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Abstract 
 

In this thesis, graphene derivatives were used as a coating material for sensor chips to 

improve their surface functionalities. There are three main articles presented in this 

thesis ranging from the study of graphene-biomolecule interactions to real-world 

applications. In the first publication, the quartz-crystal microbalance with dissipation 

monitoring (QCM-D) technique was employed to study the interaction dynamics of a 

typical protein, bovine serum albumin (BSA) and graphene materials of varying degrees 

of functionalisation. The results present significant differences in molecular orientation 

and confirmation, mass adsorption and antibody binding function of BSA on different 

graphene surfaces. The binding function of adsorbed BSA was investigated through the 

interaction with its anti-BSA antibody counterpart. Based on these findings, highly 

hydrophobic rGO was selected to develop a sensing platform for immunochemical 

detection, as presented in the second publication. Both the route to functionalise rGO 

with a specific receptor protein along with a sensitive and low-cost immunoassay tool 

based on a customised open-source QCM are also presented. Graphene biointerface 

QCM sensors (G-QCM) were employed to quantify antibodies in undiluted patient 

serum. We demonstrate its efficacy for a specific antibody against the phospholipase A2 

receptor (anti-PLA2R), a biomarker in idiopathic membranous nephropathy. 

Furthermore, we have explored using our graphene-QCM sensing tool with single-

domain antibodies, also called nanobodies, as receptors for antigen proteins, as 

presented in the third article (ongoing publication). Methods for the functionalisation of 

nanobodies on graphene-family materials have been explored based on physical 

adsorption, amine crosslinking, and streptavidin (SA)-biotin interaction. The nanobody 

against lysozyme was used as a model protein pair. The QCM-D technique was used to 

monitor the adsorption of the nanobody on different surfaces, its biomolecular 

recognition and selectivity against other proteins and animal serum. Altogether, the 

collected knowledge from a series of systematic studies on the biomolecular 

interactions with graphene led to the development of graphene-biointerface 

immunosensing platforms. The prototype of a point-of-care QCM immunosensor was 

developed and tested with patient serum emphasising the potential to be a real-world 

disease screening tool.  
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Outline 
 

CHAPTER 1 presents the introduction of the topics covered in this thesis, including the 

motivation to pursue this doctoral research and the objectives and scopes of this work. 

First, general highlights about the properties of graphene, graphene derivatives and 

their most relevant applications in the biomedical research field are described. This is 

followed by the description of the QCM-D technique and its importance in biomolecular 

research. Next, a background on graphene-protein interaction is discussed. This is then 

linked to the motivation for the first project of this PhD: the investigation of the dynamic 

behaviour of proteins and their interaction with graphene derivatives. This work was 

published, and it is presented in Chapter 5. The results from the first project sparked the 

idea for the second one, which proposes a graphene-based immunosensor for antibody 

detection, as presented in Chapter 6. It aims to bring research into a real-world 

application: the development of a graphene biointerface.  Its applicability was further 

explored through the functionalization with another innovative bioreceptor called 

‘nanobody’, becoming the idea for the third project. This third project aims to prove the 

feasibility of using graphene as a platform to functionalize with a wide range of protein 

receptors. 

CHAPTER 2 reviews the literature for biosensors, applied materials and their biomedical 

applications. Section 2.1 introduces the overview of biosensors, including their 

definition and general properties. Section 2.2 exemplifies some biosensor techniques 

where graphene-based materials can be applied, including QCM, Field Effect Transistors 

(FETs) and electrochemical biosensors. Section 2.3 is dedicated to graphene and its 

derivatives. Their properties and applications in biosensors are discussed.  A general 

description of graphene's main characteristics, such as its structural, electronic, 

mechanical and optical properties, is discussed. Section 2.4 describes the interaction 

between biomolecules and the family of graphene materials, emphasizing the 

properties that affect the interaction and the types of chemical bonds involved in the 

molecular binding on the graphene surface. Section 2.5 provides information about the 

model proteins used in this research, including BSA, lysozyme and IgG. The structural 

details, properties and applications of these proteins are presented. Section 2.6 gives 
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detailed information about the interaction of antigen and antibodies and their 

applications in biomedicine. One of the crucial applications based on this interaction is 

screening autoimmune diseases since specific antigens and antibodies are vital 

biomarkers for diseases of this type. Further details regarding the screening of 

autoimmune diseases are presented in section 2.7. In section 2.8, details about 

membranous nephropathy, an autoimmune disease studied in this research, are 

explained. Finally, the use of nanobody technology that pinpoints the relevance of the 

studies presented in the current thesis is discussed in section 2.9. 

CHAPTER 3 presents a review of the techniques used in the characterisation of the 

related materials. Section 3.1 introduces the QCM technique and its mathematical 

modelling. Section 3.2 describes the wetting contact angle (WCA) as a technique for 

measuring the hydrophobicity of graphene. The imaging, topographical and 

spectrographic methods for the characterisation of graphene, including SEM and AFM, 

are presented in sections 3.3 and 3.4, respectively. The applied chemical 

characterisation techniques, including FTIR, XPS and Raman, are described in sections 

3.5,3.6 and 3.7, respectively. Finally, section 3.8 briefly presents the description of the 

dot blot procedure, a technique in molecular biology used to determine the 

performance of protein pairs. 

CHAPTER 4 gives a general description of the applied experimental protocols and the 

tools used in the present research. Section 4.1 describes the general experimental 

process followed throughout this research. Next, section 4.2 explains the preparation of 

graphene oxide dispersion used in this research, followed by the protocols for coating 

the QCM chips via spin coating, presented in section 4.3. Next, general protocols for 

QCM-D measurement are described in section 4.4. Finally, in Chapter 4.5, the 

characterisations of graphene samples with multiple techniques are described.  

CHAPTER 5 Publication 1 - Hampitak, Piramon, et al. "Protein interactions and 

conformations on graphene-based materials mapped using a quartz-crystal 

microbalance with dissipation monitoring (QCM-D)." Carbon 165 (2020): 317-

327. doi.org/10.1016/j.carbon.2020.04.093 
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Assay." ACS sensors 5.11 (2020): 3520-3532. doi.org/10.1021/acssensors.0c01641 

CHAPTER 7 Publication 3 (in the process of publication)- Binding kinetics and biological 

recognition of nanobodies functionalised on graphene derivatives for immunosensing 

applications 

CHAPTER 8 Co-Author Publication Meléndrez, D., Hampitak, P., Jowitt, T., Iliut, M., & 

Vijayaraghavan, A. (2021). Development of an open-source thermally stabilised quartz 

crystal microbalance instrument for biomolecule-substrate binding assays on gold and 

graphene. Analytica Chimica Acta, 338329. doi.org/10.1016/j.aca.2021.338329 

In this project, Piramon Hampitak uses the in-house developed QCM instrument to test 

graphene-protein adsorption monitoring and validation of the instrument. This task 

corresponds to the work from publication 1. 

CHAPTER 9 concludes this PhD thesis with relevant remarks and opportunities for 

research and development with the help of the QCM technique coupled with graphene-

based sensors. 

APPENDICES comprises a series of relevant supporting information created for the 

individual pieces of research from the present thesis. 
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1.2 Objectives  

1.3 Scopes 
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1.1 Background and Motivation 

Why Graphene? 

In 2010 the Nobel prize in Physics was awarded jointly to two researchers from the 

University of Manchester, Sir Andre Geim and Konstantin Novoselov “for ground-

breaking experiments regarding the two-dimensional material graphene”  pioneering its 

stable isolation and thus kickstarting a new era for 2D materials research [2]. Since then, 

the field of 2D materials, led by graphene, has gained the attraction of researchers from 

many areas of science due to their unique properties which can be exploited in a vast 

range of technological applications. In particular, graphene has been utilised in various 

sensing applications, including gas, chemical and biological sensors, due to its 

extraordinary chemical, electronic and mechanical properties. Due to its 2D nature, each 

atom in the structure of graphene interacts directly with the environment. Moreover, 

some of the properties of graphene can change during the interaction with the 

surrounding media, including its conductivity, mass, resonant frequency and even 

electron density. These changes can be exploited for the design of a wide variety of 

sensors leading to high sensitivity, selectivity and high signal-to-noise ratio (SNR). 

Furthermore, graphene and its derivatives have shown outstanding biocompatibility [3],  

thus, becoming promising materials for biomedical applications, especially biosensors.  

For example, exfoliated graphene has been widely used for developing FET (Field-Effect 

Transistor)-based sensors [4], electrochemical and optical biosensors, drug delivery 

systems, implantology processes [5] and graphene oxide (GO) as a supporting layer for 

biomimetic lipid membranes [6], [7].    

Graphene oxide, a highly oxidised form of graphene, has also shown great potential to 

be used in biomedical applications due to its high biocompatibility, particular surface 

chemistry, structural features like large surface area and a relatively low production cost 

compared to pristine graphene. It consists of single-atom-thick carbon sheets with 

oxygen functional groups including phenol, hydroxyl and epoxide groups attached to 

both top and bottom planes and carbonyl and carboxyl groups attached to the edges of 

the graphene sheets [8]. Specifically, the functional groups located at the edges are 

hydrophilic, whereas the basal plane groups are predominantly hydrophobic. The latter 
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renders GO soluble in water, making it easier to process and handle;  however, its 

electrical conductivity is significantly reduced. Therefore, to confer properties 

comparable to those from pristine graphene, the oxygen-containing groups from GO 

must be removed by thermal or chemical treatments to form reduced (r)GO, obtaining 

a significantly more hydrophobic and conductive form of graphene. 

The Quartz Crystal Microbalance with Dissipation (QCM-D) Technique 

The QCM-D monitoring technique is a high time-resolved instrumental technique based 

on the piezoelectric effect from quartz crystals. Specifically, AT-Cut quartz crystal 

sensors are electronically configured in resonant mode then both its frequency 

overtones and energy dissipation are computed and stored, representing biomolecular 

events that occur at the sensor’s surface. It is useful to assess the adsorption mechanism 

and the structural conformation of biomolecular events on the underlying substrate. 

Our group recently established graphene-based Quartz Crystal Microbalance (QCM) as 

support surfaces with tuneable hydrophobicity to control lipid membrane structures [6]. 

We used soluble graphene derivatives, like GO, as thin-film coating materials to provide 

a fast and easy way to achieve a surface with tuneable hydrophobicity through a 

controlled thermal reduction. Interestingly, the ability to enhance the sensitivity of 

graphene-based sensors depends on the appropriate functionalisation of the graphene 

layers. Using graphene as a direct supporting layer or by interfacing graphene with 

biological systems, we can present a more native environment to biomolecules to 

interact with sensor’s surfaces, thus promoting sensitivity and selectivity. Therefore, this 

hybrid 2D-material/biomolecules platform could be an effective method to develop 

graphene-based biosensors. 

Importance of Graphene-Protein Interactions  

The study of protein-surface interactions is a fundamental step to understanding the 

processes involved when a foreign material contacts biological fluid. Additionally, the 

development of a wide range of applications in biotechnology such as implant surfaces 

[9],  biosensors [10], and surfaces for tissue engineering and regenerative medicine [11] 

depend on the properties of the bio-interface. More importantly, a better 

understanding of graphene-based materials and their interaction with biological entities 
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can importantly aid the manufacture of long-term medical implants and bioartificial 

sensors  [12].  

Most of the currently available practical biomedical applications are built upon 

electrochemical or physical events during the biological interactions at the interfaces 

between blood plasma protein and substrates. In addition, protein adsorption could also 

negatively affect the performance of biosensors by blocking the specific adsorption, 

resulting in the reduction of molecular cut-off limits [13]. One of the key factors for 

developing reliable biosensors is to provide adequate conditions to the biomolecules to 

retain their biological activity for the biomolecular binding to successfully occur. Such a 

task is significantly influenced by the specific surface chemistry of the substrate. 

Let the discussion presented so far establish the primary theoretical grounds from this 

thesis. Moreover, these facts and hypotheses constitute the initial motivation for 

pursuing the present Doctoral research regarding the study of the interactions between 

graphene derivatives and proteins, like serum albumins.  

Bovine Serum Albumin (BSA), a low-cost human-like serum albumin and the most 

abundant protein in blood plasma, has been used for many years in a wide variety of 

applications, including as a blocking agent for biosensors and a coating material for 

implants, as it can increase the biocompatibility of the coated materials [14]–[16]. BSA 

has also been vastly used for studying the surface affinity of biomolecules [15]. However, 

to effectively employ any biomaterial, a good understanding of its structural 

conformation, its ability to adsorb on the solid surface and its behaviour during kinetic 

adsorption is fundamental.  Although some studies have proposed different scenarios 

on how BSA adsorbs on graphene derivative surfaces [17] [18], the adsorption 

mechanisms and the structural properties of proteins on surfaces are not yet well 

understood due to, in part, the limitations from the experimental techniques for 

molecular monitoring. Therefore, a better quantitative and qualitative description of the 

physical and chemical processes at the graphene-biomolecules interface will play a key 

role in the mass use of graphene in biomedical applications. 
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Research Topics in This Thesis 

This thesis covers three main research topics:  1) the study of the graphene-biomolecule 

interaction, 2) the development of a biosensor prototype for disease screening, and 3) 

the functionalisation of the graphene-QCM platform with a novel receptor, known as 

nanobodies. 

During the first year of this PhD project, we employed a graphene-based QCM sensor to 

investigate the adsorption dynamics of BSA on GO and rGO. With the help of the 

dissipation monitoring capabilities from the QCM-D system; a factor that quantifies the 

energy released during the adsorption process, the structural properties of the adsorbed 

film can be determined by viscoelastic modelling. Additionally, the biorecognition of the 

protein and its properties after the adsorption process was studied by binding the 

protein with its respective antibody. The aforementioned experimental technique 

established the basis for developing graphene-based biosensors through the effective 

functionalisation of proteins, specifically BSA, with graphene derivatives for biosensing 

applications. 

The second research involves the development of a graphene-based immunosensor for 

antibody detection. This study was based on the discoveries from the previous 

graphene-BSA project and the results from a parallel work from our research group 

regarding the development of a QCM instrument for point-of-care testing. Here, a 

sensitive and low-cost immunoassay based on a customised open-source QCM coupled 

with graphene biointerface sensors (G-QCM) was developed to quantify antibodies in 

patient serum. We demonstrate its efficacy for a specific antibody against the 

phospholipase A2 receptor (anti-PLA2R), a biomarker in idiopathic membranous 

nephropathy. A novel graphene-protein bio-interface was constructed by adsorbing a 

low concentration of denatured bovine serum albumin (dBSA) on an rGO-coated sensor 

surface. This method was proposed and demonstrated in the first piece of research from 

the current project. The dBSA film on the rGO surfaces acts as a cross-linker for the 

immobilisation of the receptor for anti-PLA2R antibodies and prevents the denaturation 

of the protein receptor. 
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In the third project of the current thesis, the graphene-QCM platform for 

immunosensing applications was further explored. Single domain antibody fragments, 

also known as nanobodies were used as protein receptors. Nanobody is a trademark of 

Ablynx. They are based on the variable domain of heavy chain-only camelid antibodies 

(VHH). Nanobodies can also be recombinantly produced in micro-organisms, like 

bacteria using synthetic libraries coupled to phage display [19]. Novel classes of 

recombinant antigen-binding proteins, like nanobodies, are on the rise due to their 

smaller size and ease of production on a large scale compared to full-length antibodies. 

Although nanobodies are considered effective protein receptors because of their single 

antigen-binding site and fewer possible orientations compared to the antibody, their 

bio-interface functionalisation on solid platforms is still challenging due to interference 

of surface chemistries of the solid substrate. This study explored methods to 

functionalise nanobodies and graphene-like materials based on physical adsorption, 

amine crosslinking, and streptavidin (SA)-biotin interaction. The nanobody against 

lysozyme was used as a model protein pair. The QCM-D technique was used to monitor 

the adsorption of the nanobody on different surfaces, its biomolecular recognition and 

selectivity against other proteins and animal serum. Moreover, the biomolecular 

conformations can be described in more detail by applying advanced viscoelastic models 

like the Voigt-Voinova. Additionally, the equilibrium kinetics dissociation (KD) factor was 

determined from the QCM-D results and compared to those from Surface Plasmon 

Resonance (SPR) for validation. As a result, a simple but effective method for the 

functionalisation of nanobodies on the graphene surface was proposed.  

Regarding all the studies in this thesis, a fundamental understanding of graphene-

proteins interaction was achieved. Furthermore, methods for functionalising different 

kinds of protein receptors have been explored. Finally, the development of a real-world 

application of the graphene bio-interface sensor has been demonstrated.   
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1.2 Objectives  

The overall objectives of this research are: to investigate and describe graphene-protein 

interactions, understand their properties and mechanisms and finally exploit our 

discoveries into a real-world application, in this case, a biosensor for disease screening. 

Additionally, we aimed at developing a working sensor prototype, testing the system 

under real-world conditions to validate its utility. 

1.3 Scopes 

• Varying degrees of reduction of GO were achieved via thermal reduction only. 

• For the study of graphene-biomolecule interactions, only graphene derivatives 

(GO, rGO) and protein molecules were studied. 

• QCM-D is the primary experimental technique for the investigation of 

biomolecular interaction, binding and recognition events 

• The open-source-based QCM electronic instrument was used to develop a 

point-of-care immunosensing device. 

• The graphene-QCM sensors were developed to detect and quantify immune-

related proteins only. 
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2.1 Overview of Biosensors 

Biosensors are analytical devices designed for the conversion of the response from 

biological interaction into an electrical signal. The typical architecture of biosensors 

mainly consists of biological components to detect an analyte and transducer parts to 

produce measurable signals. Biosensing technologies have been extensively researched 

and developed for various applications, including drug delivery and discovery, diagnosis 

and treatment, food safety, environmental monitoring, and security [20]. In brief, the 

functional blocks from a biosensor can be described as follows: 

Analyte: A substance of interest that needs detection. For example, glucose is the 

‘analyte’ for a glucose detector biosensor. 

Bioreceptor: A molecule that recognizes the analytes such as enzymes, cells, 

deoxyribonucleic acid (DNA), antibodies, and nanoparticles explicitly. The signal is 

generated upon the interaction between the bioreceptor and the analyte, known as bio-

recognition. For instance, Glucose Oxidase (GOx) is the biological detection entity in a 

glucose meter. 

Transducer: An element that converts one form of energy to another; in this case, the 

bio-recognition event is transformed into a measurable signal. This process of energy 

conversion is known as signalization. 

Electronics: A part of a biosensor that transforms the response from the transducer to 

the displayed signal. It usually consists of complex electronic circuits to process and 

condition signals such as amplification and conversion of signals from analogue into the 

digital form.  

Display: An interpretation system, such as a computer monitor or a direct printed signal 

understandable by the user. The output signal can be in a number, graph or image. 

 
Fig. 2.1 Schematic diagram showing the main components for a biosensor including 
bioreceptor, transducer, electronics for signal processing and display interface.  
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The performance of the biosensor highly depends on the optimisation of its sensing 

characteristics, including selectivity, reproducibility, stability, sensitivity, and linearity.  

Selectivity is the most critical property of biosensors which allows them to detect a 

single analyte in a mixture of biological entities. For example, the interaction between 

an antigen and an antibody may be the best indicator of selectivity. Thus, selectivity is 

the primary criterion for selecting receptors to be used in the construction of a 

biosensing platform. 

Reproducibility refers to the ability of a signal to be replicated for a duplicated 

measurement. This quality is typically dependent on the precision and accuracy of the 

biosensor's transducer and circuitry. Reproducible signals are critical for a biosensor's 

dependability and resilience. 

Stability refers to the sensor's capacity to withstand ambient disturbances during 

measurement. These disturbances can introduce drift and noise into the output signals, 

resulting in sensing-related mistakes. Stability may be the most significant issue for 

monitoring or measuring events that take place over an extended period of time. A 

stable temperature is a significant component impacting sensing stability, as transducer 

and electronic responses are frequently temperature-sensitive. Electronics tuning is a 

frequently used technique for achieving a stable response. Additionally, stability may be 

dependent on the bioreceptor's affinity. Bioreceptors with a high binding capacity 

encourage strong electrostatic bonding or covalent coupling with the analyte, which 

may contribute to the biosensor's stability. Another critical element is the degradation 

of the bioreceptor during the testing procedure or over the sensor's lifetime. Thus, 

routine sensing system maintenance is essential to address the difficulty of stability 

Sensitivity refers to the smallest amount of analyte detected by a biosensor. A detection 

limit of analyte concentration can be as low as ng/ml or even fg/ml in a variety of medical 

and environmental monitoring applications to confirm the presence of the analyte in a 

sample. For instance, a prostate-specific antigen (PSA) value of 4 ng/ml in blood 

indicates a connection with prostate cancer [299]. The creation of biosensors to achieve 

high sensitivity is one of the most critical directions for biosensor development. 
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Linearity is the range of analyte concentrations for which the sensing response changes 

linearly along with sample concentration. Linearity is defined mathematically as the 

slope of y = mc, where c is the concentration of the analyte, y is the output signal, 

and m is the slope. It is related to the resolution of the biosensor. The resolution of a 

concentration sensor is defined as the smallest change in concentration that results in a 

change in the sensing signal. Depending on the application, the sensor requires a good 

resolution for a wide working range of concentration. 

2.1.1 Trends in biosensing and limitations 

In recent  years, the demand for biosensors has shown significant growth due to a wide 

range of applications in medicine and biological studies. Biosensors had a global market 

value of USD 15.6 billion in 2016, and it was predicted to increase at a 7.9 percent 

compound annual growth rate until 2020 [21]. The growth is likely to be driven by 

continuous technological advancements in the biosensor ecosystem, a rise in non-

medical applications, lucrative growth in point-of-care diagnostics, the advent of 

Internet-of-Things (IoT) and Web-capable electronic devices, and an increase in the 

demand for glucose monitoring. From a business perspective, disposable, cost-efficient, 

user-friendly, and rapid analytical response biosensors have become attractive and in 

high demand [21]. Furthermore, from a future perspective, the ability to identify single 

molecules, cellular and whole living life activities with low detection limits and high 

accuracy are the most desirable requirements for future biosensors [20]. 

Biosensor development has frequently been explored employing a variety of biosensing 

approaches, including electrochemical, bioelectronic, optical, and piezoelectric devices. 

Integrated sensors that combine multiple technologies ranging from electrochemical, 

electromechanical, optical and QCM techniques have become increasingly interesting 

for biological research. For example, combined electrochemical and QCM techniques 

can simultaneously give information on the quantity of adsorbed mass and 

electrochemical reactions occurring at the interface. In addition, a combination of 

nanomaterials and polymers with various types of biosensors can be used to develop 

both single and hybrid devices to improve sensitivity, accuracy, and stability [22]–[24]. 

Nanomaterial-based biosensors have shown great potential in clinical diagnosis, food 
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analysis, process control and environmental monitoring and are expected to become 

practical in the near future [20]. However, researchers continue to face difficulties in 

functionalizing nanomaterials or polymers with bioreceptors to obtain high selectivity. 

For example, building bioreceptors on graphene surfaces to create highly selective and 

sensitive sensors presents numerous obstacles during functionalisation due to the 

variety of graphene-based material surface chemistries [25]. Additionally, a limited 

knowledge on the conformational and interaction dynamics of proteins and graphene 

precludes the development of such biointerfaces. 

Using nanomaterials in biosensors offers opportunities for creating a new generation of 

biosensors. Nanomaterials can improve the mechanical, electrochemical, optical and 

magnetic properties of biosensors and aid in developing devices with higher selectivity 

and sensitivity [20], [23]. For example, the structure of carbon nanotubes and graphene, 

a 1D and 2D carbon nanomaterials provides great mechanical flexibility, conductivity, 

and excellent electrochemical stability due to high carrier mobility and surface area [26]. 

These properties make them very attractive for applications in electrochemical 

biosensors. An example of nanomaterials that has been attractive for researchers in 

biosensing fields due to their outstanding optical properties is up-conversion 

nanoparticles (UCNPs). It is a novel luminescent material that converts near-infrared 

radiations into visible radiations. It expresses less background noise, higher 

photostability, and better signal penetration through tissues compared to down-

conversion fluorescent materials, like organic fluorescent dyes. The magnetic 

nanoparticles (MNPs) are integrated into the transducer materials for magnetic-based 

biosensors to attract analytes in the samples by an external magnetic field. MNPs 

biosensors have many advantages over the non-magnetic strategy, including improved 

sensitivity, lower detection limit, less noise, and quicker analysis [27]. However, the 

MNPs come with a high cost of synthesis materials, poor dispersion abilities and 

environmental dependence [28]. 

Since biological molecules possess distinct structures and functions, finding strategies 

to engineer the materials, fabricating multifunctional bio-sensing applications is 

challenging. Many aspects of the engineering of materials require a deeper 

understanding, including characterisation, interface problems, quality, and the 

https://www.sciencedirect.com/topics/engineering/electrochemical-biosensors
https://www.sciencedirect.com/topics/engineering/electrochemical-biosensors
https://www.sciencedirect.com/topics/chemistry/fluorescent-dye
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adsorption behaviour and mechanism of the nanomaterials on the surface of electrodes  

[20]. Therefore, fundamental research to elucidate the interaction mechanisms 

between nanomaterials and biomolecules is pivotal to promote technological 

advancements. 

Future biosensing technology research and development will focus on developing a new 

generation of biosensors or upgrading existing technologies by using the advantages of 

nanomaterials to generate highly precise and cost-effective sensing devices. 

2.2 Biosensor techniques 

Biosensors employ both labelled and label-free detection approaches [29]. A label refers 

to any foreign molecules chemically or temporarily attached to the target molecule to 

detect molecular presence or activity. Label-based detection means using labelled 

molecules to help to detect the target, while label-free detection can be used without 

labelling. While a label-based sensor is relatively reliable, the procedure of specifying 

sensing elements can be challenging. Additionally, the act of labelling may modify the 

molecule's intrinsic features. Fluorescent labelling, chemiluminescent labelling, 

electrochemical probe labelling, and nanoparticle labelling are just a few examples of 

label-based detection approaches. 

In contrast, label-free techniques including QCM, field-effect transistor (FET), surface 

plasmon resonance (SPR) and certain electrochemical sensors, allow the detection of 

target molecules without a complex tagging process. A QCM biosensor for aflatoxin (AF) 

detection, for example, uses an IgA antibody as a receptor and measures the weight of 

AF molecules bound to the antibody without the need for sample tagging. [30]. The 

label-free FET biosensor for DNA or RNA detection measures the hybridization of the 

DNA through the gate voltage corresponding to the minimum conductance (VCNP) [31]. 

An SPR biosensor measures the binding between the two molecules from the excitation 

of surface plasmons at the planar surface using a light source. It is a label-free technique 

that has been commonly used for protein binding assay. Another example is label-free 

electrochemical protein sensors. Bioreceptors such as antibodies [32] and aptamers [33] 

were functionalized on glassy carbon electrodes (GCE). The binding between analytes 
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and receptors is reflected in the change of electrochemical signals such as DPV, CV , and 

impedance. 

Recently, the label-free technique has paved the path for several sensing strategies with 

a wide range of biotechnological, medical, and environmental monitoring applications. 

