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ABSTRACT 

 

 

PYRIDINE-PEG FUNCTIONALIZED GRAPHENE NUCLEANTS FOR PROTEIN 

CRYSTALLIZATION 

 

 

 

CEM MERİÇ 

 

Materials Science and Nano Engineering, M.Sc. Thesis, December 2022 

Thesis Supervisor: Assoc. Prof. Mustafa Kemal Bayazıt 
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Structural characterization of proteins using X-Ray crystallography is crucial in protein-based 

applications. X-Ray crystallography requires protein crystals which can be grown using 

nucleants. Graphene and its derivatives are used as nucleants because they interact with 

proteins due to the hydrophobic and pi-pi stacking effect and increase protein concentration 

around their surface sites. Furthermore, polyethylene glycol(PEG) is another nucleating agent 

for protein crystallization. In this study, PEG-modified graphene nanostructures bearing 

positive charges are prepared as novel nucleants, and their nucleation ability is assessed. 

Pyridine-functionalized reduced graphene oxide (RGO-Pyr) is functionalized with three 

different PEG chains (PEG550, PEG2000, PEG5000), and octadecane (RGO-Pyr-OD). Six 

samples are tested as nucleants reduced graphene oxide (RGO), RGO-Pyr, RGO-Pyr-PEG550, 

RGO-Pyr-PEG2000 and RGO-Pyr-PEG5000. Protein crystallization is performed using the 
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hanging drop vapor diffusion method, and crystallization of lysozyme as model protein is 

monitored by a polarized light microscope. Protein crystals with good diffraction quality were 

obtained within 24 hours with all graphene nucleants except PEG2000, whereas control 

experiments with no graphene showed no crystals within the same period. The highest number 

of crystals was observed in droplets containing RGO due to the hydrophobic and pi-pi 

interactions between the RGO surface and lysozyme. RGO-Pyr produced a higher number of 

crystals with bigger sizes than PEGylated samples indicating a hydrogen bonding between the 

nitrogen atom of pyridine and lysozyme. The biggest crystals were obtained using RGO-Pyr-

OD, attributed to the combined effect of pi and hydrophobic interactions arising from the 

positively charged pyridine and hydrophobic interactions between octadecane and lysozyme. 

The  RGO-Pyr-OD shows promising potential as a novel nucleant for protein crystallization. 
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ÖZET 

 

 

PİRİDİN-PEG İLE İŞLEVSELLEŞTİRİLMİŞ GRAFENİN PROTEİN 

KRİSTALİZASYONU İÇİN NÜKLEANT OLARAK KULLANIMI 

 

 

 

CEM MERİÇ 

 

Malzeme Bilimi ve Nano Mühendislik, Yüksesk Lisans Tezi, Aralık 2022 

Tez Danışmanı: Doç. Dr. Mustafa Kemal Bayazıt 

 

Anahtar Kelimeler: protein, kristalizasyon, lizozim, nükleant, grafen, piridin, PEG 

 

Proteinlerin moleküler yapısının tayini için X-ışını kristallografisi en çok kullanılan yöntemdir. 

X-ışını kristallografisinde kullanılması için proteinlerin kristal yapıda olmaları gerekmektedir. 

Protein kristalleri çekirdeklendiriciler kullanılarak elde edilebilirler. Katmanlı yapıdaki grafen 

ve türevleri yüzeylerinde proteinler ile çekirdeklenmeyi temin edici etkileşimler kurulabilir. 

Bir başka çekirdeklendirici malzeme ise polietilen glikoldür (PEG). Bu çalışmada PEG ile 

işlevselleştirilmiş pozitif yük barındıran grafen malzemeler protein kristalizasyonu için 

geliştirilmiştir. Piridin ile fonksiyonalize edilmiş indirgeniş grafen oksit (RGO) yapısına 3 

farklı molekül ağırlığına sahip PEG zincirleri (PEG550, PEG2000, PEG5000) ve oktadekan 

(RGO-Pyr OD) eklenerek protein kristalizasyonu üzerine etkisi incelenmiştir. RGO, RGO-Pyr, 

PEG550, PEG2000, PEG5000 ve RGO-Pyr-OD malzemeleri bu çalışmada çekirdeklendirici 

olarak denenmiştir. Protein kristalleri buhar difüzyon yöntemi ile lizozim proteini kullanarak 

elde edilmiştir. Lizozim kristalleri polarize ışık mikroskobu ile görüntülenmiştir. PEG2000 
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hariç denenen tüm nükelantlarda ilk 24 saat içerisinde kristal oluşumu gözlemlenmiştir. 

Nükleant kullanılmadan yapılan kontrol denemelerinde aynı zaman içerisinde protein 

oluşmamıştır. En fazla sayıda kristal, RGO kullanarak yapılan denemelerde elde edilmiştir. 

RGO’nun proteinler ile girdiği pipi ve hidrofobik etkileşimler bu gelişmenin sebebi olarak 

gösterilebilir. RGO-Pyr kullanılarak oluşturulan kristal sayısı da PEG kullanılarak 

oluşurulanlardan fazla olmuştur. Bunun sebebi, RGO-Pyr’in içerisindeki azot atomundaki 

elektron çiftinin lizozim ile hidrojen bağı kurmasıdır. Grafenin proteinler ile kurduğu pi-pi ve 

hidrofobik etkileşimler, piridin molekülündeki pozitif yük ve oktadekan ile lizozim arasındaki 

hidrofobik etkileşimler bir araya gelerek RGO-Pyr-OD malzemesinin en büyük kristalleri 

oluşturmasını sağlamışlardır. Bu sonuçlardan dolayı, bu çalışmada geliştilen RGO-Pyr-OD 

malzemesi protein kristallizasyonunda kullanım için potansiyele sahiptir. 
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CHAPTER 1. INTRODUCTION 

 

 

 

1.1. Thesis Overview 

 

 

Structure determination of proteins and other molecules is essential for understanding 

biomolecules and has more practical outcomes such as drug development. Current methods for 

biomolecular structure determination include nuclear magnetic resonance spectroscopy and 

cryo-electron microscopy. These methods provide low-resolution data compared to the most 

used X-ray crystallography method. X-ray crystallography requires single protein crystals of 

150 to 250-micron size. Producing single crystals with diffraction quality and enough size is 

challenging for proteins. Overcoming this challenge depends on additional materials called 

nucleants. 

Protein crystallization takes place in two steps: nucleation and crystal growth. The nucleation 

step is where proteins form a nucleus due to attraction forces between them, such as hydrogen 

bonds, pi-pi interactions, electrostatic interactions or disulphide bonds, overcoming interfacial 

free energy. Crystal growth takes place after a critical nucleus size is reached. Due to the weak 

interactions between protein molecules, getting the critical size is problematic. Therefore, 

nucleants were developed with different mechanisms that attract the proteins. This attraction 

increases the local protein concentration and enables protein molecules to interact with each 

other and reach the critical size more quickly. Commonly used nucleation mechanisms include 

depletion due to osmotic pressure, physical trapping inside the pores, electrostatic attractions, 
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hydrophobic interactions and hydrogen bonding. Recent strategies for protein crystallization 

are to have more than one mechanism in the same nucleant material. 

It was shown before that graphene can attract protein molecules due to its hydrophobicity. The 

hydrophobic surface of graphene allows hydrophobic amino acids to be adsorbed to the surface. 

Furthermore, the carbon hexatomic structure of graphene forms pi-pi interactions with amino 

acids having aromatic residues, which also cause protein attraction. The attraction then 

increases the local protein concentration of proteins around graphene surface to higher levels 

than bulk concentration. The increased protein concentration around the graphene surface 

creates an environment more favourable to protein crystallization since crystal formation 

depends on saturation level.  

