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SUMMARY 
 

Peptides are known to have molecular recognition properties but there has not been 

a lot of research done based on using peptides in the fabrication of biosensors. In that 

direction, this thesis aims to explore how peptides can be used to functionalize a graphene 

substrate. Graphene has excellent electronic mobility, conductivity and strength that make 

it a suitable choice of substrate for a biosensor. Using a particular sequence of peptide that 

has been identified by phage display methods to bind to graphene, various modifications 

are done to the original sequence to study and analyze the selectivity of this peptide in 

binding. Quantum dots are used to qualitatively verify whether binding occurs or not by 

imaging the re-emission of incident light under a fluorescence microscope. It has been 

observed that the peptide sequence is extremely selective and that any modification to its 

sequence hampers binding. Introducing aromaticity and additional polarity in the sequence 

does not favor binding. In conclusion, there is a promising future for graphene-based, 

peptide-functionalized nano biosensors that have improved sensitivity and speeds when 

compared to sensors available today. 



1 

1.  INTRODUCTION 
 

 

1.1 Background 

Graphene, in the recent times, has been a preferred choice of material for biological, 

electrical and optical applications, owing to its excellent transport properties, mechanical 

strength, ease of functionalization and mass production, high conductivity and commendable 

electrochemical properties. However, in order for it to be used in electronic applications, 

suitable functionalization is required due to its zero band gap and inertness to reaction and also 

to prevent stacking of graphene sheets together due to π-π stacking which makes it hydrophobic, 

preventing it from being dissolved in common polar solvents. This is one of the reasons why a 

large number of research projects focus on the functionalization of graphene, its reaction with 

organic and inorganic molecules and in general, the chemical modification of graphene surfaces. 

The most important factor to be considered while designing a biosensor based on a carbon-

based substrate is the bond between the molecular sensing elements and the substrate, which 

should not tamper with the transport properties and electronic network [6] of the substrate and 

in the case of graphene, the extended π-conjugation on its surface. An effective methodology for 

achieving this, without creating any atomic scale defects is non-covalent functionalization of 

graphene and this document highlights how functionalization is done using peptides to pave 

way for sensitive nano biosensors in the field of biotechnology.  

 

1.2 Fluorescence Microscopy and Quantum Dots 

Fluorescence microscopy is a very powerful method with high sensitivity and resolution 

that caters to the needs of various research fields, particularly biology. The fluorophores or 

fluorochromes or fluorescent probes are chemical compounds that re-emit light upon excitation 
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of light and are widely used as tracers in fluids, as dyes to stain specific structures but the most 

important use is tagging them to a macromolecule (such as nucleic acids and proteins) 

covalently, making them act like markers for bioactive agents such as proteins. These 

fluorophores impart the above mentioned characteristics to fluorescence microscopy, making it 

a very reliable and accurate source of extracting information. The versatility, tunability and 

quantitative capabilities of fluorescent molecules render them highly suitable for application in 

biological research, among other fields. 

 

Fluorophores have been used in biological research for the last 100 years but 

advancement in the understanding of fluorescence chemistry has paved the way to a wider 

selection of fluorophores available today. These have excellent variation, flexibility and 

performance levels that can be tuned to suit specific needs. In general, fluorophores can be 

divided into three groups: 

a) Biological fluorophores 

b) Organic dyes 

c) Quantum dots 

 

Biological fluorophores are those available in nature, a good example being Aequorea 

Victoria, [2] a jellyfish from which the luminescent protein aequorin and the fluorescent 

molecule GFP (green fluorescent protein) have been isolated, purified and cloned. It was found 

that this jellyfish released calcium ions in order to bioluminesce. Blue light is released when the 

calcium ions bind to aequorin and this blue light is absorbed by GFP, which emits green light. 