This section provides an overview of three types of graphene-based biosensors, 

including QCM, FET, and electrochemical sensors. Quartz-Crystal Microbalance (QCM) 

biosensors  

2.2.1 Quartz-Crystal Microbalance (QCM) biosensors  

The QCM sensor is based on the formation of acoustic waves during a quartz crystal's 

resonant mode. It is a highly sensitive platform for detecting and analysing biomolecule 

adsorptions and interactions. The mass adsorption on the surface can be measured from 

the changes in frequency of a quartz crystal resonator. The details of the operating 

principle and applications of QCM are described in section 2.4. This precise 

measurement of mass adsorption is crucial for developing ultrasensitive sensors for 

detecting molecules in the gas or liquid phase. 

The QCM sensor is a simple, cost-effective and capable instument able to achieve high 

measurement with both high resolution and sensitivity, so it has been favourably 

adapted to be used in a wide range of applications such as molecular detection, 

environmental monitoring, food science and medicine. A QCM instrument fitted with 

with a Peltier module, has also been employed as a humidity sensor [34]. The QCM 

sensor can achieve high selectivity by modifying the surface of the QCM chip, for 

instance, by fabricating a layer film by coating and depositing the receptor. There are 

several reports on the use of surface-functionalised QCM as gas sensors. Kikuchi (2004) 

used clay/polyelectrolyte layer-by-layer self-assembled film to develop a QCM sensor 

for ammonia detection [35]. Sun (2009) synthesized supramolecular Cryptophane-A and 

crystalized it on the QCM chip surface in order to develop the methane gas sensor [34]. 

A highly sensitive QCM sensor for medical diagnosis, like diabetes, was proposed with 

the fabrication method of creating Ag+-ZSM-5 Film [36]. Hao (2009) used a QCM sensor 

for the rapid detection of Bacillus anthracis by functionalising it with a monoclonal 

antibody. Several QCM sensors were developed based on molecular imprinting 
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polymers (MIPs) for detecting biomolecule and metal ions. Lin (2004) designed a MIP-

QCM sensor for determining albumin concentration [37]. Yang (2009) developed a QCM 

sensor for the determination of Cu(II), Co (II) and Ni (II) ions in a solution based on the 

MIP technique [38]. Several researchers recently reported functionalised QCM chips 

with DNA or RNA for virus detection [39]–[41]. The favourable receptors for specific 

viruses are divided into four main classes based on their nature and virus-binding 

mechanism: 1) Synthetic antibodies based on molecularly imprinted polymers; 2) 

natural antibodies; 3) DNA; 4) aptamers; and other biomacromolecular receptors, like 

proteins [39].  

In the commercial segment, many scientific companies supply QCM instruments 

worldwide, such as Biolin Scientific, Stanford Research System (SRS), Gamry and open-

source QCM system from Novaetech S.l.r. A Swedish company, Biolin Scientific, has 

developed a fully automated QCM-D system making the experimental session more 

manageable and more repeatable in a controlled environment. The dissipation factor 

(D) provides insights about the viscoelastic properties of an adsorbed layer. It is 

therefore helpful for the understanding of the molecular structure during the adsorption 

processes. 

Although the concept of QCM-based sensing has relatively matured and applied in 

several sensing applications, robust technology is still required to evaluate its benefits 

and drawbacks compared to other commercially available technologies. So far, many 

advanced analytical techniques, including SPR-based BIAcore instruments from GE 

Healthcare, provide significant advantages in large scale applications such as industries, 

academia, and healthcare [42].  Additionally, microtiter plate immunoassays, for 

example, enzyme-linked immunosorbent assays, immunoassays, and fluorescent 

immunoassays, perform high sensitivity and are still extensively used as the standard for 

disease diagnostics [42]. Nevertheless, using QCM for biomolecular adsorption 

monitoring, detailed information, especially adsorbed mass of liquid-rich molecules, can 

be provided.  

The QCM-D approach, for instance, can be used to investigate the structural 

characteristics and orientation of biomolecules adsorbed on surfaces. Since the decay 

rate is proportional to the oscillator's energy dissipation, the dissipation parameter 
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refers to the decay of a crystal's oscillation following an excitation near to the resonant 

frequency. The more water or liquid is adsorbed inside the film, the more impedance 

and decay of the oscillator. Thus, the dissipation value increases as the viscoelasticity of 

the adsorbed film increases. A viscoelastic film can originate from the arrangement of 

the adsorbed molecules that allow more water or liquid to be adsorbed. Information 

regarding the conformation and orientation of the adsorbed molecules may be derived 

by integrating the thickness information extracted from the QCM-D profile and the plot 

of frequency shift (ΔF) versus dissipation shift (ΔD) with the appropriate models of 

molecular arrangement.  

Recently, the development of a combined system, such as QCM and SPR or QCM and 

electrochemical measurement system, has been demonstrated to provide more sensing 

information than an individual technique. As a result, the progress of QCM technology 

has attracted important interest in both research and commercial fields in recent years. 

  

 

Fig. 2.2 QCM instrument suppliers (a) QSense Analyzer from Biolin Scientific. Source: ref. 
[43]  (b) QCM200 from Stanford Research System (SRS). Source: ref. [44] (c) open-source 
QCM system from Novaetech S.r.l. Source: ref. [45]  

2.2.2 Field Effect Transistor (FET)  

A Field Effect Transistor (FET) is a type of transistor that controls the flow of current 

through a semiconductor by using an electric field. When compared to a bipolar 

transistor, it includes two significant advantages. First, they provide near-infinite current 
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and power increase as a result of their extremely high input resistance. Second, because 

there are no charge-storage issues, the switching performance, such as digital switching 

speeds, is significantly better than bipolar switching. The source, gate, and drain 

terminals of a FET are equivalent to the emitter, base, and collector of a conventional 

transistor device. Due to their ability to reduce sensor size, parallel sensing, fast reaction 

time, and ion sensitivity, FETs have proved interesting for sensing applications. 

FETs incorporating nanomaterials have become highly promising candidates for next-

generation biosensors capable of detecting charged molecules via electrical responses. 

With bioreceptor functionalisation, a two-dimensional (2D) material, like graphene, has 

been demonstrated for ultrasensitive sensors used for real-time detection of various 

bioactive molecules with detection levels ranging from nM to fM. An example of FET 

construction for a biosensor is shown in Fig. 2.3. Graphene-based FET (GFET) has been 

produced to investigate electrogenic cells [64]. Using FET measuring the conductive 

signals from beating chicken embryonic cardiomyocytes provides high-quality signals 

with very low noise than typical values for other planar devices. 

Moreover, GFET has been applied in a biosensor to detect proteins, DNA and RNA. GO 

films have been used in FET biosensors in a thermally reduced pattern on the transistor 

device [46]. GFET devices have achieved label-free and real-time monitoring of 

catecholamine secretion from living cells. Xu (2017) revealed the use of a graphene 

single-crystal domain patterned into multiple channels for measuring time- and 

concentration-dependence of DNA hybridisation kinetics and affinity with a reliable and 

sensitive detection limit of 10 pM [4]. These show the potential examples of FET 

applications in biosensors. 

Even though FET is a suitable device for being a low-cost, sensitive and straightforward 

sensor, every sensing application requires more conditions, particularly sensitivity, to 

achieve the final commercial device as it is still challenging to reproduce selective 

sensors from actual samples containing complex mixtures of several biological species. 

Furthermore, because only a limited number of analytes, such as blood glucose, can be 

measured directly from the sample, several actual detections require pre-treatment 

processes to activate the sensor. Furthermore, various factors such as ionic strength, pH 
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level, temperature, or even light conditions, could influence the uncertainty in the 

detection. Many entrepreneurs and researchers have put in significant effort to achieve 

real-world applications overcoming these challenges in the near future. 

 

Fig. 2.3 Illustration showing a construction of bio- and chemical FET sensor with three 
main components including recognition layer, transducer and electronic system for 
signal amplifying and processing. Source: ref.  [46] 

2.2.3 Electrochemical biosensors 

Electrochemical biosensors utilize a biological transducer to detect electrochemical 

responses when exposed to different analytes [47]. These electrochemical responses 

are typically measured in the form of changes in the current (amperometric), the 

potential (potentiometric), or the impedance (impedimetric) across the electrodes [48]. 

Fig. 2.4 summarizes different types of electrochemical signals based on different 

analytes. 

To accurately measure the electrochemical profile on the sensor, a three-electrode 

setup, consisting of a dedicated reference electrode (in addition to the working 

electrode and the counter electrode), is typically employed in the system. Generally, all 
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three electrodes need to be electronically conductive and chemically stable. 

Nevertheless, the reference electrode has to be especially stable during the entire 

measurement. Using a separate reference electrode (typically made of Ag/AgCl) 

provides a stable reference potential while allowing opposite redox reactions to occur 

at the counter electrode. For the counter electrode, it should be designed to have a large 

electrochemically active surface area. Otherwise, the counter reaction might limit the 

overall current in the circuit, thus convoluting the reaction kinetics on the working 

electrode. The working electrode (also known as sensing or a redox electrode) is one of 

the most important in the setup since it acts as the main transducer detecting the bio-

electrochemical signal in the reaction. Depending on the analyte properties, various 

materials have been used to make electrochemical electrodes such as platinum, gold, 

carbon materials, and silicon compounds.  

 

Fig. 2.4 Diagram showing the analytical procedure for clinical electrochemical sensors. 
Analytes are detected by receptors giving the electrochemical signal. Then the signal will 
be processed and displayed in form of an analytical signal. Adapted from ref. [49] 

Screen-printed electrodes, which are electrochemical measuring devices made by 

printing various inks on plastic or other substances are increasingly being manufactured 

because they are a simple and low-cost fabrication route that is also easy to mass-

produce [50]. They are currently being used in the food industry for rapid determination 

of the triglyceride content of coconut milk [51] and are widely used as personal 
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glucometers [52]. Apart from the materials mentioned, electrochemical biosensors can 

be fabricated from conductive polymers such as polyaniline, polypyrene and polystyrene 

coated on substrates. Typically, the polymers are adsorbed well on gold surfaces leading 

to a good redox cycle with high stability and easy handling [48]. Gold and other metallic 

surfaces used in conjunction with conductive polymers can also be modified using self-

assembled monolayers (SAMs) of sulphides (thiols) and disulfides. The modification 

results in the formation of highly ordered and well-organized organic linker structures, 

which can help with boosting the sensitivity. The polyaniline/gold electrochemical 

sensor has been demonstrated to be a novel method for glucose determination [53]. 

Different chemical functional groups are also used as biological recognition elements. 

For instance, carboxyl groups often aid for antibody immobilisation; esters aid amine 

and biotin coupling, binding streptavidin and other functionalised-biotin molecules [54].  

Graphene is another working electrode material that was reported recently to have 

outstanding electrochemical characteristics. Graphene has an electric potential window 

similar to graphite and glassy carbon (GC) electrodes (2.5 V in 0.1 M with pH 7), but its 

charge-transfer resistance is substantially lower [55]. Also, from cyclic voltammetry (CV) 

studies, graphene has exhibited well-defined redox peaks with both anodic and cathodic 

peak currents in the CVs linear with the square root of the scan rate [56]. This study 

suggested that the diffusion during redox processes is mostly controlled. Furthermore, 

the peak-to-peak potential separations (DEp) for most one-electron-transfer redox 

couples are low, close to 59 mV, implying that the reaction can happen quickly. For the 

reasons stated, graphene-based electrochemical sensors have been widely developed 

for bioanalysis, environmental examination, and biomolecular detections in which redox 

reactions can occur, including graphene-based 3rd generation glucose sensors, 

graphene-based DNA sensors for HIV gene detection, GP-based DNA sensors for HER2 

and CD24 detection for breast cancer detection, or Dopamine, Uric Acid, and Ascorbic 

Acid sensors [57].  

Other than the analytes mentioned above, enzymes are also predominantly used as 

label elements due to their specific binding capabilities and biocatalytic activity. The 

enzyme acts as a catalyst for specific reactions without significantly altering the charge 

transferring process across the interface of the electrode. Glucose biosensing is an 
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example of an enzyme detection-based- electrochemical sensor application in which 

glucose oxidase is used as a biorecognition for glucose detection. It captures around 70% 

of the total biosensor market since it is often used by diabetic patients to test their blood 

sugar levels multiple times throughout the day [58]. However, other biorecognition 

elements such as nucleic acids, cells and micro-organisms can also be used in an 

immunosensor and electrochemically binding events monitoring.  

Biosensors, medical diagnosis, environmental monitoring, and energy storage are just a 

few of the applications where the electrochemical approach excels. By reducing the 

preparation steps and the cost of reagents, the electrochemical approach has increased 

the performance of various bio and chemical sensors, allowing for the development of 

low-cost, easy-to-use, and portable analytical instruments. Furthermore, 

electrochemical biosensors outperform conventional biosensing technologies in terms 

of their linear response range, detection limits, reproducibility, and overall stability. 

Electrochemical sensors, on the other hand, still have several drawbacks, such as 

electrochemically active sample interferences, poor long-term stability, and 

complicated electron-transfer paths. As a result, the current focus of electrochemical 

sensor development is on overcoming these issues. 

2.3 Graphene and graphene derivatives 

Graphene is a fascinating material due to its extraordinary properties. It was successfully 

isolated in 2004 by Prof. Andre Geim and Prof. Kostya Novoselov at the University of 

Manchester [2]. Graphene is the first two-dimensional (2D) material discovered, as well 

as the thinnest material ever isolated. Furthermore, this material demonstrates the 

integration of many outstanding properties such as excellent mechanical, electronic, 

and optical properties. For these reasons, graphene has been used and studied for a 

wide range of engineering material applications aimed at improving current 

technologies and creating new market routes.  

Graphene oxide (GO), formerly known as graphite oxide, is a wrinkled two-dimensional 

carbon sheet with oxygen functional groups on the basal planes and edges. s. It has a 

thickness of about one nanometre and lateral sizes that range from a few nanometres 

to microns. B. C. Brodie developed GO for the first time in 1859. It has grown in 



49 
 

popularity in the scientific and commercial communities because it can be used as a 

precursor to the production of low-cost, large-scale graphene-based materials [8]. To 

obtain the graphene-like properties, oxygen contents in GO are required to be removed 

using heat or chemical treatment to form reduced (r)GO, which shows significantly 

higher hydrophobicity and electrical conductivity, similar to pristine graphene. 

The important properties and applications of graphene and graphene derivatives in 

biosensors are reviewed in this section.  

2.3.1 Properties 

2.3.1.1 Structural properties 

Monolayer graphene has a honeycomb carbon lattice structure. Each layer's carbon 

atoms are densely packed in a hexagonal pattern. Its unit cell is made up of two identical 

carbon atoms, but their planes translate from a distance of 1.41 angstroms due to the 

difference of the initial energy states [2]. Fig. 2.5 displays graphene structure. In general, 

a carbon atom contains four valence electrons showing a ground-state electronic 

configuration of 2s2 2p2. In the graphene structure, the hybridized orbitals are generated 

by the superposition of 2s orbitals called sp2 hybridization. This phenomenon 

contributes to the highest electron mobility known to date, which can be applied for 

future electronic technological developments. 

While graphene contains only sp2-hybridized carbon atoms, graphene oxide (GO) shows 

both sp2 and sp3 hybridization of carbons atoms. The basal plane of the carbon structure 

is interrupted by several oxygen functional groups, including hydroxyl (OH), epoxy (C–

O–C), carbonyl (C=O) and carboxyl (COOH) contributing to sp3-hybridization. The 

oxidative mechanisms and the precise chemical structure of GO have been considerably 

debated over a decade, and even until now, no explicit model exists. This is due to 

several reasons including the complexity of the amorphous material, the variability of 

samples, berthollide character (i.e. nonstoichiometric atomic composition) and the lack 

of precise techniques for characterizing the material [59]. However, many structural 

models of GO have been proposed. Currently, the most well-known and cited model is 

the one by Lerf and Klinowski [59] (Fig. 2.6).  The proposed structure of GO is atomically 

thin, about 0.7 to 1 nm in vertical height, with a semi-aromatic network of sp2 and sp3 
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hybridized carbon atoms. The hydroxyl and epoxy functional groups are dominantly 

bonded across the basal plane of GO, while carbonyl and carboxyl groups are attached 

to the edges. The removal of the functional groups via thermal or chemical reaction 

results in reduced GO (rGO). By removing the oxygen contents from GO, the basal plane 

of carbon atoms converts from sp3 to sp2 hybridization restoring the aromatic system of 

graphene. Thus, it is believed that the reduction of GO could provide a scalable and low-

cost approach for producing  graphene-like materials.  

 

Fig. 2.5 Schematic of the structure of graphene sheet showing hexagonal carbon lattice. 
The identical carbon atoms are covalently bonded with the distance between the two 
carbon atoms of 1.41 Å .  

 

Fig. 2.6 Structural model of GO proposed by Lerf-Klinowski. The basal plane of carbon 
lattice is interrupted by several oxygen functional groups with hydroxyl and epoxy 
functional groups on the plane and carboxylic acids on peripheral of the graphitic 
platelets. Source: ref. [59].   

2.3.1.2 Electronic properties 

In solid-state physics, the first Brillouin Zone or the primitive cell in the reciprocal space 

of graphene has two inequivalent Dirac points K and K’, where a band crossing occurs. 
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Therefore, the bandgap is zero. The electronic states near Dirac points of graphene are 

composed of states belonging to the different sub-lattices, and their relative 

contributions are considered by using two-component wave functions [2]. The linear 

band structure closely resembles the Dirac spectrum for massless fermions. Thus, the 

effective Hamiltonian near K / K’ of graphene can be expressed by the Dirac equation 

with zero mass, shown in the equation below. 

 Ĥ = ħ𝑣𝐹 (
0 𝑘𝑥 − 𝑖𝑘𝑦

𝑘𝑥 + 𝑖𝑘𝑦 0
) = ħ 𝑣𝐹�⃑�  ∙ �⃑⃑� 

Where  

Ĥ  is the Hamiltonian 

ħ  is Planck's constant 

𝑣𝐹 is the Fermi velocity 

𝑘
→  is the momentum of the quasi-particles in graphene  

𝜎
→   is the 2D Pauli matrix  

The two-component explanation of graphene is similar to the spinor wave function in 

quantum electrodynamics (QED), but the ‘spin’ index of graphene is referred to as 

pseudospin (𝜎) as it describes the orbital wave function in the sublattice rather than the 

spin of the electrons in the honeycomb lattice. As a zero-band gap material, graphene 

performs an ambipolar electric field effect and charge mobilities at room temperature 

is up to 15 000 cm2V-1s-1 [60]. For these reasons, graphene has become the highest 

electrically conductive material at room temperature measured to date. 

In contrast, GO is an insulating material at room temperature due to the disruption of 

the carbon lattice by its oxygen contents. However, it can become more conductive 

when removing some oxygen-containing material. These features provide a range of 

applications, including field-effect transistors, polymer composites, sensors, conductive 

coatings, energy storage and biomedical applications, among others [5], [61]–[63]. 
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2.3.1.3 Mechanical properties 

Some of the most relevant mechanical properties of the monolayer and a few layers of 

graphene, including Young’s modulus and fracture strength, have been determined. 

Through experimental investigation, Young’s modulus of a few graphene layers was 

characterised using atomic force microscopy (AFM) with force-displacement mode. It 

was reported that defect-free graphene exhibits Young’s modulus value of 1.0 TPa and 

fracture strength of 130 GPa [64]. Using a similar AFM method, reduced graphene oxide 

with a hydrogen plasma displayed a mean elastic modulus of 0.25±0.15 TPa [65]. An 

average elastic modulus of 32 GPa and the highest fracture strength of 120MPa has been 

reported on individual graphene platelets [66]. Moreover, the mechanical properties of 

GO were improved by introducing chemical cross-linking between individual platelets 

using divalent ions and polyallylamine [67]. In this aspect of mechanical strength, 

graphene, GO, and rGO possess outstanding properties and can be used for improving 

the mechanical properties of other materials by mixing them as composites or as 

functionalisation entities. 

2.3.1.4 Optical properties 

Pristine graphene is a highly transparent material where only 2.3% of visible light can be 

adsorbed in each layer [67]. The visible spectrum is between about 3.1 eV to 1.6 eV (400 

to 700 nm wavelength). If a material's bandgap is greater than its maximum energy, no 

light is absorbed and the light simply goes through it. As a result, they appear 

translucent. Because of the relationship between the increasing bandgap and a 

decreasing refractive index, the latter may decrease for that transparent material 

because it is a high bandgap material. When the refractive index is reduced, the 

transmission value rises. As a result, a larger bandgap will result in better transmission 

in the visible region, if the bandgap is greater than 3.1 eV. 

The mentioned process renders graphene transparent, which is advantageous in the 

development of various optical-electronic devices such as touch screen monitors and 

optical sensors. GO, on the other hand, exhibits significantly different optical properties 

than a single- and few-layer graphene. It is usually transparent with high optical 
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transmittance in the visible spectrum region. The absorption spectrum depends on 

wavelength. The peaks in the UV/blue edge of the visible spectrum falls towards the 

near-infrared (NIR). Discernible π–π* and n–π* transitions arise from the presence of 

oxygen-containing functionalities also present in its UV absorption range (200–320 nm) 

[68]. The optical response of GO is significantly sensitive to the degree of oxidation 

which varies between the different reduction methods depending on residual oxygen 

group coverage and defects within the carbon sheets.   

2.3.2 Applications in biosensors 

In recent years, graphene has been gaining important attraction from scientists from a 

wide variety of fields, predominantly from the biomedical and biotechnological sciences 

for the fabrication of biosensors. Due to its outstanding electronic properties, high 

surface-to-volume ratio, and biocompatibility, graphene can contribute to the 

development and enhancement of the analytical performance of sensors. Other 

graphene-family materials, including graphene oxide (GO) and reduced GO (rGO), are 

also good candidates. The presence of oxygen functional groups on the GO surface could 

enhance its solubility resulting in easier functionalization. Through chemical and thermal 

methods,  the oxidation levels of GO can be reverted to obtain a material that resembles 

pristine graphene, to an extent. Graphene and rGO become highly sensitive to changing 

environmental conditions as their atomic thickness increases. All carbon atoms can 

directly interact with the analytes, an important characteristic in sensing applications to 

promote sensitivity. Graphene can also be easily linked with biomolecules by π–π 

stacking and hydrophobic interactions. Graphene has advantages over other materials 

due to its simple functionalization, lower noise ratio, solution-processability, and 

biocompatibility. 

Several papers have been published in the last five years describing graphene-based 

sensors and biosensors functionalized with bioreceptors such as proteins, lipids, 

antibodies, and DNA[69]. The biosensor fabrication techniques can be varied and cover 

a range of operation principles, however, the most commonly reported one is mainly 

focused on chemical, electrochemical and FET-based devices [55], [60], [70].  
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Fig. 2.7 Illustration of a graphene-based sensor showing its potential application for 
detecting gases, organic and biological matters. The sensing surface can be modified by 
functionalisation with nanoparticles, DNAs, antibodies, and organic molecules. Source: 
ref. [69] 

Hirtz (2013) presented the fabrication of lipid membranes onto graphene using the L-

DPN technique, showing the precise and selective spatial positioning and pattern 

shaping of individual lipid molecules [7]. This method enables multiplexed and localized 

heterogeneous functionalization of lipid membranes on a graphene substrate, which is 

useful for fabricating platforms for biosensors. Viswanathan (2015) proposed an 

approach for developing a graphene-based glucometer [70]. It involves modifying 

enzymes for improving selective performance, developing methods to bind them onto 

the graphene surface and fabricating a graphene-FET sensor integrated with a 

microfluidic cell to achieve a point-of-care device. Fig. 2.7 demonstrates the conclusion 

scheme for potential applications of graphene platform sensors. The graphene sheet is 

transferred onto a Si wafer and connected to a metallic electrode at the edges to 

fabricate the sensing device. The sensing capacity can be tuned by modifying the 

graphene surface with chemical- and bio-receptors 

Although graphene has significant advantages for biosensor applications by increasing 

the sensitivity, it requires functionalization with biomolecules to make the sensor 

selective. Understanding how biomolecules interact with graphene-related materials 
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can lead to the development of a method for fabricating graphene sensors. As a result, 

research topics involving the interaction between graphene-based materials and 

biomolecules are particularly intriguing. 

 

 

Fig. 2.8 Example of a microfluidic FET biosensor for detecting glucose made from 
graphene-based materials. Source: ref. [70] 

 

2.4 Interaction between biomolecules and graphene-family materials 

Graphene-based family materials have been reported in several publications as having 

potential in biomedical applications such as biosensors, tissue scaffolds, drug delivery 

carriers, and antibacterial agents due to their high specific surface area, which allows for 

high-density biofunctionalization or drug loading [71], [11], [72]. For example, Hussien 

NA, et al. (2018) reported that the anti-cancer medication paclitaxel, which is known to 

be a cellular hazardous chemical, was delivered via an aptamer-conjugated magnetic 

Graphene Oxides (MGO) nanocarrier with a reduction in cell death compared to 

conventional cancer drug delivery. As a result, they are a promising vehicle for cancer 

treatment delivery [73]. Understanding the fundamental interactions of these ultrathin 
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carbon forms with biological molecules can significantly help to broaden the design of 

applications and intelligently exploit the functions of the materials. 

Both covalent and noncovalent surface modifications of graphene, GO, and rGO, have 

been used to connect specific biological molecules to improve biocompatibility and 

colloidal stability. The most common covalent binding is the conjugation of GO or rGO 

to hydrophilic polymers via polymerization or amine coupling to carboxylic groups.  

Hydrophilic polymers such as polyvinyl alcohol (PVA) and polymethyl methacrylate 

(PMMA) can be incorporated with GO to improve their mechanical properties. The 

composites of GO/PVA or PMMA have the potential to be used as fillers to repair 

cartilages, tendons and meniscuses as GO incorporation increase both the tensile 

strength and elasticity of hydrogels without affecting their potential for osteoblast 

attachment [74].  As an example of the amine coupling method, GO-chitosan can be 

synthesized by covalent linkage of the carboxyl groups of GO with the amide groups of 

chitosan. This composite can be used for medical scaffolds as GO incorporation can 

reduce the rate of scaffold degradation benefitting the hard tissue regeneration [75]. 

Noncovalent modifications often rely on hydrophobic forces or π-π stacking on the 

pristine graphene or highly reduced GO surface [76].  The driving force for physisorption 

is cited as π-π interaction and hydrophobic forces in several publications. Zhang et 

al. loaded both Dox and calprotectin (CPT) onto functionalized GO, and cite π-π 

interactions and hydrophobic forces as the driving force on the adsorption [77].  Lipid-

coated on graphene and highly reduced GO has been reported to form a monolayer [6], 

[7], [78] while bi-layer lipid can be formed on hydrophilic GO [6]. The interactions 

between the lipid and graphene family materials have been claimed to be driven by 

hydrophobic and hydrophilic forces.   

In addition, graphene or rGO can be functionalized with amino acid functional groups 

via 1,3-Dipolar Cycloaddition of Azomethine Ylide [79]. The 1,3-dipolar cycloaddition is 

a reaction between a 1,3-dipole and a dipolarophile to form a five-membered ring on 

graphene planar on the graphene plane. This method can be a promising option to 

functionalize bio-receptor molecules on graphene for biosensing applications.  

https://en.wikipedia.org/wiki/Chemical_reaction
https://en.wikipedia.org/wiki/1,3-dipole
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In addition, the variation in layer number, lateral dimension, and surface chemistry tend 

to affect the biological response as well. From these unique biomolecular interactions, 

the graphene-bio interface has become a challenging area for further scientific research. 

