 was proposed to have a symmetric design with aromatic containing residues at 

each end to aid with their symmetrical binding with pair of graphene sheets and induce 

their assembly after being placed in between them. This was investigated in the second 

study, in a system through MD simulation with two graphene sheet and single peptide. The 

simulation results revealed that UA2 through its aromatic residues (PHE) utilizing π- π 

stacking interactions helped with LBL self-assembly of graphene nanosheets to build a 

novel 3D construct, with tuneable pore sizes and structural characteristics. Such hydrogel 

construct was then prepared simply by mixing the graphene dispersion with the UA2 
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peptide, in thick (opaque) and transparent form (depends on the graphene concentration), 

without the need for either surfactant stabilizers or co-solvent. The obtained hydrogels with 

and without presence of peptide were denoted as rGOH and rGOPH, respectively. In 

agreement with simulation results, the AFM experiments for a few layers scale, UV-Vis 

and N2-adsorptions for the bulk material demonstrated that the desired pore size of ~26 Å 

was achieved in LBL peptide mediated self-assembled hydrogel. The N2-adsorptions 

results also elucidated that the porosity within the hydrogel films (either with or without 

presence of peptide) was retained when freeze-dried under vacuum condition indicating 

high structural stability of the porous hydrogels. It was eventually shown that such 

hydrogel material could be used to exquisitely separate biomolecules in the nanometre 

range. For instance, the rGOPH acted as size-selective adsorbent as it could adsorb the 

FD4 and FD10 with the respective molecular size of ~1.4 and nm ~2.3 nm, but the FD20 

of ~3.3 nm was completely rejected. Such great physiochemical properties and size 

selective adsorption properties also opens up new vistas of different applications in the 

areas of nanoelectroncis, nanobiotechnology and nanomedicines.  

As an application of the prepared hydrogels, loading and controlled delivery of an 

anti-cancer drug, doxorubicin (DOX), were investigated with regards to the effect of 

hydrogel preparation parameters and pore sizes. DOX loading capacity of rGOPHs was 

studied (modelled and optimized) using the DOE analysis of 20 experiments and applying 

the central composite face-centered design (CCFD) on three main preparation parameters 

of hydrazine amount, reduction temperature and peptide concentration. The rGOPH 

exhibited distinct pH-dependent behavior with largest DOX loading ratio in neutral 

condition (510.4 µg) as compared with the acidic (283.6 µg) and basic conditions (390.2 

µg), which is mainly attributed to the different degrees of hydrogen-bonding interaction 

between DOX and rGOPH under different pH conditions. The rGO prepared at optimum 

condition (89 °C and 54 µL hydrazine) due to contain sufficient amount of oxygen 

containing groups aided to achieve the desired pore size of ~2.6 nm as well as the highest 

DOX loading capacity. In contrast, both highly and slightly reduced GO, due to the higher 

inter-sheet van der Waals interactions (through either strong hydrogen-bonding or π−π 

stacking interactions) demonstrated the lowest values in pore sizes and DOX loading 

capacities. The kinetics studies of DOX loading experimental data demonstrated the 
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physisorption characteristics of rGOPH after well-fitting to pseudo-first order model. The 

rGOPH due to have a larger pore size providing more accessible adsorption sites showed a 

quicker adsorption rate and higher loading efficiency compared to that of rGOH, the 

hydrogel without peptide. The possible adsorption mechanisms are mainly due to hydrogen 

bonding, π−π stacking interactions between the species of hydrogels and DOX. 

Furthermore, the effect of pore size on the DOX loading yield and mechanism were 

investigated using MD simulations. Interestingly, similar to the experimental data the 

rGOPH of ~2.6 nm pore size exhibited a faster initial and overall adsorption rate with a 

loading efficiency almost 2.5 times larger than that of rGOH (with 1.0 nm pore size) 

through 30ns of MD simulations.  

Furthermore, in order to investigate the potentials of rGOPH for therapeutic 

applications, its pH dependent DOX release was conducted in PBS solution under acidic, 

neutral and basic conditions together with performing cell viability and biocompatibility 

tests. The rGOPH exhibited the highest release rate in acidic environment, thereby, could 

be a promising candidate for cancer therapy. In such a condition, the release rate was 

sustained at a constant value (60%) for around 3.5 days. MSCs were used to assess the 

cytotoxicity of rGOPH and rGOPH/DOX. MTT assay data found that rGOPH regardless of 

weight had negligible toxicity to MSCs and that DOX containing rGOPH was less 

cytotoxic than pure DOX. The biocompatibility results further confirmed retaining of 

MSCs functionalities even after 10 days being seeded on rGOPH film indicating that there 

is no serious risk of using them for treating healthy cells. The approach introduced in this 

study opens the door for designing graphene based materials for biomedical applications 

and many other areas.  
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Recommendations 

In terms of future work, there is clearly an opportunity to expand on the work 

concerned with better understanding the roles of different types and amounts of oxygen 

containing groups on graphene surface (through both simulation and experiment) on 

controlling the self-assembly process of layered graphene materials, stability of their 

structures, and the adjustment of pore sizes. 

The pore sizes and properties of the graphene layered hydrogel described in this 

study can be tuned or customised based on the substitution or variation of the amino acid 

sequences in peptide. These customizations may favour different applications where target 

molecules are with different sizes and particular properties.  

Since the pH dependent drug release behavior of resultant hydrogel materials in this 

study favours the cancer therapy applications, future works for cytotoxic potency of 

hydrogels drug loaded hydrogels on various tumor cell lines are suggested. Flow 

cytometric analysis could be the main tool to count cells number at the different phases of 

the cell cycle to determine whether these materials induces the cells apoptosis. 
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Appendix A: Patent Specification (PCT/AU2015/000034) 

SELF ASSEMBLED CARBON BASED STRUCTURES AND RELATED 

METHODS 

  

FIELD OF THE INVENTION 

 

The present invention relates generally to novel layered graphene and related structures 

and materials; methods for producing, through self-assembly, novel layered graphene and 

related structures or materials of controlled pore size. 

 

BACKGROUND TO THE INVENTION 

 

Graphene and related materials such as, for example, graphene oxide (GO), reduced 

graphene oxide (rGO) and chemically-doped graphene have attracted considerable 

attention due to their exceptional inherent properties that result from, amongst other things, 

their two dimensional character. 1 For example, the exceptional electrical properties of 

graphene 1 has made it a target of interest in the development of various electrical 

components such as batteries and sensors. As one of the strongest materials known, 

considerable research has also been directed towards use of graphene in composite 

materials. 2 In addition, graphene and related materials have been a target of interest in the 

biomedical field with suggestions that they may prove useful in the field of drug delivery 

and biosensors.  

 

Due to the hydrophobic character of graphene and some related materials such as  highly 

reduced GO sheets, they quickly ‘re-stack’ (i.e. aggregate) when placed in aqueous 

solutions to form layered, near-graphitic structures with sub-nanometre inter-sheet spacing. 

Whilst such restacking may often be desirable for applications, the loss of the space 

between the sheets is a major barrier for many potential applications. Many potential 

applications of graphene and related materials require or would benefit from the individual 

sheets of graphene or related materials being assembled into a layered structure with inter-

sheet spacing (i.e. pores) that is greater than that found in the simple aggregated form. 
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A number of alternative approaches to production of layered graphene and graphene-

related materials with pores between the layers have been researched. The first main 

approach for producing such materials is through insertion of inorganic spacing elements 

such as carbon black, 3 randomly 4- 10
 and vertically aligned 11, 12 

carbon nanotubes, 

mesoporous carbon nanoparticles, 14
 iron oxide nanorods, 15

 ruthenium dioxide 

nanoparticles, 16
 gold nanoparticles 17- 21

 or tin oxide nanoparticles 22
 or nanorods, 23

 either in 

the solution or vapour phase. A second approach is through insertion of polymers between 

the sheets, including those that react with the graphene-based material such as 

polyaniline, 24
 polyallylamine, 25

 and regenerated cellulose 26
 and those that are polymerized 

between the sheets such as polypyrrole. 27
 None of these approaches provide a high degree 

of control over the inter-layer spacing or its uniformity due to the challenges in precisely 

controlling the size of the spacing units. 

 

A third approach is use of metal ions that not only push apart the individual graphene or 

graphene-related sheets, but also cross-link them laterally. 28
 Whilst use of ions gives 

tighter control over the pore size, the range of pore sizes is very limited indeed and still of 

the order of 1 nm. The intercalated ions are also easily removed depending on the solution 

conditions. 