In this thesis, functionalized graphene-based materials were synthesized, characterized, and 

tested as nucleants for lysozyme crystallization. Graphite was first functionalized with a 

pyridine molecule. With a lone pair on the nitrogen atom, pyridine can form hydrogen bonds 

with lysozyme. These electron pairs were utilized for attaching PEG with three different chain 

lengths (PEG550, PEG2000, PEG5000) and octadecane. Samples were characterized using 

Raman spectroscopy, X-ray photoelectron spectroscopy, thermogravimetric analysis, 

ultraviolet-visible spectroscopy, dynamic light scattering, Zetasizer and polarized light 

microscope. After the functionalization of these samples, pyridine becomes positively charged, 

allowing it to interact with negatively charged residues in lysozyme, which are aspartic acid 

and glutamic acid amino acids. Also, PEG and octadecane chains cause a depletion mechanism 

which is the osmotic pressure of these chains acting on proteins to increase their local 

concentration. These combined effects were compared in the ability to form crystals using the 

hanging drop crystallization method. Previous studies have shown that the additional functional 

groups can decrease the surface availability of graphene. Therefore, the additional PEG and 

octadecane may reduce the positive interactions between graphene surface and lysozyme, 

increasing the local protein concentration. The hanging drop experiments showed that RGO 

without any functionalized produces a higher number and size of crystals than PEGylated 

samples, which can be attributed to PEG's and octadecane's restriction of proteins to form pi-

pi interactions and hydrophobic interactions with graphene surface. This result suggests that 

pi-pi interactions and hydrophobic interactions between lysozyme and graphene surface are 

more effective at attracting proteins than the effect provided by functional groups. 
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Furthermore, the positive charge of pyridine can be utilized to grow crystals with bigger sizes 

than the ones grown using porous nucleants. The lone pair electron of the nitrogen atom also 

performed better than PEG for inducing crystallization, suggesting a hydrogen bonding 

between pyridine and lysozyme. RGO-Pyr and RGO-Pyr-OD showed promising potential as 

novel nucleating agents for protein crystallization. 
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 CHAPTER 2. PYRIDINE-PEG FUNCTIONALIZED GRAPHENE 

NUCLEANTS FOR PROTEIN CRSYTALLIZATION 

 

 

 

2.1 Abstract 

 

 

Structural characterization of proteins using X-Ray crystallography is crucial in protein-based 

applications. X-Ray crystallography requires protein crystals which can be grown using 

nucleants. Graphene and its derivatives are used as nucleants because their layered structure 

provides nucleation sites. Furthermore, polyethylene glycol(PEG) is another nucleating agent 

for protein crystallization. In this study, PEG-modified graphene nanostructures bearing 

positive charges are prepared as novel nucleants, and their nucleation ability is assessed. 

Pyridine-functionalized graphene oxide (RGO-Pyr) is functionalized with three different PEG 

chains (PEG550, PEG2000, PEG5000) and octadecane (RGO-Pyr-OD). Six samples were 

tested as nucleants reduced graphene oxide (RGO), RGO-Pyr, PEG550, PEG2000 and 

PEG5000. Protein crystallization is performed using the hanging drop vapor diffusion method, 

and crystallization of lysozyme as model protein is monitored by a polarized light microscope. 

Protein crystals with good diffraction quality are obtained within 24 hours with all graphene 

nucleants except PEG2000, whereas control experiments with no graphene showed no crystals 

within the same period. The highest number of crystals was observed in droplets containing 

RGO due to the hydrophobic and pi-pi interactions between the RGO surface and lysozyme. 

RGO-Pyr produced a higher number of crystals with bigger sizes than PEGylated samples 
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indicating a hydrogen bonding between the nitrogen atom of pyridine and lysozyme. The 

biggest crystals were obtained when RGO-Pyr-OD was used, attributed to the number of 

positively charged nucleation sites. RGO-Pyr-OD can be a promising and novel nucleant for 

protein crystallization. 
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2.2 Introduction 

 

 

The high surface area of graphene and its exceptional thermal, mechanical and electrical 

properties make it one of the most studied materials. The properties of graphene can be further 

improved by attaching functional groups to its surface. In addition, hydrophobic interactions 

and pi-pi interactions can be formed between the graphene surface and proteins. Such qualities 

allow the use of graphene-based materials as nucleants for protein crystallization. 

X-Ray Crystallography remains the primary method of determining the structure of 

biomolecules such as proteins. Despite the recent advances in imaging methods such as cryo-

electron microscopy, 90% of the determined structures in Protein Databank are solved using 

X-Ray Crystallography. Obtaining crystals with good diffraction quality and size is still a 

challenge. Producing high-quality crystals is the rate-limiting step of solving structures of 

biomolecules which is essential for determining their function and new drug designs.  

Proteins are made of covalently bonded amino acids. Carboxyl group and amino groups of 

different amino acids covalently bond to each other to form peptide bonds. The primary 

structure of proteins is the linear order of amino acids in their peptide chain. The spatial 

arrangement of amino acids, excluding their side chains, forms their secondary structure. In 

secondary structure, molecular interaction between proteins can result in helixes or sheets 

called α-helices and β-sheets, respectively. α-helices and β-sheets are connected by turns or by 

loops. The tertiary structure of proteins is the complete three-dimensional structure of the 

polypeptide chain, composed of all secondary structure elements and the side chains of each 

amino acid. In proteins with high molecular weight (>1000 kDa), if more than one polypeptide 

chain is present in the arrangement of different polypeptide chains is called the quaternary 

structure1. Protein crystals are held together due to attractive forces between various groups in 

the protein quaternary structure. In lysozyme crystals, the most dominant attractive force is 

hydrogen bonding. 
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Henn Egg White Lysozyme is one of the most characterized proteins and is often used as a 

model for protein crystallization, folding, unfolding and aggregation studies. The protein has a 

molecular weight of 14.3 kDa and comprises 129 amino acids from six α-helices and three β-

sheets2. Lysozyme has a positive charge below its isoelectric point at pH 11. Six positively 

charged lysine amino acids and eleven positively charged arginine amino acids are present in 

the peptide chain, with negatively charged amino acids of seven aspartic acids and two glutamic 

acids, making the total charge positive3. The net positive charge of lysozyme molecules gives 

it advantages for adsorption on negatively charged surfaces. Furthermore, negatively charged 

amino acids are also available for electrostatic interaction with positively charged molecules. 

A crystal is an ordered molecular structure composed of a repetition of a cell with a specific 

arrangement of molecules called the unit cell. Crystallization of molecules inside a solution is 

a first-order phase transition where crystal phases form out of supersaturated solution. 

Therefore, the crystallization of a molecule is driven by the supersaturation of the solution. The 

crystallization process is divided into two steps, namely nucleation and growth. The nucleation 

step takes place in the supersaturated phase of the solution. Due to particle agglomeration, a 

nucleus is formed in the nucleation step. After the nucleus reaches a critical size, the crystal 

growth step begins. Unlike the nucleation step, crystal growth occurs in the solution's 

metastable phase. In the crystal growth phase, a crystal is formed with the molecules joining 

the nucleus and crystal size is increased until the solution is depleted of the solute. The 

explanations of the nucleation step are based on classical nucleation theory, despite its 

shortcomings. In the following stages, the definition of classical nucleation theory, its 

shortcoming and new theories developed to solve the nucleation process will be discussed.       

Classical nucleation theory is mainly based on the works of J.S. Gibbs and Volmer4. As 

mentioned earlier, crystallization is a first-order phase transition phenomenon characterized by 

concentration discontinuity on the phase boundary. Due to this discontinuity, a surface is 

formed. In the nucleation step, interfacial free energy at the surface must be overcome for 

molecules to form a cluster. The fluctuation can overcome this energy in concentration. In the 

first stages of nucleation, while the cluster size is small, changes in density can only cause a 

small number of particles to exceed the surface energy barrier and join the growing cluster. 

Only after the nucleus reaches a critical size the joining of other molecules to the cluster is 

energetically favourable. Assuming that the shape of the nucleus is spherical, this critical size 

of the nucleus is determined by the critical radius.      
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Nucleation happens in the small clusters of volume inside the large volume of the solvent. In 

order to transition into the crystal phase, the new phase's free energy should be lower than the 

old phase. This statement is only valid for the bulk part of the phase. Transition in the bulk 

phase always has negative free energy change and favours the phase transition. Whereas on the 

surface, the change of free energy differs. Since surface molecules are more loosely bound to 

each other than the molecules of bulk, the contribution of surface energy to free energy 

difference is higher than the bulk phase. Because the free energy of the surface is always 

positive, the higher free energy of the surface than the bulk can make the nucleation process 

unfavourable, especially at the beginning of nucleation when the size of the molecule is 

smaller. At the small nucleus size, most of the molecules of the nucleus lie at the surface, 

making the surface contribution to free energy dominant. At this stage, the nucleus is unstable, 

and the dissolution of nucleus is more favourable than its growth. The growth of the nucleus 

happens due to fluctuations in density. As the size of the nucleus increases, more molecules 

reside in bulk than surface making the total free energy positive. Because of this nucleus gets 

more stable as its size increases.  