The features of graphene-based nanomaterials relevant to biological interactions and 

specific graphene-protein interactions are described in this section. 

2.4.1 Properties of graphene-related to biological interactions 

The most relevant properties of graphene-based nanomaterials affecting biological 

effects include surface area, layer number, lateral dimension, surface chemistry, and 

purity (refer to Fig. 2.9 for examples) [80]. 

2.4.1.1 Surface Area 

Surfaces dimension is a crucial factor for the occurrence of biological interaction with 

nanomaterials. It is mainly because nanoparticles (lower than 10 nm) have a significant 

fraction of their atoms exposed on their surfaces [80]. Single-layer graphene exhibits an 

extreme case for the importance of the surface area as every atom lies on the surface 

giving rise to the theoretical maximum surface area of an sp2-hybridized carbon sheet 

of about 2600 m2/g.  Graphene and its derivatives exhibit surface phenomena such as 

physical adsorption or catalytic chemical reaction due to their high surface area. This 

interaction may have a significant impact on the biological response to the materials. 

Graphene-based materials can become aggregated in an aqueous medium, turning into 

spherical particles and increasing operative size; however, most surface area is typically 

retained unless aggregated by sintering, dissolution, or reprecipitation [80]. Especially 

for GO, it is reported to align effectively during filtration or drying to produce GO papers, 

and by stacking, the interlayer spaces do not affect accessibility for biological 

interactions.  

2.4.1.2 Layer Number 

The number of graphene layers is essential for determining specific surface area and 

bending stiffness. The specific area (m2/g) is inversely proportional to the number of 

layers [80]. It has been reported that the adsorptive capacity for biological molecules 
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will increase significantly inversing the layer count. Furthermore, thin materials, such as 

single-layer graphene or GO, are relatively deformable by weak forces such as water 

surface tension; in contrast, multilayer materials may behave as rigid bodies during cell-

material interactions [81], [82]. Characterization of layer number typically uses AFM 

observing the topographical properties of the film on substrates. 

2.4.1.3 Lateral Dimension 

Although lateral dimension has no considerable effect on a specific surface area, it is 

significant for determining the maximum dimension of the attached material. This factor 

is highly relevant for biological phenomena that rely on particle size, including cell 

uptake, renal clearance and blood transport [80]. Lateral dimension should affect the 

maximum uptaken number of receptors and also the size of the cell. Similar to the 

number of layers, the lateral dimension also affects deformability, but the lateral 

dimension is related to the torque applied by cellular forces. Large sheets tend to be 

more deformable than small ones at equal layer numbers. In this case, SEM or AFM can 

easily characterize lateral dimensions. 

2.4.1.4 Surface Chemistry  

GO surface shows the combination of hydrophobic with hydrophilic effects with a typical 

water contact angle between 40 and 50o [83]. Its structure contains negative charges on 

the edges and is associated with the carboxylate groups, while the sp2 plane is 

hydrophobic with a water contact angle close to 90o. Reduced graphene oxide (rGO) 

expresses medium hydrophilicity due to remaining functional groups and vacancy 

defects in the basal plane produced during oxygen removal [84].  GO colloids show 

relative stability in pure water; however, it is required further functionalization to 

maintain long-term stability in saline or culture medium [83].  Pristine graphene 

dispersibility in water is extremely poor and surfactants or other stabilizers are required 

to develop applications in biological fluids.  
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2.4.1.5 Purity 

Typically, graphene and its derivatives do not contain any residual metal catalysts. 

However, some of them could contain remaining intercalants or chemical additives due 

to improper washing.  There is little knowledge about the effects of impurities in 

graphene- biological interaction, and thus cautious use and careful characterization are 

recommended to avoid undesirable biological effects. 

 

Fig. 2.9 Related properties of graphene-based materials to colloidal behaviour 
 and biological interaction including surface area, lateral dimension, number of layers 
and surface chemistry. Adapted from ref. [80] 

2.4.2 Graphene interaction with proteins  

Protein adsorption on nanomaterial surfaces has become a popular issue in scientific 

research in these recent years due to its potential to mediate cellular uptake that can 

help to address toxic responses [17]. Graphene-based materials are known for their 

potential to absorb a larger amount of protein due to their higher specific area 

compared to most other nanomaterials. Proteins can be bound onto graphene-based 

nanomaterials by both covalent and noncovalent interactions.  

2.4.2.1 Non-covalent interaction  

Graphene and graphene derivatives that have oxygen-containing functional groups have 

been shown to bind with a large number of proteins, for instance, bovine fibrinogen 

(BFG), immunoglobulin (Ig), transferrin (Tf), and bovine serum albumin (BSA) through 
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various non-covalent interactions [85]. These non-covalent interactions for graphene 

and graphene derivative materials are mainly based on van der Waals, hydrophobic 

interaction, electrostatic and π−stacking [86]. 

Van der Waals force is the main driving force for stacking graphene or GO flakes on 2D 

solid surfaces such as graphene coating on gold or SiO2 and even the stack of carbon 

lattice in graphite. Van der Waals forces can be formed between graphene or GO flakes 

and organic molecules for water-insoluble drugs or creates nanocomposites between 

graphene and polymers  that can be further bound to proteins [87]. Graphene is 

recognized for its hydrophobic properties, graphene derivatives such as GO are only 

hydrophobic on the basal planes and hydrophilic at the margins. Thus, GO might be less 

preferable for Van der Waals force compared to graphene or rGO. On the other hand, 

the electrostatic interactions could be more pronounced on GO. 

The interaction between protein molecules and GO could be very complicated due to 

the charge status on the protein surface depending strongly on the environmental 

conditions, including the pH value, and the ionic strength of the buffer. The protein can 

be negatively or positively charged, while the GO is typically negatively charged and also 

varies with the preparation procedure and level of reduction. Based on this, various 

proteins could interact with GO through electrostatic interaction with different stability. 

In general, agglomerated protein molecules tend to form on a hydrophobic surface [88]. 

It is assumed that the hydrophobic aromatic rings on graphene can promote protein 

adsorption through hydrophobic interaction. Kamiya et al. studied the adsorption of 

protein on graphene in an aqueous environment focusing on the influence of surface 

modification of the support substrates [88]. It was found that high-density clusters of 

agglomerated avidin molecules are likely to form on a hydrophobic area of graphene 

substrate rather than in the hydrophilic zone. Also, it is reported a hydrophobic 

interaction could lead to the structural conformation of protein molecules. Therefore, 

protein adsorption and its cluster formation can be controlled by the hydrophobicity of 

graphene. Proteins, which are made up of amino acids, can have both hydrophilic and 

hydrophobic properties. While the hydrophobic component is responsible for G-to-

macromolecular interactions, the hydrophilic part is frequently employed to improve 

the stability of G/GO compounds in water [86]. 
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Nevertheless, the main interaction found between protein and graphene is mainly π–π 

interaction, which is the interaction between aromatic rings that include π orbitals 

(shown in Fig. 2.10, 2.11) 

  

Fig. 2.10 π–π interaction (black arrow) in which the grey atoms represent carbon and 
the orange atoms indicate hydrogen in the case of benzene. Source: ref.[86] 
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Fig. 2.11 Hydrogen bonding (blue arrow) and π–π interaction (green arrow) with GO 
structure. Source: ref. [86] 

At physiological pH, due to its hexagonal aromatic structure, and the negatively charged 

oxygenated functional groups, the interaction between the 2D material and protein can 

occur with ease. On the GO surface, weak interactions, including hydrophobic, 
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electrostatic, and π–π stacking, could lead to the immobilization of enzyme proteins on 

its surface. The basal plane of the GO enriched with π electrons contributes to the 

possibility for the GO to create π–π stacking interaction with proteins. The charge at the 

surface of GO due to functional groups could lead to hydrophilic interaction. In fact, the 

interactions between enzyme or proteins molecules and GO could be very complicated 

as the enzyme become active strongly depending on the environmental conditions, 

including the pH value and the ionic strength of the buffer [89]. A theoretical study of 

protein or enzyme noncovalent adsorption onto GO was conducted using molecular 

dynamics simulation [90]. The result indicated that the π– π interaction between the GO 

backbone and the aromatic residues of the enzymes might be a primary factor for 

immobilization. Also, the softness of GO could assist the binding by adapting its shape 

to fit better with the aromatic residues of the protein and form stronger π–π stacking. 

Since the stacking is simple, non-destructive, and reversible, making it is ideal for 

material engineering applications such as drug immobilization, particular identification, 

and material construction [91].   

Functionalized GO with PEG molecules bearing fluorescent dye-tagged proteins has 

been studied as examples of π– π interaction-based biological drug delivery systems. 

Proteins that interact with GO material via π– π stacking enter cells directly and activate 

or deactivate the associated pathways, resulting in biological signalling [92]. This 

method could be employed in cancer treatment, in which the protein-based medicines 

on the nanosheets could be protected from enzymatic breakdown during the delivery 

[93].  

2.4.2.1 Covalent interaction 

The covalent interactions of graphene and graphene derivatives are generally comprised 

of two pathways; firstly, the formation of covalent bonds between free radicals and 

secondly, the formation of covalent bonds between amino acid functional groups and 

the oxygen groups of GO [94]. 

Most of the time, the covalent binding of a protein to GO is based on chemical 

interactions between the side groups of amino acid residues on the protein surface and 

functional groups in graphene derivatives materials. The amine and carboxyl groups on 



63 
 

the surfaces of protein are considered functional molecules that promote protein 

immobilization by covalent contact [95]. For GO, which contains many functional groups, 

it can be covalently functionalised with certain proteins. The free amine groups on the 

surface of the enzyme or protein are typically applied to the carboxylic groups of GO or 

rGO. Shen et al.(2010) functionalized BSA to GO through diimide-activated amidation 

[95]. GO–BSA conjugation showed high water-solubility and retained its bioactivity [95].  

Reduced GO, can be covalently bonded to polymeric chains that have reactive species 

like hydroxyls and amines. Shan, C, et al (2009) reported the use of rGO after its 

functionalization by poly(l-lysine) (PLL) through amidation as a biosensor for hydrogen 

peroxide (H2O2). The detector was constructed by immobilizing horseradish peroxidase 

on the PLL/rGO surface and depositing the resultant nanocomposite onto a gold 

electrode [96]. Although the cross-linkers are also frequently used to covalently attach 

enzymes onto GO, the functional groups of GO can directly bind with enzymes or 

proteins. Li et al. (2016) demonstrated ovalbumin as a model protein that can be 

absorbed on GO without requiring any additional linker strategy [97]. In addition, they 

reported that GO nanosheets could spontaneously adsorb proteins by combining a few 

different interactions. For example, the presence of the hydrophobic aromatic groups 

on the GO surface could favour hydrophobic adsorption of protein, and the presence of 

epoxide moieties could allow covalent binding with lysine units. 

However, there have been limited studies about graphene-protein or graphene-amino 

acid interactions due to the complexity of the experimental method for investigation. 

As a result, the mechanism of adsorption is yet unclear.  Many studies are now requiring 

an understanding of how proteins interact with graphene-family nanomaterials to make 

it easier to use the materials in a variety of biological and engineering applications. 

2.5 Model proteins 

2.5.1 Bovine Serum Albumin (BSA) 

Serum albumin is the most abundant protein in blood plasma. It functions primarily as a 

carrier protein for various substances, e.g. fatty acids, hormones and steroids. BSA is 

low-cost human-like serum albumin derived from bovine blood. The composition and 

folding of BSA are very similar to human serum albumin (HSA). One important difference 
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is the fact that BSA has two tryptophan residues while human albumin only has a unique 

one which results in the difference in ligand-binding properties. For its low cost and 

similarity to HSA, BSA has been widely used as a model protein in a variety of studies on 

protein adsorption and structural conformation. 

Physico-chemical properties 

Monomeric BSA is a globular protein with an average MW 66 kDa containing 580 amino 

acid residues with 17 intrachain disulphide bonds and one free thiol group at residue 34. 

BSA is negatively charged in PBS pH 7.4.  It comprises three homologous domains (I, II, 

III) divided into nine loops (L1–L9) by seventeen disulfide bonds. Each domain is formed 

of two subdomains (A and B). The main regions of ligand binding sites in BSA are located 

in two hydrophobic pockets in sub-domains IIA and IIIA, namely site I and site II [98]. 

There are two Tryptophans (Trp) around its binding site – firstly, Trp134 is outside of the 

pocket, surrounded by the polar environment and secondly, Trp212 is inside the 

hydrophobic pocket. The molecule contains three binding domains specific for metal 

ions, lipids, and nucleotides, respectively [15]. Serum albumin is in the soft proteins 

class, which can easily change its structure and conformation. Despite various physico-

chemical studies for the determination of its tertiary structure and solution 

conformation, its three-dimensional molecular structure has remained largely unclear 

[99], [100]. Three models have been suggested to represent its molecular conformation: 

1) as a prolate ellipsoid (cigar-shaped) with dimensions of 140x40× 40  Å and the axial 

ratio of ~3.5 [101]–[103]; 2) as a heart-shaped molecule with a diameter of 80 Å [104], 

[105] and 3) a prism shape with optimized dimensions of 84 × 84 × 84 × 31.5 Å [99]. 

These models are supported by different experimental results, and they might be 

reconciled as the flexible tertiary structure of the protein in solution could adopt a 

folded conformation within the crystalline solid [99]. In addition, another key factor that 

might contribute to the discrepancy in model results could be the use of albumin in 

different studies. Commercially available BSA contains variable proportions of 

monomer, dimer and higher oligomers, thus, monomeric and oligomeric forms of 

albumin in solution could express [100]. 
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Fig. 2.12  (a) Ribbon diagram of BSA showing domains, sub-domain (b) BSA conformation 
in prolate ellipsoid model with  dimension label (c) heart-shaped molecule of BSA 
adapted  from PDB 3v03 (d) prism-shape model of BSA conformation adapted from [106] 

For studies of serum albumin adsorption on solid surfaces using AFM, QCM-D and 

ellipsometry technique, several publications have reported the use of the prolate 

ellipsoid model due to the simplicity of interpretation and calculation of its thickness 

[106]–[109]. 

Adsorption of BSA on Solid Substrates 

BSA has been used for many years to study protein−substrate affinity due to its 

structural similarity to HSA and its importance in biochemical applications. The 

adsorption of BSA on different surfaces has been extensively studied [15]. On a charged 

surface, the electrostatic interaction is a major driving force between the surface and 

the functional groups containing opposite charges along the polypeptide chain of the 

BSA. On the non-polar surfaces, protein absorption is driven by hydrophobic attraction 

between the non-polar parts of BSA and the surface. BSA adsorption is typically 

restricted to a monolayer. However, when the concentration or incubation time 

increases, BSA molecules could be forced to adsorb more within the monolayer resulting 

in a variety of several conformations due to the inherent flexibility of the BSA molecule 

[106]. Higher concentrations of BSA molecules were assumed to form 2D aggregates by 

partially unfolding the tertiary structure and reducing the R-helical or random coil 

contents [106]. Due to the high binding efficiency of phosphate to BSA molecules, BSA 

molecules adsorb more compactly when using phosphate buffer, exhibiting a stable 

conformation. The reduction of the R-helical structure revealed that BSA molecules 

were denaturing during adsorption on hydrophilic surfaces. Furthermore, the molecules 

were discovered to be oriented parallel to the surface, allowing for several electrostatic 
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interactions with the hydrophilic surface. The methyl groups of BSA are oriented 

randomly on a hydrophobic surface, and it was reported that more molecules were 

adsorbed than on a hydrophilic surface. [110], [111]. The models of BSA adsorbed on 

the hydrophobic and hydrophilic surface were studied using QCM-D and dual-

polarization interferometry (DPI) technique and reported as seen in Fig. 2.13 [112]. It is 

suggested that BSA changes its orientation and packing arrangement on the 

hydrophobic surface, inducing the formation of more compact and less hydrated layers.  

 

Fig. 2.13 Properties and orientation of adsorbed proteins on the hydrophilic and 
hydrophobic substrates. Adsorbed proteins on hydrophilic and hydrophobic surfaces 
have different surface coverage and layer characteristics. Although Lysozyme and α-
Syn have comparable molecular weights, their affinity for substrates and layer 
characteristics differs due to structural differences. Source: ref. [112]  

Recently, Vilhena et al. (2016) used molecular dynamics simulations with an explicit 

solvent condition to determine the adsorption behaviour of the BSA on bilayer graphene 

[113]. They found that BSA can preserve the majority of its binding sites' structural 

properties. Seredych (2018) presented an experimental assessment of the adsorption 

properties of expanded graphite with different functional groups and graphene 

nanoplatelets towards BSA [17]. The proposed interaction between BSA and graphene 

derivatives is through π- π stacking, hydrophobic interaction and covalently binding with 

functional groups. Although some studies of BSA adsorbed on the graphene surface 

have been conducted, the adsorption mechanisms and the structural properties of 
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proteins on surfaces are not well understood due to the limitations of molecular 

monitoring experiments. 

Biological functions 

Albumin is a critical protein for maintaining the oncotic pressure required for proper 

fluid balance between the blood vessels and the bodily tissues. Without albumin, the 

arteries' high blood pressure would force more fluid into the tissues. One of the most 

important properties of albumins is their capacity to bind to a variety of different 

substances reversibly. It acts as a carrier for numerous hydrophobic steroid hormones 

and fatty acids in the plasma. The protein frequently increases the solubility of 

hydrophobic drugs in the plasma improving blood circulation and efficacy of drugs [20], 

[26] Excessive or insufficient serum albumin might be hazardous. For instance, the 

presence of albumin in the urine typically indicates the presence of renal disease. 

BSA possesses discrete binding sites with different specificities. The most important 

ones are referred to as site-I and site-II located in hydrophobic cavities of subdomains 

IIA and IIIA, respectively [20]. Site markers are small molecules that have specific binding 

to the active sites of albumin including warfarin, phenylbutazone, dansylamide and 

iodipamide for site I and ibuprofen, flufenamic acid and diazepam are site-II [32] They 

are often used in studying the interaction of different ligands with the protein. 

2.5.2 Lysozyme 

Lysozyme (N-acetylmuramic-hydrolase) is an enzyme with antibiotic properties 

abundantly found in secretions like saliva, tears, mucus, and egg white [114]. It was 

discovered in 1922 by Alexander Fleming when he demonstrated that his nasal mucus 

presented the ability to inhibit the growth of a certain bacteria in culture [115]. 

Lysozyme damages microbes by attacking their cell walls made of peptidoglycan, which 

consists of the repeating amino sugars, namely N-acetylglucosamine (NAG) and N-

acetylmuramic acid (NAM), crosslinked by peptide bridges. Lysozyme disrupts the bond 

between NAG and NAM by hydrolysing them. This process increases the permeability of 

bacteria and causes them to burst. Lysozyme has been widely used in the food and 

pharmaceutical industries due to its bacteriostatic and bactericidal properties. 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/peptidoglycan
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Physico-Chemical Properties 

In nature, lysozyme is found mainly as a monomer possessing a molecular weight of 14.3 

kDa. The primary structure of lysozyme is a single polypeptide conformed of 129 amino 

acid residues [116].  The structure consists of two domains linked by a long α-helix which 

acts as the active site of the enzyme [117]. The first domain (residues 40 to 88) is 

composed mostly of the antiparallel β-sheet, whereas the second domain (residues 1 to 

39 and 89 to 129) is made up of large α-helix (Fig. 2.14). Lysozyme is a highly stable 

enzyme as it contains four disulfide bonds of the single polypeptide chain. At least two 

of the -S–S- bonds must be intact to maintain its enzymatic activity. Lysozyme folds into 

a compact globular structure with a long cleft on the protein surface under physiological 

conditions. This cleft is the active site that can bind to the carbohydrate chain at the 

bacteria cell wall and subsequently break it.  

Lysozyme has been commonly chosen as a model protein for protein interaction studies 

due to its small size and simple molecular structure [118]. For example, hen egg 

lysozyme (HEL) is a well-studied model for investigating antibody-antigen interactions 

[119]. It maintains biological activities in a large range of pH 6-9 and behaves positively 

at neutral pH [120]. The interaction between anti-HEL antibody and HEL involves 

hydrogen bonds and van der Waals interactions predominantly, as the antibody binding 

site contains an uneven number of aromatic residues [121]. The kinetics of association 

and dissociation of anti-HEL with HEL depend on a variety of conditions including pH, 

temperature and viscosity of the medium [122]. It is also reported that the association 

reactions are insensitive to ionic strength [122]. 

Antimicrobial Roles 

Lysozyme is a natural preservative due to its potent antimicrobial properties, particularly 

against Gram-positive bacteria. The enzyme hydrolyses a variety of structurally similar 

substrates, most notably the polysaccharide copolymers including NAG and NAM found 

in many bacterial cell walls.  The enzyme catalyses the hydrolysis reaction of the 

glycosidic β (1–4) linkage between NAG and NAM, resulting in the breakdown of the cell 

wall. The antimicrobial activity of the lysozyme monomer is limited to Gram-positive 

bacteria since their cell walls consist mainly of a peptidoglycan layer. Gram-negative 

bacteria, on the other hand, are less likely to be attacked by this enzyme due to their 

https://link.springer.com/article/10.1007/s00217-010-1347-y
https://link.springer.com/article/10.1007/s00217-010-1347-y
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more complex envelope structure. The composition and sequence of N-acetylamino 

sugars in the bacterial cell wall may influence lysozyme's bacteriostatic, bacteriolytic, 

and bactericidal activities[123]. 

 

Fig. 2.14 Crystal structure of lysozyme (a) Ribbon structure showing two domains- 
domain 1 (N-terminal) contain mostly β-sheet and domain 2 is mainly α-helix; source: 
PBD 1DPW ref. [124] 2 contain a majority of α-helix. (b). A molecular model of hen egg-
white lysozyme where key residues in the binding site are highlighted - Asp 52 (red); Glu 
35 (yellow); some of the other residues (grey) source: ref. [125] 

Medical applications 

Since human lysozyme is considered as ‘body’s own antibiotic’, it is used as a biomarker 

in a variety of medical diagnostics, including bacterial infection, coronary artery disease, 

sarcoidosis, and breast cancer. [120], [126], [127]. Arterial plasma lysozyme levels are 

measured to identify patients with varying degrees of coronary artery disease, observed 

in separate cohorts of patients using a cut-off value of 1.5 μg/mL [126]. The sensitivity 

of serum lysozyme for predicting sarcoidosis lies between 69% and 80%; the serum 

lysozyme level also demonstrated a significant tendency to increase with the number of 

organs involved [128]. In some cancers, like myelomonocytic leukaemia, excessive levels 

of lysozyme can be produced by cancer cells leading to kidney failure and low blood 

potassium [129].   

2.5.3 Immunoglobulin 

An immunoglobulin (Ig), also known as an antibody (Ab), is a Y-shaped protein produced 

by white blood cells as a part of the immune system. The overall structure of 

immunoglobulin antibodies is assembled from two identical heavy-chain (CH) and two 

identical light-chain polypeptides (CL), see Fig 2.15. The heavy and light chains are 

composed of both constant and variable regions. The variable domains comprise the 

different sequences of the N-terminal domain of the H and L polypeptide chains, called 
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as VH and VL.  This region contains a binding site which is a characteristic of each 

antibody.  

 

Fig. 2.15 Schematic structure of an antibody presenting constant and variable regions. 
Heavy chains and light chains are in blue and yellow. The antigen-binding site is at the 
tip of variable regions. 

The Ig can capture and neutralize foreign objects that infiltrate mammalian bodies, such 

as pathogenic bacteria and viruses. Each tip of the "Y" of an antibody contains 

a paratope (analogous to a lock) that can recognize a unique epitope (analogous to a 

key) of the pathogen, also known as an antigen, allowing a precise binding mechanism. 

Antigen-binding sites at both tips of each antibody can adapt to capture the specific 

epitope, allowing it to recognize millions of different antigens. 

The structure of the antibody is classified into five classes, including IgA, IgD, IgE, IgG 

and IgM. This classification is based on differences in amino acid sequence in the 

constant region (Fc) of the antibody heavy chains involved in the interactions with other 

immune system components. The class also determines the function that an antibody 

performs after binding to an antigen. Antibodies from different classes, for example, 

differ in their releasing location in the body and the stage of an immune response. IgG 

and IgA are also further identified into subclasses (isotypes), e.g., in human IgG1, IgG2, 

IgG3, IgG4, IgA1 and IgA2, are based on slight differences of the amino acid heavy chain 

sequences. In short, the Ig classes and isotopes differ in their biological features, 

structure, target specificity and distribution. As a result, determining the Ig isotype can 

provide valuable insights into the complex immune response. 

An immunoglobulins blood test may be used to help diagnose a variety of conditions, 

including bacterial or viral infections, certain types of cancer like multiple myeloma 

https://en.wikipedia.org/wiki/Paratope
https://en.wikipedia.org/wiki/Epitope
https://medlineplus.gov/bacterialinfections.html
https://medlineplus.gov/viralinfections.html
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[130], immunodeficiency, which is a condition that reduces the body's ability to fight 

infections, and autoimmune disorders such as lupus and nephrotic syndrome, which 

cause the immune system to mistakenly attack healthy cells, tissues, and/or organs 

[131], [132].   

Table 2.1 Five types of antibodies and their properties and functions 

 

Furthermore, due to its ability to fight infections as well as its anti-inflammatory and 

immunomodulating effects, immunoglobulin is being increasingly demonstrated as a 

treatment for a wide range of medical conditions [131]. Clinical indications for 

intravenous immunoglobulin (IVIg),  licensed by the US Food and Drug Administration 

(FDA), include: (1) treatment of primary immunodeficiencies (PIs), (2) prevention of 

bacterial infections in patients with hypogammaglobulinemia and recurrent bacterial 

infection due to B-cell chronic lymphocytic leukaemia (CLL), (3) prevention of coronary 

artery aneurysms in Kawasaki disease (KD), (4) prevention of infections, pneumonitis, 

and acute graft-versus-host disease (GVHD) following bone marrow transplantation, (5) 

reduction of severe bacterial infection in children who infected with HIV, (6) increasing 

platelet count in idiopathic thrombocytopenic purpura to prevent or control bleeding, 
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and (7) treatment of chronic inflammatory demyelinating polyneuropathy (CIDP) and 

multifocal motor neuropathy (MMN) [131], [133], [134]. 

2.6 Antigen-antibody interaction 

Antigen-antibody (Ag-Ab) interaction refers to the chemical interaction that occurs 

between antibodies and antigens during an immune response. A high-affinity binding 

interaction is similar to a lock and key. The antigen is the key that allows the antigen to 

enter a cell and infect it, whereas the antibody is the lock that captures and locks the 

key, preventing it from infecting cells. The process of combining antigens and antibodies 

is called agglutination, Fig 2.16. A dynamic equilibrium exists for the binding. For 

example, the reaction is a reversible one and can be expressed as: 

[Ab]+[Ag] → [AbAg] 

where [Ab] is the antibody concentration and [Ag] is the antigen concentration, either 

in free ([Ab],[Ag]) or bound ([AbAg]) state. 