 

A fourth approach is the insertion of molecular linkers between sheets of graphene-related 

materials via chemical reaction between the linker molecules and some of the oxygen and 

other functionalities on the graphene-related sheets. This has been realized in a number of 

ways including p-phenylenediamine (PPD), 29
 Ni(II) aza-macrocyclic complexes, 30

 

benzenediboronic acid, 31
 and 3,3’-diaminobenzidine and related compounds. 32

 The pore 

sizes accessible here are small, however, due to the constraint on the size of the molecules 

involved. Where pores sizes much larger than the molecule are claimed, as in the case of 

PPD, 
29

 this reflects an unpredictable process over which one would anticipate major issues 

with control of pore size. 

 

A fifth approach is through use of a monolayer of aryl azobenzene linkers with one end of 

the linker chemical bound to a graphene sheet and the other physically adsorbed to the 
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adjacent graphene sheet. 33
 Although this approach gives finer control over the distance 

between two successive graphene sheets in this example, the size range is severely limited 

by the lack of rigidity in the molecules beyond the short scale.  

 

The above review demonstrates that there are two major issues with the state of the art to 

date in the field. The first is the inability to control to a high degree the spacing between 

the individual layers of graphene or graphene-related material (i.e. pore size) for anything 

other than the smallest spacing where use of metal ions facilitate finer control, albeit only 

under certain controlled conditions. The degree of control over the pore size and its 

dispersion is poor for anything beyond 1 nm and well into the mesopore size range as 

defined by IUPAC. This lack of consistency and ability to vary the inter-sheet distance in a 

systematic way presents as an impediment to the use of graphene and graphene-based 

materials in a number of fields where it is important to control or dictate in a consistent and 

controlled way this inter-sheet distance (i.e. pore size). 

 

Due to the use of designed peptides in the invention presented here, it is worthy of mention 

that some have also used biomolecules to form constructs composed of graphene and 

graphene-related materials.  Xu et al. 34
 used DNA to yield a three dimensional GO-based 

material. There is, however, no claim that the DNA act to separate the GO layers, and this 

is unlikely to be the case given the claimed material formation mechanism. Others 35
 have 

used amino acids to achieve some form of spacing, but this was felt to be via electrostatic 

repulsion/attraction between the charged amino acids akin to the mechanism associated 

with metal ions. Finally, Wu et al. 
36

 have proposed the use of a peptide to self-assemble a 

GO hydrogel for drug delivery applications. Once again, however, there is no claim that 

the peptides create pores of a given size by sitting between the individual GO layers, with 

the peptide design being such as to induce the random assembly of the GO. 

 

Many of the approaches mentioned above involve layer-by-layer manufacturing where the 

macroscopic material is built up by putting down on a substrate successive layers of 

graphene or graphene-related material and spacer in an alternating fashion. This process 

leads to only a small fraction of the graphene or graphene-related material being separated 

by the spacers, with the remainder being essentially multi-layer graphene or graphene-
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related material or even more disordered than this. It also has the disadvantage that it is a 

cyclic process requiring significantly more than one cycle to be undertaken to achieve the 

final product. Only a small fraction of the prior art involves a self-assembly process in the 

manufacture and, even then, they do not lead to structures akin to those proposed here in 

any way, nor provide the degree of control over the pore size gained here. 

 

It is an object of the present invention to provide a layered graphene or graphene-related 

material structure in which the space between the layers of graphene or graphene-related 

materials can be controlled over a wide range of pore sizes. 

 

It is an object of the present invention to overcome, or at least substantially ameliorate, the 

disadvantages and shortcomings of the prior art. 

STATEMENTS OF THE INVENTION 

 

According to an aspect of the invention there is provided a spacer molecule comprising: at 

least first and second binding parts adapted to non-covalently bond at least a first graphene 

sheet to a second graphene sheet, said spacer comprising at least 9 amino acid residues and 

wherein when in a solution comprising two or more graphene sheets said spacer molecule 

contacts first and second graphene sheets to provide a layered structure and a 

predetermined space between at least the first graphene sheet and the at least second 

graphene sheet to provide a porous layered graphene structure. 

 

Reference to “graphene” includes graphene oxide, reduced graphene, doped graphene and 

related carbon based materials. 

 

In a preferred embodiment of the invention said spacer molecule comprises: 

i) a first end group adapted to non-covalently bond a first graphene sheet; 

ii) a second end group adapted to non-covalently bond a second graphene 

sheet; 

iii) a spacer middle portion separating first and second end groups comprising 

at least 9 amino acid residues, wherein when in a solution comprising two 

or more graphene sheets said spacer molecule contacts first and second 
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graphene sheets to provide a layered structure and a predetermined space 

between at least the first graphene sheet and the at least second graphene 

sheet to provide a porous layered graphene structure. 

 

In a preferred embodiment of the invention said first end group comprises one or more 

amino acids or modified amino acids.  

 

In a preferred embodiment of the invention said second end group comprises one or more 

amino acids or modified amino acids.  

 

In a preferred embodiment of the invention said first and/or said second end group 

comprises one or more aromatic amino acids or modified amino acids. 

 

In a preferred embodiment of the invention said aromatic amino acid is selected from the 

group consisting of: histidine, phenylalanine, tryptophan, or tyrosine. 

 

In a preferred embodiment of the invention said spacer middle portion comprises 9 to at 

least 50 amino acids or modified amino acids. 

 

The spacer molecule can include one or more natural or modified amino acids. Modified 

amino acids can be naturally or non-naturally occurring.  The spacer molecule can be polar 

or non-polar and can include polar or non-polar amino acids or modified amino acids to 

alter the hydrophobicity or lipophilicity of the porous layered graphene structure. 

Examples of naturally occurring polar amino acids include glutamine, asparagine, 

histidine, serine, threonine, tyrosine, cysteine, methionine and tryptophan and modified 

amino acid variants thereof. Examples of non-polar, or hydrophobic amino acids, include 

alanine, isoleucine, leucine, phenylalanine, valine, proline and glycine and including 

modified amino acid variants thereof. The combinations of polar and non-polar amino 

acids can be used to alter the hydrophobicity or lipophilicity of the porous layered 

graphene structure.  
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In a preferred embodiment of the invention said spacer middle portion comprises one or 

more polar amino acids. 

 

In an alternative preferred embodiment of the invention said spacer middle portion 

comprises one or more non-polar amino acids. 

 

In a preferred embodiment of the invention said spacer middle portion comprises at least 4, 

8, 12, 16, 20, 24, 28, 32, 36, 40 or at least 44 amino acids. 

 

In a preferred embodiment of the invention said spacer middle portion comprises over at 

least part of its length an alpha helix. 

 

In an alternative preferred embodiment of the invention said spacer middle portion 

comprises over at least part of its length a beta sheet. 

 

In a further embodiment of the invention said alpha helix comprises the same amino acid 

residues, for example amino acids selected from the group consisting of: methionine, 

alanine, leucine, glutamine, lysine or arginine. 

 

It will be apparent this embodiment comprises an alpha helix comprising essentially of, for 

example poly-arginine or poly-lysine. 

 

In an alternative preferred embodiment of the invention said alpha helix comprises 

alternating, different amino acids selected from the group consisting of: methionine, 

alanine, leucine, glutamine, lysine or arginine. 

 

It will be apparent this embodiment comprises an alpha helix with, for example, alternating 

arginine and lysine amino acids.  

 

In a preferred embodiment of the invention said spacer molecule comprises amino acids 

selected from the amino acid sequence: 
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Xaa1 Xaa2 Xaa3 Xaa4   Xaa5   Xaa6 Xaa7 Xaa8 Xaa9 Xaa10 Xaa11 Xaa12 Xaa13 Xaa14 [SEQ ID 

NO: 1] 

 

wherein  

Xaa1 and/or Xaa2 is an aromatic amino acid 

    Xaa3  and/or Xaa4   is glycine; 

    Xaa5 to Xaa10 comprise at least 5 amino acids selected from the group:  

  methionine, alanine, leucine, glutamine, lysine or arginine;  

 Xaa11 and/or Xaa12 is glycine; and 

Xaa13 and/or Xaa14 is an aromatic amino acid. 

 

In an alternative preferred embodiment of the invention said spacer molecule comprises 

amino acids selected from the amino acid sequence: 

 

Xaa1 Xaa2 Xaa3 Xaa4   Xaa5   Xaa6 Xaa7 Xaa8 Xaa9 Xaa10 Xaa11 Xaa12 Xaa13 Xaa14 [SEQ ID 

NO: 1] 

wherein 

Xaa1 and/or Xaa2 is an aromatic amino acid 

    Xaa3  and/or Xaa4   is glycine; 

    Xaa5 to Xaa10 comprise at least 5 amino acids selected from the group:  

tyrosine, phenylalanine, tryptophan, threonine, valine or isoleucine, 

optionally Xaa5 to Xaa10 can include one or more  aromatic amino acid 

residue  

Xaa11 and/or Xaa12 is glycine; and 

Xaa13 and/or Xaa14 is an aromatic amino acid. 