GFP is a reporter gene expression protein [3], meaning that they show visible signs of certain 
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genes being taken up by or expressed by the cell or the organism population. Since the 

discovery of GFP, many of its variants have been derived including phycobiliproteins 

(allophycocyanin, phycocyanin, phycoerythrin and phycoerythrocyanin) and many other 

proteins are being used in many biological research systems for detecting various biological 

events. The advantages of biological fluorophores are that they can be used to detect and 

observe a wide range of biological signals and events, introduced into a large number of tissues, 

easily targeted to subcellular components and photodynamic toxicity is kept at bay [4]. Also 

these biological fluorophores can be introduced into the system by means of a plasmid (a small 

DNA molecule which can replicate independent of chromosomal DNA within a cell) to drive 

the expression of just the fluorophore or combined with a protein and infused in the case of 

biological events. The disadvantages of these fluorophores, however, is that the entire 

experimental process is very time consuming and also, using large amounts of light emitting 

fluorophores for expression might give rise to reactive oxygen species which can further cause 

toxicity and the size of the fluorescent protein fused can alter the physiology of the cellular 

protein to which it is fused and hence do not provide with much sensitivity. Also, the excitation 

spectrum of GFP variants is very narrow and hence, the light emission is over a wide range [5], 

making it difficult for multiple labeling to occur. 

 

Organic dyes are the first and the most versatile fluroscent dyes to have been used in 

biological research. The optical properties of these fluorophores are not highly tunable and even 

so, in order to improve upon these properties, huge changes in the design strategies have to be 

done if the structure-property relationship is known [5], since these work on the principle of 

electronic transitions. There are two types of organic dyes: resonant dyes and CT (Charge 
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Transfer) dyes based on how the emission occurs. In the case of resonant dyes, the optical 

transition is completely delocalized over the entire fluorophore while in the case of CT dyes, 

emission occurs due to intramolecular transitions of charge transfer. Charge transfer bands 

involve the promotion of an electron from an orbital with metallic characteristics to an orbital 

with ligand-like characteristics or reverse. These bands have energies that are sensitive to the 

polarities of the solvents in the microenvironment. Hence, the frequency of the transition 

depends on the dielectric constant of the surrounding medium and this property can be utilized 

to design fluorophore probes that can be used for sensing microenvironment polarity. [6] The 

advantages of organic dyes over quantum dots and biological fluorophores is that their size is 

small enough to be able to cross-link them to macromolecules for inducing them into biological 

membranes, without disrupting the physiology of the cell or molecules. Another advantage is 

that they have a wide range of excitation and emission spectra along with optimal quantum 

yields that makes them versatile for various fluorescence applications. 

 

Quantum dots are semiconductor nanoparticles of usually chalcogenides (sulphides and 

selenides), from metals such as zinc and cadmium. These normally comprise anywhere  

between a few hundred to thousands of atoms and the range of their size varies between 2 and 

10 nanometers in diameter (approximately equal to the width of 50 atoms). Recent studies have 

shown that quantum dots are used as a new type of fluorescent probe, owing to the fact that 

there are wide applications of semiconductor nanocrystals in the field of biotechnology, 

especially in studies involving subcellular processes in biology [1].  
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Quantum dots have properties in between that of bulk semiconductors and discrete 

molecules. They are small enough so as to be able to exhibit quantum-sized mechanical 

properties and luminesce by the recombination of excitons (the bound state of an electron hole 

and an electron held together by Coulomb force). Quantum dots have great advantages over 

biological fluorophores and organic dyes because of how their emission wavelength can be 

tuned precisely by varying the size of the quantum dot (as the size decreases, emission 

wavelength decreases and hence shifts from red to blue). This gives rise to a very symmetric 

and narrow emission spectra and moreover, a single source of excitation light can be used to 

give rise to simultaneous excitation of a series of quantum dots varying in the color of emitted 

light, emitting different and higher wavelength (due to energy loss either by transfer to 

neighboring molecules or molecular collision) than the excitation source. Also, good quality 

quantum dots are highly resistant to photobleaching and change in pH and can also undergo 

multiple cycles of excitation and emission for many hours together. These excellent optical and 

spectral properties of quantum dots make them highly suitable for a wide variety of multicolor 

and ultrasensitive bioengineering applications. 

 

1.3 Physics of Quantum Dots 

 Quantum dots are neither small molecules or bulk materials but are semiconductor 

particles with radii in the nanometer range. Their small radii has rendered them with excellent, 

tunable electronic, mechanical and optical properties that have been investigated by research 

scientists over two decades [7-9]. 
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 Consider a semiconductor crystallite (crystals held together by defective boundaries) 

whose radius is smaller than that of the exciton Bohr radius (most probable distance between an 

electron and a proton) of the quantum dot. In such a case, the quantum dots exhibit quantum 

confinement. Due to this, the ‘particle in a box’ theory can be applied to model the different 

energy levels, depending on the length of the box. The quantum dot is considered to be ‘strongly 

confined’ when the exciton Bohr radius is much smaller than the quantum dot radius while it is 

considered to be ‘weakly confined’ if the exciton Bohr radius is around the same value as that of 

the quantum dot. The advantage of having quantum confinement effects dominating (occurs only 

when the radius of the quantum dot is small, ideally less than 10 nm) is that the optical properties 

become highly tunable.  