 

Fig. 2.16 Representation of agglutination reaction between blood group antigens and 
antibodies forming a clumping of erythrocytes 

The specific association between Ag and Ab is essentially based on non-covalent bonds 

including hydrogen bonds, hydrophobic interactions, electrostatic forces, and Van der 

Waals forces. The dissociation or association could also be influenced by liquid medium 

parameters such as surface tension, pH, ionic strength, dielectric constant and 

temperature [135]. It is proposed that the binding between Ag and Ab will be effective 

and reliable under optimal conditions. For example, red cell antigen–antibody reactions 

occur in the pH range of 6.0 to 8.0; results become unreliable outside of this range. [136]. 

https://en.wikipedia.org/wiki/Antibody
https://en.wikipedia.org/wiki/Antigen
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Additionally, the interfacial water molecules might influence the non-covalent 

interactions between Ag and Ab, resulting in cross-reactivity. This situation occurs when 

a single antibody recognizes antigens from two distinct pathogens or one pathogen and 

proteins from non-pathogens [137]. This process can produce allergies when identical 

carbohydrate structures cross-react with unrelated proteins from the same or different 

species. Moreover, cross-reactivity has implications for flu vaccination due to a large 

number of the strains, while antigens produced in response to one strain may involve 

the protection of other strains [138]. Cross-reactivity can also occur between non-

closely related viruses, such as the cross-reactivity between influenza virus-

specific CD8+ T cells and hepatitis C virus antigens [139].  

In blood, the antigens are specifically and with high affinity bound by antibodies to form 

an antigen-antibody complex. The immune complex is then transported to cellular 

systems to be destroyed or deactivated.  In a clinical laboratory, the principles of 

specificity and cross-reactivity of the antigen-antibody interaction are used for 

diagnostic purposes. One common application is determining the ABO blood group. It 

can also be used as a disease screening technique for pathogens like HIV, microbes, 

helminth parasites, and autoimmune diseases. Nonetheless, the actual nature of 

antibody-antigen interaction in autoimmune disease is unknown. [140], [141].  

2.7 Screening for autoimmune diseases 

Autoimmunity is a condition of losing normal immune homeostasis in which the 

organism produces an abnormal response to its own tissue. In general, antibodies can 

detect and distinguish between foreign and self-molecules produced within the body. 

Typically, self-molecules are ignored by the immune system. However, antibodies 

recognize self-molecules as antigens in certain conditions (antinuclear antibodies) and 

cause unexpected immune responses that are always harmful and sometimes fatal. 

Symptoms differ depending on the disease, but they may include rashes, swelling, 

arthritis, or fatigue. In general, the presence of self-reactive T cells, autoantibodies, and 

inflammation that attacks healthy cells is a sign of an autoimmune disease. Depending 

on the type of antigens and antibodies involved, these unexpected immune responses 

cause a variety of autoimmune disorders. For example, some autoimmune diseases only 

affect one organ such as Diabetes type 1 affects the pancreas while other diseases, such 

https://en.wikipedia.org/wiki/Influenza_vaccine
https://en.wikipedia.org/wiki/Orthomyxoviridae
https://en.wikipedia.org/wiki/CD8
https://en.wikipedia.org/wiki/T_cell
https://en.wikipedia.org/wiki/Hepatitis_C_virus
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as systemic lupus erythematosus (SLE), affect the entire body. The early stages of 

autoimmune diseases can be screened by detecting these unusual antibodies (ANA test). 

Although the ANA is traditionally used to make a serologic diagnosis of SLE, it is also 

found in the majority of other autoimmune diseases either. Methods for disease 

screening employ immunofluorescence testing of the patient's serum at various 

dilutions with a cell-substrate, like ELISA methods. An ELISA test provides high sensitivity 

but lacks specificity. Results are reported as either the dilution of serum that suggests a 

positive response level or the degree of positivity measured using the specific testing 

procedure [142].  

The exact causes of the immune-system misfire have not yet been determined. 

However, some people are more prone to developing an autoimmune disease than 

others. Multiple laboratory tests are generally needed for the diagnosis of autoimmune 

diseases, including basic studies like a complete blood count, comprehensive metabolic 

panel, acute phase reactants, immunologic studies, serologies, flow cytometry, cytokine 

analysis, and HLA typing [143]. When symptoms suggest an autoimmune disease, the 

antinuclear antibody (ANA) test is frequently one of the tests used for detection. A 

positive test indicates that one of these diseases may be present, but it is not a 

confirmation. 

Immunofluorescence is particularly useful as an initial screening test for those suspected 

patients of having SLE, Sjögren syndrome, RA, mixed connective tissue disease, 

scleroderma, and polymyositis/dermatomyositis [143]. However, one crucial caution 

regarding the interpretation of the presence of ANA is that it is also found in non-

rheumatic diseases, including Hashimoto thyroiditis, Graves’ disease, autoimmune 

hepatitis, primary autoimmune cholangitis, primary pulmonary hypertension, and 

various infections and malignancies. Besides, the presence of low-titter ANA occurs 

more frequently in elderly populations. Therefore, complementary clinical tests are 

required to confirm the diagnosis. 

2.8 Membranous nephropathy  

Nephrotic syndrome (NS) is kidney disease with typical symptoms of nephrotic range 

proteinuria, hypoalbuminemia, oedema and hyperlipidaemia [144]–[146]. The 
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syndrome can be characterised by the rise of glomerular permeability [144]. 

Membranous nephropathy (MN) is a common cause of NS in adults. Idiopathic 

membranous nephropathy (iMN) is found in 80% of MN patients affecting 10 to 12 cases 

per one million population [147], [148]. The important discovery in 2009 that circulating 

antibodies to phospholipase A2 receptor (PLA2R) present in 70% of patients with iMN 

identified the autoimmune nature of this pathologic abnormality [149]. As ~80% of 

patients show proteinuria in the nephritic range, identifying some patients with 

proteinuria is a conventional physical examination [150]. However, performing an 

invasive renal biopsy for all suspected cases is infeasible, resulting in its delayed 

diagnosis. Although MN displays a slow progression, and some patients enter a 

spontaneous remission phase, 30 to 40% of patients eventually develop end-stage renal 

disease or die [150]–[152]. 

2.9 Nanobody technology 

 

A nanobody (Nb) is a registered trademark of Ablynx, referring to a single-domain 

antibody (sdAb). It is a binding domain of heavy-chain antibodies (HCAbs) found 

abundantly in camelid sera.  The structure of HCAbs is noticeably different from 

conventional mammalian IgG structure as it lacks L-chain polypeptides and the first 

constant domain (CH1). Its H chain contains only a variable domain (VHH) that serves as 

an antigen-binding site at the N-terminal region. Fig. 2.17 presents the difference 

between conventional immunoglobulin (IgG) and heavy-chain antibodies with a 

derivation of a single domain VHH or a nanobody. Nanobodies, like antibodies, can 

selectively bind to specific antigens, but the nanobody molecule is much smaller. A 

nanobody has a molecular weight of 12–15 kDa, whereas a typical antibody has a 

molecular weight of 150–160 kDa, which is 10 times larger. Aside from being smaller 

and having a less complex structure than antibodies, many nanobodies can be produced 

on a large scale using eukaryotic and prokaryotic cells. [19].   

https://www.annualreviews.org/doi/full/10.1146/annurev-biochem-063011-092449?casa_token=JST32_2c1gUAAAAA:2Pih1-EaEWe9G-yRoeaDcf9YbmzjANccBjA63eUPMbKhPQgBGBixdKlVNVPla4M3O3tWCTDLRQQYiA#dl1
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Fig. 2.17 Schematic of conventional immunoglobulin (IgG) and heavy-chain antibody 
(HCAbs) derived from camelid sera and a VHH part of HCAbs or a nanobody with the 
antigen recognition region.   
 

2.9.1 Structure of VHH 

The structure of the VHH domain is similar to the VH with a few distinguished differences 

including complementarity-determining regions (CDRs) and framework 2 (FR2). It 

contains three hypervariable (HV) regions surrounded by more conserved FR regions 

and longer CDR3 than that of VH [153]. In the FR2 region of VHH, the critical hydrophobic 

amino acids expressed in VHs (Val47, Gly49, Leu50 and Trp52), which are normally 

participating in the interaction with the VL domain, are frequently substituted by the 

more hydrophilic residues, called hallmark residues which are mostly Phe42, Glu49, 

Arg50, and Ph52 [154]. With this replacement of amino acids, VHHs become more 

soluble and independent of the VL. 

Fig. 2.18, the folded variable domain of VHH comprises from nine β-strands (A, B, C, C’, 

C’’, D, E, F, G), arranged in a four-stranded β-sheet in the back (A, B, E, D) and a five-

stranded β-sheet in the front (C, C’, C’’, F, G) [154]. These groups of the back and front 

β structures are connected by loops and a disulfide bridge between Cys23 and Cys94, 

packed against a conserved Trp. The fold and disulfide bond help stabilise the whole 

structure of the domain.  
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Fig. 2.18  Ribbon structure of a VHH (PDB:1JTT)  and the schematic representing the VHH 
structure and its key amino acids that are substituted in a VHH are shown with three-
letter codes. The A, B, E, and D ß-strands of one sheet in the back and the G, F, C, C and 
C strands in the front sheet. 
 

2.9.2 Nanobody Production 
 

Nanobodies or immunoglobulin-based recombinant antigen-binding proteins can be 

generated by immunising the particular animal with the target antigen or evolving 

existing NaΪve libraries [155].  

For the immunizing method, a camelid animal is immunized with the protein of interest, 

then the produced pool of nanobody cDNAs will be amplified by PCR before the process 

of cloning to get a phagemid library. The library will be then screened by expression 

against the target protein. Positive clones are sequenced and confirmed the specific 

binding using ELISA. Finally, nanobodies against the protein are produced and purified 

from E. coli, Fig. 2.19. For the naïve library, the process of immunising the animal can be 

skipped. Naïve libraries can produce satisfactory VHHs within 1-2 months and are 

especially applicable for toxic, lethal, transmissible, low immunogenic antigens or 

nonimmunogenic small molecular compounds. 

The nanobodies, for which the sequence is available in the library, are suitable for 

engineering and expression in eukaryotic and prokaryotic systems. The trend in 

nanobody production is toward simpler but more reliable bacterial-based methods that 
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can substitute for the more difficult processes required when using eukaryotic systems. 

However, when the final immune constructs require features that cannot be obtained 

in prokaryotic cells, the eukaryotic method will be used. 

 

 
Fig. 2.19  Process for nanobody production by the immunizing method. Begin by exposing 
an interesting antigen to llamas and then harvesting B-cells for mRNA extraction. VHHS 
is amplified by PCR and then cloned for optimal antigen selection. The selected 
nanobodies will be purified and their specificity and sensitivity will be determined using 
the ELISA method.  Source: ref. [155] 

2.9.3 Applications of nanobodies 

Nanobodies have the potential to be next-generation tools for antigen-recognition 

applications where conventional antibodies are ineffective. Because full-length 

antibodies can be difficult to generate, produce, functionalize, and apply intracellularly 

due to their structural and chemical complexities, novel classes of recombinant antigen-

binding proteins, such as nanobodies, are on the rise. 

The antibody has a complicated structure in terms of its size and chemistry. 

Conventional IgGs contain six single domains with a highly conserved loop length for the 

antigen-binding domain, which has evolved to bind convex paratopes, thus limiting the 

scope of potential antigens [156]. Regarding the chemistry, the antibodies contain inter-

and intramolecular disulfide bonds. These bonds make the molecules vulnerable to 

environmental changes, the reductive milieu of the intracellular environment and 

increase adsorption of non-specific molecules. Nanobodies, on the other hand, have a 
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much simpler physical structure and chemistry than antibodies. A nanobody is made up 

of only a peptide chain of about 110 amino acids. These peptides have a similar affinity 

to antigens as whole antibodies but are more heat-resistant and stable 

towards detergents and concentrated urea. Furthermore, the lack of a disulfide bond 

results in instability in a changing environment. 

Nanobodies are frequently used in basic research due to their compact structure and 

high stability, ranging from sophisticated imaging and mass spectrometry to the delivery 

of nanobodies into living cells for the visualization and manipulation of intracellular 

antigens. [157]. Furthermore, their ease of functionalization opens the way towards the 

development of promising diagnostic and therapeutic applications [158]–[160]. For 

example, several publications have reported promising clinical data of nanobody-based 

molecular imaging in cancer diagnosis, such as ovarian cancer [161] and breast 

cancer[162], [163]. Very recently, Xiang et al. developed nanobodies that can bind to 

the receptor-binding domain (RBD) of SARS-CoV-2 spike protein within picomolar to 

femtomolar affinities [164]. 

Since nanobodies are smaller molecules than monoclonal antibodies, they can 

penetrate more deeply into difficult-to-reach tissues to reach the target antigen, 

attracting the development of novel therapeutic strategies. For example, a nanobody-

based therapy for influenza A virus H5N1 was tested with infected mice. The nanobody 

was directed against hemagglutinin, suppressing the replication of the H5N1 virus in 

vivo and reducing morbidity and mortality [165]. Additionally, the conjugation of 

nanobody recognizing antigen, presenting in cells, has been successfully used for 

tumour detection [121] and boosts strong immune response [166]. 

  

https://en.wikipedia.org/wiki/Detergent
https://en.wikipedia.org/wiki/Urea
https://en.wikipedia.org/wiki/Influenza_A_virus_subtype_H5N1
https://en.wikipedia.org/wiki/Hemaglutinin
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CHAPTER 3. Review of Characterization Techniques 
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3.1 QCM technique 

3.1.1 QCM Principle 

The quartz crystal microbalance (QCM) is a mass sensitive technique used for measuring 

the mass adsorbed on the surface of the QCM chip. This technique is based on the 

piezoelectric properties of quartz crystals. Upon applying alternating electric fields to an 

AT-Cut quartz crystal’s gold electrodes, mechanical deformation of the crystal lattice 

occurs, generating an oscillating signal with a frequency equal to its characteristic 

resonant frequency. .  QCM sensors are commonly used in aqueous media, where the 

crystal is left to oscillate until a stable signal with no noticeable drift is obtained, then 

the final frequency is registered as a baseline. When a mass adsorption event on the 

surface occurs, a shift in the frequency due to the mass loading will follow. The amount 

of adsorbed mass can be determined using the Sauerbrey equation [167], (Eq 1) 

∆𝑚 =
−𝐴√𝜌𝑞𝜇𝑞

2𝑓0
2 ∆𝑓  (1) 

Where 

𝑓0  is the resonant frequency (Hz) 

∆𝑓   is frequency change (Hz) 

∆𝑚  is mass change (g) 

𝐴   is Piezoelectrically active crystal area (area of a working electrode, cm2) 

 𝜌𝑞  is density of quartz ( typically 2.648 g/cm3) 

 𝜇𝑞  is shear modulus of quartz for AT-cut crystal ( typically 

2.947x1011 g·cm−1·s−2) 

Interestingly, the Sauerbrey equation establishes a linear relationship between the 

change in frequency (Δf) and adsorbed mass (Δm). Therefore, by measuring the 

frequency shift, the adsorbed mass can be calculated. However, the Sauerbrey model 

presents some limitations and involves some assumptions. First, the adsorbed mass 

must be small relative to the mass of the quartz crystal. Second, the model applies only 

to rigid films since its viscoelasticity is not considered and thus the calculation will not 

be precise. Lastly, the adsorbed mass should be distributed evenly over the active 

surface of the sensor with no predominant adsorption regions. Initially, the QCM 
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technique with Sauerbrey mass computation was almost solely used in vacuum or gas 

phase monitoring which overcame those limitations. However, the QCM technique can 

be used in the liquid phase when the molecules adsorbed on the surface tend to form a 

rigid film. To overcome the intrinsic limitations of the conventional QCM instrument, an 

advanced technique in which the energy dissipated during the adsorption event is 

measured in real-time and has been vastly used in biomolecular studies for the past 25 

years.  

The Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) can 

simultaneously measure the frequency and energy dissipation of the oscillating quartz 

crystal after the excitation stage. The energy dissipation, measured in the form of a 

damped sinusoid,  is the sum of the total energy losses in the system in an oscillation 

cycle and it is defined as the lost energy divided by the total energy stored, Eloss/Etotal. In 

a QCM-D system, the dissipation parameter is measured every time after the excitation 

signal is disconnected and the exponentially decaying oscillations are measured at half 

amplitude. This is known as the ring-down method. The Molecules forming a soft film 

on the quartz crystal tend to deform during the oscillations,   producing high energy 

dissipation. In contrast, a rigid film attached to the crystal usually creates low dissipation 

due to lower molecular deformations (see Fig. 3.1). 

 

 

 

 

 

 

Fig. 3.1 Comparison of frequency and dissipation response during adsorption process of 
rigid and soft molecules  Adapted from ref [168].  
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In general terms, the QCM-D technique outperforms conventional QCM systems as it 

not only can provide relevant information about conformational changes, structural 

properties and softness but also regarding the rigidity or viscoelasticity of the molecules 

attached to the surface Fig. 3.2 shows a typical QCM-D profile and presents basic 

descriptions for both frequency and dissipation changes for molecular adsorption. 

 

 

 

 

Fig. 3.2 QCM-D profile analysis for structural properties of adsorbed molecules 

 

3.1.2 Viscoelastic modelling 
 

To extract relevant information like mass or the thickness and viscoelasticity, of a viscous 

film the QCM-D profiles must be fitted using an adequate physico-mathematical model. 

In this research, the modelling of the viscoelasticity for all of the presented QCM-D 

profiles is achieved by employing the Voigt-Voinova model [169].   

The modelling begins after a quartz sensor is completely coated with a viscoelastic, thin 

and homogenous layer after being fully immersed in an aqueous media, regarded as the 

bulk liquid. Under these conditions, the quartz sensor will generate acoustic bulk shear 

waves propagating through the different layers. Fig. 3.3 displays the geometry of a QCM 

sensor covered by double-layer viscous films in the bulk liquid.  

Frequency shifts tells 
the amount of 
uniform mass 
adsorption 

Dissipation shifts tellsmass 
from soft layer andits 
structural properties 
- softer film, high D and vice 
versa 
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Fig. 3.3 Geometry of QCM oscillating in bulk liquid covered by a double layer of 
 the viscoelastic film, namely film1 and film 2. Each layer possesses its own density (𝜌), 
elastic shear modulus (𝜇) and shear viscosity (𝜂). The density and shear modulus of the 
quartz plate is assigned as 𝜌0 and 𝜇0, respectively. X axis represents distance from the 
centre of the crystal; Y-axis represents the thickness of each viscous layer assigned as h1, 
h2 for films 1 and 2 and h3 for the height of the bulk liquid. 

 

The wave equation for the shear waves that propagate in the viscoelastic medium is 

shown as eq. 2 [169].  

𝜇∗ 𝜕2𝑢𝑥(𝑦,𝑡)

𝜕𝑦2 = −𝜌𝜔2𝑢𝑥(𝑦, 𝑡)      (2) 

Where 𝜇* is the complex shear modulus (𝜇∗ = 𝜇 + 𝑖𝜔𝜂); 𝑈𝑥 is the displacement in the 

x-direction; 𝜔 is the angular frequency. 

The viscoelastic layer is modelled as a Voigt element, in which the elastic response is 

connected in parallel with a response from a viscous layer. Regarding the Voinova 

modelling, equations for different cases, including viscoelastic layers in a vacuum and 

bulk liquid, have been solved to obtain a simplified form of ∆f and ∆D [170][171].  In this 

research, we use only the cases of viscoelastic layers immersed in a Newtonian bulk 

liquid. The simplified equations of ∆f and ∆D are shown in equations 3 and 4. 

𝛥𝑓 ≈ −
1

2𝜋𝜌0ℎ0
  (3) 

∆𝐷 ≈
1

2𝜋𝑓𝜌0ℎ0
   (4) 
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Where 𝜌0 and ℎ0 represent the density and shear modulus of the quartz crystal; 𝜂3 and 

𝛿3 represent viscosity and viscous penetration depth of the bulk liquid; 𝜇𝑗, 𝜂𝑗 and ℎ𝑗  are 

the elastic shear modulus, the shear viscosity and the thickness of a viscoelastic layer j, 

respectively. 

From equations 3 and 4, the adsorbed film is relatively small compared to the acoustic 

response from the bulk liquid. However, the thin film with finite thickness will produce 

a different response depending on the ratio between the viscosity and the elasticity of 

the film. 

In QSense Dfind, the QCM-D modelling software developed by Biolin Scientific®, the 

propagating wave equations are used in a simpler form resulting in better outcomes. 

Furthermore, as the simple Voight elements can be a proper model only for a few 

materials, Dfind has included the possibility to use elastic shear modulus and viscosity, 

which are frequency dependent. This modelling method is more realistic; however, 

more computationally heavy. 

To  accurately describe the response of ∆f and ∆D, the required conditions for the 

mathematical models implemented in Dfind are  as follows: 

• Each layer covers the whole active area of the QCM-D sensor. 

• Each layer has a uniform thickness. 

• Each layer is homogenous. 

• All layers' viscoelastic properties can be described by Voigt viscoelastic 

representations. 

• The medium in which the sensor is resonating is a bulk Newtonian fluid (like air 

or water). 

• All layers are stress-free, i.e., the layers present no internal stress. 

Therefore, in the present thesis, the modelling of the QCM-D signals was carried out 

using QSense Dfind Biolin Scientific in order to determine the adsorbed film’s mass, 

thickness and viscoelasticity.  

QSense Dfind is a proprietary graphical and intuitive software for  QCM-D profiles It is a 

useful tool for data visualization and extracting the most relevant information such as 

mass, thickness and viscoelastic properties of a film formed during a biomolecular event. 
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With particular attention, the software provides computational methods to determine 

the mass adsorbed on QCM sensor surface, including Sauerbrey; calculated from only 

the shift of frequency and viscoelastic modelling based on Voigt-Voinova model. A 

typical workflow and conditions for extracting information from QCM-D profiles using 

this software are shown in Fig. 3.4. 

Briefly, to process native ‘.QSOD’ files containing QCM-D profiles they must be imported 

to Dfind Then initial configuration parameters are set before starting the computational 

processing. Choosing the right model is crucial for determining accurate adsorbed mass, 

thickness, and viscoelastic. If there is no considerable spreading between its harmonics 

group from the frequency shifts and no significant magnitude for the D shifts, it is 

recommended to use the Sauerbrey model. On the other hand, the viscoelastic 

modelling with Smart Fit or Broad Fit should be selected if the measurement contains 

high dissipation or the frequencies harmonics present spreading. 

 The fitting process works by first calculating the output values for a model with an 

arbitrary set of input parameters then it must be adjusted until the output values match 

as close as possible with the original signals. To achieve a good fit for the viscoelastic 

modelling, Chi-square and fit quality values are considered. Chi-square is the most 

common criterion for minimizing χ2  and it is defined as: 

𝑋2 = ∑ [
𝑌𝑡ℎ𝑒𝑜𝑟𝑦,𝑖 − 𝑌𝑒𝑥𝑝,𝑖

𝜎𝑖
]

2

𝑖

 

where σi is the measurement error or standard deviation of the data point ‘I’, Ytheory,i and 

Yexp,i are the calculated and experimental Y-values, respectively. 1/σi is the weight of 

each measured point. Chi-square should be as small as possible. The fit quality is the 

sum of chi-square throughout the data. Fitting quality is shown with a coloured circle 

above the modelling Fig., see Fig 3.5 (a). The colour scale varies from red,  yellow to 

green, where green indicates a good fit. An example of a typical fitting graph is 

presented in Fig. 3.5 (b). 
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Fig. 3.4 Workflow and experimental conditions for determining the mass, thickness and 
viscoelastic properties of adsorbed films on surfaces using Dfind 
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Fig. 3.5 (a) Dfind results from viscoelastic modelling including thickness, elastic modulus, 
viscosity and Chi-square (b) fitting of the experimental results for frequency and 
dissipation using the theoretical models described in the main text    

 

3.2 Contact Angle 

When a liquid droplet, typically deionised (DI) water, contacts a material’s solid surface 

an angle will be formed between the surface plane and the droplet edge This angle is 

related to both the solid and the liquid properties, generating attractive and repulsive 

forces between the liquid and the solid where the three-phase interface properties (gas, 

liquid and solid) are involved. Those interactions are called adhesion and cohesion which 

are intermolecular forces. Cohesive forces originate from similar molecules, such as the 

interaction between liquid molecules, i.e., hydrogen bonds and Van der Waals forces, 

while adhesive forces are created between different molecules, such as the interaction 

between liquid and solid molecules, i.e., mechanical and electrostatic forces. The 

balance between adhesive and cohesive forces at the interface will determine the 

contact angle. The smaller the contact angle refers to weaker cohesive forces than 

adhesive forces, and molecules of the liquid tend to interact more with solid molecules 

than liquid molecules. On the other hand, the larger the contact angle, the stronger the 

cohesive forces are while the adhesive forces are significantly weaker. As a result, the 

liquid molecules tend to interact more with each other than with the solid molecules. It 

has been convened that a surface is hydrophobic when its static water contact angle θ 

(a) (b) 
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is higher than 90° and becomes hydrophilic when θ is less than 90°. This is schematically 

presented in Fig. 3.6. 

 

Fig. 3.6  Contact angle description showing wetting properties of a substrate 

 

Graphene has been recognized as a hydrophobic material due to its sp2 hybridized 

carbon structural property. Many publications have reported that the contact angle of 

DI water on a monolayer of graphene is of the order of 95−100°  and could be up to 

ideally 127o[172]. However, Fereshte (2013) reported that the contact angle of 

graphene also depends on the number of the graphene layers where the mono-layer 

graphene shows a relatively high contact angle of about 90o while two or more layers 

show a dramatic decrease in the contact angle [172], as seen in Fig. 3.7. 

 

.  

Fig. 3.7 Interaction energy and contact angle between DI water and different layer 
number of the graphene substrate. Source: ref. [172] 

In contrast, graphene oxide (GO) is composed of an aromatic carbon lattice interrupted 

by oxygen functional groups, e.g. epoxides, hydroxyls, ketone carbonyls, and carboxylic 
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groups. The hydroxyls and carboxylic groups give GO an excellent hydrophilic property. 

Yang (2016) reported that with the mix of graphene and graphene oxide, the 

hydrophobicity measured by contact angle could be tuneable depending on the mixture 

ratio (see Fig. 3.8) [173]. Based on the latter examples, the contact angle, therefore, is 

considered to be a reliable method to determine the degree of hydrophobicity of the 

graphene family of materials. 

 

Fig. 3.8 Static water contact angle of the mix of graphene and GO. Source: ref.  [173] 

 

3.3 Scanning Electron Microscope (SEM) 

A scanning electron microscope (SEM) works by focusing an electron beam over a 

surface to create an image of its topography. The electrons from the beam that interacts 

with the sample can produce signals from which relevant information about the surface 

topography and composition can be extracted. During the interaction between 

electrons and the sample, secondary electrons, backscattered electrons, and 

characteristic X-rays are created (see Fig. 3.9). In a typical setup, one or more detectors 

collect these signals to form the images to be displayed on the screen. The penetration 

depth of electrons into the sample is about a few microns depending on the accelerating 

voltage and the sample density.  