The positive sign of free energy at the surface comes from the contribution of the interfacial 

free energy, which can be defined as the free energy difference per molecule between the bulk 

of the nucleus and the surface of the nucleus. Interfacial free energy has a destabilizing effect 

on the nucleus. As the nucleus size increases, this effect is balanced by the negative 

contribution from the bulk free energy. At a critical size, the growth and dissolution of the 

nucleus have the same thermodynamic probably. This critical size is the critical radius of the 

nucleus. Critical radius is dependent on the interfacial free energy. High interfacial free energy 

means a bigger critical radius and decreases the probability of the growth of the cluster. A 

lower interfacial free energy favours the growth of the nucleus since it corresponds to a lower 

critical radius. A lower critical radius can also mean more possible nucleation sites inside the 

solution. This can cause smaller crystal size since the concentration of the protein inside the 

solution is limited and has to disperse into multiple nucleation sites. In such a case, 

crystallization can occur in a short time, in various places, and the solution can deplete the 

protein after a short time of crystal growth before more giant crystals are formed. Therefore, 

controlling the critical nucleus size, the possibility of crystallization, crystal size and the crystal 

number inside the solution can be variated. 
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The effect of nucleus size on free energy change during nucleation step can be quantified. For 

a spherical nucleus with a radius of r, the free energy change of process per molecule can be 

calculated using the equation: 

∆𝑔 = ∆𝑔𝑏 + ∆𝑔𝑠 

∆𝑔 = −(
4

3⁄ 𝜋𝑟3

Ω
∆𝑢) + 4𝜋𝑟2𝛼 

Where ∆𝑔 is the free energy change per molecule, ∆𝑔𝑏 is the contribution from the bulk of the 

solution and ∆𝑔𝑠 is the surface contribution. Ω and α are volume per molecule and interfacial 

free energy, respectively. The free energy contribution from the bulk solution is always 

negative and dependent on r3, whereas the free energy contribution of the surface phase is 

always positive and dependent on r2. We can therefore see that as r increases, the free energy 

from bulk increases more than the free energy of the surface. Since the first term is negative 

and the second term is positive higher r values make the total free energy negative and the 

nucleation process favourable. 

The critical radius value can be found by setting the derivative of the sum of free energy from 

bulk and free energy of the surface to zero. 

𝑑∆𝑔

𝑑𝑟
= 0 

𝑟𝑐 = 2Ω𝛼/∆𝑢 

𝑟𝑐 = 2Ω𝛼/𝑘𝑇 

The sum of free energies is maximum when the radius has the rc value. This means that free 

energy change for increasing and decreasing the radius size is negative. Therefore, both 

processes are thermodynamically favourable when the nucleus has a critical radius. 

By decreasing the interfacial free energy, it is possible to improve the crystallization process. 

Since interfacial free energy is a barrier that must be overcome to create a stable nucleus, 

finding new substrates with less interfacial free energy between proteins in the solution and 

themselves than proteins in the solution and growing crystal. Foreign surfaces, therefore, can 

be introduced to form stronger bonds with the protein molecules than solvent. This would result 

in decreased interfacial free energy, and the foreign surface acts as a site which attracts proteins. 

Due to increased protein concentration at the surface, nucleation and crystal growth steps take 
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place at the surface more easily. This method is called heterogeneous protein crystallization 

and can be quantified by modifying the homogenous crystallization equations given above.     

In homogenous crystallization, there is only one interfacial energy between the solution and 

the protein crystal. To modify the equation, new interfacial energies are introduced. Two new 

interfacial energies are introduced between the crystal and the foreign surface, denoted as αcf, 

and the other between the liquid and the foreign surface denoted as αlf.  

The interfacial free energy between the protein crystal and the liquid, used in homogenous 

nucleation, is denoted as αcl. The expression for heterogenous nucleation therefore becomes: 

∆𝑔 = −(
4

3⁄ 𝜋𝑟3

Ω
∆𝑢) + 𝜋𝑟2(2𝛼𝑐𝑙 + 𝛼𝑐𝑓 − 𝛼𝑙𝑓) 

The critical radius for heterogeneous crystallization can then be expressed as: 

𝑟𝑐 = 2Ω𝛼′/𝑘𝑇 

𝛼′ = 𝛼𝑐𝑙(1 −
𝛼𝑙𝑓 − 𝛼𝑐𝑓

2𝛼𝑐𝑙
) 

A foreign surface can reduce the total interfacial free energy when the interfacial free energy 

between the crystal and foreign surface is less than the interfacial free energy between the 

liquid and the foreign surface. In this case, the term inside the brackets is less than one made 

𝛼𝑐𝑙 greater than 𝛼′. Reduced interfacial free energy results in a lesser size of the critical radius, 

meaning that introducing foreign surfaces that can make stronger bonds with crystals than the 

solvent and do not make more robust bonds with the liquid than the crystal improves the 

crystallization probability by reducing the critical nucleus size required for protein 

crystallization.    

The foreign surfaces utilized for protein crystallization can be porous surfaces. Porous surfaces 

mechanically trap protein inside their pores. Trapped proteins then interact with each to form 

crystals. The first attempt using porous substrates for growing crystals was made using 

mesoporous silicon5. The material had various pores, with average pore size between 5 nm and 

10 nm and was used for crystallizing lysozyme, catalase, thaumatin, concanavalin A, 

phycobiliprotein and trypsin. Stokes' radii of all the proteins mentioned were between 2 nm 

and 5 nm. The crystal growth was observed on the silicon surface for all the proteins tested 

except concanavalin A. The crystallization occurred in metastable conditions, which is non-
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spontaneous for nucleation, and large crystals with good diffraction quality were obtained. The 

study concluded that the size distribution of the silicon pores allows proteins of different sizes 

to attach to the surface. The major drawback of using mesoporous silicon is its stability. 

Mesoporous silicon is only usable for several weeks before oxidation of the material result in 

blockage of its pores8. Another study used commercial porous glass with pore sizes varying 

between 10 nm and 100 nm to produce crystals of lysozyme, apoferritin and thaumatin6. 

Saturation conditions were chosen lower than the saturation required for crystallization on the 

standard poreless glass. As a result, larger and more crystals were obtained on the porous glass 

surface, whereas almost no crystals were developed on the traditional glass surface. Better 

qualities of the crystals obtained from the porous surface are due to the lower saturations 

required since crystals grown at lower saturation conditions show better qualities7. Bio glass is 

another porous medium studied as a nucleant surface. It was demonstrated that a mesoporous 

gel-glass surface with the formula of CaO–P2O5–SiO and pore sizes varying between 2 nm-10 

nm produced crystals of seven different proteins at metastable saturation9. 

Poly(ethylene glycol)(PEG) is one of the most used crystallizing agents in protein 

crystallization studies10. PEG molecules induce a molecular attraction between protein 

molecules which can result in nucleation and crystal growth. This attraction is due to the 

depletion force due to PEG acting on the protein molecules. When two protein molecules get 

closer, the PEG chain is excluded between the two protein molecules. Since PEG has high 

osmotic pressure, the exclusion of PEG between protein molecules creates a depletion force, 

pushing proteins to each other11.  

Another strategy to produce protein crystals is to use a charged surface. Proteins are charged 

molecules and are able to form electrostatic interactions with oppositely charged surfaces or 

functional groups. These electrostatic interactions are strong enough to reduce the interfacial 

free energy barrier and increase the local supersaturation required for protein nucleation12. A 

study utilized mica surface with ionizable groups of 3-aminopropyltriethoxysilane for 

concanavalin A, lysozyme and thaumatin crystallization. The study found that ionizable groups 

at the mica surface reduce crystallization time and the saturation required for concanavalin A 

and thaumatin. The crystallization effect was attributed to electrostatic interactions between 

ionizable groups on the mica surface and protein molecules13. Another study demonstrated the 

effect of charged groups using sulfonated polystyrene films and amino-silanized mica sheets 

as surfaces for nucleation14. The electrostatic interactions between protein crystals and the 

ionizable groups on the surface of mica sheets and polystyrene films had a stabilizing effect on 
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protein crystals. Charged surfaces can also be utilized to control the growth of crystals in 

specified directions. By creating a charge on the nucleation surface opposite of the protein, the 

direction of crystal growth of lysozyme was successfully controlled15. 