 

In the perspective of physics, one of the most important qualities of a defect-free, 

semiconductor is the presence of a band gap, Egap, or a gap in energy where no energy states 

exist. There exist two bands of energy above and below this band gap known as conduction band 

and valence band, respectively. Conventionally, the lowest energy of the conduction band is 

denoted as Ec and the highest energy of the valence band is denoted as Ev.  

 

Now, let us consider an infinitely deep quantum well along a single dimension (along the 

x axis) where Ec has a value infinity outside of the well in the region 0<x<d and a value zero 

within the well. Quantum mechanics describes that a particle confined in such a well can be 

described using the time-dependent Schrödinger equation while solving the equation gives the 

values of the energy that the particle can take, which are always quantized: 
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The confinement of an electron or a hole occurs three dimensionally. In order to determine the 

allowed kinetic energies of an electron or a hole in a dot, all that needs to be done is the 

substitution of the width of the quantum well, d, with the radius of the quantum dot.  When a 

quantum dot works as a biotag, an electron gets excited from the valence band to the conduction 

band by an energy equivalent to that of a photon, hν, where h is the Planck’s constant while ν is 

the frequency of the photon. The minimum energy of the incident photon is: 
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where, in the right hand side, Egap is the energy band gap between the conduction and the valence 

band, while the first two terms describe the electron and hole ground state energies with a, the 

radius of the quantum dot.  
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Figure 1.  Diagram of bandgap theory and photoluminescence. 

 

 

When the quantum dot moves from its excited state to the stable, ground state in the valence 

band, it emits energy either by transitioning between the various energy states in the conduction 

band or by transferring some of its energy to the surrounding molecules in the lattice. Hence, due 

to loss of energy, there is an increase in the wavelength of the emitted light. The process of 

absorption takes is nearly instantaneous (about 10
-12

 to 10
-15

 s) while the fluorescence is much 

slower, i.e., about 10
-8

 s [10]. Hence, the optical properties of quantum dots are determined by 

the following factors: 1) the material of which it is made, which decides the band gap energy and 

the dangling bonds present which are prone to reactivity and 2) the radius or diameter which 

determine the emission spectrum of the dots, explained pictorially in Figure 2.  
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Figure 2.  Emission tunability of Quantum Dots based on size. 

 

 

1.4 Graphene  

 Graphene is regarded as the “mother of carbon” since it is the building block for various 

other carbon structures such as Graphite and Carbon Nanotubes (Single Walled (SWCNT) and 

Double Walled (DWCNT)) [10]. Graphite is layers of stacked graphene while carbon nanotubes 

are cylindrical, rolled sheets of graphene. Ever since the isolation of graphene was devised using 

the scotch-tape method in 2004 by Geim in the University of Manchester [11], there has been 

widespread research surrounding the possibilities of using graphene as a suitable material in the 

semiconductor industry. Wallace [12] studied the electronic structure of graphene and showed 

that it exhibits semi-metallic behavior, owing to its zero band gap. The most application-oriented 

advantage of graphene is that it can be easily integrated into the planar processing system 

(viewing circuits in a two-dimensional projection and devising individual components of 
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transistor separately and connecting them together without actual wiring), currently being used in 

the case of silicon based semiconductor devices and thus making use of its excellent, inherent 

and tunable properties such as high electron mobility [13] and relativistic carrier properties [14]. 

 

 

 

 

    

 

 

        Figure 3. Crystalline, honey-comb structure of graphene. 