 

In an alternative embodiment of the invention of the invention said spacer comprises the 

amino acid sequence: 

 

Xaa1 Xaa2 Xaa3 Xaa4   Xaa5   Xaa6 Xaa7 Xaa8 Xaa9 Xaa10 Xaa11 Xaa12 Xaa13 Xaa14 [SEQ ID 

NO: 1] 
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wherein Xaa5 to Xaa10 comprises the same amino acid residues wherein said amino acid 

residues are selected from the group consisting of: methionine, alanine, leucine, glutamine, 

lysine or arginine. 

 

In an alternative preferred embodiment of the invention said spacer comprises the amino 

acid sequence:  

 

Xaa1 Xaa2 Xaa3 Xaa4   Xaa5   Xaa6 Xaa7 Xaa8 Xaa9 Xaa10 Xaa11 Xaa12 Xaa13 Xaa14 

 

wherein Xaa5 to Xaa10 comprises alternating amino acid residues wherein said amino acid 

residues are selected from the group consisting of: methionine, alanine, leucine, glutamine, 

lysine or arginine. 

 

In a preferred embodiment of the invention said spacer comprises the amino acid sequence: 

FFGGEEEEEEGGFF [SEQ ID NO: 3], or a modified amino acid sequence wherein said 

modified amino acid sequence is at least 75% identical to the amino acid sequence 

FFGGEEEEEEGGFF [SEQ ID NO: 3] and that retains or has enhanced graphene binding. 

 

In addition, the invention features peptide sequences having at least 80% identity with 

FFGGEEEEEEGGFF [SEQ ID NO: 3], or fragments and functionally equivalent peptides 

thereof. In one embodiment, the peptides have at least 85% identity, more preferably at 

least 90% identity, even more preferably at least 95% identity, still more preferably at least 

97% or 98% identity, and most preferably at least 99% identity with the amino acid 

sequence set for as FFGGEEEEEEGGFF [SEQ ID NO: 3]. A spacer comprising 

FFGGEEEEEEGGFF [SEQ ID NO: 3] can be modified by one or more substitutions, 

additions, deletions, truncations which may be present in any combination. Among 

preferred modifications are those that vary by conservative amino acid substitutions. Such 

substitutions are those that substitute a given amino acid by another amino acid of like 

characters. Most highly preferred are modified peptides which retain the same function and 

activity as the reference peptide from which it varies.  
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In a preferred embodiment of the invention said peptide comprising or consisting of an 

amino acid sequence selected from the group consisting of: 

i) FFGGEEEEGGFF [SEQ ID NO: 2]; 

ii) FFGGEEEEEEGGFF [SEQ ID NO: 3]; 

iii) FFGGEEEEEEEEEEEEGGFF [SEQ ID NO: 4]; 

iv) FFGGQQQQQQGGFF [SEQ ID NO: 5]; 

v) FFGGKKKKKKGGFF [SEQ ID NO: 6]; 

vi) WWGGEEEEEEGGWW [SEQ ID NO: 7]; 

vii) FFGGEKEKEKGGFF [SEQ ID NO: 8]; 

viii) FFGGEQKEQKGGFF [SEQ ID NO: 9]; 

ix) FFGGEMEMEMGGFF [SEQ ID NO: 10]; and 

x) FFGGQMQMQMGGFF [SEQ ID NO: 11]. 

 

According to an aspect of the invention there is provided a layered graphene structure 

comprising one or more spacers according to the invention. 

 

In a preferred embodiment of the invention said layered graphene structure, includes: 

 

at least a first graphene layer and at least a second graphene layer, 

 

at least one spacer layer, wherein said at least one spacer layer includes at least one spacer 

unit, the spacer unit including a middle portion and an upper end and a lower end, so as to 

provide a desired predetermined space between the at least first graphene layer and the at 

least second graphene layer. 

 

In preference, the layered graphene structure is a hydrogel. 

  

In preference, the spacer is a peptide. 

 

In preference, the middle portion is hydrophilic. 

 

In preference, the middle portion is a substantially rigid structure. 
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In preference, the middle portion has an alpha-helix structure. 

 

In preference, the middle portion has a beta-sheet structure. 

 

In preference, the upper end and lower end are connected to the middle portion by flexible 

connecting units. 

 

In preference, the flexible connecting units are glycine. 

 

In preference, the upper end and lower end are amino acids. 

 

In preference, the upper end and lower end are selected from the group of amino acids 

consisting of histidine, tyrosine, phenylalanine and tryptophan. 

 

In preference, the upper end and lower end are the same. 

 

In an alternative preference, the upper end and lower end are the not the same. 

 

In a preferred embodiment of the invention said structure is porous.  

 

In a preferred embodiment of the invention said structure is mesoporous, for example the 

pores are at least 2nm in diameter and less than 50nm in diameter. 

 

In alternative preferred embodiment of the invention said structure is macroporous, for 

example the pores are greater than 50nm in diameter. 

 

In a preferred embodiment of the invention said layered structure is at least 10nm thick. 

 

Preferably said layered structure is between 10-100nm thick. 
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In an alternative embodiment of the invention said layered structure is greater than 100nm 

thick. 

 

In a further alternative embodiment of the invention said layered structure is between 100 

to 1000nm thick. 

 

In an embodiment of the invention said layered structure is greater than 1000nm thick. 

 

In a further preferred embodiment of the invention said layered structure comprises at least 

2 graphene layers. 

 

In a preferred embodiment of the invention said layered structure comprises at least 2 to 

100 graphene layers. 

 

In an alternative embodiment of the invention said layered structure comprises greater than 

100 graphene layers. 

 

According to a further aspect of the invention there is provided a device comprising a 

graphene structure according to the invention. 

 

In a preferred embodiment of the invention said device is a drug delivery device wherein 

said device is further modified to include at least one biologically active agent. 

 

A “drug delivery device” is a generic term to include structures that facilitate the 

controlled release of a therapeutic agent. Typically, drug delivery devices are adapted to 

deliver a drug of a particular dosage via a particular route of administration, for example 

intravenous, intraperitoneal, intramuscular, intracavity, subcutaneous, transdermal or trans-

epithelial. Drug delivery devices typically are engineered to release the associated 

therapeutic agent in a controlled release, for example immediate delayed or sustained 

release or combinations thereof.  A drug delivery device as a gel can be applied directly to, 

for example, a tumour or other diseased tissue to allow direct release of the drug at or on 
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the diseased tissue.  A drug delivery device could also be a bandage or hydrogel adapted to 

contact a wound to administer a wound healing agent and/or an anti-microbial agent. 

 

In an alternative preferred embodiment of the invention said device is a medical device. 

 

Medical devices are implanted into patients to treat a variety of diseases and conditions. 

Medical devices include catheters, stents [ureteral or prostatic stents], cannulas, prosthesis 

and implants, gels. The surfaces of medical devices can be adapted to release agents, for 

example therapeutic agents, that treat disease or reduce the likelihood of infection. The 

implantation of a medical device necessarily requires the exposure of the patient to both 

immune rejection of the implanted device and also an increased probability of an 

adventitious infection by a microbial pathogen. The invention therefore anticipates a 

device according to the invention that includes an agent to prevent immune rejection 

and/or an antimicrobial agent such as an antibiotic or heavy metal such as silver, gold or 

copper. 

 

In an alternative preferred embodiment of the invention said therapeutic agent is an anti-

cancer agent. 

 

In a preferred embodiment of the invention said drug delivery device comprises a gel. 

 

According to the present invention, although this should not be seen as limiting the 

invention in any way, there is provided a method of producing a layered graphene structure 

the method including the steps of: 

 

mixing graphene and a solution of spacer units having a first end group and a 

second end group in a solution; 

 

non-covalently bonding a first end group of the spacer unit to a first side of at least 

a first graphene sheet; 
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non-covalently bonding a second end group of the spacer unit to a first side of at 

least a second graphene sheet; 

 

wherein the spacer units form a spacer layer, so as to provide a desired 

predetermined space between the at least first graphene sheet and the at least second 

graphene sheet. 

 

In preference, the layered graphene structure is self-assembled. 

 

In preference, the spacer units facilitates the self-assembly and stabilisation of the layered 

graphene structure. 