Graphene is a highly studied material that can attract proteins to adsorb into its surface. The 

aromatic residue of amino acids and hexatomic carbon rings of graphene attract each other due 

to pi-pi interactions. Moreover, graphene is a hydrophobic surface, and proteins contain 

hydrophobic amino acids. In order to minimize its surface to the water, in the presence of 

graphene, proteins interact with the graphene surface via hydrophobic interactions. These two 

interactions of graphene and proteins cause protein adsorption onto the graphene surface16. 

This phenomenon, in turn, increases the local protein concentration around graphene. Due to 

the increased concentration, protein crystallization is more favorable around the graphene 

surface than bulk protein solution. In addition, defects in the carbon structure of the graphene 

layer can trap protein molecules and increase the protein concentration needed for 

crystallization. The adsorption of protein changes its tertiary structure. A model has shown that 

lysozyme adsorbs onto the graphene surface with aromatic and hydrophobic residues coming 

into contact with the surface16. Another study has shown that after desorption, proteins take a 

different folding than their natural shape. Still, the enzymatic activity of lysozyme is 

unhindered, meaning that active sites lysozyme are not damaged due to the interactions with 

graphene17. Due to the slow residence time of lysozyme on foreign surfaces, the denaturation 

of proteins due to intramolecular attractions is often neglected8. 

The approaches mentioned above can be combined to develop nucleants for protein 

crystallization. The effect of surface charge, hydrophobicity, pi-pi interactions and depletion 

mechanism on protein crystallization can be used in single nucleant. Such materials can be 

carbon nanomaterials since they can form attractive interactions between their surface and 

protein molecules. Furthermore, they can be functionalized with groups of surface charge and 

groups that produce a depletion effect. A study showed that the number of drops containing 

protein crystals in the hanging drop method was improved using colloidal graphene and 

graphene oxide as nucleants18. Another carbon nanomaterial tested was carbon nanotubes. The 

porosity of carbon nanotubes allowed nucleation and crystal growth on lower saturation 

levels19. A comparative study was made using carbon nanotubes, graphene oxide and carbon 

black functionalized with different groups such as amines, thioether and hydroxyl, with the 

emphasis being on polyethylene glycol with 5 kDa molecular weight20. Out of the 20 carbon 

nanomaterials tested polyethylene glycol-functionalized carbon black nanoparticles were the 
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most effective material due to the depletion effect of PEG, surface interactions between carbon 

black and proteins, surface area and surface topography of carbon black. Another study 

compared PEG-functionalized multi-walled carbon nanotubes, single-walled carbon 

nanotubes, exfoliated few-layer graphite, graphite nanoplatelets and carbon black as nucleants 

for protein crystallization21. The study concluded that carbon nanotubes effectively induce 

nucleation and crystal growth. Still, the PEG functionalized exfoliated few-layer graphite and 

graphite nanoplatelets were more successful than carbon nanotubes at single crystal production. 

A further study showed that a lower ratio of PEG attachment on the graphene surface proved 

more effective for crystallization22.   

In this thesis, we have developed novel nucleants for protein crystallization by functionalizing 

reduced graphene oxide(RGO). RGO was first functionalized with pyridine. The lone pair of 

pyridinic nitrogen was further utilized for grafting polyethylene glycol with three different 

chain lengths: 550 Da, 2000 Da and 5000 Da. Also, one sample was functionalized with an 

octadecane chain instead of PEG. We have tested six materials to compare their nucleating 

properties, namely: reduced graphene oxide(RGO), pyridine functionalized reduced graphene 

oxide(RGO-Pyr), three different PEG grafted RGO-Pyr materials (PEG550, PEG2000, 

PEG5000) and octadecane grafted RGO-Pyr (RGO-Pyr-OD). The positive effect of reduced 

graphene surface on protein crystallization was increased using the electron pairs of pyridine 

molecule, the positive charge of pyridine in chain grafted samples and the depletion effect of 

polyethylene glycol. Crystallization studies were conducted using the hanging drop vapor 

diffusion method and lysozyme as a model protein. 
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2.3 Experimental 

 

 

PEG with molecular weights of 550 Da, 2000 Da and 5000 Da were purchased from Sigma 

Aldrich. Graphite was purchased from Alfa Aesar Company. 

For the synthesis of pyridine functionalized reduced graphene oxide, a solution of NaNO2 (7,10 

mmol) at 0 ℃ was dissolved in 0,7 ml of water at the same temperature. The solution was then 

added dropwise to 5 mL of 4 M HCL solution at 0 ℃ containing 6,99 mmol of  4-amino-

pyridine. After stirring for 30 minutes while maintaining the 0 ℃ temperature, a yellow 

solution was obtained. Next, 10 mg reduced graphene oxide was dispersed in 20 mL of N, N-

dimethylformamide at 0 ℃ via ultrasonic bath for 5 minutes and then added dropwise to the 

previously prepared solution. The resulting mixture was stirred at 0 ℃ for 4 hours. After 4 

hours, the mixture was allowed to reach room temperature while stirring for 15 hours. The 

mixture was then filtered through a 0,2 µm nylon membrane (Whatman) to obtain 

functionalized reduced graphene oxide. The functionalized sample was then dispersed in 100 

mL, 2M HCl, before filtering and washing until pH was neutral. To provide deprotonation of 

pyridinium salt to pyridine, the solid sample was redispersed in 100 mL 2 M NaOH and stirred 

overnight. Functionalized reduced graphene oxide was then filtered using 0,2 µm membrane 

and washed with water until neutral pH was reached. Dispersion and filtration processes were 

repeated separately using first 2x30 mL THF, then 2x30 mL acetone and finally 2x30 mL 

acetone as solvents. Pyridine functionalized reduced graphene oxide was obtained after drying 

at 80 ℃ overnight. 

To attach methoxy-terminated PEG (mPEG) into RGO-Pyr, mPEG was first converted to 

chloro-terminated PEG (mPEG-Cl) by reaction with thionyl chloride following a literature 

procedure23. mPEG-Cls of 550 da, 2000 da and 5000 da (45,09 mmol) and 1-bromooctadecane 

were separately added to a dispersion of RGO-Pyr (5 mg) in dry DMF (10 mL), dispersed using 
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an ultrasonic bath (ISOLAB 621.05.006, 180 Watt) for 5 minutes, and the reaction mixture 

stirred at 60 ℃ overnight. The RGO-Pyr-mPEGs were then filtered through a PTFE membrane 

(0,2 µm, Whatman), redispersed in acetone (30 mL), filtered and washed with acetone (2x 30 

mL) and dried overnight at 80 ℃ to afford PEGylated RGO-Pyr and octadecyl modified RGO-

Pyr similar to a previous study reported on literature24. 

Raman spectra were taken from the powder samples on a silicon wafer using Renishaw Raman 

spectroscopy having a laser beam of 532 nm wavelength. Analysis was performed under 10% 

laser power, 20 exposure and two accumulations settings. 

Sample dispersions were prepared initially at 30 µg/mL sample concentration on water. 

Dispersions were then sonicated for 2 hours. After sonication, dispersions were left to settle for 

30 minutes. The middle part of the solution in the vial was assumed stable after 30 minutes and 

taken via pipette, leaving only supernatant and sediment fractions inside the vial. 

The concentrations of the stable parts of the samples were determined using UV-Vis 

spectroscopy and Lambert-Beer's law. 2 minutes of sonication was performed before each UV-

Vis spectroscopy analysis. Then, the dispersions are further diluted to around 3,50 µg/mL to 

obtain the same concentration of samples for further analysis. 

Zeta potential analysis was done on dispersed samples using Malvern Zetasizer. Before each 

analysis 2 minutes of sonication was performed on every sample.   

The hanging drop crystallization method was performed in 24 well plates. Buffer solution 4.7 

pH and 1M NaCl concentration were prepared to be used in droplets. Another buffer solution 

with a 4.7 pH and 3M NaCl concentration was prepared to be used in 24 well plate reservoirs. 