 

The unusual electronic behavior that graphene exhibits is due to the massless, two-dimensional 

Dirac particles. When electronic waves pass through graphene, they undergo interference which 

causes the unusual behavior. At low energies and low wavelengths, the electrons are no longer 

governed by mass but by their speed of propagation (Fermi-Dirac velocity), which is around 300 

times smaller than that of the speed of light. Also, the electrons obey the relativistic wave 

equation in two dimensions which is an important factor in terms of theoretical physics. From the 

point of view of solid state physics, graphene is an interesting material in the sense that it is 

neither a metal, due to its vanishing density of states at the Dirac point, nor a 

semiconductor/insulator since it does not have a band gap. Thus, this renders an important 

property of no threshold for electronic excitations to graphene. 
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Graphene’s ultrahigh current density sustainability and conductivity make it a very 

promising material for use in the semiconductor industry. It has been found to show intrinsic 

charge carrier mobility of upto 200,000 cm
2
/Vs [13] on a PZT (Lead Zirconate-Titanate) 

substrate and upto 120,000 cm
2
/Vs in the case of suspended graphene at temperature 240 K [15]. 

There is no presence of backscattering in graphene due to the charge carriers having a pseudo 

spin (the extra degree of freedom required to explain the presence of additional orbital wave 

function in the two interpenetrating triangular sublattices) and this leads to a very high mobility 

[16]. In addition to this, the low electron-phonon coupling and the high sound velocity also 

contribute to the high mobility of graphene. Although graphene can sustain a current density of 

upto 5×10
8
 A/cm

2
, the current on-off ratio is very low making it highly suitable for use in 

semiconductors. This band gap can be improved upon by disrupting the structure of the 

sublattices of graphene [17] and ultrafast devices, with processing speeds up to THz, can be 

made. 

 

 Also, graphene has a large, negative thermal expansion coefficient (it contracts when 

heated and expands while cooled) of -6×10
6 

/ K [18] due to horizontal displacement caused by 

flexural or out of plane modes, with little contribution from the in-plane phonons. It also has 

excellent thermal conductivity (measured at 5000 W/mK, which is higher than the thermal 

conductivity of diamond. Hence, these novel thermal properties can be made use of in combining 

with materials having positive thermal expansion coefficient and low conductivity in order to 

create interesting semiconductor devices that can withstand high temperatures and provide 

excellent output at room temperature. 
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 Graphene is the strongest known material with a Young’s modulus of 1.0 TPa [19], 

owing to its strong and robust network of sp
2
 hybridized atomic orbitals. The one-atom thick 

layer of graphene is so impermeable to gases and chemically stable that they have been termed as 

“nano-balloons” [20]. One other important property that graphene possesses is its ability to form 

ripples when compression and strain are applied [21] which helps in studying about how the 

electronic properties depend on the morphology [22] and this can be used to device “strain-

based” graphene electronic devices. A lot of research has been done on the optical properties of 

graphene and been made use of in devising optical devices such as solar cells [23]. 

 

1.5 Peptide 

 Graphene-based field effect transistors show good response based on sensitivity towards 

various analytes [24] but at the same time, it is also non-selective. Selectivity has to be imparted 

to any such device by means of functionalization. Functionalization can either be covalent or 

non-covalent but since covalent functionalization leads to the formation of atomic scale defects 

in graphene, which are highly disruptive [25] and hampers the excellent transport properties 

(high electron mobility) that are crucial for developing a highly sensitive device, non-covalent 

functionalization is the key to inducing necessary properties to the sensor without disrupting the 

electronic network. One of the most promising methodologies of non-covalent functionalization 

is that of using peptides, utilizing its molecular recognition properties [26] and imparting 

selectivity to a range of analytes.  
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1.6 Structure of Peptide Adsorbed on Graphene 

 Naik et al. [27] has resolved the structure of a peptide that binds to graphene, the 

structure of which was previously simulated by Molecular Dynamics methods [28]. When FTIR 

(Fourier Transform Infrared) spectroscopy is performed on the powdered form of GBP 

(Graphene Binding Peptide), it displays broad amide I and amide II bands at respective 

wavenumbers (between 1660-1650 cm
-1

 and 1530 cm
-1

 respectively), pointers to the fact that the 

structure is that of a secondary α-helix [29]. However, when the GBP is dissolved in D2O, amide 

II band is no longer visible due to the conversion N-H (Nitrogen-Hydrogen) bond to N-D 

(Nitrogen-Deuterium) bond while the frequency of amide I band is increased. The strong amide I 

band presence suggests that the structure of the peptide changes from an α-helix to a distorted 

helical structure on exposure to an aqueous medium. 