GO/G (mg∙mg-1) 

C
o

n
ta

ct
 A

n
gl

e 
(o

) 

https://www.nanoscience.com/products/scanning-electron-microscopes/
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Fig. 3.9  Schematic of electron beam interaction on the surface of the sample 

The maximum resolution obtained from SEM depends on multiple factors such as the 

electron spot size and interaction volume of the electron beam and the sample. 

Typically, modern full-sized SEMs offer resolutions between 1 to 20 nm.  Two types of 

signals, including the backscattered electrons (BSE) and the secondary electron (SE), are 

usually detected and used for surface morphology characterisation. 

The BSE signals originate from a wide region within the interaction volume due to elastic 

collisions of electrons with atoms causing a change in the electrons’ trajectory. In 

contrast, secondary electrons originate from the surface or the near-surface regions of 

the sample. The latter is due to inelastic interactions between the primary electron 

beam and the sample. It contains lower energy than the backscattered electrons that 

are beneficial for the inspection of the topography of the sample’s surface. 

For the past decade, the use of SEM imaging has been continuously growing as it is a 

rapid, non-invasive and effective method for characterising the morphologies of 

graphene films [8]. Due to the fact that various electronic applications of graphene 

require uniform and defect-free graphene in large sheets. SEM has the advantage of 

detecting impurities, ruptures, folds, voids and the quality of synthesized or transferred 

graphene on different substrates. However, SEM imaging of graphene faces some 

difficulties mainly due to its intrinsic limitation in its resolution and also as a result of the 

transparency from ultra-thin graphene layers making the images easily display the 

morphologies of the underlying substrate rather than the graphene itself. Moreover, 

graphene films sometimes are too smooth to generate enough contrasts for SEM 
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imaging. In this project, SEM was used to observe GO and rGO flakes on Au and SiO2 

substrates. As a result, the morphology, flake size and number of graphene layers can 

be observed. 

 

Fig. 3.10 The SEM image of monolayer GO flake on SiO2  

 

3.4 Atomic Force Microscopy (AFM) 

Atomic force microscopy is a scanning probe technique that can extract information on 

the mechanical properties, surface topology, roughness, thickness and uniformity of 

sample material. During operational mode, a tiny tip is connected to a cantilever and 

scanned over the sample's surface, resulting in a topological image with altitude profiles 

(on the Z-axis). The cantilever may be deflected due to fluctuations in the topography of 

the surface.   

AFM in tapping mode (intermittent contact) is commonly used for measuring the 

thickness of graphene flakes on substrates; however, the accuracy of the measured 

thickness as well as counting the number of layers remains challenging [174]. The final 

measured thickness of a graphene flake could be influenced by electrostatic interactions 

between the AFM tip and the graphene sample, moisture and incorrect experimental 

parameters on the system. Raman spectroscopy is often used as a second 

characterization to correlate the measured thickness and number of layers to 

complement the benefits of AFM imaging. The usual thickness of monolayer graphene 

ranges from 0.4 to 1.7 nm [175]. Novoselov et al. measured graphene platelets with 

thicknesses of 1-1.6 nm[176]. The average thicknesses of GO sheets have been reported 
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ranging from 0.9-2.3 nm[177], [178], which are slightly higher than that of monolayer 

graphene. This increase could be due to surface functionalities protruding from the basal 

plane of the flakes, the quality of the GO sheets and the manufacturing conditions of 

the GO samples. 

By using AFM in nanoindentation mode, the local mechanical properties of the target 

specimen can be quantitatively characterized. In this special mode, an AFM 

indentation tip is pressed against a sample surface until the surface is deformed. The 

relationship between applied force and the sample deformation provides information 

on the mechanical properties, including hardness and Young’s modulus. AFM 

nanoindentation offers precise control of the sample deformation in the nanoscale and 

can be applied on a wide range of materials, including thin film coatings, metals, 

polymers, and biomaterials.  Moreover, the stiffness of thin-film suspended graphene 

can be probed using this technique, Fig. 3.11. 

 

 

 

 

Fig. 3.11 AFM imaging of suspended graphene membranes a) SEM image of a graphene 
flake spanning an array of circular holes. The area I shows a hole partially covered by 
graphene, area II is fully covered, and area III is fractured from indentation b) AFM image 
of one membrane. The solid blue line is a height profile along the dashed line. c) 
Schematic nanoindentation on suspended graphene membrane (after [279]) 

Liquid-phase AFM is a special case of the application of AFM in an aqueous environment, 

in which both the surface of a specimen and an AFM tip is immersed in liquid during 

scanning. An example from this AFM set-up is shown in Fig. 3.12 (a). It features a 

cantilever that has a sharp probe tip at the end. The radius of the tip is in the nanometer 

scale and it is brought into proximity of a sample surface to scan its profile through 

mechanical contact force. The sample is placed on a piezoelectric scanner that facilitates 

precise movements of the sample in the micrometre scale. A laser is reflected over the 

top of the cantilever and reflected on a mirror into a photodiode. With this reflection 

approach, vertical (z) and horizontal (y) deflection signals can be measured. 
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Fig. 3.12  (a) Schematic of AFM measurement in a liquid phase. Source: ref.[179] (b) 
AFM images of a graphene transistor surface with and without DNA strands adapted 
from [180].  

Due to its high resolution and signal-to-noise ratio (SNR), the AFM imaging technique 

has become one of the most helpful tools for studying biological materials. With this 

technique, three-dimensional topographical images, biomolecular structural formation, 

and thicknesses of samples in a solution can be observed and measured. A wide range 

of biological objects such as DNA and RNA [181], [182], membrane proteins [183] and 

cells [184] have been visualized and characterised.  

 

3.5 Fourier Transform Infrared (FTIR) 

FTIR is one of the most preferred methods of infrared spectroscopy.  Its principle of 

operation can be explained as follows. In short, when infrared (IR) radiation is passed 

through a sample, some of the incident radiation is absorbed by the specimen, and some 

are transmitted so that the detector can detect the signal. The detected spectrum signal 

represents a molecular fingerprint of the sample as different chemical structures 

(molecules) produce specific spectral fingerprints. The principle of FTIR is based on the 

fact that most molecules absorb light in the infra-red spectrum. This absorption 

corresponds specifically to the bonds present in the molecule. The frequency range is 

shown as wave numbers, typically between 4000 and 600 cm-1. The subsequent 

spectrum originated from the natural vibration of the bonds at specific frequencies 

(a) (b) 
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indicating the presence of several chemical bonds and functional groups. Therefore, FTIR 

is predominantly beneficial for identifying organic molecules and compounds as the 

wide range of functional groups, side chains, and cross-links vibrate in the infra-red 

range of the electromagnetic spectrum. 

For graphene oxide (GO)-related research, FTIR is an extensively used technique as GO 

contains several functional groups such as hydroxyl, carboxylic acid and epoxy. Fig. 3.13 

shows the transmitted infrared absorbance spectrum of multilayer GO at room 

temperature with various functional groups. For reduced-GO, the amount of these 

functional groups is lower. Acik et al (2011) used FTIR to observe the structural evolution 

of GO when reduced at a different temperature[185]. Their observations suggest that 

the reduction efficiency is related to the concentration of carbonyls at annealing 

temperatures of about 200 oC. The thermal reduction can form oxygen free radicals 

mainly at the edges of the sheet rather than on their basal plane.  

 

Fig. 3.13 Transmission FTIR spectrum of multilayers GO at room temperature. 
 Source: ref. [185] 

 

3.6 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a technique for analyzing a material’s surface 

chemistry. It can measure the elemental composition and the chemical oxidation states 

of the elements in a sample [186]. This technique is based on photoemission 

spectroscopies in which photoelectron population spectra are probed after irradiating a 
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material surface with a beam of X-rays, Fig. 3.14 (a). The average depth of analysis for 

an XPS measurement is approximately 10 nm. Fig. 3.14 (b) presents the mechanism of 

electron excitation. The X-ray photons from the X-ray source excite and remove 

electrons from core levels. The kinetic energy that drives the electron to escape the 

binding energy is determined from the photon energy minus the binding energy of the 

core electron and the work function of the spectrometer. By analysing the binding 

energy and intensity of a photoelectron peak, the elemental identity, chemical state, 

and quantity of a detected element can be determined, as seen in Fig. 3.14(c). 

   

Fig. 3.14 (a) Schematic of basic XPS set-up (b) X-ray photon, an excitation source of 
photoelectrons (c) XPS wide-scan result, the peaks indicate in elements containing in the 
sample.  

The XPS technique is importantly used in the characterization of carbon-based 

systems[187]. The primary XPS energy level region of carbon is the 1s located at 285 eV. 

The most common chemical states, like C-C, C-O-C and O-C=O, are located at the binding 

energies of 284.8 eV, 286 eV and 288.5 eV, respectively. However, the shapes of XPS 

peaks can be varied and relatively broad due to the contribution of different factors, i.e., 

instrumental and thermal broadening and excited-state lifetime. Therefore, the analysis 
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of XPS spectra invariably involves fitting specific peaks to peak-shape functions such as 

Lorentzian, Gaussian Curves and the Voigt function, which combine both Lorentzian and 

Gaussian Curves[188], [189].  

For graphene-family materials, the C1s line, especially in GO sp2 carbon line, shows an 

asymmetric shape oriented towards higher energies[189]–[192] arising from the 

excitation of electron-hole pairs at low energy levels but appearing as higher binding 

energy levels events [189]. The C 1s spectrum can be fitted with different synthetic 

components that represent the signatures from each bond, e.g., sp2 carbon, carbonyl, 

carboxyl, epoxy, etc. Another parameter for characterizing the degree of oxidation in 

GO is the sp2 carbon fraction, estimated by dividing the area under the sp2 peak by that 

of C 1s peak-area. 

In general, the XPS spectrum of GO powder shows two broadened and overlapped peaks 

with its centres at around 284 and 286 eV that correspond to sp2 carbon and oxidized 

carbon, respectively[8]. As the evolution of oxygen functional groups can be 

quantitatively and qualitatively analyzed from the fitting peaks, the reduction of GO can 

be evaluated using this technique [193]. Moreover, the C/O ratio changes with the 

reduction process of GO. After the reduction, the C 1s deconvolution also shows an 

increasing peak of C-C=C (sp2 carbon) and C-C, C-H (sp3 carbon) while C-OH (hydroxyl 

group) and C-O-C (epoxy group) decreases. 

To exemplify this, Fig. 3.15 displays high-resolution XPS spectra for the thermal 

deoxygenation of GO, reported by Ganguly et al.[193]. The evolution of the thermal 

reduction of GO with controlled temperatures ranging from 200 °C to 1000 °C under 

ultra-high vacuum is presented. The C1s peaks were fitted using Voigt functions with 

80% Gaussian and 20% Lorentzian components. The component at 284.49 eV is 

attributed to sp2 graphite. Other four broad components describe the overlapping 

curves with the peaks at 285.86 eV, 286.55 eV, 287.54 and 288.94 eV attributed to C 

atoms bonded to oxygen in hydroxyl (C-OH), epoxide group (C-O-C), carbonyl (C=O) 

and carboxyl groups (COOH or HO-C=O), respectively. 

Nevertheless, adequate XPS spectra fitting and interpretation will also depend on many 

factors: e.g., sample type, quality, preparation, contamination level, substrate type. In 



98 
 

terms of its data processing - background type, a number of synthetic components and 

the fitting shapes may also affect the results.  For a more comprehensive understanding 

of the materials, the XPS technique should be combined with other spectroscopic 

methods to characterize graphene, and its derivatives, like Raman and FTIR. 

 

Fig. 3.15 High-resolution C 1s XPS spectra (a) GO spectra (b)-(f) Deconvoluted peaks 
with increased temperature. The inset from (c) shows the C/O ratio as a function of the 
reduction temperature. Comparatively, the inset from (f) shows a reference XPS spectra 
for raw graphite. After [193] 

 

3.7 Raman Spectroscopy 

Raman spectroscopy is a spectroscopic technique that provides detailed information 

about the chemical structure, morphology, disorder level and crystallinity of materials. 

It relies upon the interaction between a monochromatic light source, typically a laser, 

and the chemical bonds from a material creating inelastic scattering of photons, known 

as Raman scattering. In general, the scattered light is very weak (about 0.0000001%) and 

is comprised of different wavelengths depending on the chemical structure of the 

analyte. A specific molecular bond, the atomic structure and electronic properties of a 

material can be identified from the Raman spectra.  
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Specifically, the Raman technique is one of the most common techniques for the 

characterization of disordered and amorphous carbons, fullerenes, nanotubes, 

diamonds and carbon chains [194]. It is particularly beneficial for pristine graphene as 

the absence of a band-gap makes all wavelengths of incident radiation resonant; thus, 

the Raman spectrum, including peak shift and shapes, can be significantly distinctive 

[195]. It is widely used to determine the number and orientation of layers, the effects of 

external perturbations such as electric and magnetic fields, doping and defects on the 

lattice.  

The Raman spectrum of graphite and multilayer graphene consists of two fundamental 

peaks, known as the D and the  G peak and overtone peaks like the 2D peak, which is 

the D-peak overtone, as seen in Fig. 3.16(a) [196]. The three most prominent Raman 

peaks for carbon materials are the following. 

1. The G peak at 1580 cm-1  

2. The D peak at 1350 cm-1  

3. The 2D peak at 2700 cm-1  

The G peak is due to the high-frequency E2g phonon [197] originating from in-plane 

vibrations of the sp2 bonded carbon atoms. The 2D and 2D' peaks are the D-peak and 

the D' peak harmonic, respectively. The 2D peak is a secondary D peak and has 

pronounced the largest intensity in single-layer graphene. The 2D band is also an 

indicator of the number of graphene layers if it is a sharp peak. It broadens into multiple 

peaks. The reduction in its intensity corresponds to multi-layer graphene. 
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Fig. 3.16 a) Raman spectra of pristine (top) and defected (bottom) graphene. The main 
peaks are labelled b) Comparison of Raman spectra at 514 nm for bulk graphite and 
graphene. They are scaled to have a similar height of the 2D peak at 700 cm-1 (c) 
Evolution of the spectra at 514 nm with the number of layers. After [196] 

Fig. 3.16 (b) compares the 514 nm Raman spectra of graphene and bulk graphite. There 

is no D peak observed in the centre of graphene layers proving the absence of significant 

defects. The most intense features are the G peak at 1580 cm-1 and a 2D band at 2700 

cm-1, since it is the second most prominent peak always found in graphite samples [198].  

Fig. 3.16 (c) displays the evolution of the 2D band as a function of layers. The peak shift 

can indicate the number of the graphene layers; the higher value of the shift, the higher 

the number of layers. Thus, a bilayer has a much broader and up-shifted 2D band 

concerning graphene layers. This band is also significantly different from bulk graphite; 

however, with ten layers of graphene, the shape and the position of the 2D band is 

similar to graphite. 

In contrast, only the D peak and the G peak are the characteristic peaks of graphene 

oxide, as GO has a defective lattice due to the presence of oxygen-containing groups. As 

a result, the ratio between sp2 and sp3 hybridization by means of the D and G intensities 

is commonly used to characterize the flakes in a GO dispersion, expressed as ID/IG. It is 

often used for determining the level of stacking and disorder[177], [199] or to 

characterize the level of reduction in reduced GO [200]. The oxidation conditions for the 

production of GO will induce changes in the integrity of the aromatic structure of the 

resulting material reflecting different values of the ID/IG ratio.  

 

a) b) c) 
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3.8 Dot blot 

A dot blot (or slot blot) is a biomolecular technique used to detect proteins of interest 

or to prove the specific binding of pair proteins. It simplifies the western blot method 

since the detected proteins are not required to be first separated by gel electrophoresis 

or chromatography. Instead, the sample is applied directly on a membrane in a single 

spot and then the blotting procedure is conducted. As chromatography and the complex 

gel-based blotting are eliminated, the technique offers significant savings in time and is 

easier for larger volumes or quantitative measurements. However,  dot-blot systems 

cannot provide molecular weight information due to no process of gel electrophoresis 

to separate biological molecules by size. As a result of this limitation, dot blots can be 

used only if the specificity of the antibody is already known.  

Dot blot is conventionally performed on a nitrocellulose or PVDF membrane with a dot 

blot apparatus that give uniform-size dots, as shown in Fig. 3.17 (a). The series of dots 

allows the comparison of the intensity of staining. A general dot blot protocol involves 

spotting 1–2 microliters of samples onto the membrane and air drying it. First, the 

membrane is sequentially incubated in blocking buffer to prevent non-specific binding, 

then a primary antibody followed by a detection antibody or a primary antibody 

conjugated to a detection molecule. After antibody binding, the membrane is incubated 

with a chemiluminescent substrate and finally imaged. 

 

Fig. 3.17 (a) apparatus for dot blot. Source: ref. [201] (b) Construction of an indirect 
immunoassay used for the dot blot test in this research   

https://en.wikipedia.org/wiki/Chromatography
https://en.wikipedia.org/wiki/Chemiluminescent
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4.1 Overall 

The experimental process to accomplish all studies in this thesis is presented in Fig. 4.1. 

It started with graphene oxide (GO) preparation. All the chemical modifications on 

graphene were performed on a single batch made at the beginning of the present PhD 

research. Subsequent samples for all experiments were taken from this original 

modified graphene batch. GO dispersion was prepared by following the modified 

Hummers method [202]. The stock solution of GO with a final concentration of 10 

mg/mL was prepared and saved for use in all graphene-based QCM experiments and its 

characterisation. Graphene-coated QCM chips were used in three main research topics, 

including 1) Study of the interaction between proteins and graphene derivatives using 

the QCM-D technique, 2) Immunosensors based on the QCM technique with a graphene 

biointerface for antibody detection, and 3) Nanobody-graphene functionalisation for 

biomolecular detection. The results from other material characterisation techniques, 

including Raman, wetting contact angle (WCA), XPS, FTIR, SEM and AFM, supported the 

three studies. The types of graphene samples employed in each study were chemically 

different; however, they were all prepared using the same GO stock solution for coating 

a thin layer on QCM sensors by following the same spin-coating conditions.  

 

Fig. 4.1 Overall process of experimental work in this thesis 
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The samples coated with graphene derivatives, including rGO and partially reduced GO 

(PrGO) (i.e. with different degrees of reduction) were made through a thermal reduction 

of the initial GO coating under controlled time and temperature conditions. More details 

on the preparation of materials and individual experimental procedures are explained 

in later sections of this chapter. 

4.2 GO preparation 

GO dispersion was prepared by the modified Hummers method [202], followed by 

exfoliation and purification. Initially, graphite flakes of 50 mesh (1g) and NaNO3 (0.9 g) 

were mixed in concentrated H2SO4 (35 ml) and left overnight to intercalate. Then, the 

mixture was cooled down in an ice bath before being slowly added with 4.5 g KMnO4 

during stirring. After that, the mixture was left for five days at room temperature to 

allow graphitic oxidation. As a result, the brown slurry was gotten and diluted by slowly 

adding 5% H2SO4 solution (100 ml). The final dispersion was again diluted with a 100 ml 

mixture of H2SO4 and H2O2 with a concentration ratio of 3% and 0.5%, respectively. The 

homogenisation and complete exfoliation of graphite oxide was carried out using a 

vertical stirrer at a low speed for ~1h. The final graphite oxide dispersion was washed 

repeatedly with dilute H2SO4, then DI water until the pH got close to neutral. 

To be used in the experiment in this research, the stock solution of GO (10 mg/mL) was 

diluted to a concentration of 0.8 mg/mL, which this the effective concentration for 

creating a thin film on the QCM chips. 

4.3 Graphene-coated QCM chips preparation 

Quartz crystal sensors with the gold surface (QSX-301) were purchased from Biolin 

Scientific. To prepare the sensors for studying the adsorption of biomolecules on 

graphene derivatives surfaces, the QCM chips were clean, following the instruction 

based on protocol provided by QSense. Then, the chips were coated with GO using a 

spin coating to get the GO chips and get rGO chips. The GO chips were thermally reduced 

to be rGO at controllable conditions, specific for each study. The overall process can be 

seen in Fig. 4.2.  
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The procedure for cleaning and coating the QCM sensors is described below. The 

graphene-derivatives coated chips were used in the QCM-D measurements. This 

cleaning process was carried out inside a fumes hood, wearing adequate PPE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2 Processes for preparing GO and rGO sensors for QCM-D measurement 

4.3.1 Cleaning protocol for Au QCM chips 

The cleaning process is described as follows: 

1. Wash the crystals by soaking them in a cleaning solution including 10% Decon 90 or 

2% SDS and/or 2% Hellmanex to remove contamination, then acetone to remove 

graphene dirt and isopropanol, sonicating for 10-20 mins each step, use DI water 

between each solution to rinse well the surface. 

2. Treat the crystals under UV/ozone atmosphere for 10 minutes or 80% power of 

oxygen plasma for 2 mins 

3. Wash with the 75 oC cleaning solution for gold (H2O2: NH3: DI water= 1:1:5) 5 mins. 

4. Rinse with MilliQ water, keep the sensor surface wet after ammonium-peroxide 

immersion until rinsing  

6. Dry with nitrogen gas and save them in a clean crystal box. 

+ 

Thermal reduction at 180 °C 
for24hrs 

GO chips rGO chips 

Crystal chips for QCM-D  GO dispersion  

Spin coating 

machine 
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4.3.2 Coating the sensors with GO 

GO dilution (0.8 mg/ml) was pipetted on clean QCM crystals making sure that the 

working electrode area was fully covered. The solution was left to settle for 30 seconds 

before starting the spin-coating machine  (Laurell technologies Corp. WS-650MZ-

23NPPB). The coating parameters used are: speed = 3500 rpm, acceleration = 350 

rpm/sec, time = 2 mins. With these parameters, a uniform and thin GO film were formed 

on the Au substrates. 

4.3.3 Thermal reduction of GO-coated chips 

To obtain rGO chips, freshly GO-coated QCM chips were thermally reduced in a vacuum 

oven at controlled temperature and time conditions depending on the objectives of the 

experiment. Two temperature conditions were used, including 80 oC and 180 oC. More 

specific details about rGO sample preparation can be found in the experimental section 

of each study. 

4.4 A general protocol for QCM-D measurement 

The QCM-D measurements for protein adsorption on Au and Au-coated with graphene 

were carried out using a QSense Omega Auto (Biolin Scientific AB, Sweden) system. The 

system consists of eight sensing ports which are automatically fed through customized 

scripts. Before any experimental routine, the ports and sensors holder must be primed 

using maintenance sensors following the protocol described below. The temperature of 

the system is set at 20oC to avoid any effects of thermal drift on the response. Then, the 

maintenance chips are swapped for the sensors for the final measurements loading 

them into the sensor holder. Before starting the actual measurement, the sensors need 

to be primed by continuously injecting PBS buffer at a constant flow rate until a stable 

baseline is obtained. The priming process is important for removing trapped bubbles, 

checking the sensor's quality, and obtaining a stable baseline for reliable results.  Once 

stability is reached, the programmed measurement can be started. A flow rate of 10 

µl/min was used for every measurement. The 3rd ,5th,7th, 9th and 13th harmonics are 

measured and acquired. In theory, there are also resonances at even multiples of the 

Eigen frequency (the fundamental tone), however, they can only be excited 

mechanically without showing a response. 
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After the measurement script is completed, it is suggested to run a washing routine to 

clean the sensors, syringes and tubing using diluted surfactants like Hellmanex and/or 

SDS and finally rinsed with MilliQ water. It is recommended to leave the chamber clean 

and dry before subsequent experiments to avoid contamination. 

 

Fig. 4.3 (a) QSense Omega Auto (Biolin Scientific®) system (b) eight sensing chip 
holders and ports 

 

4.5 Material characterisations 
 

4.5.1 FTIR 

FTIR technique was used to investigate functional groups containing graphene 

derivatives such as hydroxyl, carboxylic acid and epoxy.  The results can support the 

proof of reduction from GO to rGO. Bulk FTIR spectra were obtained by using an ATR 

FTIR spectrometer (Nicolet iS50 spectrometer, Thermo Scientific) with 

a germanium crystal. For each spectrum (700-4000 cm−1), 64 co-averages has been 

collected, with a resolution of 4 cm-1.  

https://www.sciencedirect.com/topics/materials-science/germanium
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4.5.2 SEM 

SEM was used to observe the surface morphology of graphene derivatives coated on the 

Au surface. It was performed on a SEM Zeiss Ultra setup with secondary electron imaging 

mode using an accelerating voltage of 5 kV at a working distance of 5-8 mm. 

Typically, to observe the flake size and size distribution of GO, the sample is imaged with 

magnification scales ranging from 130x to 140x, see the example in Fig 4.4(a). The 

sample was prepared by spin coating the GO dispersion (0.2 mg/ml) on a small Si wafer 

(1x1 cm) using a speed of 1800 rpm, an acceleration of 300 rpm/min during 2 mins. The 

Si wafer should be cleaned and treated with oxygen plasma 100 W for 5 min.   The size 

distribution was computed using the ImageJ software. 

The SEM images of spin-coated GO on QCM chips were taken with a magnification 

ranging from 90x to 145x (Fig 4.4(b)) to observe the coverage and uniformity of the 

coating on the surface. A higher magnification scale of approximately 900x was used for 

detailed observation of the graphene flakes and the overlapped distribution as a result 

of the coating technique. 

 

Fig. 4.4 Scanning Electron Microscopy images of (a) GO on SiO2 with the magnification 
of 132x showing separated flake for determining flake size (b) scans of GO coating on 
gold substrates with a magnification of 141x. 

 

4.5.3 Contact angle 

The degree of reduction was also characterised by measuring the wetting contact angle 

measurement of sessile drops of DI water using the Kruss DSA100 system. The resolution 
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of the system’s camera is 640 × 480 px. All graphene derivative samples for contact angle 

measurement were prepared by spin coating on Au and SiO2 QCM chips following the 

coating procedure described in section 4.3.2. A manually- controlled syringe was used 

to cast sessile drops (5 µL) of DI water over the substrates of interest. 

To successfully measure the contact angle, the image must clearly show a sharp dome-

shaped water droplet. The clarity of the image can be adjusted in terms of its 

magnification, contrast, light intensity and depth of field. The motorized stage was 

adjusted slightly tilting it (when needed) to align the baseline. If the stage is tilted too 

far towards the camera, the viewpoint of the droplet could be set too high and the angle 

measurement will be less accurate. 

Manual circle-ellipse fittings were computed using a software plugin for ImageJ 

developed and published by Marco Brugnara [203]. The software works on pre-captured 

high contrast images of sessile drops which are processed by first inverting the image 

upside down, namely, the water droplet must be pending from the top of the image, 

then two points on a droplet image were selected to be the baseline, and added three 

points on the curvature are chosen to complete the calculation. 

 

Fig. 4.5 Contact angle plugin interface (a) Selection of 2 baseline points and 3 points on 
the curvature of the droplet edge (b) Circle/ ellipse fitting to determine contact angle 
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4.5.4 AFM 

The topography of graphene derivatives coatings was characterized using the atomic 

force microscopy (AFM) imaging technique. AFM images of the GO- and rGO-coated 

substrates was performed to measure the thickness of the thin film, to obtain graphene 

flake characteristics (e.g. flake thickness and thus film height, lateral size, etc.) and to 

investigate surface roughness. The tips used for the surface scanning were aluminium 

coated silicon FastScan-A tips (Bruker Alpha)  with a spring constant of 18 N/m. The AFM 

measurement was operated in contact mode on air using a Bruker Dimension FastScan 

probe microscope. In contact mode, the scan rate decreases as the scan size are 

increases. Scan rates of 0.5–1.0 Hz were used for large scans on samples with tall 

features. High scan rates help reduce drift making it suitable for flat samples with small 

scan sizes. A scanning area of 10x10 µm2 was selected to cover the flake size and overlap. 