An increased NaCl concentration facilitates vapor diffusion between the reservoir and the 

droplet. Inside the buffer solution, lysozyme was added at 66 mg/mL concentration, and the 

solution was mixed gently without stirring. 1.5 µL of buffer solution was mixed with 0.5 

microliters of sample dispersion to obtain 2 µL droplet volume. The total composition of the 

droplets is 50 mg/mL lysozyme, 75 µg/mL sample dispersions and 1 M NaCl for droplets 

containing nucleants. The control sample having no nucleant, only contains 50 mg/mL 

lysozyme and 1 M NaCl. Droplets were prepared on a glass surface with greased corned, which 

were then sealed on top of the 24 well plates containing 800 µL of 4.7 pH and 3M NaCl 

reservoir condition. Images of the droplets were taken after preparation and every 24 hours 

using Nikon SMZ1500 polarized light microscope.  
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2.4 Results and Discussion 

 

 

Raman spectroscopy is an analysis method that gives information about the vibrational mode 

of a material by subjecting it to a beam of irradiated light and measuring the amplitude of 

inelastic (Raman) scattering25. The sample is subjected to light of a specific wavelength that is 

either absorbed or scattered when interacting with the sample. Light can be scattered in two 

ways: elastic or inelastic. Most photons are scattered elastically, resulting in no wavelength 

change. However, wavelength change happens in an inelastic scattering of photons. This 

change due to inelastic scattering is called the Raman shift. In elastic scattering, the wavelength 

change creates an energy exchange related to the change in the vibrational or rotational energy 

of the sample. The change in the rotational or vibrational energy of the sample is, in turn, 

related to specific chemical bonds26. 

Raman spectra of carbon nanomaterials show three distinct bands, namely D, G and 2D bands. 

The D band is around 1350 cm-1 and is a measure of defects in the graphene layers, such as 

vacancies or dislocations27. The location of the G band is near 1580 cm-1 and is due to in-plane 

vibrations caused by sp2 hybridized carbons. The number of graphene layers is the cause of the 

appearance and the shift of the 2D band near 2700 cm-1. 

The ratio of the D band to the G band (ID/IG) is generally used as a measure of defect densities 

on graphene layers28. For graphite with a highly ordered structure, the relatively weak D band 

is mainly caused by disorders present at the edges, whereas the G band is visible due to the in-

phase vibration of the graphitic lattice29. Because there are no strong D bands for graphite, the 

ID/IG value is insignificant. Oxidation of graphite introduces disorders to the lattice, causing an 

increase in the D band and broadening of the D and G bands. Reduction of graphene oxide 

further increases the intensity of the D band since sp2 carbons are restored during the removal 

of oxygen groups during the reduction process30. Therefore ID/IG value increases after the 

reduction of graphene oxide to reduced graphene oxide. 
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Figure 1. Raman spectra of base graphite, graphene oxide, reduced graphene oxide and 

functionalized graphene samples 

 

In our Raman spectra experiments, we have two control samples: graphite and a physical mix 

of graphite and PEG 2000 (control using graphite and PEG 2000). As expected, the graphite 

sample showed a strong peak around the G band. Still, it did not show a D band with high 

intensity (Fig. 1). Similarly, D band intensity for control using graphite and PEG2000 is 

insignificantly low, suggesting that no chemical interactions were formed between PEG2000 

and graphite during the physical mixing. After the oxidation of graphite to graphene oxide 

intensity of the D band is increased. During the reduction process, removing oxygen and 

increasing the sp2 hybridization of carbons caused a further increase in the D band. An increase 

of ID/IG value from 0,90 to 1,08 was observed between GO and RGO. The results suggest 

successful oxidation and reduction of graphite to GO and RGO. The attachment of pyridine to 

the RGO surface and further attachments of polyethylene glycol and octadecane caused no 

significant changes in the Raman spectra. 

Scanning electron microscope images of the RGO-Pyr sample were taken to evaluate the 

material's porosity. Proteins can accumulate in pores with radii lower than 1 µm but this pore 

length is not enough to affect protein crystallization. On the other hand, proteins trapped in 

pores having a much smaller pore length of around 5-10 nm can reach a critical saturation level 

to produce crystals. The smallest pore length in our scanning electron microscope images was 
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20 nm. Therefore, it can be said that the crystallization effect of our functionalized graphene 

samples is not due to the material's porosity.  

 

Figure 2. Scanning electron microscopy of RGO-Pyr at a) 500 x, b) 14000 x, c) 25000 x and 

d) 100000 x magnitudes  

 

Dynamic light scattering (DLS), also called quasi-light scattering or photon correlation 

spectroscopy, is an analysis method for determining the size of particles in a colloidal 

suspension. When dispersion is subjected to monochromatic light, the Brownian motion of the 

particles inside the solution causes the light to scatter. Since the particles' Brownian motion 

depends on the particle size, smaller particles diffuse faster. In contrast, bigger particles diffuse 

slower, and particle size can be determined by measuring the scattering of light31. Dynamic 

light scattering uses a light source and a detector to detect to scattered light caused by particles 

in a solution. The detection signal is evaluated over time to obtain the diffusion coefficient. 

The diffusion coefficient can then be used to calculate average particle size (hydrodynamic 

radius) by using the Stokes-Einstein equation:  

𝐷 = 𝑘𝑏𝑇/6𝜋𝑅𝐻 
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Where kb is the Boltzmann constant, T is absolute temperature,  is solution viscosity, 𝑅𝐻 is 

the hydrodynamic radius, and D is the diffusion coefficient32. DLS equipment contains a 

program to calculate hydrodynamic radius using measured diffusion coefficient and Stokes-

Einstein equation.    

Graphite particles consist of layers held together by pi-pi interactions, which can be separated 

by additional forces introduced between the layers33. Attaching functional groups to graphite 

can present forces to push the graphene layers apart34. Electrons of the functional groups can 

create electrostatic repulsion between graphene layers, reducing the particle size. 

 

Table 1. Average particle size and zeta potential of reduced graphene oxide and functionalized 

samples 

Sample Average Particle Size 

(nm) 

Zeta Potential 

(mv) 

RGO 1287 ± 312 -21.9 ± 2.6 

RGO-Pyr 229 ± 23 -28.6 ± 2.0 

PEG550 897 ± 51 -11.3 ± 1.5 

PEG2000 840 ± 181 -16.2 ± 3.2 

PEG5000 1170 ± 187 -38.1 ± 2.0 

RGO-Pyr-OD 842 ± 149 -17.2 ± 1.6 

 

The average particle size of RGO samples was 1287.68 ± 312.85 nm (Table 1). The average 

particle size was reduced to 229.22 ± 23.51 nm after pyridine attachment to RGO. The resulting 

decrease can be due to the coulombic repulsion caused by electrons introduced by pyridine 

between the graphene layers RGO overcoming the pi-pi attractive forces holding graphene 

layers together. After PEGylation and octadecane addition, the average particle size was 

increased due to long PEG and octadecane chains attached to RGO-Pyr. PEG and octadecane 

chains can increase the average particle size by connecting more molecules to the RGO and 

decreasing the effect due to additional coulombic repulsion force from PEG and octadecane 

molecules pushing graphene layers apart. This double effect can be why PEG550 has a larger 

average particle size than PEG2000 despite the longer chain of PEG2000 compared to the chain 

of PEG550. PEG 5000, having the highest molecular weight and long chain, showed larger 

particle sizes than the other PEGylated and octadecane functionalized samples.      
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Figure 3. X-ray photoelectron spectroscopy surveys of a) RGO-Pyr, b) PEG550, c) PEG2000, 

d) PEG5000, and e) RGO-Pyr-OD 
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Figure 4. X-ray photoelectron spectroscopy N 1s scans of a) RGO-Pyr, b) PEG550, c) 

PEG2000, d) PEG5000 and e) RGO-Pyr-OD 

 

In N1s XPS spectra, the peak locations at around 399 eV were attributed to the unfunctionalized 

nitrogen atom of the pyridine group. The second peak observed in RGO-Pyr spectra at 403.78 

eV can be due to the oxidation of pyridinic nitrogen. For the other samples, the second peak 
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was due to the PEG and octadecane attachment to pyridinic nitrogen, which causes a positive 

charge on the nitrogen atom. The ratio of positively charged pyridinic nitrogen to total pyridinic 

nitrogen was calculated using the areas under each peak. PEG550 showed the most successful 

pyridine grafting with a 0.65 ratio of PEGylated nitrogen to total nitrogen. Also, chains with 

higher molecular weight showed lower pyridine grafting ratios for PEGylated samples.  