 

In preference, the spacer unit is at least one amino acid. 

 

In preference, the spacer unit is at least one peptide. 

 

In preference, the spacer unit is at least one polypeptide. 

 

In preference, the first end group and the second end group of the spacer units are selected 

from the group of functional groups including aromatic and non-aromatic functional 

groups. 

 

According to a further aspect of the invention there is provided a process for the 

purification of one or more molecules comprising the steps: 

i) providing a mixture comprising a molecule to be purified; 

ii) contacting said mixture with a layered graphene structure according to the 

invention and provide conditions to allow association of said one or more 

molecules with said layered graphene structure to provide a  graphene 

structure comprising said molecule[s]; 

iii) contacting the layered graphene comprising molecule[s] with a wash buffer 

to remove non-specifically associated molecules; optionally 

iv) repeating step ii) and/or iii); 
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v) eluting associated molecule[s] from said layered graphene to provide a 

purified solution of said molecule[s]; and optionally 

vi) repeating step v). 

 

In a preferred method of the invention said layered graphene is part of a column and said 

molecules are contacted with said layered graphene. 

 

In an alternative preferred method of the invention said layered graphene is contacted with 

a solution comprising a mixture of said molecules. 

 

“Molecules” refer to organic or inorganic compounds and encompasses proteins [e.g. 

enzymes, hormones, antibodies or antibody fragments, antigenic proteins and polypeptides 

found in vaccines, peptides such as peptide hormones, nucleic acids, [e.g. DNA fragments, 

cDNA, mRNA, plasmid and vector nucleic acid]. Also included are small organic 

molecules such as chemotherapeutic agents, antibiotics, anti-inflammatories. 

 

The properties of the compositions and layered materials described herein may be tuned or 

customised based on the substitution or variation of the spacer units. Those skilled in the 

art would recognize and understand that variations to the spacer units could be readily 

synthesised using conventional approaches to provide a particular property, for example 

the ability of the layered structure to act as a filter or detector of an analyte. 

 

In some embodiments, by varying the distance between the sheets of graphene, the 

resultant material may be used to trap or sequester a desired target molecule within a 

solution or mixture. In addition, the spacer unit may be further functionalised to interact 

with the desired target molecule. 

 

In further embodiments, the compositions and layered materials of the present invention 

may be useful as electron transport materials in photovoltaic devices, such as solar cells. 

They may be combined with other materials such as electron conducting materials. 

Alternatively, compositions and layered materials of the present invention may be useful in 

applications such as conductive coatings, energy storage materials such as secondary 
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batteries and supercapacitors, artificial photosynthetic devices for producing hydrogen 

from water and other nano-reactor applications. 

 

In yet further embodiments of the present invention, the spacer units may be designed to 

respond or react to external stimuli so that the spacing between the graphene sheets are 

affected, for example, by changes in pH to the liquid in which the present invention is 

immersed. Changes in pH may change the length of the spacer units resulting in the space 

between the graphene sheets either increasing or decreasing. 

 

The spacer units may also be designed to be able to reversibly or irreversibly disengage 

with the adjacent graphene sheets after formation of the composition of the present 

invention. In this way it may be possible to predetermine a point at which any components 

held within the present invention are released into its immediate environment or 

alternatively define a point at which the functioning of the present invention may be halted 

or adjusted. 

 

The present invention provides a way in which the spacing between the graphene sheets 

can be controlled by way of modification of the size, shape and composition of the peptide. 

 

Some Specific Embodiments of the Invention 

Therapeutic Agents 

Small Organic Molecules 

 

A general definition of “chemotherapeutic agent” is an agent that typically is a small 

chemical compound that preferably kills cells in particular diseased cells or tissue or is at 

least cytostatic.  Agents can be divided with respect to their structure or mode of action. 

For example, chemotherapeutic agents include alkylating agents, anti-metabolites, 

anthracyclines, alkaloids, plant terpenoids and toposisomerase inhibitors. 

Chemotherapeutic agents typically produce their effects on cell division or DNA synthesis. 

Examples of alkylating agents are cisplatin, carboplatin or oxaliplatin. Examples of anti-

metabolites include purine or pyrimidine analogues.  Purine analogues are known in the 

art. For example thioguanine is used to treat acute leukaemia. Fludarabine inhibits the 
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function of DNA polymerases, DNA primases and DNA ligases and is specific for cell-

cycle S-phase.  Pentostatin and cladribine are adenosine analogues and are effective 

against hairy cell leukaemias. A further example is mercaptopurine which is an adenine 

analogue. Pyrimidine analogues are similarly known in the art. For example, 5-fluorouracil 

(5-FU), floxuridine and cytosine arabinoside.  5-FU has been used for many years in the 

treatment of breast, colorectal cancer, pancreatic and other cancers. 5-FU can also been 

formed from the pro-drug capecitabine which is converted to 5-FU in the tumour. 

Leucovorin, also known as folic acid, is administered as an adjuvant in cancer 

chemotherapy and which enhances the inhibitory effects of 5-FU on thymidylate synthase.  

Alkylating agents are also known in the art and include vinca alkaloids, for example 

vincristine or vinblastine. Terpenoids have been used for many years and include the 

taxanes, for example, palitaxel. In a preferred embodiment said agent is doxorubicin. 

Prodrugs are also within the scope of the invention. A prodrug is a substance that is 

converted from an inactive or partially active agent by chemical conversion, for example 

enzymatic conversion, to an active or more active drug.  

 

The spacer according to the invention can be designed to accept small organic molecules 

as herein disclosed. 

 

Moreover, antibiotics and antiviral agents are effective in the treatment of microbial, for 

example bacterial and parasitic pathogens and pathogenic viruses. Examples of classes of 

antibiotics effective in the control of bacterial pathogens include, by example only, 

penicillins, cephalosporins, rifamycins, sulphonamides, macrolides and tetracyclines. Also 

included within the scope of the invention are antibacterial peptides such as dermicidins, 

cecropins and defensins. Antiviral agents include anti-retroviral drugs such as zidovudine, 

lamivudine, efavirenz and abacavir; and anti-viral drugs such as ganciclovir, aciclovir and 

oseltamivir. Anti-protozoan agents include lumefantrine, mefloquine, amodiaquine, 

sulfadoxine, chloroquine used in the treatment of malaria and also combination therapies 

that use these agents in combination with artemisinin. These are additional non-limiting 

examples of agents that can be used with the device according to the invention. 

 

Antibodies 
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Antibodies include polyclonal and monoclonal antibodies, prepared according to 

conventional methodology.  Typically antibodies are directed to cell surface proteins, for 

example receptors. However, intracellular delivery of antibodies and antibody fragments is 

known, for example see WO2007/064727; WO2004/030610; WO03/095641; 

WO02/07671; WO01/43778; WO96/40248; and WO94/01131 each of which is 

incorporated by reference in their entirety.  

 

Chimeric antibodies are recombinant antibodies in which all of the V-regions of a mouse 

or rat antibody are combined with human antibody C-regions. Humanised antibodies are 

recombinant hybrid antibodies which fuse the complementarity determining regions from a 

rodent antibody V-region with the framework regions from the human antibody V-regions. 

The C-regions from the human antibody are also used. The complementarity determining 

regions (CDRs) are the regions within the N-terminal domain of both the heavy and light 

chain of the antibody to where the majority of the variation of the V-region is restricted. 

These regions form loops at the surface of the antibody molecule. These loops provide the 

binding surface between the antibody and antigen.  

 

Antibodies from non-human animals provoke an immune response to the foreign antibody 

and its removal from the circulation. Both chimeric and humanised antibodies have 

reduced antigenicity when injected to a human subject because there is a reduced amount 

of rodent (i.e. foreign) antibody within the recombinant hybrid antibody, while the human 

antibody regions do not ellicit an immune response. This results in a weaker immune 

response and a decrease in the clearance of the antibody. This is clearly desirable when 

using therapeutic antibodies in the treatment of human diseases. Humanised antibodies are 

designed to have less “foreign” antibody regions and are therefore thought to be less 

immunogenic than chimeric antibodies. 