The thickness of peptide adsorbed on graphene is about 1 nm thick, similar to when adsorbed on 

a carbon nanotube [30]. The substrate is that of graphene on silicon dioxide and the important 

point is that when the graphene binding peptide is incubated in such a substrate, the silicon 

dioxide layer seems to be undisturbed. Also, the electronic network of graphene seems to be 

undisturbed, as expected of non-covalent functionalization. 
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2. REVIEW OF LITERATURE 

 

2.1 Graphene-based Sensors 

 Graphene-based field-effect transistors have been devised by Xu et al. [31]. They have 

demonstrated that when graphene is non-covalently functionalized using a pyrene moiety (1-

pyrenebutanoic acid, succinimidyl ester), bound to an aptamer (short DNA or RNA sequences 

capable of binding to specific targets, in this case a cocaine aptamer) with its one end attached to 

methylene blue, an electron donor, the aptamer bends on detecting cocaine, reducing the distance 

between the methylene blue molecule and the graphene surface. This results in a change in the I-

V (current vs voltage) characteristics of the graphene FET. The pyrene moiety present in the 

linker molecule has side groups with overlapping π-bonds and hence binds well to the basal 

plane of graphene by π-stacking. Aptamers are a better choice than antibodies for this application 

since their length is within the Debye length, necessary for detection within the net charge 

carrier’s effect in solution. 

 

2.2 Peptide Sequences that Bind to Graphene-based Substrates 

A peptide of sequence EPLQLKM has been shown to bind to the edges of a specific type 

of graphene (SLP 30 potato-shape graphite family) [32]. This peptide has been found to bind to 

graphene owing to its E (Glutamic acid) residue, which is negatively polarized and the positively 

charged hydrogen terminations in the graphene plane. The reason for specific binding of the 

peptide to the edges has been attributed to π-π interactions or electrostatic interactions that take 

place, giving rise to good mechanical stability and electronic properties. Another peptide of the 

sequence, HSSYWYAFNNKT, has been found to decorate the graphene surface but with the 
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formation of pores of depth ~20-90 nm, which was unexpected since this peptide binds to CNTs 

and both CNT and graphene have similar atomically exposed π-π bonds.  

 

Pyrene moiety (1-pyrene butyric acid) is attached to the N-terminus of a peptide that 

binds to a graphene oxide substrate, having a sequence of GGGRKRIHIGPGPAFYTT, in order 

to study protein-peptide interactions [34]. Pyrene binds to graphene oxide non-covalently and 

thus does not disrupt the electronic network of graphene. Also, pyrene-based fluorophores are 

excellent optical contrast agents in molecular beacons [33] and re-emit light on excitation, with 

many events per photon absorbed. Pyrene’s fluorescence is quenched due to the proximity of the 

graphene oxide layer but when the peptide sequence bound to pyrene detects the target protein, 

desorption followed by dequenching of pyrene occurs due to competition between the pyrene 

molecule and the target protein for the graphene oxide substrate. 

 

 One self-assembling, peptide characterized as wild-type of sequence – 

IMVTESSDYSSY is selected from among the biocombinatorially selected peptide sequences. 

There is incredible symmetry associated with the formation of these peptides on the surface 

owing to the hexagonal structure of the graphene layer. A huge correlation between the 

formation of peptide and its sequence has been observed along with a transition from its normal 

amorphous state to orderly state, when it assembles on graphene. Different parts of the peptide 

have been associated with different factors that contribute to binding. The aromatic domain 

influences the binding while the hydrophilic and hydrophobic domains influence the diffusion 

and self-assembly of the peptide [35]. 
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Katoch et al. studied the structure of a dodecameric peptide that binds to graphene. The 

peptide of sequence – GAMHLPWHMGTL was previously found to bind to high ordered 

pyrolytic graphene by means of phage display [36]. It was demonstrated that the structure of this 

peptide was very different from its original α-helical structure in its powder form, when it binds 

to graphene. It takes the shape of a distorted helix. Also, binding occurs by the alignment of the 

peptides aromatic residues – tryptophan and histidine along the graphene nanosheet. Importance 

of tryptophan binding to graphene was shown by comparing the binding energies of mutant 

peptides with tryptophan replaced with alanine. Course-grained simulation studies were 

performed to study the importance of Van der Waals forces, π-stacking and hydrophobic 

interactions. Density functional studies were carried out to determine how the density of states of 

graphene were affected by biomolecular adsorption [27]. 
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3. METHODS AND EXPERIMENTS 

 

3.1 Conceptual Framework 

 As discussed previously, the basic idea of this thesis is to bind peptides to graphene, in 

order to be able to devise a biosensor in the future, making use of the excellent transport and 

electronic properties of graphene as well as the molecular recognition and excellent selective 

properties that a peptide can induce to graphene by non-covalent functionalization. Also, studies 

are done to determine the selectivity of the peptide used in the experiment by replacing a number 

of amino acids in the sequence at a time and determining the importance of specific amino acids 

or groups of amino acids in binding to the graphene substrate.  