Table 2. Peak locations and the ratio of positively charged pyridinic nitrogen to total pyridinic 

nitrogen  

Sample Peak Location (eV) PEGylated/octadecane 

attached N:Total N 

RGO-Pyr 399.18 403.78 - 

PEG550 399.08 400.78 0.65 

PEG2000 399.38 401.38 0.38 

PEG5000 399.78 401.48 0.30 

RGO-Pyr-OD 399.68 407.08 0.36 

 

In the elemental composition analysis for RGO-Pyr, 1.27 % nitrogen atom is present, whereas 

the atomic percentage of carbon is 66.13 %. By relating the percentages, 1 pyridine group is 

calculated to present approximately 52 carbon atoms of reduced graphene oxide. The ratio of 

carbon atoms per a single PEG or octadecane chain was then found by dividing the carbon 

number per pyridine group by the pyridine grafting ratio.   

 

Table 3. The number of carbon atoms per PEG or octadecane chain 

Sample Number of carbon atoms per PEG or 

octadecane chain 

PEG550 79 

PEG2000 136 

PEG5000 171 

RGO-Pyr-OD 145 
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Table 4. The atomic percentages calculated from X-ray photoelectron spectroscopy data 

 Atomic % 

Compound RGO-

Pyr 

PEG550 PEG2000 PEG5000 RGO-

Pyr-

OD 

C 1s 66.13 61.14 51.43 68.00 58.32 

O 1s 17.97 22.8 27.44 17.79 22.38 

N 1s 1.27 0.72 1.00 1.05 1.75 

Si 2p 1.56 1.31 1.09 1.36 - 

Na 1s 0.74 1.74 5.71 0.45 7.18 

S 2p - 0.71 3.10 - - 

Cl 2p - 0.87 - 0.24 - 

 

Zeta potential is an analysis method for determining the stability of particles inside a dispersion. 

Zeta potential also suggests the charge of the dispersed particle. When a charged surface is 

surrounded by solvent, the ions with an opposite charge firmly attached to the surface form a 

layer called Stern layer35. Outside the Stern layer, another layer consists of ions with both 

charges and is loosely attached to the surface. The boundary of this layer is called the slipping 

plane. Outside the slipping plane, ions of the dispersion medium are assumed free of 

interactions with the charged surface. The electrical potential of the charged surface at the 

slipping plane of the electrical double layer is called zeta potential. Zeta potential gives the 

potential difference between the charged particle and the bulk fluid36. High zeta potential 

values, positive or negative, suggest the dispersed system's stability since it means the 

electrostatic repulsion between the particles prevents coagulation. Particles with lower zeta 

potential tend to coagulate more quickly since they lack strong repulsive forces between them. 

Dispersion with particles having higher zeta potential than +30 mV or -30 mV is considered 

stable, whereas stability decreases as zeta potential values of particles get lower37. 
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Figure 5. Stable parts of the sample dispersions taken after 2 hours of sonication and 30 minutes 

of the settling period 

 

To determine the zeta potential of particle, the sample is subjected to an electric field. The 

mobility of the particle inside the solution due to the applied electric field is measured with the 

Doppler effect38. A laser beam is introduced into the solution, and the light's scattering due to 

particles causes a shift in the light frequency. The shift in frequency is then converted into 

particle speed using the Doppler effect and then to zeta potential by Henry or Smolochuski 

approximations39.   

The Zeta potential of particles is decreased after PEGylation because PEG is a neutral and non-

absorbent polymer. PEG chains can extend beyond the electrical double layer and lower the 

ion concentration at the slipping plane due to its steric exclusion mechanism. This mechanism 

causes ion concentration at the slipping plane to drop and causes lower zeta potential values 

than expected. The reduction of zeta potential is correlated with the density of PEG coverage 

at the particle surface, with denser PEG coverage resulting in more reduction of zeta potential40.  

The zeta potential of all the samples was negative, suggesting a negative surface charge. From 

zeta potential values, we can say that RGO is moderately stable since it has a zeta potential of 

around -21,88 mV. After pyridine functionalization, the absolute value of zeta potential was 



34 
 

increased to -28 mV, indicating increased stability. This change can be attributed to the reduced 

size RGO-Pyr compared to RGO. RGO-Pyr having less particle size showed higher 

electrophoretic mobility than bigger RGO particles inside the dispersion. As expected, 

PEGylation with 550 da molecular weight and 2000 da molecular weight decreased zeta 

potential to -11 mV and -16 mV relatively due to the steric exclusion effect lowering the ion 

concentration at the slipping plane. The decrease in zeta potential after octadecane addition can 

be attributed to a similar effect with PEG since both octadecane and PEG are neutral polymer 

chains capable of steric exclusion. We also observed increasing zeta potential due to the 

increasing molecular weight of PEG. This effect can be attributed to PEG with higher 

molecular weight having lower coverage at the surface, causing a lower reduction effect on 

zeta potential.   
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Figure 6. Ultraviolet-visible light spectroscopy results of samples 

 

Ultraviolet-visible (UV-Vis) spectroscopy is widely used for the quantitative analysis of 

compounds. Uv-Vis produces light with wavelengths near UV (180-390 nm) or visible (380-

780nm) and detects the absorbance of the sample at each wavelength 41. When the light at the 
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ultraviolet or visible range passes through a sample, specific wavelengths are absorbed due to 

 electrons or non-bonding electrons42. Therefore, using Lambert-Beer's law, it is possible to 

obtain a sample concentration according to its absorbance at a certain wavelength.  

According to Lambert-Beer's law, the relation between absorbance and concentration is given 

by: 

𝐴 = log10 (𝐼0 𝐼)⁄ = 𝜀𝑐𝐿 

 Where A is the absorbance measured by the equipment, 𝐼0is the incident light intensity, 𝐼 is 

the transmitted light intensity,  𝜀 is the molar absorptivity coefficient specific for each material, 

c is the sample concentration, and L is the length at which light passes through the sample43. 

The molar absorptivity coefficient of the graphene at 660 nm was found to be 2.460 Lg-1m-1. 

Suppose the wavelength of incident light is known. In that case, it is possible to calculate the 

concentration of a graphene dispersion sample using the given molar absorptivity coefficient 

and measured absorbance value44.  

 

Table 5. Concentrations of sample dispersions calculated using Lambert-Beer's law 

Sample Concentration  

(µg/mL) 

Graphite 2.03 

GO 4.95 

RGO 10.69 

RGO-Pyr 11.86 

PEG550 11.38 

PEG2000 9.30 

PEG5000 3.41 

RGO-Pyr-OD 8.61 

Control using graphite and PEG2000 0.77 

 

The dispersion stability of a material in the solvent is affected by its polarity. Generally, polar 

compounds are better dispersed in polar solvents and vice versa. Graphite having C-C bonds 

shows a non-polar characteristic. In contrast, hydroxyl, epoxy and carboxy introduced intro 

graphite by oxidation increasing polarity and made it suitable for interacting with non-polar 

solvents45. Therefore, the oxidation of graphite increases its dispersion stability in non-polar 

solvents such as water.  
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Figure 7. Thermogravimetric profiles of RGO-Pyr and pure graphite  

 

Concentrations of the staple parts of the dispersion taken after 30 minutes of resting were 

calculated from UV-Vis spectra. GO showed higher concentration graphite indicating better 

dispersion stability due to added functional groups during oxidation. Pyridine attachment to 

RGO can have two possible effects on dispersion stability. Firstly, a decrease in dispersion 

quality due to increased density of the RGO after pyridine addition causes sedimentation. 

Secondly, smaller particle size and higher surface area of RGO-Pyr, when compared to RGO, 

cause more effective electrical double layer repulsive forces, increasing the dispersion stability. 

The concentrations obtained from UV-Vis suggest that these two effects almost cancel each 

other since the concentration of RGO and RGO-Pyr only differ by 10 %. 