 

Various fragments of antibodies are known in the art.  A Fab fragment is a multimeric 

protein consisting of the immunologically active portions of an immunoglobulin heavy 

chain variable region and an immunoglobulin light chain variable region, covalently 
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coupled together and capable of specifically binding to an antigen.  Fab fragments are 

generated via proteolytic cleavage (with, for example, papain) of an intact immunoglobulin 

molecule.  A Fab2 fragment comprises two joined Fab fragments.  When these two 

fragments are joined by the immunoglobulin hinge region, a F(ab’)2 fragment results.  An 

Fv fragment is multimeric protein consisting of the immunologically active portions of an 

immunoglobulin heavy chain variable region and an immunoglobulin light chain variable 

region covalently coupled together and capable of specifically binding to an antigen.  A 

fragment could also be a single chain polypeptide containing only one light chain variable 

region, or a fragment thereof that contains the three CDRs of the light chain variable 

region, without an associated heavy chain variable region, or a fragment thereof containing 

the three CDRs of the heavy chain variable region, without an associated light chain 

moiety; and multi specific antibodies formed from antibody fragments, this has for 

example been described in US patent No 6,248,516.  Fv fragments or single region 

(domain) fragments are typically generated by expression in host cell lines of the relevant 

identified regions.  These and other immunoglobulin or antibody fragments are within the 

scope of the invention and are described in standard immunology textbooks such as Paul, 

Fundamental Immunology or Janeway et al.  Immunobiology.  Molecular biology now 

allows direct synthesis (via expression in cells or chemically) of these fragments, as well as 

synthesis of combinations thereof.  A fragment of an antibody or immunoglobulin can also 

have bispecific function as described above. The device according to the invention can be 

adapted by manipulation of pore size to carry antibodies and antibody fragments as herein 

disclosed. 

 

In general, doses of antibodies (or fragments thereof) of between 10 g/ml and 500 g/ml 

generally will be formulated and administered according to standard procedures. 

Exemplary doses can range from 10 g/ml to 250 g/ml, 30 g/ml to 250 g/ml, 50 g/ml 

to 250 g/ml, 30 g/ml to 100 g/ml, or 50 g/ml to 100 g/ml, such as 10 g/ml, 20 

g/ml, 30 g/ml, 40 g/ml, 50 g/ml, 60 g/ml, 70 g/ml, 80 g/ml, 90 g/ml, 100 g/ml, 

250 g/ml, 400 g/ml or 500 g/ml. Other protocols for the administration of 

compositions will be known to one of ordinary skill in the art, in which the dose amount, 

schedule of injections, sites of injections, mode of administration and the like vary from 
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the foregoing. The administration of compositions to mammals other than humans, (e.g. 

for testing purposes or veterinary therapeutic purposes), is carried out under substantially 

the same conditions as described above. A subject, as used herein, is a mammal, preferably 

a human, and including a non-human primate, cow, horse, pig, sheep, goat, dog, cat or 

rodent.  

 

Pharmaceutical Proteins & Peptides 

 

Similarly, so called protein or peptide biologics can be associated with the device 

according to the invention. This includes pharmaceutically active proteins. 

 

Examples of pharmaceutical proteins include “cytokines”. Cytokines are involved in a 

number of diverse cellular functions. These include modulation of the immune system, 

regulation of energy metabolism and control of growth and development. Cytokines 

mediate their effects via receptors expressed at the cell surface on target cells.   Examples 

of cytokines include the interleukins such as: IL1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 

15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32 and 33. Other examples 

include growth hormone, leptin, erythropoietin, prolactin, tumour necrosis factor [TNF] 

granulocyte colony stimulating factor (GCSF), granulocyte macrophage colony stimulating 

factor (GMCSF), ciliary neurotrophic factor (CNTF), cardiotrophin-1 (CT-1), leukemia 

inhibitory factor (LIF) and oncostatin M (OSM), interferon α, interferon β, interferon ε, 

interferon κ and ω interferon. 

 

Examples of pharmaceutically active peptides include GLP-1, anti-diuretic hormone; 

oxytocin; gonadotropin releasing hormone, corticotrophin releasing hormone; calcitonin, 

glucagon, amylin, A-type natriuretic hormone, B-type natriuretic hormone, ghrelin, 

neuropeptide Y, neuropeptide YY3-36, growth hormone releasing hormone, somatostatin; or 

homologues or analogues thereof. 

 

The term “chemokine” refers to a group of structurally related low-molecular weight 

factors secreted by cells having mitogenic, chemotactic or inflammatory activities.  They 
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are primarily cationic proteins of 70 to 100 amino acid residues that share four conserved 

cysteine residues. These proteins can be sorted into two groups based on the spacing of the 

two amino-terminal cysteines.  In the first group, the two cysteines are separated by a 

single residue (C-x-C), while in the second group they are adjacent (C-C).  Examples of 

member of the 'C-x-C' chemokines include but are not limited to platelet factor 4 (PF4), 

platelet basic protein (PBP), interleukin-8 (IL-8), melanoma growth stimulatory activity 

protein (MGSA), macrophage inflammatory protein 2 (MIP-2), mouse Mig (m119), 

chicken 9E3 (or pCEF-4), pig alveolar macrophage chemotactic factors I and II (AMCF-I 

and -II), pre-B cell growth stimulating factor (PBSF),and IP10.  Examples of members of 

the 'C-C' group include but are not limited to monocyte chemotactic protein 1 (MCP-1), 

monocyte chemotactic protein 2 (MCP-2), monocyte chemotactic protein 3 (MCP-3), 

monocyte chemotactic protein 4 (MCP-4), macrophage inflammatory protein 1 α (MIP-1-

α), macrophage inflammatory protein 1β (MIP-1-β), macrophage inflammatory protein 1-γ 

(MIP-1-γ), macrophage inflammatory protein 3 α (MIP-3-α, macrophage inflammatory 

protein 3 β (MIP-3-β), chemokine (ELC), macrophage inflammatory protein-4 (MIP-4), 

macrophage inflammatory protein 5 (MIP-5), LD78 β, RANTES, SIS-epsilon (p500), 

thymus and activation-regulated chemokine (TARC), eotaxin, I-309, human protein HCC-

1/NCC-2, human protein HCC-3. 

A number of growth factors have been identified which promote/activate endothelial cells 

to undergo angiogenesis. These include vascular endothelial growth factor (VEGF A), 

VEGF B, VEGF C, and VEGF D, transforming growth factor (TGFb), acidic and basic 

fibroblast growth factor (aFGF and bFGF), and platelet derived growth factor (PDGF).  

 

VEGF is an endothelial cell-specific growth factor which has a very specific site of action, 

namely the promotion of endothelial cell proliferation, migration and differentiation. 

VEGF is a complex comprising two identical 23 kD polypeptides. VEGF can exist as four 

distinct polypeptides of different molecular weight, each being derived from an 

alternatively spliced mRNA. bFGF is a growth factor that functions to stimulate the 

proliferation of fibroblasts and endothelial cells. bFGF is a single polypeptide chain with a 

molecular weight of 16.5Kd. Several molecular forms of bFGF have been discovered 
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which differ in the length at their amino terminal region. However the biological function 

of the various molecular forms appears to be the same.  

 

Pro-drug activating polypeptides are also within the scope of the invention. The term pro-

drug activating genes refers to nucleotide sequences, the expression of which, results in the 

production of proteins capable of converting a non-therapeutic compound into a 

therapeutic compound, which renders the cell susceptible to killing by external factors or 

causes a toxic condition in the cell.  An example of a prodrug activating gene is the 

cytosine deaminase gene. Cytosine deaminase converts 5-fluorocytosine to 5 fluorouracil, 

a potent anti-tumour agent.  The lysis of the tumour cell provides a localized burst of 

cytosine deaminase capable of converting 5FC to 5FU at the localized point of the tumour 

resulting in the killing of many surrounding tumour cells.  Additionally, the thymidine 

kinase (TK) gene (see US5,631,236 and US5,601,818) in which the cells expressing the 

TK gene product become susceptible to selective killing by the administration of 

ganciclovir may be employed. Other examples of pro-drug activating enzymes are 

nitroreductase and cytochrome p450’s (e.g. CYP1A2, CYP2E1 or CYP3A4). 

 

Throughout the description and claims of this specification, the words “comprise” and 

“contain” and variations of the words, for example “comprising” and “comprises”, means 

“including but not limited to”, and is not intended to (and does not) exclude other moieties, 

additives, components, integers or steps. “Consisting essentially” means having the 

essential integers but including integers which do not materially affect the function of the 

essential integers. 

 

Throughout the description and claims of this specification, the singular encompasses the 

plural unless the context otherwise requires. In particular, where the indefinite article is 

used, the specification is to be understood as contemplating plurality as well as singularity, 

unless the context requires otherwise. 
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Features, integers, characteristics, compounds, chemical moieties or groups described in 

conjunction with a particular aspect, embodiment or example of the invention are to be 

understood to be applicable to any other aspect, embodiment or example described herein 

unless incompatible therewith. 