To measure the thickness of GO flakes, the sample was prepared by spin coating the GO 

dispersion (0.2 mg/ml) on a Si wafer using a speed of 2000 rpm, an acceleration of 350 

rpm/min for 2 mins. Under such coating conditions, GO flakes are separated and 

distributed over the Si wafer, as confirmed via optical microscopy.  

The height profiles and surface roughness was directly performed on GO- and rGO-

coated Au QCM crystals. The thickness of the coating was measured by making a gentle 

scratch on the GO film without damaging the QCM substrate using a clean plastic 

tweezer. The exposed substrate was used as a height reference by scanning the AFM tip 

over that specific area. The analysis of AFM images including thickness and roughness 

measurements was performed using Gwyddion software. The surface roughness is 

interpreted in terms of the root-mean-square roughness (RRMS) which is an average of 

the height difference of a surface’s microscopic peaks and valleys. However, the 

roughness of the graphene coating is significantly affected by the roughness of the gold 

substrate as the graphene layer is extremely thin compared to the size of the sphere-

shaped gold particles from the working electrode of the QCM chips 
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Fig. 4.6 AFM mappings and Root-mean-square roughness (RRMS) of  a)bare Au QCM 
chip, b)GO coating on Au chip. The height and roughness of gold nanoparticle highly 
contribute to the roughness of the graphene coating. Source: ref.[6]. 

 

4.5.5 XPS 

The X-ray photoelectron spectroscopy  XPS technique is used to characterize a surface’s 

elemental composition and the chemical oxidation states of the elements in a sample. 

The XPS samples were prepared by drop-casting the dispersion of GO on a clean Si/SiO2 

substrate and drying it at room temperature in a vacuum oven to achieve a film 

thickness of not less than 10 nm. The GO samples were then thermally reduced at 

controlled conditions to achieve different levels of hydrophobicity according to their 

contact angle. 

XPS data were collected on a SPECS custom-built system composed of a Phobios 150 

hemispherical electron analyser with the 1D detector. The X-ray source is a microfocus 

monochromate Al K-alpha (1486.6 eV) source.  All spectra were collected with a pass 

energy of 20 eV.  The combined ultimate resolution as measured from Ag 3D is 0.5 eV 

with an X-ray source and 20 eV pass. The XPS data processing was done using CasaXPS 

software (version 2.3.16 PR 1.6). The calibration of the C1 spectrum was performed 

using the sp3 carbon (C-C, C-H) as a reference at 284.8 eV peak position, and the 

background type used was spline Tougard. The C1s spectrum fitting was performed 

using seven synthetic components ascribed to different chemical species and a satellite 

peak. The sp2 C component is represented by an asymmetric line shape of A(a,b,n)GL(p) 

type (CasaXPS version 2.3.16 Manual) where A(0.3,0.8,40)GL(45); the other synthetic 

components are represented by a symmetric line shape of GL(p) type where GL(30) 



112 
 

(Gaussian/Lorentzian mix with 30% Lorentzian). The constraints applied where the 

FWHM constrain (0.9-1.1) and the position constraints (between max ±1 eV to min ±0.1 

eV). XPS C 1s region was fitted with the synthetic components to minimise the total 

square error fit (0.91) and to match with the reported publications [189], [204], [205]. 

4.5.6 Raman 

Raman spectroscopy was used for the characterization of disordered and amorphous 

GO and rGO.  Raman spectra were taken on a Renishaw Raman system equipped with 

a Leica microscope and a CCD detector. Raman spectrum was recorded using 532 nm 

laser line, Cobolt SambaTM continuous-wave diode-pumped solid-state laser, 20 mW. 

The laser power was kept below ten µW to avoid thermal degradation of the samples. 

The relative intensity ratio (𝑰𝑫⁄𝑰𝑮) was measured from the averaged acquired spectra, 

ten spectra per sample. Two main peaks, including graphitic (G) and defect (D), occur 

at ~1580 cm-1 and ~1350 cm-1, respectively. 

4.5.7 Dot Blot Approach 

Dot blot was carried out for testing the binding function of an antibody toward its 

antigen. In this thesis, this technique was used for confirmation of the specific binding 

of two pairs of immunoprotein–first, BSA and anti-BSA antibody and second, NC3 and 

anti-PLA2R antibody. 

The tests were carried out by blotting varied concentrations of the antigen protein and 

its denatured samples by boiling protein with SDS. If the protein is denatured, the 

antibody will not bind specifically with the molecules resulting in no fluorescent signal. 

The protocol used in this research is described as follows 

1. Prepare a nitrocellulose membrane, cut it into the size that fits in the dot blot 

apparatus. Draw a grid by pencil to indicate the blotting regions. 

2. Spot 50 µL of protein samples onto a nitrocellulose membrane and let it dry in the air. 

3. Block non-specific binding by incubating the membrane in Odyssey blocking buffer for 

one hour 

4. Incubate the membrane with a dilution of the primary antibody in PBS with tween 

0.05% (PBS-T), ratio 1:2000, for one hour at room temperature. 

https://en.wikipedia.org/wiki/Nitrocellulose
https://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwiA5azIoO_iAhV0ShUIHckyDukQFjAAegQIBRAB&url=https%3A%2F%2Fwww.gbiosciences.com%2FBuffers-Reagents-Chemicals%2FPBST-10X&usg=AOvVaw2Rjw5k4ScVpGwbC1Bc_fVY
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5. Wash three times with TBS-T (3 x 5 min). 

6. Incubate with secondary antibody conjugated with a chemiluminescent anti-rabbit 

(for anti-BSA), anti-mouse (for anti-PLA2R) diluted with PBS-T (ratio 1:10000), for one 

hour at room temperature. 

7. Rinse the membrane with MilliQ water and keep it in a dark place 

8. Take fluorescent imaging using Odyssey® CLx Imaging System from LI-COR Biosciences 

with a wavelength of 700 nm. 

9. Compare the signal from the denatured and non-denatured samples. There should be 

a minimal fluorescent signal in denatured samples. 

 

4.6 The preparation and handling of biological samples 

When handling biological samples, universal safety precautions should always be aware. 

Appropriate personal protective items including gloves, lab coats should be worn. 

Biohazard specimens must be treated with respect and appropriate precautions. They 

should not be handled with bare hands. In this research, no specimen with potential 

pathogens has been used.  

Preparation of protein samples 

Protein samples including BSA, lysozyme and IgG have been used in this research. Their 

stock solutions were prepared by dissolving the crystalline protein in PBS buffer pH 7.4  

to obtain a concentration of 10 mg/ml. Aliquots of stock solution (10 µl) were kept in 

the freezer at  -20 oC. 

The stock solution of animal serum from calf was aliquoted at 50 µl and kept in the 

freezer  -20 oC. When using the sample, the aliquots can then be thawed and diluted to 

any desired volume. 

Specific antibody handling 

Antibodies used in this research include anti-BSA antibody from rabbits and anti-PLA2R 

produced in mice. All of them had already been produced and kept in form of stock 

solution in a buffer. In some cases stabilizer, like glycerol, was used. The stock solution 

was sealed with parafilm and preserved in the freezer at a temperature of -20 oC. To use 

https://en.wikipedia.org/wiki/Chemiluminescent
https://www.biocompare.com/12406-Fluorescent-Western-Blot-Imaging-Systems-Multiplex/1661712-Odyssey-CLx-Imaging-System/
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the sample, the stock solution must be slowly thawed in an icebox then diluted to obtain 

the required concentration. 

Nanobody handling 

The nanobodies used in this project were previously produced by a member of our 

research group. Their stock solutions were aliquoted and preserved in -80 oC freezer. 

The aliquots were thawed inside an icebox and then diluted to the required 

concentration. The remaining stock in aliquot tubes should not be refrozen for reuse. 

Human Serum handling 

Human serum samples used in the research were provided by the National Institute for 

Health Research (NIHR). The serum specimens were collected from the patients across 

the Northwest region of the UK involved in the PRISM trial [206]. They were already 

aliquoted to 50 µl in vials and kept in the freezer with temperature -20 oC. To prepare 

the final sample, the sera were thawed at room temperature then diluted to obtain the 

required dilution. 
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Abstract 
Graphene-based materials have shown significant potential for biomedical applications 

including biosensors, cell scaffolds and drug delivery. However, the interaction of 

complex biomacromolecules like proteins with graphene and its derivatives, graphene 

oxide (GO) and reduced (r)GO, remains poorly understood. Here, we demonstrate that 

the quartz-crystal microbalance with dissipation monitoring (QCM-D) technique can be 

used to systematically study the interaction dynamics of a typical protein, bovine serum 

albumin (BSA), with graphene materials of varying degrees of functionalisation. We find 

significant differences in molecular orientation and conformation, mass adsorption and 

antibody binding function of BSA on different graphene surfaces, determined by both 

the population of functional groups of GO and the protein concentration. The dominant 

forces during the adsorption of biomolecules onto GO and rGO are shown to be 

hydrophilic and hydrophobic interactions, respectively. The GO surface yielded higher 

BSA adsorption than both rGO and control standard gold electrodes due to the high 

density of functional groups. The binding function of adsorbed BSA was investigated 

through the interaction with its anti-BSA antibody counterpart. BSA on GO can retain its 

binding sites while, in contrast, a denatured ad-layer of BSA could form on the rGO 

followed by further binding of active BSA molecules, depending on the concentration of 

the protein. Intermediate conformations are observed for partially-reduced GO. These 

results also suggest that QCM-D is a viable readout technique for graphene-based 

biosensors. This QCM-D approach could be further extended to study the interaction of 

a host of biomolecules and their assemblies, including whole cells, with 2-dimensional 

materials. 

Keywords graphene, graphene oxide, protein, BSA, QCM-D 
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Introduction 

An understanding of the interaction of complex biomolecules with nanomaterial 

surfaces underlies the biocompatibility and potential biomedical applications of new 

nanomaterials. The interaction of proteins with nanomaterials can be exploited to 

develop implants [9],  biosensors [10], and scaffolds for tissue engineering and 

regenerative medicine [11], [72]. In particular, the adsorption affinity of the protein to 

the nanomaterial and its conformation and antibody binding function in the adsorbed 

state determines the feasibility of these applications [207].  

Recent studies suggest that graphene-based materials are promising candidates for the 

development of medical implants, drug delivery and biosensors [65], [72], [113], [208], 

[209] due to their excellent mechanical properties [2], [66], biocompatibility [210], high 

specific surface area [2], and ease of functionalization [211]. Graphene oxide (GO), a 

derivative of graphene with oxygen-containing functional groups, is significant for these 

applications due to its long-term stability in water-based formulations. On the other 

hand, the extensive covalent functionalisation in GO renders it an electrical insulator 

limiting its applicability in electronic devices like field-effect transistors (FETs) for 

biosensor applications. To partially recover the conductivity of graphene, such oxygen-

containing functional groups in GO could be removed by thermal or chemical treatment 

to form reduced (r) GO, which also makes it significantly hydrophobic.   

Graphene-based materials need to be functionalised with specific receptor 

biomolecules in order to selectively detect their binding counterparts[13], [113], [212]. 

On the other hand, protein adsorption on the graphene surface could deteriorate the 

sensing performance by blocking adsorption sites, or narrowing the membrane pores 

that lower the efficiency of hemofiltration and haemodialysis [13]. The success of such 

applications significantly depends on biological interactions at interfaces between 

proteins, like blood plasma protein, and graphene substrates [212]. In mammalian 

systems, serum albumins are the most abundant proteins in blood plasma, hence among 

the first proteins to be adsorbed onto substrates. Moreover, they act as carrier proteins 

for many substances such as fatty acids, hormones and drugs [113]. The structural 

changes of this type of proteins could affect their binding functions and stability. 
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Consequently, albumins have been used as model proteins for studying protein-

substrate affinity [15]. Bovine serum albumin (BSA) was selected for this study as a low-

cost human-like serum albumin. Monomeric BSA is a globular protein with a molecular 

weight (MW) of 66.430 kDa, based on the amino acid sequence. A BSA molecule may 

adopt the approximate shape of an elongated ellipsoid with given dimensions of 4 nm x 4 

nm x 14 nm in an aqueous medium [101]–[103]. Several publications have reported the 

use of this model with a range of orientations between two orthogonal extremes: side-

on and end-on for the protein adsorption on solid surfaces [106]–[109]  (Fig. 5.1). 

Protein adsorption on a surface is strongly influenced by the polar nature of the scaffold 

material since the amino acids contained in proteins contain both hydrophilic and 

hydrophobic moieties. Graphene is known to be a hydrophobic material [213], [214], 

whereas GO contains nanoscale hydrophilic and hydrophobic domains[215], overall 

exhibiting a hydrophilic nature[78]. The basal plane of graphene can promote protein 

adsorption by π–π stacking and hydrophobic interaction, while on the GO surface 

hydrogen bonding and other electrostatic interactions as well as π–π stacking could 

assist the immobilization of proteins [216]. The complex structure of GO, rGO and 

various intermediate degrees of functionalisation necessitate that the interaction of any 

biomacromolecule with graphene should be mapped across this range of materials as 

well as a range of molecule concentrations to understand the conformation and 

interaction dynamics, prior to any relevant applications of the system. In a recent 

theoretical study on the adsorption behaviour of BSA on bilayer graphene, it was 

reported that BSA can adsorb on graphene through π-π stacking and the protein can 

preserve the structural properties of the majority of its binding sites [113]. Seredych et 

al. presented an experimental evaluation of the adsorption properties of expanded 

graphite with different functional groups and graphene nanoplatelets towards BSA using 

UV absorbance [17]. They found that protein molecules effectively adsorb to the 

expanded graphite through hydrophobic interaction, while the incorporation of -O or -

N functional groups promote specific binding of protein molecules to the surface and 

improve the adsorption capacity. However, adsorption dynamics which can reveal the 

mechanism of the adsorption have not been assessed due to the limitation of the 

technique. Sengupta et al. reported that the formation of protein corona is sensitive to 
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the defects of carbon nanomaterials (CNMs), like GO, graphene, carbon nanotube, and 

is accompanied by both charge-transfer and protein unfolding. Both experimental and 

computational methods including photoluminescence (PL), infrared spectroscopy (IR), 

electrochemistry, and molecular dynamics simulations were used to assess the 

adsorption [18]. Nevertheless, the effect of protein concentration on adsorption has 

been overlooked.  These aforementioned experimental techniques can only quantify the 

mass adsorption of protein at the endpoint while assessments of qualitative information 

including dynamics and structural properties of the adsorbed protein are beyond their 

competence. Furthermore, in the studies to date, the adsorption of BSA across the 

tuneable range of functionalisation between the graphene and GO extremes has not 

been considered.  

Here, we describe how graphene-based sensing chips can be used in a quartz-crystal 

microbalance with dissipation monitoring (QCM-D) to elucidate the interaction 

dynamics of proteins, in this case, BSA on graphene with varying degrees of 

functionalisation. QCM-D is a real-time monitoring system based on the piezoelectric 

properties of AT-cut quartz crystals. Real-time monitoring of protein adsorption with 

high mass and time resolution can comprehensively reveal conformational changes and 

adsorption mechanisms. It can provide both qualitative and quantitative information 

about biological phenomena in the nanoscale. The mass adsorption, thickness, 

adsorption mechanism and structural conformation of biomolecules on the crystal 

surface can be assessed through the real-time monitoring of the shifts in resonance 

frequency and damping. In comparison with UV vis, PL and IR, the QCM-D technique 

provides a higher resolution that could result in a more comprehensive interpretation 

[217].  Recently, Melendrez et al. developed graphene-based QCM sensors as support 

surfaces with tuneable hydrophobicity to control the formation of phospholipid self-

assemblies [6]. The aqueous dispersion of GO was used to produce thin-film coatings on 

QCM crystals, followed by controlled thermal reduction to yield tuneable 

functionalisation levels. This novel platform is useful not only for monitoring 

biochemical events but could also serve as an effective route to the development of 

graphene-based biosensors.  
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In this work, we measure and discuss the adsorption dynamics of BSA protein onto 

graphene-based surfaces with varying degrees of functionalisation, and propose 

adsorption models for BSA on tuneable graphene surfaces, which takes into account the 

nature of the substrate as well as the protein concentration in the media. Orientations 

of the protein on the graphene-based surfaces which could affect binding sites, 

thickness and viscoelasticity of the adsorbed film are also proposed based on QCM-D 

results. We also investigate the functionality or denaturing of the adsorbed BSA using 

an anti-BSA antibody, which can specifically bind with the endogenous levels of total 

BSA protein. Additionally, the selectivity of the graphene-bound BSA toward anti-BSA 

was studied by observing the adsorption of competing proteins in the assay.  The 

method presented here could be extended to mapping the phase diagram of a diversity 

of other biochemical interactions of biomacromolecules with 2-dimensional (2-D) 

materials. Our results not only provide a detailed description of the protein-graphene 

interaction but could also help design graphene-based biomaterials and biosensing 

platforms.   

 

Fig. 5.1 (a) Tertiary structure of BSA (b) dimensions of BSA molecule (c) tertiary structure 
of immunoglobulin antibody (d) dimensions of immunoglobulin with specific binding 
sites. Protein structure images from the RCSB PDB (rcsb.org)  

Materials and Methods 

1. Materials 

GO dispersion was prepared by a modified Hummers’ method [202] followed by 

exfoliation and purification. Briefly, graphite flakes of 50 mesh (1g) and NaNO3 (0.9 g) 

were mixed in concentrated H2SO4 (35 mL) and left overnight to intercalate. The mixture 

was cooled down in an ice bath before slowly added with 4.5 g KMnO4 during stirring. 

The mixture was left for 5 days at room temperature to allow graphitic oxidation. The 

brown slurry was diluted by slowly adding 5% H2SO4 solution (100 mL), then diluted 

http://www.rcsb.org/
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again with 100 mL mixture of 3% H2SO4 and 0.5% H2O2. The homogenisation and 

complete exfoliation of graphite oxide were carried out using a vertical stirrer at a low 

speed for ~1h. The final GO dispersion was washed by repeated centrifugation and 

dilution with diluted H2SO4, then DI water until the pH was close to neutral.  

Albumin, monomer bovine (A1900), and phosphate buffered saline, PBS, (P4417) were 

purchased from Sigma-Aldrich, UK. The PBS solution, pH 7.4, was filtered  and degassed 

before use. BSA stock solution was prepared with a concentration of 5 mg/mL. Serial 

dilutions of BSA solution were prepared from the stock solution. Anti-BSA antibody 

produced from rabbit immunoglobin G (IgG), polyclonal clone (SAB4301142) (Sigma-

Aldrich) was diluted to 50 µg/mL to be used in the affinity experiments.  

2. Surface modification and characterisation 

The stock dispersion of GO was diluted to a concentration of 0.8 mg/mL. QCM sensors 

with the gold surface electrode (5MHz fundamental frequency, QSX-301, Biolin 

Scientific) were conditioned following the protocol provided in Melendrez et al. [6], then 

coated with GO via spin coating (speed: 3000 rpm, acceleration: 350, 2 mins) to form a 

GO film on the chips. A controlled thermal reduction of GO chips was performed in a 

vacuum oven, Townson+Mercer EV018, with the temperature of 80 oC and 180 oC and 

varied reduction time from 5 mins to 28 hours to achieve a range of functionalisation 

levels, see ESI 1.5 for reduction condition. Scanning electron microscopy (SEM) was 

performed on a Zeiss Ultra using an accelerating voltage of 5 kV with secondary electron 

imaging to characterize the surface morphology of graphene coatings on Au surfaces. 

The degree of reduction was characterised via wetting contact angle (WCA) 

measurement of sessile drops of DI water (Kruss DSA100) in combination with X-ray 

photoelectron spectroscopy (XPS) using SPECS custom-built system composed of a 

Phobios150 hemispherical electron analyser with 1D detector. The XPS data were 

analysed using CasaXPS software (version 2.3.18). 

3. QCM-D measurement of protein adsorption  

The QCM-D measurements for BSA adsorption on bare Au, GO and rGO were carried out 

using the Q-Sense Omega Auto (Biolin Scientific) system. The temperature of the QCM-

D system was stabilised at 20 oC to avoid the effects of thermal drift on the response. 

https://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy
https://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy
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The system was used to monitor the adsorption kinetics of the protein on bare Au and 

graphene-coated sensors. The generic procedure for the protein adsorption study 

started with a baseline stabilisation regime in which PBS is flowed until stability is 

reached and the signal drift is negligible, then the sample was injected and continuously 

flowed through the sensor, before rinsing with PBS to remove loosely bound molecules. 

A full protocol for the protein adsorption study is provided in ESI 1.1. The flow rate used 

for this experiment was 10 µL/min. The frequency and dissipation values of the 3rd to 

the 13th harmonics were recorded as they are reported by the QSense Pro system and 

are necessary for viscoelastic modelling. For simplicity, we report the value for the 5th 

overtone of both frequency and dissipation which is a typical overtone for computing 

mass adsorption from Sauerbrey equation [218]. Computational modelling of QCM-D 

signals was carried out in order to determine mass, thickness and viscoelasticity of the 

adsorbed films using QSense Dfind software provided by Biolin Scientific. The software 

provides computational methods to determine the mass adsorbed on the sensor’s 

surface including the Sauerbrey equation, calculated from the frequency shift and 

viscoelastic modelling, based on the Voigt-Voinova model [169]. The theory of QCM-D 

as well as procedure and conditions for extracting information from QCM-D profiles 

using Dfind are showed in the ESI 1.2. To ensure statistical significance, all adsorption 

results were repeated at least three times, (see ESI 1.7). The orientations and adsorption 

models of BSA onto the graphene surfaces here proposed are based on the computed 

thicknesses of the adsorbed protein films and their respective adsorption dynamics. 

4. Antibody binding   

To check if the BSA denatures upon adsorption on graphene, anti-BSA antibody, which 

can specifically bind with the endogenous level of total BSA protein, was injected 

following the adsorption of BSA on graphene. The ability of the antibody to bind 

specifically to non-denatured BSA was tested using the dot blot technique, which 

detects proteins and the selectivity of antibodies [219], see ESI 1.12. The injection 

sequence of the QCM-D measurement for the study of the functionality of BSA is 

presented in Fig. 5.7. This process starts with the adsorption of BSA, rinsing, then anti-

BSA, rinsing and finally the repeat adsorption of fresh BSA to confirm the orientation of 

the antibody. Moreover, the selectivity of BSA adsorbed on graphene-coated chips 
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toward anti-BSA was tested by through the evaluation of the adsorption of other 

proteins including lysozyme and immunoglobin G (IgG). The adsorption of non-specific 

proteins over the BSA layer should not occur if BSA molecules uniformly cover the 

surface and the protein does not suffer a denaturation process [220].     

Results and discussion 

We first discuss the properties of the different graphene surfaces, as revealed through 

SEM, XPS and contact angle measurements. We then report on the adsorption of BSA 

protein on the graphene surfaces using the QCM-D technique and investigate the effect 

of varying graphene chemistry and protein concentration on the adsorption dynamics. 

We go on to establish the biosensor functionality of the adsorbed BSA through its 

interaction with the corresponding antibody.  

1. Characterization of graphene surfaces 

SEM imaging reveals that the optimised spin-on graphene coatings on the Au surface of 

QCM-D chips comprise of a continuous film of overlapping flakes covering the entire 

surface, with film thickness varying from one to few monolayers (Fig. 5.2). The coated 

chips are uniformly full coverage with graphene film on all samples studied (ESI 1.3). The 

graphene flakes are 100% monolayer with a lateral flake size distribution of 12.1±8.7 

µm (ESI 1.3). Since both GO and rGO surfaces show similar surface morphology on SEM 

images, here we only present the results from GO.   

 

Fig. 5.2 Optical and SEM micrographs from GO coated on Au QCM-D sensor. The working 
surface is fully covered with the varied number of graphene layers from one to few 
monolayers. 
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Graphene derivatives, like GO and rGO, form a tuneable hydrophobicity system achieved 

through the controlled thermal reduction of GO to rGO to obtain different degrees of 

functionalisation. The conditions for the thermal reduction and corresponding WCA are 

presented in ESI 1.5. We label this system as rGO#, with increasing reduction levels 

progressing from rGO1 to rGO5. Water contact angle (WCA) measurements reveal that 

hydrophilic GO (WCA = 21°) containing various polar oxygen-containing functional 

groups turns increasingly hydrophobic (WCA = 28° to 84°) as these groups are removed. 

The extent of deoxygenation is revealed in the corresponding XPS spectra. The ratio of 

atomic percentage (at %) of carbon and oxygen was obtained from the wide-scan XPS 

spectra. Table 5.1 shows the C/O ratio corresponding to samples with different WCAs 

and Raman spectroscopy characterization. The C/O ratio is seen to increase as the WCA 

increases, corresponding to the removal of the oxygen groups. This trend is also 

observed in the C1s peak, where the ratio of C-C component intensity to C-O component 

intensity increases with increasing WCA. Complete wide and narrow scan spectra are 

included in ESI 1.6. Raman spectra of all samples were measured to obtain information 

about the number of layers and lattice defects, see ESI 1.7. Two main peaks including 

graphitic (G) and defect (D) occur at ~1580 cm-1 and ~1350 cm-1, respectively.  The 

relative intensity of D to G (ID/IG) provides an indicator for determining the in-plane 

crystallite size or the amount of disorder in the sample. The ID/IG value of GO is 1.01 

which is slightly higher than that of rGO samples. rGO samples with different reduction 

levels show similar ID/IG value in between 0.97 to 0.98. Our results are consistent with 

previous reports [6], [221] that thermally reduced rGO materials are only slightly less 

defective compared to GO.  
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Table 5.1 Summary of properties of GO and various degrees of rGO used in this study. 

 

2. Effect of different degree of reduction of the GO 

We first study the adsorption of BSA of a fixed concentration of 50 µg/mL, which is 

within a linear range for a protein standard assay [222], [223]. The protein was flowed 

for 30 mins over the graphene surfaces (GO, rGO1 to rGO5); bare gold sensors were 

used as controls for each experiment. Fig. 5.3(a) shows the frequency shift (ΔF) during 

the BSA adsorption and subsequent PBS rinse steps. The GO surface shows the highest 

total frequency shift at the PBS rinse stage, which is seen to decrease as the degree of 

reduction of the GO increases. We also observe that for the two most functionalised 

surfaces, GO and rGO1, the rate of change of frequency is relatively constant (constant 

slope), whereas the more reduced graphene (more hydrophobic) demonstrates 2-stage 

adsorption characterised by a short, fast adsorption step followed by a slower rate of 

adsorption.  