Similarly, adding PEG to RGO-Pyr causes steric stabilization, which increases dispersion 

stability and density. Therefore, the reduced concentration of the samples at increasing PEG 

molecular weight can be attributed to the effect of density overcoming steric stabilization. 

Despite having a lower molecular weight than PEG550 and PEG2000, the octadecane chain 

did not cause an increase in concentration which can be attributed to the lower steric 

stabilization of the octadecane chain compared to PEG chains.    
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Thermogravimetric analysis is a tool utilized for determining the response of nanomaterials or 

polymer composites under heating46. Under controlled heating rate and atmosphere, the weight 

loss of the sample is determined related to time or temperature47. A thermogravimetric analyzer 

consists of a programmable furnace for a controlled heating rate. This isolated chamber 

prevents additional heat effects and provides a controlled atmosphere and a sensitive balance 

inside the chamber for continuous weight measurement48.  

The decomposition of pyridine starts at around 330 ℃ and ends until 600 ℃. In the mass loss 

profile of RGO-Pyr, the mass loss between 330 ℃-600 ℃ is 14,04 %. The thermogravimetric 

profile of pure graphite showed 1,69 % mass loss at 600 ℃. Comparing mass loss percentages 

of graphite and RGO-Pyr between 330 ℃-600 ℃, and molecular weights of carbon and 

pyridine group, 1 pyridine group is calculated present per 53 carbon atoms. The result is in 

close agreement with the XPS calculations, which showed 1 pyridine group per 52 carbon 

atoms of reduced graphene oxide. 

Polarized light microscopy is a characterization technique widely utilized for imaging protein 

crystals. Polarized light is an electromagnetic wave whose electric field vectors vibrate in a 

single plane as opposed to other sources of light whose electric field vectors vibrate in all 

planes. Polarization of light is achieved by passing light into a medium that restricts its 

vibration in specific planes. A polarized light microscope consists of an illuminator that 

produces unpolarized light, a polarizer that restricts unpolarized light's vibration to single-plane 

vibration, and an analyzer to absorb the transmitted polarized light49. Polarized light 

microscopy is especially useful for determining protein crystals since some proteins show 

birefringence50. The refractive indexes of the birefringent materials vary according to the 

polarization of the light51. Upon passing through a birefringent sample, polarized light is 

divided into faster and slower travelling components, which emerge from the material with a 

phase difference. The phase difference is detected as a glow-on image making protein crystals 

easier to see. Crystal growth in the droplets containing protein, buffer solution and nucleants 

was evaluated each day under the polarized light microscope.  

An essential parameter for the effectiveness of a nucleant is its ability to reduce crystal 

formation time. Nucleants that form a strong attraction with protein molecules reduce the time 

required for the first crystal to grow by increasing the protein concentration. Droplets 

containing nucleant samples showed crystal growth in the first 24 hours, except the droplet 

containing PEG2000, which produced crystal on the third day. Control samples containing only 
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buffer solution and protein showed crystal growth on the fourth day. All of the samples tested 

decreased the time required for the first crystal to appear compared to the control suggesting 

successful interactions with lysozyme. The difference in time for RGO, RGO-Pyr, PEG550, 

PEG5000 and RGO-Pyr-OD is three days, whereas, for PEG2000, it is one day. 

 

Table 6. Crystal Formation percentage of hanging drop kits prepared 

 

Polarized light microscope images show lysozyme crystals appearing in a different colour from 

their medium. The colour difference between a crystal and its medium signifies its diffraction 

quality. All of the tested samples, including the control, were able to produce crystals of a 

different colour than their medium indicating good diffraction quality. In the first 24 hours, 

crystals formation occurs except for PEG2000 and control. However, in the images of the fifth-

day, distortion of crystals in the droplets containing RGO-Pyr, PEG550, PEG5000 and RGO-

Pyr-OD is observed. For PEG550, PEG5000 and RGO-Pyr-OD, this can be due to the 

electrostatic interaction between the positively charged pyridine and negatively charged 

lysozyme molecules at the crystal surface, pulling lysozyme molecules out of the crystal lattice. 

For RGO-Pyr same effect can be attributed to the covalent bonding of the pyridine atom with 

the sulphur atom of cysteine amino acid included in lysozyme.  

Another parameter to assess the effectiveness of a nucleant is to look at the number of droplets 

with crystal growth. RGO and RGO-Pyr-OD produced crystals in two of three kits tested on 

the first day. Crystallization in all the kits reached the quickest for RGO on the third day, 

whereas for RGO-Pyr-OD, all kits showed crystal growth on the fourth day. For RGO-Pyr and 

PEG550, two out of three kits produced crystals on the first day. All of the kits containing 

RGO-Pyr showed crystal growth on the fourth day. For PEG550 and PEG2000, only two out 
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of three kits were able to produce crystals during five days period, whereas PEG5000 showed 

crystal growth in one of the two droplets during the same period. 

 

 

Figure 8. Polarized light microscope images of droplets containing RGO-Pyr as the nucleant 

taken from the same area of the droplet at a) right after preparation and b) after 12 days 

 

In the polarized light microscope images, nucleant samples are seen as black dots inside the 

droplet. In figure 8, the crystals on the 12th day are grown at two locations: the droplet boundary 

and the area that is concentrated with nucleant. This suggests that the crystallization process 

can occur at the nucleant surface, and nucleant samples act as foreign surfaces like droplet 

boundaries that induce heterogeneous nucleation.   

 

Figure 9. Polarized light microscope images of droplets containing RGO as the nucleant taken 

a) right after preparation and b) after 5 days 
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Figure 10. Polarized light microscope images of droplets containing RGO-OD as the nucleant 

taken a) right after preparation and b) after 5 days 

 

RGO showed the highest average number of crystals per droplet on the first day and after 5 

days. Also, considering the faster growth of crystals for droplets containing RGO samples, the 

crystallization effect of RGO can be attributed to the pi-pi interactions and hydrophobic 

interactions between lysozyme and RGO surface. It was shown that additional functional 

groups to the graphene surface decrease the availability of the surface to other molecules. 

Because both PEG and octadecane are long carbon chains, they can cause steric exclusion to 

lysozyme molecules and prevent adsorption to the RGO surface. This negative effect on protein 

crystallization can nullify the positive effect of added functional groups. Because RGO has 

performed better as a nucleant than PEGylated samples with functional groups, it can be 

suggested that the pi-pi interaction and hydrophobic interaction from the RGO surface on 

protein crystallization are greater than the effect from functional groups. For example, the 

depletion mechanism of PEG and positive charge on pyridine and lone electron pair of the 

nitrogen atom of pyridine resulted in better crystallization for RGO-Pyr, PEG550 and PEG2000 

compared to the control sample with no nucleants. But except for RGO-Pyr-OD, samples with 

added residues performed less than RGO even though having functional groups that can 

interact with lysozyme.  

 

 

 



41 
 

Table 7. Numbers and sizes of the crystals 

 Average Number of Crystals 

per Droplet 

Average Crystal Size 

(µm) 

Sample 

 

Day 1 Day 5 Day 1 Day 5 

RGO 15.67 ± 1.28 22.67 ± 7.31 261.48 ± 

87.29 

234.90 ± 

112.70 

RGO-Pyr 2.67 ± 3.77 11.00 ± 4.96 317.42 ± 

108.25 

130.39 ± 

162.92 

PEG550 2.67 ± 3.77 3.33 ± 3.39 271.69 ± 

78.39 

277.25 ± 

113.12 

PEG2000 0 1.67 ± 1.24 0 65.02 ± 24.28 

PEG5000 3.50 ± 3.50 3.50 ± 3.50 266.00± 77.31 228.71 ± 

80.15 

RGO-Pyr-OD 10.00 ± 7.48 10.33 ± 4.92 425.28 ± 

99.71 

315.80 ± 

127.05 

Control 0 3.66 ± 2.35 0 91.36 ± 41.99 

 