 

An embodiment of the invention will now be described by example only and with 

reference to the following figures: 

 

Figure 1 summarizes the principles of the invention (the solution molecules and ions 

required to maintain an appropriate solution condition (e.g. neutral) have been omitted for 

clarity); 

 

Figure 2 shows a view of an example of the present invention, a reduced graphene oxide 

via peptide-

directed self-assembly using the peptide FFGGEEEEEEGGFF  [SEQ ID NO: 3] and the 

method described herein (see Methods for details); 

 

Figure 3 shows a view of another example of the present invention, a reduced graphene 

oxide layered hydrogel construct of approximately 70 nm thickness obtained via peptide-

directed self-assembly using the peptide FFGGEEEEEEGGFF [SEQ ID NO: 3] and 

supported on a glass slide (see Methods for details) that is sat on top of some written text 

on a piece of paper; 

 

Figure 4 shows an SEM image of a freeze dried sample of the hydrogel shown in Figure 2 

edge on (see Methods for details); 

 

Figure 5 (top) shows on an AFM image two independent paths A-B and C-D taken by the 

AFM probe for a sample of the material shown in Figure 2 (see Methods for details), and 

the AFM probe height along the two paths (middle and bottom) showing the distance 
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between successive rGO sheets separated by the peptide FFGGEEEEEEGGFF [SEQ ID 

NO: 3] (i.e. the pore size) that has been designed to yield a pore size of 2.6 nm; 

 

Figure 6 shows the variation with time of doxorubicin (DOX) anti-cancer drug uptake (see 

Methods for details) for different rGO hydrogels formed using the peptide 

FFGGEEEEEEGGFF [SEQ ID NO: 3] where the degree of reduction of the rGO is 

different (the take-up for the rGO hydrogel formed in the absence of the peptide is also 

shown for reference); 

 

Figure 7 shows the DOX release profile at different pH values (see Methods for details) for 

the optimal rGO hydrogel formed using the peptide FFGGEEEEEEGGFF [SEQ ID NO: 

3]; 

 

Figure 8 shows the results of an MTT assay based analysis (see Methods for details) to 

assess the toxicity of different concentrations of the rGO hydrogel formed using the 

peptide FFGGEEEEEEGGFF [SEQ ID NO: 3]; 

 

Figure 9 shows the results of an MTT assay based analysis (see Methods for details) to 

assess the toxicity of DOX alone and DOX released from the hydrogel formed using the 

peptide FFGGEEEEEEGGFF [SEQ ID NO: 3]; and 

 

Figure 10 shows the variation with time of uptake of three different sized dextran 

molecules (see Methods for details) for an rGO hydrogel formed using the peptide 

FFGGEEEEEEGGFF [SEQ ID NO: 3]. 

 

DETAILED DESCRIPTION OF THE INVENTION 

 

Methods 

 

Preparation of graphene oxide 
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Graphene oxide (GO) was prepared from natural or synthetic graphite according to the 

improved Hummer’s method.
37

 Briefly, a 9:1 mixture of concentrated sulphuric acid and 

phosphoric acid (120:13 mL) was cooled overnight to 4 ºC. The already cooled acid 

mixture was slowly added to the graphite powder (1 g) and potassium permanganate (6 g) 

under stirring at room temperature. Then the mixture was heated to 50 ºC for 12 h to form 

a thick paste. The paste was then cooled to room temperature and then poured onto ice 

cubes (150 mL of Milli-Q water) with 30% hydrogen peroxide (1 mL). The mixture was 

then washed and filtered with distilled water and hydrochloric acid (32 %) followed by 

repeated washing with ethanol and eventually with Milli-Q water. For each successive 

wash the obtained brown dispersion was centrifuged at 4400 rpm for 2 h to remove 

residual salts and any un-exfoliated graphite oxide, which is usually present in a very small 

amount. The obtained GO was vacuum dried overnight at room temperature. 

 

Preparation of reduced graphene oxide 

 

One instance of reduced GO (rGO) was prepared from 25 mL of a homogeneous 

dispersion of GO (0.5 mg.mL
-1

). After adding to this solution in a volumetric flask 25 µl of 

hydrazine solution (35 wt% in water) and 75.0 µl of ammonia solution (28 wt% in water), 

the dispersion was vigorously stirred for a few minutes before being placed in a silicon oil 

bath (~95 °C) for 1 hr. Other instances of rGO with different levels of GO reduction from 

~20 wt% oxygen down to ~8% wt% oxygen were obtained by varying the hydrazine 

volume between 25 and 75 µl and the reaction temperature between 85 and 95 °C.  

 

Preparation of layered GO and rGO hydrogel 

 

One instance of the layered rGO hydrogel material with a dominant inter-sheet spacing 

(i.e. pore size) of 2.6 nm was produced by adding 25 mL of rGO dispersion (0.5 mg.mL
-1

) 

to 25 mL of a solution of the peptide FFGGEEEEEEGGFF [SEQ ID NO: 3] (0.10 µM) 

and then stirring for 30 min before filtering it through a mixed cellulose ester filter 

membrane (47mm in diameter, 0.45 µm pore size, Millipore) by vacuum filtration. The 

resultant hydrogel film was then washed three times and immediately transferred to a Petri 

dish and immersed in Milli-Q water overnight to remove the remaining unbound peptide. 
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Other instances of the rGO hydrogel material with a dominant pore size of 2.6 nm were 

obtained by using rGO dispersions with concentrations varying from 0.0025 mg.mL
-1

 

upwards in the aforementioned process. The thickness of the resultant hydrogel films 

varied from 10s of nm, which meant they needed to be supported; an as-received glass 

microscope slide was used for this purpose, but it is anticipated that other materials could 

also be used. The hydrogel films were transferred from the filter membrane to the glass 

slide support by tightly clamping the filter membrane supported hydrogel film between 

two glass slides for 12 h at room temperature before dissolving away the filter membrane 

with acetone.  

 

GO-based variants of the hydrogel material were also similarly made, although the 

drainage time was greater for the same applied vacuum pressure due to the greater 

hydrophilicity of the GO. 

 

Characterization of the hydrogel material mesoscale morphology and pore size 

 

The morphologies of the graphene hydrogel films prepared as described above were 

investigated using a scanning electron microscope (SEM; QUANTA 450). The hydrogels 

were cut using a razor blade then dried in a freeze dryer (188K at 10  Pa for 24hrs),and 

then mounted in a cross-sectional sample holder before being imaged in the SEM. 

 

The spacing between the individual rGO or GO sheets (i.e. the pore size) was assessed by 

atomic force microscopy (AFM; NT-MDT Ntegra Solaris) in tapping mode. The AFM 

samples were prepared by drop-casting a diluted suspension of crushed hydrogel film onto 

a cleaned mica substrate. They were imaged immediately after preparation.  

 

Characterization of molecular separation capability of hydrogel material 

 

To demonstrate the capacity of the hydrogel films to separate molecules based on their 

size, it was exposed to solutions of FITC-labelled dextrans of three different diameters 

(they are generally claimed to be spherical in nature): FITC-dextran-4k (FD4, Sigma-
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Aldrich; mol. wt. 4000, Stokes radius ~1.4 nm); FITC-dextran-10k (FD10, Sigma- 

Aldrich; mol. wt. 10,000, Stokes radius ~2.3 nm); and FITC-dextran-20k (FD20, Sigma-

Aldrich; mol. wt. 20,000, Stokes radius ~3.3 nm). The experiments involved placing 20 mg 

of the hydrogel into three different 3 mL cuvettes containing 20 μm solutions of FD4, 

FD10 and FD20 respectively and then monitoring in real time the concentration of the 

molecule in the solution using a UV-vis spectrometer (CHEMUSB4, Ocean Optics,) 

operating at 490 nm. 

 

Characterization of drug loading into and release from the graphene hydrogels 

 

The loading of doxorubicin (DOX) anti-cancer drug into the rGO hydrogels was assessed 

using a technique similar to that used to assess the filtration capability of the hydrogel. 

After adding 15 mg of the hydrogel to 3 mL of the DOX solution (50 μg.mL
-1

) in a cuvette, 

the concentration of the latter was monitored in real time for 24 h by a UV-VIS 

spectrometer (USB4000-UV-VIS, Ocean Optics) operating at 490 nm. The variation of the 

drug loading in the hydrogel with time was estimated from this. 