Fig. 5.3(b) shows the dissipation shift (ΔD) during the BSA adsorption and rinsing 

process. The total dissipation shift significantly decreases after the reduction of GO and 

goes down to around 0.1×10-6 at the highest level of reduction of the GO. According to 

the ΔD-ΔF plot in Fig. 5.3(c), the GO surface presents the highest slope or dissipation 

density while rGO1 shows lower slope resulted during the adsorption process. However, 

the slopes from both cases are relatively constant. In contrast, the more reduced 

graphene samples, rGO2 to rGO5, show two obvious slopes, lower (i) and higher (ii) 

slopes, during adsorption process. The plot of adsorbed mass against the level of 

Sample 
name 

Water 
contact angle 

(WCA) 

XPS peak 
intensity ratios 

Raman peak 
intensity ratios 

C/O C-C/C-O ID/IG 

GO 21°±2° 2.59 0.71 1.0112 

rGO1 28°±3° 2.62 0.71 0.9709 

rGO2 46°±3° 2.64 0.71 0.9776 

rGO3 56°±2° 2.67 0.77 0.9785 

rGO4 74°±1° 4.98 4.04 0.9886 

rGO5 85°±1° 5.71 4.36 0.9811 
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reduction of GO is shown in Fig. 5.3(d), where the reduction level of GO is zero. Here, 

the mass adsorption decreases as the reduction level increases. 

 

Fig. 5.3 QCM-D profiles of (a) frequency and (b) dissipation upon BSA adsorption on 
surfaces with different reduction degrees of the GO (c) ∆D - ∆F plots of the adsorption. 
Two-stage adsorption (i, ii) can be seen in rGO2 to rGO4 samples that could correspond 
to hydrophobic and hydrophilic interactions, respectively (d) the plot of adsorption mass 
obtained from QCM-D analysis against the level of reduction of GO from zero to five 
representing GO to rGO5. The adsorbed mass reduces as the degree of reduction 
increases. 

3. Effect of protein concentration in media  

The adsorption of different protein concentrations, from 10 µg/mL to 1000 µg/mL, on 

graphene-coated QCM-D surfaces were monitored in real-time. Three different 

graphene samples including GO, rGO2 and rGO5 were used for studying the adsorption. 

Bare gold sensors were used as controls for each experiment. All measurements were 

repeated three times (refer to ESI 1.9). 
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Fig. 5.4 QCM-D real-time adsorption monitoring and ΔD-ΔF plots of different 
concentration BSA on (a,b) bare-Au, (c,d) GO coated on Au (e,f) rGO2 coated on Au and 
(g,h) rGO5 coated on Au 
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Fig. 5.4(a) shows that both the frequency and dissipation during BSA adsorption on bare 

gold shift increasingly with respect to the degree of protein concentration. The 

dissipation results are in the range of 0.2 to 1.5 ×10-6. From Fig. 5.4(b), for the 

concentrations ranging from 10 to 500 µg/mL the slopes of the ΔD-ΔF plot indicate 

similarities on the adsorption process, however, the higher slope obtained from 1000 

µg/mL could point at distinctive conformation.  

Fig. 5.4(c) presents the adsorption of BSA on GO showing the shifts of frequency and 

dissipation increase as the concentration increases, similar to bare gold. Higher 

adsorption kinetics are observed at higher concentrations. Interestingly, the adsorption 

on GO shows relatively high dissipation compared to other surfaces, in the range of 2 to 

10 ×10-6. From the ΔD-ΔF plot (Fig. 5.4(d)), the slopes from all concentrations present 

similar values.  

On the rGO2 surface, the adsorption of BSA increases as the concentration increase, 

observed from the shift of frequency in QCM-D profiles from Fig. 5.4(e). However, for 

BSA concentrations 500 µg/ml and 1000 µg/ml, the frequency shifts at the final regime 

are similar due to possible saturation of the surface with protein. The total dissipation 

shift from the rGO2 surface is within the range of 2 to 6 ×10-6 which is comparatively 

lower than that of GO but much higher than rGO5. From the ΔD-ΔF plot (Fig. 5.4(f)), 

there are two slope values for all concentration profiles, one for each adsorption stage 

(i and ii). This two-slope characteristic is also seen in the ΔD-ΔF plot of rGO5 surface, see 

Fig. 5.4(h).  

On the rGO5 surface, the protein concentration significantly affects the adsorption 

behaviour as observed from the change of frequency and dissipation (Fig. 5.4(g)). For 

low concentrations of BSA (10, 50 µg/mL), the adsorption shows a similar trend: fast 

adsorption rate at the initial stage followed by no further adsorption after a few 

minutes, as evidenced by the flat frequency shift. The energy dissipation from both cases 

is relatively low, less than 0.3×10-6, indicative of the adsorption of a rigid layer. 

Additionally, the dissipation values keep rising despite no change on the frequency or 

additional adsorbed mass being observed (Fig. 5.4 (h) black and red profiles). In contrast, 

with BSA concentrations higher than 100 µg/mL, the graphs show 2-stage adsorption 

with different adsorption rates. The initial stage presents fast adsorption with a 
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frequency shift of about -5±2 Hz during the first few minutes, then the adsorption rate 

decreases and the frequency changes homogenously.  The dissipation values are 

relatively low ranging from 0.2 to 0.8 ×10-6. From the ΔD-ΔF plot, the two-step 

adsorption characteristic profile can be seen for both rGO2 and rGO5 in the cases of 

protein concentrations ranging from 100 µg/mL to 1000 µg/mL. 

4. Adsorption mass and thickness 

The thickness of an adsorbed layer is crucial to determine the orientation of protein 

molecules on a specific surface and to assess the eventual denaturation of the molecules 

[107]. In this study, the adsorbed mass and thickness of BSA adsorbed film on bare gold, 

GO, rGO2 and rGO5 were determined through the modelling of QCM-D results using the 

software ‘Dfind’ (Biolin Scientific). On bare gold and rGO5 surfaces, the dissipation from 

QCM-D was relatively low and the responses from different harmonics did not diverge. 

It can be inferred that the adsorbed film tends to be rigid, thus enabling the use of the 

Sauerbrey equation to calculate the thickness of the adsorbed film. On the other hand, 

the adsorption onto GO and rGO2 surfaces show significantly high dissipation and the 

QCM-D profile of each harmonic split indicating that the adsorbed films possess 

viscoelastic properties. Therefore, Voigt-Voinova viscoelastic modelling was used to 

determine the mass and thickness of the BSA film on GO-coated surfaces.  

For predicting the mass adsorption behaviour, the plot of adsorption mass versus 

concentration was fitted with a linear or sigmoidal function depending on the quality of 

the fitting (R2) as shown in Fig. 5.5(a).   The linear adsorption model has been one of the 

most applied tools for defining the fitting as it can quantify the distribution of adsorbates 

and verify the consistency of adsorption isotherm model [224], whereas a sigmoidal 

function is the most commonly used for biochemical ligand binding theory [225]. Koa et 

al studying the adsorption of globular protein on hydrophobic surfaces reported that 

the plot of QCM response against the serum albumin concentration fits well with 

sigmoidal function with R2 > 0.99  [226]. The mass adsorption on bare gold was fitted to 

a sigmoidal function (R2 = 0.9962). It can be seen that the adsorption on the gold surface 

did not reach a saturation condition within the range of concentrations used in this 

report. For GO, the BSA mass adsorption for all concentrations was fit to a linear function 
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(R2 = 1) on a logarithmic scale. This linear adsorption could be used to predict adsorbed 

mass within the range of concentrations used. For the rGO2 and rGO5 surfaces, the mass 

adsorption as a function of BSA concentration fits well with Sigmoidal model. It is 

possible to divide this function into three sections: slow rise, then accelerated rising that 

approaches a saturation over time, following its characteristic S shape. However, the 

curve fitting for rGO2 shows a significantly taller S-shape than that of rGO5 as a result 

of a higher amount of absorbed mass.  

Fig. 5.5(b) shows the thicknesses of BSA film generated from concentration 50 µg/mL, 

100 µg/mL and 1000 µg/mL adsorption on different surfaces. The thicknesses of BSA on 

all surfaces increase with respect to the protein concentration. BSA films on GO show 

the highest thickness in all concentrations following by those on rGO2, bare gold and 

rGO5. The thickness values of BSA on GO are in a range of 8 nm to 17 nm while on rGO2, 

the thickness values are slightly lower, in a range of 3 nm to 16 nm. On rGO5, the 

thickness ranges from 0.6 nm to 3 nm. The different thickness values could be the result 

of different quantities and/or different orientations of BSA molecule adsorption on the 

surfaces, which will be discussed in the next section. 

 

Fig. 5.5 (a) specific adsorption mass as a function of concentration for Au, GO and rGO. 
(b) the thickness of BSA film with varied concentrations adsorbed on Au, GO, rGO2 and 
rGO5 

5. Proposed adsorption model 

BSA molecules can adsorb onto a surface at various orientations between two extremes: 

side-on and end-on [107], (Fig. 5.1(b)). Dissipation shift and thickness are the main 
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criteria to distinguish between side-on and end-on adsorbed layers. We propose and 

verify that a low dissipation value (less than 1 ×10-6) would correspond to the side-on 

orientation that creates a more rigid film while the single end-on layer shows 

significantly high dissipation, around 10 ×10-6. It becomes evident that the molecular 

adsorption of the protein on the surfaces depends on the hydrophobic level of the GO 

and concentration of BSA protein, see Fig. 5.6. The models proposed here are 

subsequently verified by anti-BSA and IgG binding studies.  

We propose that BSA attaches on GO with an ‘end-on’ or vertical orientation, but can 

be tilted when the coverage is low, resulting in lower thickness. When the coverage is 

higher, it packs closely and is oriented vertically, thus achieving the maximum thickness 

for one layer of ~ 14 nm which corresponds to the thickness obtained from QCM-D 

measurement of 1000 µg/mL BSA. In water-based solutions, protein molecules are likely 

to fold the hydrophobic part into the core structure to minimize exposure of their 

intrinsic hydrophobicity, while the hydrophilic part will be outside to form hydrogen 

bonds with water molecules [227]. It was reported that BSA displays higher polar at end-

on region compared to the side-on one [106]. Therefore, we conclude that the 

hydrophilic interaction between functional groups in BSA and GO could be the 

predominant driving force. The concentration of BSA solution mainly affects the 

adsorption kinetics. Higher concentration shows faster adsorption rate as reported 

previously [228]–[230]. With an increase in concentration of the protein, the adsorption 

mass increases but the slopes from ΔD-ΔF plot still present similar values indicating that 

a single adsorption event occurs within this concentration range. This implies that the 

BSA molecules pack denser with the same orientation on GO as higher concentration is 

adsorbed. several publications reported that GO could induce conformational and 

activity changes in serum albumin [231], [232]. Ding et al. studied the interaction of GO 

with human serum albumin (HSA) through fluorescence quenching measurements 

[231]. They suggested that GO may block protein active sites or destroy the protein 

structure. Similarly, Zhang et al. used UV-vis and fluorescence quenching measurements 

to study the adsorption of BSA on GO[232]. They also reported that GO may decrease 

the binding capabilities of BSA. However, both reports studied BSA-GO interaction in an 
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aqueous environment which differs from our study in which we investigated BSA 

adsorption on a solid GO platform.  

On rGO2, as the reduction level of the GO increases, the adsorption mass goes down 

and a 2-step adsorption process is observed from the different adsorption rates, which 

is likely the result of both hydrophobic and hydrophilic mechanisms, respectively. In this 

case, the hydrophobic sites on the graphene plane allow BSA molecules to orient side-

on toward the surface due to hydrophobic interaction whereas remaining oxygen 

functional groups on rGO2 interact with the hydrophilic part of BSA. The hydrophobic 

sites are adsorbed first, then followed by hydrophilic ones. We propose that the initial 

fast adsorption rate is due to strong π-π stacking and a hydrophobic interaction between 

the hydrophobic amino acids of albumin; containing aromatic rings, and carbon 

aromatic rings of graphene while the slower adsorption originates from a hydrophilic 

interaction with the functional groups. We assume that the π-π stacking and 

hydrophobic strength from rGO surface could directly attract the hydrophobic amino 

acids in BSA molecules, whereas the hydrophilic parts of BSA need to overcome their 

hydrogen bond with water media to interact with the functional groups of rGO; as a 

result, the hydrophobic interaction occurs faster than the hydrophilic one. 

With this low hydrophobic degree of GO, the BSA molecules might not be denatured on 

the hydrophobic domain as the force is not strong enough to flatten and denature the 

protein. The evidence from Fig. 5.3(a), partially reduced GO (rGO1 to rGO4) shows 

higher frequency shift in the hydrophobic region of the graph compared to rGO5. It is 

assumed that the hydrophobic interaction might be too weak to flatten BSA, thus, more 

BSA molecules can be adsorbed on remaining hydrophobic region. As a higher 

concentration of the protein is used, the adsorption mass increases. The higher protein 

concentration, the more BSA molecules can adsorb on the remaining hydrophilic space 

of rGO2. 

The highest hydrophobicity coating, corresponding to rGO5, shows the lowest mass 

adsorption and a peculiarly fast saturation. In theory, non-denature BSA with side-on 

orientation should present the thickness of 4 nm [107]. The significantly thin film of BSA 

on rGO5 with the thickness of ~0.68 nm occurred on the adsorption of low 

concentration of BSA (less than 50 µg/mL). This likely results from protein spreading and 
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denaturation on the surface. It is widely accepted that several proteins undergo 

conformational changes after adsorption as they contain numerous flexible chains [230]. 

By interacting with the surface, proteins try to optimize the binding energy by impelling 

themselves to maximize the surface contact through conformational rearrangements. 

In this case, we assume that BSA molecules need to orient the hydrophobic region from 

the aromatic rings of certain amino acids to bind with the hydrophobic region of rGO, 

resulting in the flattened molecules on the surface. With the concentration of BSA higher 

than 100 µg/mL, another layer of BSA with side-on orientation was generated as the 

QCM-D profile displays two adsorption kinetics (Fig. 5.4(g, h)). In high concentration 

environments, a higher amount of the protein is assumed to be adsorbed over the 

denatured layer of BSA. This could reduce the available spaces for binding and limits the 

extent of the structural rearrangements. The intermolecular interactions could be 

preferable to protein-surface interactions [229]. The last model of BSA on rGO shows 

the close-packed side-on adsorption over the denatured layer of BSA with the total 

thickness of ~3 nm, which fairly corresponds to the thickness of side-on orientation. 

 

Fig. 5.6 The proposed models for BSA adsorption on graphene-based materials surfaces 
with the dependence on the hydrophobic degree and concentration of the protein. 

We have also investigated the adsorption of protein on GO and rGO5 coating onto a 

QCM chip substrate with different physicochemical characteristics; a SiO2 sensing chip. 

The results display similar adsorption mass and kinetics to those on gold, as observed 

from the shift frequency and dissipation as well as the ΔD-ΔF plot, as shown ESI 1.11. 
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Thus, we conclude that the underlying QCM chip substrate does not influence the 

protein adsorption process on the graphene surface. 

6. Specific and non-specific binding studies 

The interaction of the adsorbed protein with its antibody was studied to confirm the 

proposed orientations, functionality and denaturation of the protein.  Protein 

denaturation can occur due to the disruption of disulphide linkages results in unfolding 

peptide chains and conformational changes including the primary, secondary, tertiary 

and quaternary structures of a protein due to the exposure of hydrophobic groups 

[233]. If the protein can specifically bind with its antibody, it can be inferred that the 

protein is not denatured and binding functionalities are still preserved. The antibody is 

a large Y-shape protein with MW ~150 kDa and with dimensions of approximately 14 × 

10 × 4 nm [234], shown as Fig. 5.1(d). The antibody is comprised of two fragment 

antigen-binding (Fab) regions and a fragment crystallizable region (Fc). In case of 

antibody detection assay, the ideal orientation of the antibody is “head-on” in which 

both Fab sites bind with antigen on a substrate, however, random orientations of the 

antibody including “side-on,” or “lying-on”, in which the antibody orients a Fab and Fc 

sites toward or flatten on the surface respectively, may occur due to various surface 

properties and orientation of an immobilized antigen [235], see ESI 1.13 for the 

schematic of the antibody orientation. Another possible orientation of antibody is “end-

on” in which the Fc stands on the substrate happening in a non-specific binding case.  

In this experiment, the binding ability of anti-BSA antibody was tested with BSA and 

denatured BSA using dot blot technique, see the results and discussion on ESI 1.12. 

QCM-D measurement was carried out to monitor the adsorption of anti-BSA after 

interacting with BSA adsorbing on GO and highly hydrophobic rGO5 surfaces. Binding 

affinity was determined using a fixed concentration of anti-BSA at 50 µg/ml. The 

concentrations of BSA used in this experiment include 10 µg/ml and 1000 µg/ml as these 

two concentrations show significantly different BSA adsorption process and molecular 

arrangements according to the proposed adsorption model. The adsorption mass of BSA 

and anti-BSA were computed from viscoelastic modelling and Sauerbrey equation. 

https://en.wikipedia.org/wiki/Conformational_change
https://en.wikipedia.org/wiki/Hydrophobic
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Fig. 5.7(a) shows the real-time monitoring of anti-BSA and BSA interaction on GO. Low 

concentration of BSA on GO (density: ~325 ng/cm2) adsorbed approximately 410 

ng/cm2 of anti-BSA (step C). After reinjecting BSA, some molecules were adsorbed (step 

E) possibly due to the mixed orientations of the antibody e.g. side-on and head-on. On 

the other hand, a high concentration of BSA on GO (density: ~925 ng/cm2) adsorbed 

relatively higher amount of anti-BSA with ~1440 ng/cm2 (step C). There was no BSA 

adsorption in step E as the antibody attached to BSA in the correct orientation, thus, no 

affinity for BSA to additionally adsorb.  

Fig. 5.7(b) shows the interaction of anti-BSA and BSA on rGO5. The adsorption densities 

of BSA with the concentration 10 µg/mL and 1000 µg /mL are about 78 ng/cm2 and 455 

ng/cm2 respectively. Both cases show that BSA bound with a similar amount of anti-BSA 

with ~630 ng/cm2, observing from similar frequency shift after the adsorption of 

antibody (step C). The dissipation shift after rinsing (step D) obtained from the low 

concentration case is much lower than that from the higher concentration one. Also, the 

adsorption of BSA occurred during the process of reinjecting BSA (step E). According to 

these, we assume that the antibodies might not orient the specific binding site on BSA 

but rather shown the random orientations (non-specific adsorption) in the case of low 

concentration BSA. This could result from the denaturation of BSA on rGO5. On the other 

hand, the specific adsorption of the antibody seems to present on the high 

concentration of BSA adsorption possibly because the added layers of BSA on rGO was 

created and the top layer was still functional.  

As we know the adsorption mass and molecular weight of BSA (MWBSA= 66 kDa) and 

anti-BSA (MWanti-BSA= 150 kDa), the number of adsorbed molecules can be calculated. 

On the flat surface, the theoretically maximum amount of BSA for end-on and side-on 

orientations should be ~774 ng/cm2 or 7.06x1012 molecules/cm2 and ~221 ng/cm2 or 

2.02x1012 molecules/cm2 respectively. Our calculated amount of BSA for a side-on 

orientation corresponds to a recent report on the saturation of close-packed avidin 

molecules (which present similar size to BSA) on a surface of ~320 ng/cm2 measured by  

dual polarisation interferometer (DPI) [236]. It is also suggested that if the adsorption 

amount is above the aforementioned saturation value, additional layers can be formed 

[236]. This is in line with our description regarding the adlayer for the case of rGO5.  
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In theory, one antibody can capture two antigens, in this case, therefore, one anti-BSA 

can bind with two BSAs. In GO case, the number of BSA molecule extracted from 

adsorption mass for low concentration case is 2.97x1012 molecules/cm2 binding with 

1.65x1012 molecules/cm2 of the antibody, while in high concentration case, 1.20x1013 

molecules/cm2 of BSA bind with 5.78x1012 molecules/cm2 of the antibody. In both cases, 

the number of BSA molecules are about double of the number of anti-BSA indicating 

that BSA molecules remain binding functionality. The number of BSA molecules in high 

concentration case supports the assumption that BSA adsorption on GO with end-on 

orientation as it is comparable to the theologically maximum number of end-on BSA 

molecules. The higher binding in GO case could be due to the roughness of the surface. 

In low concentration of BSA adsorption on rGO case, only 7.20x1011 molecules/cm2 of 

BSA adsorbed on the surface while, in high concentration case, 4.18x1012 molecules/cm2 

adsorption on the surface. Strangely, both cases show similar adsorption amount of anti-

BSA, approximately 2.53x1012 molecules/cm2. The amount of the antibody on the case 

of low concentration BSA is too much for specific adsorption on BSA molecules. This 

could be the result from non-specific adsorption of anti-BSA occurring on denatured BSA 

layer.  

 

Fig. 5.7 QCM-D monitoring of BSA and anti-BSA interaction on (a) GO and (b) rGO5. 
The protein adsorption on GO can maintain binding functionality to its antibody. The 
denaturation of protein was found on highly hydrophobic rGO but an additional layer 
of protein can be created on top of the denatured layer without denaturation 

To support the assumption about denaturation of BSA, we introduced the adsorption of 

immunoglobin G antibody (IgG) over BSA adsorption layer.  IgG has the same structure 

and molecular weight to anti-BSA but non-specific to BSA. If the adsorbed BSA 
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denatured on the surface, it could adsorb IgG with similar quantity to the adsorption of 

anti-BSA due to non-specific adsorption. Fig. 5.8 presents the adsorption of IgG over 

BSA-graphene derivative platform (see the green highlighted band for IgG). Two 

concentrations of BSA including 10 µg/mL and 1000 µg/mL were used for this study. The 

results present that both 10 μg/mL and 1000 μg /mL BSA on GO can adsorb very small 

amount of BSA, with frequency shift less than 5 Hz similar to the case of 1000 μg /mL BSA 

on rGO5. Only low concentration BSA-rGO platform can adsorb high amount of IgG, with the 

shift of frequency similar to that of anti-BSA adsorption (~45 Hz). This case clearly shows 

the non-specific adsorption of the protein. It is believed that IgG formed the adlayer over 

the thin layer of BSA could be denatured on the rGO surface resulting in the adsorption 

of other proteins over it through non-specific adsorption.  

 

Fig. 5.8 QCM-D results for IgG injection over BSA adsorption on (a,b) GO and (c,d) rGO 
for investigating non-specific adsorption and denaturation of BSA adsorption on the 
surfaces. Two concentrations of BSA including (a,c)10 µg/mL and (c,d) 1000 µg/mL were 
studied. Only the case of 10 µg/mL BSA-rGO can adsorb high amount of IgG as the thin 
layer of BSA could be denatured resulting in non-specific adsorption for other proteins. 

10 µg/ml 
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All these results support our proposed adsorption models and also suggest that highly 

hydrophobic rGO could denature the globular protein during adsorption process in the 

case of low concentration protein but with higher concentration environment, the 

added layer of the protein will be created without denaturation. 

Finally, we evaluated the selectivity of BSA-graphene platforms toward its antibody 

observing the adsorption of other proteins including lysozyme and IgG. Fig. 5.9(a) and 

(b) present the selectivity of BSA on GO and rGO platforms, respectively. Both supports 

show that BSA can specifically detect anti-BSA as observed from the frequency shift of 

around 35 to 40 Hz after the adsorption of the antibody with comparatively lower 

adsorption values of other proteins. However, the signal after injecting other proteins 

onto the rGO platform presents higher stability compared to the one obtained for GO. 

This event could happen due to the particular orientation of BSA on rGO that promotes 

a close-packing with a side-on arrangement, resulting in the prevention of non-specific 

binding of other molecules. Regarding these results, it is suggested that the rGO 

platform performs better than GO in terms of its selectivity. Therefore, it stands as a 

suitable platform for the development of a simple graphene-based immunoassay.  

 

Fig. 5.9 QCM-D monitoring for testing the selectivity of BSA against its antibody on (a) 
GO and (b) rGO5 platforms. Both supports show specific adsorption of anti-BSA with 
comparatively low adsorption of other proteins.  

Conclusions 

The dynamic organisation and interaction of BSA protein on graphene-based materials 

has been systematically investigated using the QCM-D technique. We report significant 

differences in orientation, mass adsorption and functionality of BSA on graphene 
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surfaces relative to the degree of functionalisation and hydrophobicity of the surfaces 

and the concentration of the protein. Our results suggest that the hydrophilic GO surface 

containing various oxygen functional groups shows a great affinity for protein 

adsorption. This result is in agreement to studies which suggested that GO can readily 

adsorb protein through noncovalent forces, such as electrostatic, hydrogen bonds and 

van der Waals, without any cross-linking reagents [231], [232], [237].  In terms of the 

dissipation monitoring, a viscoelastic adsorption behaviour occurs on GO supports while 

the adsorbed BSA film on rGO tends to be more rigid. Moreover, the mass adsorption 

decreases as the level of hydrophobicity increases. We reason that these events are a 

consequence of the immobilization of BSA on graphene-based materials with different 

orientations that depend on the hydrophobic degrees of the surface. We propose that 

BSA is flattened by the highly hydrophobic rGO, creating a denatured layer spreading 

out over the surface, presenting a thickness of less than 1 nm. Such strong hydrophobic 

interaction could compress the protein structure interacting with hydrophobic amino 

acids present in the interior of the protein. In contrast, BSA molecules orient end-on 

onto the GO surface resulting in a thickness of ~14 nm. Reduced GO with an 

intermediate level of hydrophobicity (rGO2 to rGO4) could exhibit a mix of both side-on 

and end-on orientations since the surface loses certain oxygen functional groups, thus, 

presenting both hydrophilic and hydrophobic domains, as demonstrated by the XPS 

analysis. The interaction between rGO and the proteins originates from hydrophobic or 

aromatic amino acids creating a hydrophobic interaction and π-π stacking with the 

aromatic rings of graphene [113], [238].   

Protein concentrations significantly affect the adsorption behaviour on graphene 

derivatives. On the GO surface, higher concentrations show higher adsorption rates. The 

adsorption kinetics in all cases were similar, as observed from the similar value of the 

slope from the ΔD-ΔF plots. On rGO, in contrast, the adsorption mechanisms are 

different in both the adsorption kinetics and the total adsorbed amount when using 

different concentrations. On the one hand, with low concentrations of BSA solution (10 

to 50 µg/mL), the orientation of BSA molecules could occur due to the highly 

hydrophobic interaction between BSA and rGO. With higher concentrations (100 to 

1000 µg/mL), an added layer of BSA could be generated on top of a denatured layer as 
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the QCM-D profile shows two adsorption kinetics and the top layer remains both 

functional and selective to the antibody.  

The functionality of adsorbed BSA was investigated by interacting it with the anti-BSA 

antibody. BSA adsorption on GO can retain its specific binding sites with antibody; 

therefore, we conclude that the BSA did not unfold or denature on the GO platform. It 

is reasoned that the biological activity and the performance of BSA when adsorbed on 

GO in solution significantly differs from interaction occurring at a solid platform. A 

denatured layer or double layers of BSA were presented on hydrophobic rGO depending 

on the concentration of the protein.  Highly hydrophobic rGO could flatten the globular 

protein during the adsorption process creating a denatured layer on the surface. With 

higher concentration environment, however, an added layer of protein could be created 

without denaturation. Interestingly, the top layer of BSA on rGO appears to remain 

functional as it can specifically bind with its antibody and also prevent non-specific 

adsorption from other proteins.  