 

3.2 Materials Used 

97% single layered graphene on silicon dioxide substrate, synthesized by the Army 

Research Laboratory, MD, United States using electron vapor deposition methods is used in this 

project.  

 CdSe quantum dots with an emission spectra of 525 nm have been used in this 

experiment. The quantum dots were synthesized by Life Technologies (Catalog number: 

Q21341MP) and are carboxylate functionalized, i.e., can be easily coupled with peptide 

sequences with amine endings. The advantage of these quantum dots when compared to amine 

functionalized ones is that they have more binding sites. 8 μM solution of this quantum dot was 

purchased. 
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Peptide sequence – GAMHLPWHMGTLGGGGGGG-NH2 is used as the base sequence 

for testing of binding to graphene. This peptide has been found to bind to graphene by phage 

display methods, as explained earlier. A seven glycine (G) amino acid chain has been used as a 

linker to enable the quantum dot to effectively bind to the peptide, without disrupting the 

peptide’s linkage to the graphene surface. This peptide was manufactured by the Protein 

Research Lab at the Research Resources Center, University of Illinois at Chicago and a purity of 

99% was verified by mass spectrometry. 

 

Fluorescence microscope is used for studying the optical signal from the quantum dots 

under Bright Field settings. A typical setup of a fluorescence microscope consists of a light 

source (usually mercury vapor lamp), an excitation filter, a dichroic mirror and an emission 

filter. A source of light is used to illuminate the specimen, which is absorbed by the 

fluorophores, which re-emit light of lower energy and higher wavelength. This re-emitted light is 

filtered by the use of a specific spectral emission filter. 

 

3.3 Experiment Procedure 

The protocol provided by Invitrogen (Life Technologies) is used as the framework for 

carrying out the procedure of binding quantum dots to peptide and to graphene, there on.  

 

  

 

 

 



19 
 

 

 

Steps followed: 

1) Out of the total 2 nmol concentration of quantum dots provided, 1/20
th
 of its 

concentration is used (0.1 nmol). Since the concentration is 8 μM, the volume required is 

12.5 μL (moles/concentration = volume). 

2) Take a small glass vial with a stirbar and dilute 12.5 μL of 8 μM Qdot solution to 8 times 

its value, i.e., 1×10
-4

 mL with 10 mM borate buffer at pH 7.4 (Refer Table I). Stir and 

mix well. 

 

 

 

 

TABLE I 

INITIAL SOLUTIONS PREPARATION 

Moles of 

Quantum 

Dot Concentration 

Volume of 

Qdot 

solution (L) 

Volume 

of Qdot 

solution 

(mL) 

Total 

Volume 

after 

Dilution 

(mL) 

Volume of Borate Buffer 

(mL) 

1×10
-9 

0.000008 0.0000125 12.5 uL 0.0001 0.0000875 

 

 

 

3) With a quantum dot:peptide ratio of 1:40, number of moles of peptide taken is 40 nM. 

Using the molecular weight of each peptide provided by the Protein Research Laboratory, 

the mass of each peptide is calculated (Mass = No. of moles of peptide × molecular 

weight).  
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4. The concentration of peptide in aqueous buffer, Tris-HCl (pH: 7.5, 100 Mm), is 200 

μg/ml [27]. Using this, the total volume of solution needed is back-calculated, since the mass of 

the peptide that needs to be dissolved is known. 