 

To characterise the release of DOX from a hydrogel, the DOX-loaded film was first 

removed from the drug loading cuvette and rinsed several times with deionized water to 

remove unbound drug and drug attached to the outer surface of the hydrogels. The film 

was then divided into three roughly equal parts before then being immersed in three 

separate cuvettes containing a 3 mL aqueous PBS solution at 37 ˚C and pH 5.4, 7.4 and 9.4 

respectively to mimic the release profile in physiological acidic, neutral and basic 

environments. The solutions in the cuvettes were constantly stirred whilst being 

maintained at 37 ˚C. At predetermined time intervals, 1 mL of the solution from the 

cuvettes was withdrawn (with 1 mL of fresh PBS solution replacing it) to determine the 

DOX release using UV-Vis spectroscopy. 

 

Cell viability assessments 

 

The toxicities of the graphene hydrogel, DOX and DOX-loaded hydrogel were assessed 

using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium 
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assay in a microplate reader. The step-by-step experimental details for each assessment 

are: 

 

Cell culturing: Mesenchymal stem cells (MSC) were first seeded in 96-well microplate at 

a density of 5.0×10
4 

cells/mL in 200 μL DMEM supplemented with 10% FBS, 100 U 

mL  of penicillin, 100 mg mL  of streptomycin and 2 mM L  L glutamine for 24 hours 

and incubated at 37 °C in a 5% CO2 humidified incubator. 

 

Cell treatment with target to be assessed: Cells were then cultured in medium with the 

target to be assessed (hydrogel, DOX, DOX-loaded hydrogel) for 24 hours. A control 

containing only the cells and no hydrogel was also included. Three replicate wells were 

used per sample, including the control.  

 

MTT assay: 10 µL of MTT (5 mg.mL
-1

 in PBS) were added to each well, including both 

samples and controls, and then incubated for 4 h at 37 ˚C. All the liquid was then removed 

from wells, transferred into new microplate and 150 µL dimethyl sulfoxide (DMSO) was 

added to each well to ensure complete solubilization of formazan crystals. 

 

Cell viability measurement: After 1 h further incubation, the absorbance was measured at 

595 nm using a microplate reader (BioTek, USA). Cell viability was expressed as a 

percentage of the control cell culture value. 

 

Example 1 

 

As illustrated in Figure 1, the invention here centres on a peptide that is designed to 

self-assemble graphene sheets with a specific distance between the sheets, h, and 

which is composed of the following: 

the end groups (at least two of) that non-covalently bind to the graphene; 

the middle part (at least one of) that prefers to sit in the solution phase between 

the two graphene sheets (e.g. it is overall hydrophilic when the solution is aqueous); 

and 
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the flexible connection between the end groups and the middle (at least two of) 

that provide the right balance of flexibility to ensure the middle prefers to stay in the 

space between the layers and the end groups attached to the graphene 

 

Example 2 

 

Figure 2 shows an example of an instance of an rGO hydrogel dominated by pores of 

2.6 nm width produced using 25 mL of a 0.5 mg.mL
-1

 rGO dispersion and 25 mL of a 

0.10 µM solution of the peptide FFGGEEEEEEGGFF [SEQ ID NO: 3], which was 

designed to yield a pore size of 2.6 nm. The hydrogel film shown here is an 

approximately 5 μm thick paper-like material that is flexible and non-brittle. 

 

Example 3 

 

Figure 3 shows an example of an instance of an rGO hydrogel dominated by pores of 2.6 

nm width produced using 100 mL of 0.0025 mg.mL
-1

 rGO dispersion and 100 mL of a 

0.0005 µM solution of the peptide FFGGEEEEEEGGFF [SEQ ID NO: 3], which was 

designed to yield a pore size of 2.6 nm. The hydrogel film is approximately 70 nm thick 

and, thus, requires support on a surface (a microscope glass slide in this example). 

Example 4 

 

The lamellar nature of the hydrogel material at the mesoscale is illustrated by the SEM 

image in Figure 4.  

 

Example 5 

 

The pore size in the hydrogel made using the peptide FFGGEEEEEEGGFF [SEQ ID NO: 

3] (i.e. that shown in Figures 2 and 3) is revealed in Figure 5, which shows that the AFM 

probe experiences vertical displacements of around 2.6 nm as it crosses the edges of the 

rGO sheets revealed when the hydrogel is fractured. 

 

Example 6 
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Figure 6 shows that the amount of doxorubicin (DOX) anti-cancer drug that can be loaded 

into a hydrogel made using the peptide FFGGEEEEEEGGFF [SEQ ID NO: 3] is a strong 

function of the level of reduction of the rGO: whilst the highly reduced rGO-based 

hydrogel is marginally better than the mildly-reduced rGO, significantly higher loadings 

can be achieved by identifying the optimal degree of reduction. This figure also shows that 

the pores created by use of the peptide increases substantially the DOX capacity of the 

hydrogel. 

 

Example 7 

 

Figure 7 shows that after an initial low level burst effect (less than 10%), the DOX only 

continues to be released to any significant extent under acidic conditions akin to those 

typical of tumour sites. The release rate is sustained at an essentially constant value for 

around 3.5 days before release halts. Release beyond this point could possibly be enhanced 

by further optimisation of the hydrogel. 
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Example 8 

 

The hydrogel by itself appears to be non-toxic as shown in Figure 8, which shows that cell 

viability over a 24 hour period was statistically invariant from the control (no hydrogel) for 

the case where 5, 10, 15, 20 and 25 mg of hydrogel were present. 

 

Example 9 

 

Figure 9 compares the cell toxicity of 5 µg of DOX in 24 hours provided via 100 µL of a 

50 µg.mL
-1

 DOX solution (DOX-only) and 15 mg of a hydrogel loaded with 

approximately 150 μg of DOX that releases 5 µg in the 24 hours assessed (DOX-loaded 

hydrogel). This shows that the hydrogel-loaded DOX possesses a toxicity that is similar to 

that of DOX-only. As the hydrogel contains around 30 times this dose with approximately 

60% of that being released based on the current realisation (see Figure 7), the hydrogel can 

deliver the required does in a sustained way for around 3.5 days without intervention. 

Longer periods could be achieved by increasing the mass of hydrogel or improving its 

formulation to ensure more than 60% of the DOX were released from the sample. 

 

Example 9 

 

The ability of the hydrogel to separate bio- and other larger molecules by size is illustrated 

in Figure 10, which shows the variation through time of the bulk phase concentrations of 

dextran molecules of three different sizes in solution with the hydrogel shown in Figure 2. 

As expected, the rate of uptake of FD4, which is around half the size of the pores in the 

hydrogel (1.4 nm vs. 2.6 nm), is taken up more quickly than that of FD10, which is only 

slightly smaller than the pore size (2.3 nm vs. 2.6 nm) – this demonstrates kinetics-based 

separation of bio- and other large molecules. The 3.3 nm size of the FD20 means it cannot 

enter the 2.6 nm pores that dominate the hydrogel’s porosity – this demonstrates separation 

based on size exclusion. 
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Claims 

 

1 A spacer molecule comprising: at least first and second binding parts adapted to 

non-covalently bond at least a first graphene sheet to a second graphene sheet, said spacer 

comprising at least 9 amino acid residues and wherein when in a solution comprising two 

or more graphene sheets said spacer molecule contacts first and second graphene sheets to 

provide a layered structure and a predetermined space between at least the first graphene 

sheet and the at least second graphene sheet to provide a porous layered graphene 

structure. 

 

2. The spacer according to claim 1 wherein said spacer molecule comprises: 

i) a first end group adapted to non-covalently bond a first graphene 

sheet; 

ii) a second end group adapted to non-covalently bond a second 

graphene sheet; 

iii) a spacer middle portion separating first and second end groups 

comprising at least 9 amino acid residues, wherein when in a 

solution comprising two or more graphene sheets said spacer 

molecule contacts first and second graphene sheets to provide a 

layered structure and a predetermined space between at least the first 

graphene sheet and the at least second graphene sheet to provide a 

porous layered graphene structure. 

 

3. The spacer according to claim 1 or 2 wherein said first end group comprises one or 

more amino acids or modified amino acids.  

 

4. The spacer according to any one of claims 1 to 3 wherein said second end group 

comprises one or more amino acids or modified amino acids.  

  

5. The spacer according to claim 3 or 4 wherein said first and/or said second end 

group comprises one or more aromatic amino acids or modified amino acids. 
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6. The spacer according to claim 5 wherein said aromatic amino acid is selected from 

the group consisting of: phenylalanine, tryptophan, or tyrosine. 

 

7.  The spacer according to claim 3 or 4 wherein said first or second end group 

comprises a histidine amino acid. 

 

8. The spacer according to any one of claims 1 to 7 wherein said spacer middle 

portion comprises one or more polar amino acids. 

 

9. The spacer according to any one of claims 1 to 7 wherein said spacer middle 

portion comprises one or more non-polar amino acids. 