The largest average crystal size was observed for the droplets containing RGO-Pyr-OD. The 

crystallization effect of RGO-Pyr-OD is due to the combined impact of hydrophobic and pi-pi 

attraction between RGO and lysozyme, the positive charge of pyridine and the hydrophobic 

interactions between octadecane and lysozyme. The smaller molecular weight of octadecane 

compared to PEG can also facilitate the more accessible electrostatic attraction of lysozyme 

with the positive charge of pyridine because a smaller chain weight reduces the effect of steric 

exclusion, which keeps lysozyme away from the surface. The crystal number and size in 

droplets containing RGO-Pyr were higher compared to PEGylated samples. This can be 

because of the lone electron pair of pyridine forming hydrogen bonds with lysozyme creating 

a more significant effect on crystallization than the depletion mechanism of PEG. PEG2000 

showed the smallest number of crystals and the smallest crystal size on the 5th day. This can be 

due to the molecular weight of the PEG chain. In the literature, the PEG with the higher 

molecular weight is shown to have a higher depletion potential that induces protein 

crystallization52. Since 2000 da is a lower molecular weight and less crystal size, and the 

number of PEG2000 compared to PEG5000 agrees with the literature. PEG550, despite having 
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the lowest PEG molecular weight, showed the highest number of crystals and largest crystal 

sizes. This can be attributed to the short chain of PEG550 creating less steric exclusion, 

preventing protein molecules from adsorbing onto the graphene surface than other PEGylated 

samples.  
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2.5 Conclusions 

 

 

In this thesis, we have developed novel pyridine and PEG functionalized graphene nucleants 

for protein crystallization. Six samples were tested as nucleants for lysozyme crystallization: 

RGO, RGO-Pyr, PEG550, PEG2000, PEG5000 and RGO-Pyr-OD. The increased D band 

confirmed the successful reduction of RGO from GO in the Raman spectra of RGO compared 

to the Raman spectra of GO. Particle size decreased after pyridine addition to RGO, indicating 

the columbic repulsive force of pyridine electrons separating graphene layers apart. After 

PEGylation and octadecane grafting, increases in particle size due to additional long chains 

were observed. Pyridine functionalized also increased the magnitude of zeta potential. This 

change was attributed to a decreased particle size of RGO-Pyr, causing higher electrophoretic 

mobility. After PEGylation, the magnitude of zeta potential dropped because of the extending 

PEG chains beyond the electrical double layer, causing the slipping plane to be pushed further 

away from the surface. Mass loss calculated from the thermogravimetric analysis is used for 

calculating the grafting ratio. Octadecane having a lower molecular weight than PEG 

molecules, showed the most efficient carbon-to-grafted molecule ratio, followed by PEG550. 

Higher grafting was observed for PEG2000 and PEG5000 due to their higher molecular weight. 

Polarized light microscope images showed crystals with good diffraction quality obtained in 

all samples. Distortion on the crystal surface was observed in droplets containing RGO-Pyr, 

PEG550, PEG5000 and RGO-Pyr-OD. This was attributed to the electrostatic attraction forces 

between negatively charged lysozyme and positively charged pyridine atoms in PEG550, 

PEG5000 and RGO-Pyr-OD pulling lysozyme molecules at the crystal surface. For RGO-Pyr, 

the same phenomenon was explained as possible hydrogen bonds between the nitrogen atom 

of pyridine containing lone electron pair and lysozyme molecule overcoming weak electrostatic 

forces that form the lysozyme crystal. 

All of the samples except PEG2000 were able to produce crystals in the first 24 hours, whereas 

control droplets without any nucleant did not show significant crystal growth until the fourth 
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day. The lowest number of crystals and smallest crystal size was observed for droplets 

containing PEG2000. This was attributed to a lower grafting ratio of PEG2000 compared to 

other PEGylated samples and RGO-Pyr-OD. RGO produced the highest number of crystals 

with an average size of 221 µm. The crystallization effect of RGO is only due to hydrophobic 

and pi-pi interactions between the RGO surface and lysozyme. It was shown in the literature 

that additional functional groups decrease the surface availability of graphene. Having no 

functional groups, the surface of RGO is unhindered by steric exclusion of added 

functionalized groups that prevent protein adsorption onto the surface. However, all the other 

samples contain functional groups indicating possible passivation of the surface of RGO. RGO 

without any functional group having a higher number and bigger size of crystals than RGO-

Pyr and PEGylated samples suggest a dominating impact of hydrophobic interactions and pi-

pi interactions over hydrogen bonding of RGO-Pyr and the combination of depletion 

mechanism of PEGylated samples or hydrophobic effect of octadecane chain with a positive 

charge of pyridine. RGO-Pyr performed better than PEGylated samples on crystal size and 

number, suggesting a hydrogen bonding between the nitrogen atom of pyridine containing 

electron pair and lysozyme. Hydrogen bonding created a stronger attraction force for lysozyme 

crystallization than the electrostatic interaction and depletion mechanism provided by 

PEGylated samples resulting in more and bigger crystal growth in droplets containing RGO-

Pyr than in PEGylated samples. The biggest crystals were observed in RGO-Pyr-OD. This can 

be due to the lower molecular weight of octadecane creating less steric exclusion than tested 

PEG chains, allowing more accessible RGO surface and easier electrostatic interactions 

between positively charged pyridine and negatively charged lysozyme. Having the biggest 

crystal size and higher number of crystals produced than PEGylated samples, RGO-Pyr-OD 

shows promising potential as a novel nucleant for protein crystallization. 
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Supporting Information 

 

 

In this study, four different hanging drop kits were prepared and named Kit 1, Kit 2, Kit 3 and 

Kit. The first three kits (Kit 1, Kit 2 and Kit 3) were prepared as described in the experimental 

section. Kit 4 was prepared using the method, except it does not include protein concentration. 

To be precise, Kit 4 contains nucleant solution of 0.5 µL and crystallization condition (Na 

buffer at 4.7 pH without any lysozyme) of 1.5 µL, making the total volume of droplet 2 µL. 

The volume of the crystallization condition at the reservoir was kept the same with the first 

three kits at 800 µL. The first three kits' crystals could be a protein or Na crystals. Therefore 

Kit 4 was prepared to test the crystallization of Na. Having no crystal growth at Kit 4, the 

crystals in the first three kits can be attributed to lysozyme since the nucleants tested showed 

no Na crystal growth.  

Polarized light microscope images of every kit were captured right after the preparation. 

Afterwards, the same analysis was continued every day for every kit for 12 days. All of the 

images taken are given here as supporting information.    

 

 

Supporting Figure 1. Polarized light microscope images of Kit 1 after preparation 
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Supporting Figure 2. Polarized light microscope images of Kit 2 after preparation 

 

 

Supporting Figure 3. Polarized light microscope images of Kit 3 after preparation 

 

 

Supporting Figure 4. Polarized light microscope images of Kit 4 after preparation 
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Supporting Figure 5. Polarized light microscope images of Kit 1 on the first day 

 

 

Supporting Figure 6. Polarized light microscope images of Kit 2 on the first day 

 

 

Supporting Figure 7. Polarized light microscope images of Kit 3 on the first day 
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Supporting Figure 8. Polarized light microscope images of Kit 4 on the first day 

 

 

Supporting Figure 9. Polarized light microscope images of Kit 1 on the second day 

 

 

Supporting Figure 10. Polarized light microscope images of Kit 2 on the second day 
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Supporting Figure 11. Polarized light microscope images of Kit 3 on the second day 

 

 

Supporting Figure 12. Polarized light microscope images of Kit 4 on the second day 

 

 

Supporting Figure 13. Polarized light microscope images of Kit 1 on the third day 
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Supporting Figure 14. Polarized light microscope images of Kit 2 on the third day 

 

 

Supporting Figure 15. Polarized light microscope images of Kit 3 on the third day 

 

 

Supporting Figure 16. Polarized light microscope images of Kit 4 on the third day 
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Supporting Figure 17. Polarized light microscope images of Kit 1 on the fifth day 

 

 

Supporting Figure 18. Polarized light microscope images of Kit 2 on the fifth day 

 

 

Supporting Figure 19. Polarized light microscope images of Kit 3 on the fifth day 
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Supporting Figure 20. Polarized light microscope images of Kit 4 on the fifth day 

 

 

Supporting Figure 21. Polarized light microscope images of Kit 1 on the twelfth day 

 

 

Supporting Figure 22. Polarized light microscope images of Kit 2 on the twelfth day 
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Supporting Figure 23. Polarized light microscope images of Kit 3 on the twelfth day 

 

 

Supporting Figure 24. Polarized light microscope images of Kit 4 on the twelfth day 

 

 

 