 

5. This procedure is done for variations of the GBP (Graphene Binding Peptide), to result in 

4 other peptides which will be tested for binding to graphene (Table II). Hence, this will 

determine the selectivity of the peptide binding to graphene. 
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TABLE II 

PEPTIDE SOLUTIONS PREPARATION 

Peptide Sequence
a 

No. of 

nmoles 

M.W
b
 

g/mol Mass (g) 

Mass 

(μg) 

No. of 

g/solution: 

200 μg/L 

Volume of 

Solution 

Needed 

(μL) 

GAMHLPWHMGTL 4 1749 0.000006996 6.99 0.002 34.98 

GAMHLPGHMGTL 4 1620 0.00000648 6.48 0.002 32.4 

DAMNFEWNMGTF 4 1861 0.000007444 7.44 0.002 37.22 

WGAMHLPWHMGTL 4 1935 0.00000774 7.74 0.002 38.7 

GNMHQPWHMRTL 4 1906 0.000007624 7.624 0.002 38.12 

 

a
 All peptide sequences have the following spacer component: GGGGGGG attached to an amine 

terminal (NH2) 

b
 M.W - Molecular Weight 

 

 

 

 

6. Using the ratio QD:EDC as 1:1500, the mass of EDC required for the entire experiment is 

calculated. 
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TABLE III 

EDC Mass Calculation 

No. of moles of EDC M.W. 

Mass of 

EDC (g) Mass of EDC (μg) 

0.00000015 191.7 0.000028755 0.028 mg = 30 μg 

 

 

 

 

7. So, for every peptide, the required volumes of each component have been calculated. 

Therefore, the quantum dot, the borate buffer (pH: 7.4), EDC (600 μg is dissolved in 1 ml 

of deionized water and 1/20
th
 of it (50 μl = 30 μg required) is used. Add the required 

amount of peptide and make up the solution to the calculated value from Table III. 

 

7a)  For the peptide GAMHLPWHMGTLGGGGGGG-NH2: 

 1) Add 12.5 μL of Qdot along with 87.5 μL of buffer; 

 2) Take 2 mg of peptide and dissolve in 10 ml of  100 Mm Tris-HCl; 

3) Dissolve 600 μg of EDC in 1 ml of deionized H2O and use 1/20
th
 of 1 ml (30 

μg EDC); 

4) Take 6.99 μg of peptide and make up the entire solution to 35 μL of stock 

solution. 

 

8. Follow the above procedure for all the peptides to prepare the stock solutions and stir all 

the solutions at room temperature for 2 hours for conjugation to occur. 
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9. To remove large aggregates, filter the conjugate solution with a 0.2 μm PES syringe and 

transfer the entire solution to a clean ultrafiltration centrifugal unit with a 100 kD cutoff. 

 

10. To remove any unbound, excess protein, centrifuge at the recommended speed for the 

ultrafiltration unit (12 rpm for 5 minutes) at least for 5 exchanges using 50 mM borate 

buffer at pH: 8.3. Ensure that the volume is at least greater than 10 times the initial 

volume of the solution started with. 

 

11. Store the quantum dot conjugate solution at 4
º
C. Do not freeze the solution. 

 

12. Immerse a 1 mm × 1mm graphene sample in the quantum dot solution for 10 minutes and 

wash with deionized water. Repeat this cycle several times to wash off any unbound 

protein. 

 

13. With fluorescence microscope in bright field settings and with the lights in the room 

powered down, view the sample under the microscope making use of suitable optical 

filter to detect the signals.  
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TABLE IV 

Optimal Filter Sets 

Name of Filter  Filter Type 

Exciter 1 filter 425DF45   

Exciter 2 filter 
c
 415WB100 

Dichroic filter 475DCLP 

Emitter filter 525WB20 

 

c – Use either exciter 1 or 2 
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4. RESULTS AND DISCUSSION 

 

4.1 Selectivity of Peptide 

 The results obtained during this experiment verify that the peptide sequence of 

GAMHLPWHMGTL (Peptide 1), determined by phage display techniques has been found to 

bind to graphene, evidenced by the presence of strong fluorescence from the quantum dots.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Fluorescence microscope image of peptide 1 on planar graphene. 

 

 

 

 

 

Planar Graphene under White Light Planar Graphene under White Light 
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Another interesting observation is that the peptide shows preferential binding to the graphene 

edges when compared to the planes. This can be attributed to the π-π interactions between the 

basal plane of graphene and the aromatic residues (Tryptophan (T) and Histidine (H)) present in 

the peptide which yield to binding.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Fluorescence microscope image of peptide 1 on graphene edge. 