 

10. The spacer according to any one of claims 2 to 9 wherein said spacer middle 

portion comprises 10 to at least 50 amino acids wherein one or more amino acids or 

modified amino acids. . 

 

11. The spacer according to any one of claims 2 to 10 wherein said spacer middle 

portion comprises over at least part of its length an alpha helix. 

 

12. The spacer according to any one of claims 2 to 10 wherein said spacer middle 

portion comprises over at least part of its length a beta sheet. 

 

13. The spacer according to claim 11  wherein said alpha helix comprises the same 

amino acid residues, for example amino acids selected from the group consisting of: 

methionine, alanine, leucine, glutamine, lysine or arginine. 

 

14. The spacer according to claim 11 wherein said alpha helix comprises alternating, 

different amino acids selected from the group consisting of: methionine, alanine, leucine, 

glutamine, lysine or arginine. 

 

15. The spacer according to any one of claims 1 to 14 wherein said spacer molecule 

comprises amino acids selected from the amino acid sequence: 
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Xaa1 Xaa2 Xaa3 Xaa4   Xaa5   Xaa6 Xaa7 Xaa8 Xaa9 Xaa10 Xaa11 Xaa12 Xaa13 Xaa14 

[SEQ ID NO: 1], 

wherein  

Xaa1 and/or Xaa2 is an aromatic amino acid 

    Xaa3  and/or Xaa4   is glycine; 

    Xaa5 to Xaa10 comprise at least 5 amino acids selected from the group:  

  methionine, alanine, leucine, glutamine, lysine or arginine;  

 Xaa11 and/or Xaa12 is glycine; and 

Xaa13 and/or Xaa14 is an aromatic amino acid. 

 

16. The spacer according to any one of claims 1 to 14 wherein said spacer molecule 

comprises amino acids selected from the amino acid sequence: 

 

Xaa1 Xaa2 Xaa3 Xaa4   Xaa5   Xaa6 Xaa7 Xaa8 Xaa9 Xaa10 Xaa11 Xaa12 Xaa13 Xaa14 [SEQ ID 

NO: 1], 

wherein 

Xaa1 and/or Xaa2 is an aromatic amino acid 

    Xaa3  and/or Xaa4   is glycine; 

    Xaa5 to Xaa10 comprise at least 5 amino acids selected from the group:  

 tyrosine, phenylalanine, tryptophan, threonine, valine or isoleucine, optionally 

Xaa5 to Xaa10 can include at least one aromatic amino acid residue. 

 

17. The spacer according to claim 15 wherein said spacer comprises the amino acid 

sequence: 

 

Xaa1 Xaa2 Xaa3 Xaa4   Xaa5   Xaa6 Xaa7 Xaa8 Xaa9 Xaa10 Xaa11 Xaa12 Xaa13 Xaa14 [SEQ ID 

NO: 1], 

 

wherein Xaa5 to Xaa10 comprising  of the same amino acid residues wherein said amino 

acid residues are selected from the group consisting of: methionine, alanine, leucine, 

glutamine, lysine or arginine. 
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18. The spacer according to claim 15 wherein said spacer comprises the amino acid 

sequence:  

 

Xaa1 Xaa2 Xaa3 Xaa4   Xaa5   Xaa6 Xaa7 Xaa8 Xaa9 Xaa10 Xaa11 Xaa12 Xaa13 Xaa14 [SEQ ID 

NO: 1] 

 

wherein Xaa5 to Xaa10 comprising  of alternating amino acid residues wherein said amino 

acid residues are selected from the group consisting of: methionine, alanine, leucine, 

glutamine, lysine or arginine. 

 

19. The spacer according to any one of claims 2 to 11 wherein said peptide comprises 

an amino acid sequence selected from the group consisting of: 

i) FFGGEEEEGGFF [SEQ ID NO: 2]; 

ii) FFGGEEEEEEGGFF [SEQ ID NO: 3]; 

iii) FFGGEEEEEEEEEEEEGGFF [SEQ ID NO: 4]; 

iv) FFGGQQQQQQGGFF [SEQ ID NO: 5]; 

v) FFGGKKKKKKGGFF [SEQ ID NO: 6]; 

vi) WWGGEEEEEEGGWW [SEQ ID NO: 7]; 

vii) FFGGEKEKEKGGFF [SEQ ID NO: 8]; 

viii) FFGGEQKEQKGGFF [SEQ ID NO: 9]; 

ix) FFGGEMEMEMGGFF [SEQ ID NO: 10]; and 

x) FFGGQMQMQMGGFF [SEQ ID NO: 11]. 

 

20. A layered graphene structure comprising one or more spacers according to any 

one of claims 1 to 19. 

 

21. The layered graphene structure according to claim 20 wherein said layered 

graphene structure, includes: 

 

at least a first graphene layer and at least a second graphene layer, 
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at least one spacer layer, wherein said at least one spacer layer includes at 

least one spacer unit, the spacer unit including a middle portion and an upper end and 

a lower end, so as to provide a desired predetermined space between the at least first 

graphene layer and the at least second graphene layer. 

 

22. The layered graphene structure according to claim 20 or 21 wherein said 

structure is mesoporous. 

 

23. The layered graphene structure according to claim 20 or 21 wherein said 

structure is macroporous. 

 

24. The layered graphene structure according to any one of claims 20 to 23 

wherein said layered structure is at least 10nm thick. 

 

25. The layered graphene structure according to claim 24 wherein said layered 

structure is between 10-1000nm thick. 

 

26. The layered graphene structure according to any one of claims 20 to 25 

wherein said layered structure comprises at least 2 to 100 graphene layers. 

 

27. A device comprising a graphene structure according to any one of claims 20 to 

26. 

 

28. The device according to claim 27 wherein said device is a drug delivery device 

wherein said device is further modified to include at least one biologically active 

agent. 

 

29.  The device according to claim 28 wherein said device is a medical device. 

 

 

30. The device according to claim 28 wherein said biological  agent is an anti-

cancer agent. 
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31. A method of producing a layered graphene structure the method including the 

steps of: 

 

mixing graphene and a solution of spacer units having a first end group and a 

second end group in a solution; 

 

non-covalently bonding a first end group of the spacer unit to a first side of at 

least a first graphene sheet; 

 

non-covalently bonding a second end group of the spacer unit to a first side of 

at least a second graphene sheet; 

 

wherein the spacer units form a spacer layer, so as to provide a desired 

predetermined space between the at least first graphene sheet and the at least second 

graphene sheet. 

 

32. The method according to claim 31 wherein the layered graphene structure is 

self-assembled. 

 

33. The method according to claim 31 or 32 wherein the spacer units facilitates the 

self-assembly and stabilisation of the layered graphene structure. 

 

34. The method according to any one of claims 31 to 33 wherein, the spacer unit is 

at least one amino acid. 

 

35. The method according to any one of claims 31 to 34 wherein the spacer units 

at least one peptide. 
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36. The method according to any one of claims 31 to 35 wherein the first end group and 

the second end group of the spacer units are selected from the group of functional groups 

including aromatic and non-aromatic functional groups. 

 

37. A process for the purification of one or more molecules comprising the steps: 

i) providing a mixture comprising a molecule to be purified; 

ii) contacting said mixture with a layered graphene structure according 

to any one of claims 20 to 26  and provide conditions to allow 

association of said one or more molecules with said layered graphene 

structure to provide a  graphene structure comprising said 

molecule[s]; 

iii) contacting the layered graphene comprising molecule[s] with a wash 

buffer to remove non-specifically associated molecules; optionally 

iv) repeating step ii) and/or iii); 

v) eluting associated molecule[s] from said layered graphene to provide 

a purified solution of said molecule[s]; and optionally 

vi) repeating step v). 

 

38. The process according to claim 37 wherein said layered graphene is part of a 

column and said molecules are contacted with said layered graphene. 

 

39. The process according to claim 37 wherein said layered graphene is contacted 

with a solution comprising a mixture of said molecules. 

 

                                                               Abstract 

 

The disclosure relates to spacer molecules and their use in forming layered graphene 

and related materials and structures and methods for producing through self-assembly 

layered graphene and related structures of controlled pore size.  
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Appendix B: Patent Figures 

Figure 1 
 
 

Figure 2 

 
 

Graphene-binding group

Rigid connector that has a preference for solution; 

e.g. poly(glutamic acid) for aqueous solution.

Flexible ‘neck’

h

Graphene or graphene-related material 

Graphene or graphene-related material

(e.g. Gly2)



 

 275 

Figure 3 

 
 
Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
 

 
Figure 9 
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Figure 10 
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