 

 

 

 

 

Graphene Edge under White Light Graphene Edge under Mercury 

Vapor Lamp Illumination 
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Specific number of amino acid replacements were done to this peptide to result in slightly 

modified peptide sequences compared to the base peptide used. 

 

The changes made were: 

 

1) One replacement is made to peptide 1’s sequence. Tryptophan is replaced with glycine 

resulting in Peptide 2. 

2) Three replacements were made to the sequence of peptide 1. Glycine is replaced with 

arginine, leucine with glutamine and alanine with asparagine, resulting in Peptide 3. 

3) Five replacements were made to peptide 1’s sequence. Glycine is replaced with aspartic 

acid, two histidines with asparagines, leucine with phenyalanine and proline with 

glutamic acid. 

 

These changes resulted in three new peptides, namely: 

 

Peptide 2: GAMHLPGHMGTLGGGGGGG-NH2 

Peptide 3: GNMHQPWHMRTLGGGGGGG-NH2 

Peptide 4: DAMNFEWNMGTFGGGGGGG-NH2 

 

One incubating graphene in all of the above peptides, no fluorescence of the quantum 

dots were observed and hence it can be concluded that no binding occurs. 
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Figure 6. Fluorescence microscope image of peptide 2 on graphene planar surface. 

 

 

 

  

 

 

 

 

 

 

Figure 7. Fluorescence microscope image of peptide 2 on graphene edge. 

 

 

 

Planar Graphene under White Light Planar Graphene under Mercury 

Vapor Lamp Illumination 

Graphene Edge under White Light Graphene Edge under Mercury 

Vapor Lamp Illumination 
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Figure 8. Fluorescence microscope image of peptide 3 on planar graphene. 

 

 

 

 

 

 

 

 

 

 

Figure 9. Fluorescence microscope image of peptide 3 on graphene edge. 

 

 

 

Planar Graphene under White Light Planar Graphene under Mercury 

Vapor Lamp Illumination 

Graphene Edge under White Light Graphene Edge under Mercury 

Vapor Lamp Illumination 



30 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Fluorescence microscope image of peptide 4 on planar graphene. 

 

 

 

 

 

 

 

 

 

 

Figure 11. Fluorescence microscope image of peptide 4 on graphene edge. 

 

 

Planar Graphene under White Light Planar Graphene under Mercury 

Vapor Lamp Illumination 

Graphene Edge under White Light Graphene Edge Mercury Vapor 

Lamp Illumination 
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Even when there were no replacements done to the existing dodecameric peptide and only 

tryptophan, the most important amino acid required for binding is appended to the beginning of 

the sequence to generate a new peptide (Peptide 5), binding did not occur. No fluorescence was 

observed even in the edges of the graphene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Fluorescence microscope image of peptide 5 on graphene edge. 

 

 

 

 

Graphene Edge under White Light Graphene Edge under Mercury 

Vapor Lamp Illumination 
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4.2 Theory and Observation  

 The replacement of a number of peptides in the original sequence was based on the fact 

that when peptides with no aromatic rings were replaced with those having an aromatic ring or 

polarity, there will be increased binding affinity due to π - π interactions between those amino 

acid residues and the graphene edges. No binding was observed with the change in aromaticity 

and polarity of the peptide used hence, the aromaticity of a singular amino acid in the sequence 

does not influence binding. It can be inferred that small motifs within the peptide itself have to 

have affinity towards each other in order to induce stability to the peptide and result in binding.  

The most interesting result, however, is that addition of a tryptophan, which is required for 

binding changes the structure of the peptide in such a way that binding does not occur. This 

concludes that suitable combination of the amino acids alone does not suffice for binding but this 

exact sequence cannot be modified for binding to occur, or in other words, this peptide is highly 

selective towards graphene surfaces. 

 

4.3 Future Work 

 Binding of peptides to graphene can be very useful in devising novel biosensors with 

very high sensitivity. A possible extension of this project would be to introduce an aptamer (a 

short DNA sequence with high selectivity towards specific molecules) bound to an electron 

donor, methylene blue and create a graphene based FET. Previously, only pyrene moieties have 

been used as linkers but using this peptide as the linker in future graphene-based biosensors can 

improve the sensitivity of the device greatly, owing to the high molecular recognition abilities of 

proteins and also increase the biocompatibility and decrease toxicity levels, which will make 

them ideal for use in the field of medicine. 
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