More broadly, our investigation and the discussed results shed light on the effects of 

both surface polarity and protein concentration on the adsorption kinetics and protein 

arrangement that led to specific and unique molecular conformations on graphene-

based surfaces. It is clear that GO possesses high affinity for protein adsorption. More 

importantly, the adsorbed protein retains its binding affinity to its corresponding 

antibody pair. This result highlights the importance of GO as a potential candidate for  

biomedical applications such as drug sensing or delivery systems and implant surfaces 

that require high protein adsorption densities on a solid support [72], [239]. Protein 

denaturation the was distinctively obtained on highly hydrophobic rGO, however, an 

additional layer of protein can be adsorbed on top of the denatured layer without 

subsequent denaturation showing high binding selectivity. Therefore, it is proposed that 

hydrophobic rGO supports could also serve as potential biotechnological platforms such 

as biosensing and bioelectronic systems. These results emphasise the great diversity of 

biomolecular interactions that can occur on graphene surfaces, and the importance of 

systematic mapping of different regimes before the implementation of any new 

graphene-based biosensor, drug-delivery or cell scaffold platform.  
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Arguments and Future Work 

In this section, a discussion of the applied reasoning for focusing on both hydrophobic 

and hydrophilic interactions between graphene and BSA as the primary driving forces 

for molecular adsorption is given. Moreover, further characterizations are proposed as 

future work to confirm protein orientations and denaturation. 

Based on the observed adsorption results, the number of binding sites increases with 

the presence of the oxygen groups present on the GO surface. It might be assumed that 

the binding mechanism could be driven by the attraction between the surface charges 

from graphene and BSA. However, the oxygen groups on the graphene surface present 

an overall negative charge given that GO is less negative when it is reduced, while the 

BSA is negatively charged at neutral pH (PBS buffer pH 7.4). Based on this fact, GO should 

adsorb fewer molecules due to charge repulsive forces. Our adsorption results show the 

opposite, GO presents the highest adsorption density. Therefore, we do not believe that 

the binding between GO to BSA is driven by an opposite charge attraction.  

A polar bond could be involved in the interaction since reduced oxygen contents in PrGO 

could lead to lower binding occupancies of the BSA resulting in reducing the overall 

thickness of the adsorbed layer.  However, the QCM-D profiles of rGO and PrGO clearly 

show a two-step adsorption mechanism, as observed in the ∆D - ∆F plots for the 

adsorption (Fig. 5.3 (c), Fig. 5.4 (f), (h). The slope of the dissipation density plot  (ΔD vs 

ΔF), reveals regions of different adsorption behaviours in terms of the viscoelastic 

structure of the adsorbed material. A lower slope value indicates the formation of a 

more rigid film while steeper slopes point at viscoelastic films being formed.  The plot of 

the adsorption kinetics for the PrGO sample (Fig. 5.4 (f) ∆D - ∆F) shows an initially low 

process (step 1) before rising monotonously (step 2). The two dissipation densities could 

result from two adsorption mechanisms between the protein and the surface, where 

the polar bond might not be a single dominant interaction. Therefore, we infer that the 

adsorption mechanism is primarily driven by hydrophobic and hydrophilic interactions. 

In this research, we also proposed possible orientation scenarios for BSA on GO and rGO. 

In addition, we suggested that BSA might be flattened by the highly hydrophobic rGO, 

creating a denatured layer that spreads out over the surface. To confirm these claims, 
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other characterisation techniques such as AFM imaging in a liquid phase and/or 

ellipsometry could be used to measure the thickness of the protein layer. Additionally,  

changes in the chemistry of BSA after the adsorption event could be characterized using 

the AFM-IR technique. 

 

Acknowledgements 

P.H. acknowledges the financial support of the Development and Promotion of Science 

and Technology Talents Project (DPST), Thailand. D.M. acknowledges The National 

Council for Science and Technology (CONACyT), Mexico for the financial support. A.V. 

acknowledges the Engineering and Physical Sciences Research Council (EPSRC) grant 

EP/L01548X/1. We acknowledge the support of the Biomolecular Analysis Core Facility, 

Faculty of Biology Medicine and Health, The University of Manchester. 

 



143 
 

CHAPTER 6. Publication 2. 
 

A point-of-care immunosensor based on quartz crystal microbalance with 

graphene bio-interface for antibody assay 

 

Hampitak, Piramon, et al. "A Point-of-Care Immunosensor Based on a Quartz Crystal 

Microbalance with Graphene Biointerface for Antibody Assay." ACS sensors 5.11 

(2020): 3520-3532.        

Available at https://doi.org/10.1021/acssensors.0c01641 

 
Authors contributions: 
 
Piramon Hampitak prepared the QCM sensors and carried out all the QCM-D 

experiments. She prepared all samples for material characterization including samples 

for SEM, Raman and XPS. She analysed and interpreted SEM, Raman and XPS results. 

She carried out a dot blot and performed the analysis. She also designed and fabricated 

the fluidic cell for QCM immunoassay. 

D. Melendrez designed QCM data acquisition software and interface. 

D. Melendrez and T. Jowitt supervised on QCM analysis and interpretation. 

K. Nie and D. Melendrez jointly carried out Raman spectroscopy.  

M. Iliut prepared and purified GO dispersions.   

M. Fresquet provided chemicals and antibodies for performing dot blot. 

P. Hamilton provided patients’ sera samples and perform ELISA. 

B. Spencer performed XPS measurement. 

 

T. Jowitt, R. Lennon and A. Vijayaraghavan supervised P. Hampitak on conceptualization 

and experimental design. T. Jowitt, A. Vijayaraghavan, R. Lennon, P. Hamilton, D. 

Melendrez and M. Iliut helped P. Hampitak in the writing of the manuscript. All authors 

read and approved the final manuscript. 

https://doi.org/10.1021/acssensors.0c01641


144 
 

A point-of-care immunosensor based on quartz crystal microbalance with 

graphene biointerface for antibody assay 

Piramon Hampitak1, Thomas A Jowitt2, Daniel Melendrez1, Maryline Fresquet2, Patrick Hamilton3,4, 

Maria Iliut1, Kaiwen Nie1, Ben Spencer1, Rachel Lennon3,5, and Aravind Vijayaraghavan1,* 

1 Department of Materials and National Graphene Institute, Faculty of Science and Engineering, The 

University of Manchester, Oxford Road, Manchester, UK.  
2 School of Biological Sciences, Faculty of Biology Medicine and Health, The University of Manchester, 

Oxford Road, Manchester, UK. 
3 Wellcome Centre for Cell-Matrix Research, Division of Cell-Matrix Biology and Regenerative Medicine, 

School of Biological Sciences, Faculty of Biology Medicine and Health, The University of Manchester, 

Manchester Academic Health Science Centre, Manchester, UK. 
4 Manchester Academic Health Science Centre (MAHSC), The University of Manchester, Manchester, UK 
5 Department of Paediatric Nephrology, Royal Manchester Children’s Hospital, Manchester University 

Hospitals NHS Foundation Trust, Manchester Academic Health Science Centre, Manchester, UK. 

 

Abstract 

We present a sensitive and low-cost immunoassay, based on a customized open-source 

quartz crystal microbalance coupled with graphene biointerface sensors (G-QCM), to 

quantify antibodies in undiluted patient serum. We demonstrate its efficacy for a 

specific antibody against the phospholipase A2 receptor (anti-PLA2R), which is a 

biomarker in idiopathic membranous nephropathy. A novel graphene-protein bio-

interface was constructed by adsorbing a low concentration of denatured bovine serum 

albumin (BSA) on the reduced graphene oxide (rGO) sensor surface. The BSA film 

prevents the denaturation of the protein receptor on the rGO surface and serves as the 

cross-linker for immobilization of the receptor for anti-PLA2R antibodies on the surface. 

The detection limit and selectivity of this G-QCM biosensor were compared with a 

commercial QCM system.  The G-QCM immunoassay exhibited good specificity and high 

sensitivity toward the target, with an order of magnitude better detection limit (of 100 

ng/ml) compared to the commercial system, at a fraction of the cost and with 

considerable time-saving. The results obtained from patient sera compared favourably 

with those from enzyme-linked immunosorbent assay (ELISA), validating the feasibility 

of use in clinical applications. The multifunctional BSA-rGO platform provides a 

promising bio-functionalization method for universal immunoassay and biosensors. 

With the advantages of inexpensive, rapid and sensitive detection, the G-QCM sensor 

and instrument form an effective autoimmune disease screening tool. 
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Introduction  

Graphene-based materials are promising candidates for the development of drug 

delivery vectors and biosensors [65], [72], [113], [208], [209] due to their high specific 

surface area [2], and ease of functionalization [7], [211]. The hydrophobicity of 

unmodified graphene materials and high sensitivity to charges and electrical fields, 

however, results in strong and nonspecific molecular adsorption which leads to poor 

selectivity for biological analytes when operating in an aqueous environment [240], 

[241]. It has been reported that the hydrophobic nature of graphene could cause 

conformational changes or denaturation in soft proteins leading to the loss of the 

binding function as their tertiary structures are disrupted [200], [242], [243]. This is 

result in poor sensitivity and detection limit for the biosensors. Several methods have 

been reported to functionalize graphene-based materials with protein receptors [4], 

[86], [244], [245] such that their tertiary structure and binding sites are preserved and 

presented. Noncovalent linkers, such as 1-pyrenebutanoic acid succinimide ester, N-

hydroxy succinimide (NHS) ester tripod, bovine serum albumin (BSA), and pyrene butyric 

acid (PBA) have been successfully used to construct a biointerface in graphene-based 

biosensors to detect glucose [70], DNA [4], proteins [245], [246], and other biomolecules 

[247], [248]. Harnessing BSA as a biointerface layer offers various advantages including 

preventing non-specific binding [61], [246], improving biocompatibility [14], ease of use 

[249] and low cost [246], [249]. Zhou et al. suggested a one-step method using thermally 

denatured BSA activated with EDC/NHS to construct graphene field-effect transistor 

(GFET) for detecting a cancer biomarker, carcinoembryonic antigen [249]. However, FET 

biosensors suffer from lack of reproducibility of the signal when experimenting in 

concentrated biological samples like serum due to the high sensitivity to charges in the 

solutions [46], [250], [251]. Furthermore the manufacturing complexities of graphene 

FETs remains a major challenge to mass-market adoption as a medical diagnostic device 

[60], [245], [250].  

We have developed a new biosensor instrument and technique based on a customized 

quartz-crystal microbalance (QCM), coupled with graphene biointerface sensing chips 
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[6], [200], and demonstrate it as an immunoassay tool for detecting antibody 

biomarkers. QCM is a commonly used piezoelectric transducer for biosensing; it is a 

highly sensitive weighing device based on measuring the change in mechanical 

resonance of the quartz crystal corresponding to the change of mass adsorption 

according to Sauerbrey’s equation [252]. This mechanism allows for sensitive, label-free, 

rapid detection of analytes and a reproducible response. Compared to QCM, other label-

free transducers like surface plasmon resonance (SPR) sensors rely on optical detection 

of the molecules on the gold-coated sensor chip.  SPR has become a global 

pharmaceutical and clinical research standard [253], however, it requires expensive 

equipment and complex fabrication of sensors to accomplish high efficiency for 

biosensing compared to QCM transducers [42], [251], [254]. The most widely adopted 

method for the determination of immunochemical markers is enzyme-linked 

immunosorbent assay (ELISA) which is available as the first choice in most clinical 

laboratories. Due to its extremely high sensitivity, specificity, precision, and throughput, 

ELISA has served as the gold standard for various analytes [219], [255]. The main 

challenges for ELISA assays include high cost, testing duration and complexity owing to 

the many steps required to complete the assay [255] and the semi-quantitative nature 

of the assay which is based on a duplicate standard sample. For these reasons, 

specialized laboratories and highly skilled operators are required, resulting in the high 

costs of instrument and operation. With advantages of low-cost, high sensitivity, rapid 

detection and portable size, the QCM device described here shows promise as a point-

of-care immunoassay tool, especially for remote locations or low and middle income 

(LMI) communities. 

Nephrotic syndrome (NS) is kidney disease with typical symptoms of nephrotic range 

proteinuria, hypoalbuminemia, oedema and hyperlipidemia [144]–[146]. The syndrome 

can be characterized by the rise of glomerular permeability [144]. Membranous 

nephropathy (MN) is a common cause of NS in adults. Idiopathic membranous 

nephropathy (iMN) is found in 80% of MN patients affecting 10 to 12 cases per one 

million population[147], [148]. The important discovery in 2009 that circulating 

antibodies to phospholipase A2 receptor (PLA2R) present in 70% of patients with iMN 

identified the autoimmune nature of this pathologic abnormality [149]. As ~80% of 
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patients show proteinuria in the nephritic range, identifying some patients with 

proteinuria is a conventional physical examination [150]. However, performing an 

invasive renal biopsy for all suspected cases is infeasible resulting in its delayed 

diagnosis. Although MN displays a slow progression, and some patients enter a 

spontaneous remission phase, 30 to 40% of patients eventually develop end-stage renal 

disease or die [150]–[152]. 

Fresquet et al., (2014) identified variably sized constructs of PLA2R reacting with anti-

PLA2R under denaturing conditions (Western blotting) and non-denaturing conditions 

(native blotting) [145]. They found the dominant epitope of PLA2R was within the ricin-

like N-terminal domain which competed effectively for the binding of autoantibodies in 

approximately 90% of the tested patient sera, confirming the presence of a major 

epitope within the N-terminal fragment of the receptor. As a result, NC3, which is the 

N-terminal to CTLD3 fragment, was used as a receptor in this study. 

We have previously demonstrated the development and use of graphene-coated (G-) 

QCM chips to study interactions between biomolecules and graphene surfaces [6], 

[200]. We reported a simple method to obtain a film of denatured BSA (BSA) on rGO 

[200]. By physical adsorption BSA from a low-concentration solution in phosphate 

buffered saline (PBS) on to highly hydrophobic rGO at room temperature, a denatured 

ad-layer of BSA can be formed on the rGO. This method is a simple, fast and cost-

effective way to employ BSA on graphene as an inert, biointerface for immobilizing 

specific protein receptors in graphene biosensors.  

In this work, we first use a commercial QCM with dissipation monitoring (QCM-D) 

system (QSense Pro, Biolin Scientific) to establish the immuno-sensing performance of 

the G-QCM chip by studying the binding interactions between the receptor NC3 and 

murine anti-PLA2R antibody (Ab12). With QCM-D measurements, the interaction 

dynamics between the receptor and analyte can be systematically investigated, as the 

frequency parameter provides information about the mass adsorbed and film thickness 

while the dissipation parameter can provide mechanical information such as 

viscoelasticity of the adsorbed film on underlying surfaces [256], [257]. 

One of the main disadvantages of the commercial QCM-D system for use as a point-of-

care instrument is its high cost. This in turn leads to slow test times as samples will need 
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to be sent to specialist laboratories. Here, we have developed a customised open-

source-based QCM instrument where the openQCM system (Novaetech S.r.l., Italy) is 

the core sensing device [258], hereafter referred to as the C-QCM. In contrast to the 

QSense system, in which low fundamental frequency crystals (5 MHz) are used in a 

flowing fluid, our C-QCM employs crystals with a fundamental frequency of 10 MHz in a 

static fluid configuration, which provides higher sensitivity. Both systems were used to 

quantify the antibody in buffer solutions and patient sera samples. The results obtained 

from patient sera measured by both systems were compared with each other and 

validated against results from ELISA tests. We demonstrate that our C-QCM instrument 

coupled with G-QCM crystals is capable of highly sensitive, quantitative and 

reproducible immunoassay measurements in buffer and human serum, making it 

suitable for biological research, therapeutics development as well as point-of-care 

clinical diagnostics. 

Materials and methods 

1. Materials and reagents 

GO dispersion was prepared by a modified Hummers’ method [202] followed by 

exfoliation and purification. Briefly, graphite flakes of 50 mesh (1 g) and NaNO3 (0.9 g) 

were mixed in concentrated H2SO4 (35 ml) and left overnight to intercalate. The mixture 

was cooled down in an ice bath before slowly adding 4.5 g KMnO4 while continuously 

stirring. The mixture was left for 5 days at room temperature to allow graphitic 

oxidation. The brown slurry was diluted by slowly adding 5% H2SO4 solution (100 ml), 

then diluted again with 100 ml mixture of 3% H2SO4 and 0.5% H2O2. The homogenisation 

and complete exfoliation of graphite oxide was carried out using a vertical stirrer at a 

low speed for ~1 h. The final GO dispersion was washed by repeated centrifugation and 

dilution with diluted H2SO4, followed by DI water, until the pH was close to neutral.  

Albumin, monomer bovine (A1900), and phosphate buffered saline (PBS) tablets (P4417) 

were purchased from Sigma-Aldrich, UK. The PBS tablet was dissolved in milliQ water to 

obtain the solution with  pH 7.4. BSA stock solution was prepared with a concentration 

of 1 mg/ml. The dilutions of BSA solution were prepared from the stock solution. The 

EDC and sulfo-NHS crosslinkers were purchased from Sigma-Aldrich (UK). Ethanolamine 

was used as a blocking buffer purchased from Sigma-Aldrich (UK). Bovine calf serum was 
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purchased from Sigma-Aldrich (UK). The production of NC3 receptor was previously 

described by Fresquet et al. [145]. The codon-optimized clone of human extracellular 

PLA2R was modified to generate the smaller PLA2R NC3 (~90 kDa) fragment.  NC3 stock 

solution was prepared with a concentration of 2.5 mg/ml in PBS. The stock solution was 

diluted in PBS to 25 µg/ml for using in all experiments. More details about the process 

of production are in ESI 2.1. Murine anti-PLA2R monoclonal antibodies (Ab12) were 

generated previously for a binding study and determination of detection limit made in-

house based on the protocol from Mauchauffé et al.[259]. The patient sera samples 

were from patients across Northwest region of the UK who involved in the PRISM trial 

[206] carried out at Manchester Institute of Nephrology and Transplantation, 

Manchester Royal Infirmary. 

2. Customised openQCM construction 

The C-QCM system consists of an Arduino Micro microcontroller board and an electronic 

shield that holds the excitation circuit for the crystal (Pierce oscillator) and a digital 

temperature sensor (MCP9808) placed in close proximity to the quartz crystal. The 

crystal is supported by a HC-48U type quartz holder. An enclosure for the C-QCM device 

and a fluidic cell were custom designed and fabricated using a Formlabs Form 2 3-D 

printer with clear resin (RS-F2-GPCL-04). The fluidic cell was designed to be suitable for 

pipetting liquid into the cell, see Fig. 6.1(a). The volume of the fluidic cell is 

approximately 35 µL. The gold-coated quartz crystals with a fundamental frequency of 

10 MHz (AT10-CUT) were purchased from Quartz Pro (Sweden). A custom graphic user 

interface (GUI) for data visualization and recording was developed in Matlab R2018a. A 

figure of the complete set-up of this device is included in ESI 2.2. 

3. QCM chip surface coating and characterization 

The stock dispersion of GO was diluted to a concentration of 0.8 mg/ml. QCM chips with 

gold surface electrode for both QSense (QSX-301, Biolin Scientific) and the C-QCM 

(QCM10140CrAu051-051-C1, Quartz Pro) were used in this study. The chips were 

cleaned following the protocol provided in Melendrez et al. [6], then coated with GO via 

spin coating (speed: 3000 rpm, acceleration: 350 s-1, 2 mins) to form a GO film on the 

entire surface of the chip. A controlled thermal treatment of the GO-coated chips was 

performed in a vacuum oven (Townson+Mercer EV018) with a temperature of 180°C for 
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6 hours to reduce the GO and obtain a highly hydrophobic rGO coating as described in 

our previous study [200].  

The degree of reduction was characterized by means of their wetting contact angle 

(WCA) using sessile drops of DI water (Kruss DSA100) in combination with X-ray 

photoelectron spectroscopy (XPS) using a SPECS custom built system composed of a 

Phobios150 hemispherical electron analyser with 1-D detector. The XPS data was 

analyzed using CasaXPS software (version 2.3.18). Scanning electron microscopy (SEM) 

was performed on a Zeiss Ultra using an accelerating voltage of 5 kV and 5 mm working 

distance with secondary electron imaging to characterize the morphology of graphene 

coatings on Au surfaces. 

4. Receptor immobilization and antibody binding studies using QCM-D 

The NC3 receptor was immobilized on different functional surfaces followed by 

antibody-receptor binding studies, under QCM-D monitoring using the QSense Pro 

system. The temperature of the system was stabilized at 25 °C to avoid the effects of 

thermal drift. The basic sequential injection steps for QCM-D monitoring of the antibody 

binding include: (1) a baseline stabilization regime in which PBS is flowed until stability 

is reached, (2) immobilization of the NC3 receptor, (3) blocking non-specific adsorption 

and (4) detection of the antibody followed by rinsing. The complete procedure is 

described in ESI 2.3.3. The concentration of NC3 and the antibody in PBS were fixed at 

25 µg/ml and 1 µg/ml, respectively. In this work, the odd harmonics from the 3rd to the 

11th were recorded. Our discussion of results is based on the 3rd harmonic. The 

measurement of the frequency shift after the adsorption of the antibody was used to 

investigate the capability of each sensing surface to detect the antibody. From these 

observations the highest shift was selected for further studies. 

5. Concentration sequence and specificity studies 

Using the QCM-D system, the binding of various concentrations of Ab12 was first 

studied. NC3 receptor at a concentration of 25 µg/ml in PBS was injected on the selected 

functional surfaces of the sensing chip following the receptor immobilization protocol 

(ESI 2.3.3), followed by the injection of PBS to rinse the surface. Ethanolamine was used 

as a blocking agent to prevent non-specific adsorption on the amine functional groups.  
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Before binding with the antibody, the sensing surface was rinsed with PBS until baseline 

stability was reached and the acquisition was restarted. This procedure was repeated 

twice to ensure adequate cleanse of unbound molecules. Then, the diluted antibody was 

injected for approximately 20 minutes and finally rinsed with PBS for 20 minutes. The 

flow rate for this experiment was kept at 10 µl/min. Various concentrations of the 

antibody – 0.5 µg/ml, 1 µg/ml, 20 µg/ml, 50 µg/ml and 100 µg/ml were monitored in 

this study where each sensing chip measured one concentration. A group of frequency 

shifts was recorded as a quantitative measure for each concentration of the antibody. 

The measurement for each concentration was repeated 3 times. 

To evaluate the selectivity of the sensor in complex fluids such as serum, calf serum was 

used as a sample media. Three different samples were used in this experiment. First, 

plain calf serum diluted with PBS 1:1 was used as a negative control. The second sample 

is Ab12 mixed in diluted calf serum (1:1 serum: PBS) to obtain an antibody concentration 

of 50 µg/ml. The third sample is Ab12 in PBS with a concentration of 50 µg/ml. QCM-D 

monitoring of adsorption of the samples on NC3-functionalised sensing chips were run 

at the same time to reduce variability due to environmental effects. 

In addition, a QCM-D measurement was conducted in order to contrast the results of 

diluting various concentrations of the antibody in the diluted calf serum with those 

obtained from the series of the antibody concentration in PBS. The concentrations used 

for this experiment include: 0.5 µg/ml, 1 µg/ml, 20 µg/ml, 50 µg/ml and 100 µg/ml. 

6. Ab12 detection using the C-QCM  

The C-QCM system was then used to evaluate the detection of Ab12. The G-QCM sensing 

chips were functionalized with NC3 receptor using the same steps as for the QCM-D 

system, Fig. 6.2(b). In each step, 40 µL of sample were pipetted into the fluidic cell and 

allowed to stabilize until the frequency signal was stable. This process was then followed 

by the injection of the next reagent. A peak in the frequency response occurs during the 

liquid injection due to the abrupt change of pressure on top of the sensing chip, 

however, the signal stabilizes within a few minutes. Due to the fact that QCM sensors 

with higher frequencies are prone to be affected by hydrodynamic pressure, a poor 

signal to noise ratio (SNR) is presented under flowing fluids, resulting in less sensitivity 

of the measurements [260], [261]. Therefore, our measurements were performed under 
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static fluid pressure in order to prevent any effects from eventual pump noise and to 

improve the sensitivity. 

After functionalizing the receptor on the QCM chip and blocking the non-specific 

adsorption with the ethanolamine blocking buffer, the samples with different 

concentrations of the antibody in PBS buffer ranging from 0.1 µg/ml to 100 µg/ml were 

assessed.  For each measurement, the specimen was injected into the fluidic cell and 

allowed to bind for 10 minutes followed by the injection of PBS to rinse the surface until 

a flat signal was achieved indicating that no further adsorption occurs. The final 

frequency shift was recorded as a value that corresponds to the antibody binding. This 

experimental procedure was repeated at least twice for each specimen. 

7. Patient serum evaluation using the QSense and the C-QCM 

To investigate the feasibility of the C-QCM immunoassay for practical diagnostic 

applications, we analyzed eight human serum samples. Each serum sample was diluted 

with PBS to a ratio of 1:3. The QSense and the C-QCM systems were used to perform 

comparative analysis. The aforementioned procedures for the immobilization of the 

receptor and the measurement of antibody binding were applied. The testing protocol 

for the QSense system starts by flowing PBS over the functionalized chip for five minutes 

to obtain a baseline, then the sample is injected with a flow rate of 10 µL/min for 20 

minutes (total sample volume of 200 µL) and finally rinsing with PBS for at least 10 

minutes. For the C-QCM system, the PBS solution was kept static over the functionalized 

QCM chip reading the settling frequency as a baseline then 40 µL of the specimen was 

injected and let to be adsorbed for 10 minutes. After this, sequential injections of PBS 

were performed to rinse the surface of chip until the observed signal was flat. Each test 

was repeated at least three times. The results from the two systems were compared to 

each other and with those obtained by the ELISA test performed in-house. 

8. ELISA Assay 

The ELISA tests were performed using serum samples from the patients across the 

Northwest region of the UK involved in the PRISM trial [206]. Samples were analyzed 

using our in-house ELISA using previously published protocol [262]. The enzyme 

substrate is TMB. The purified extracellular recombinant PLA2R protein was used to coat 

ELISA microplates at a concentration of 0.125 mg/ml in sodium bicarbonate buffer of pH 
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9.6 for 18 hours as a receptor for anti-PLA2R antibody. Patient serum diluted 1:100 in 

superblock (0.1% Tween 20) was added in duplicate 100-ml aliquots to the ELISA plate, 

then the plate was left two hours for incubation at room temperature on a plate shaker. 

After that, the plates were washed thoroughly (8 times) with PBS plus 0.1% Tween 20. 

Anti-human IgG-HRP conjugate (Jackson Immuno Research, Newmarket, UK) diluted 

1:25,000 in Superblock was added (100 ml per well) and incubated for two hours then 

washing and adding enzyme substrate TMB (Sigma Aldrich). After leaving it for 10 mins, 

0.5 mol/l H2SO4 was added to stop the reaction  The plates were read at 450 nm and 

standard curves were plotted using the Softmax software Molecular Devices (Sunnyvale, 

CA). A dilution series covering the range of 3000–12.3 U/ml was applied for each ELISA 

plate. The samples with ELISA results less than 40 U/ml were considered normal or 

negative.  Upper limit is 3000 U/ml. 

 

Results and discussion 

1. Binding studies  

Dot blot 

The binding between the NC3 and the Ab12 was tested using the dot blot technique. A 

varied concentration set of NC3 and the denatured NC3 were used. The results and 

discussion from this evaluation are detailed in ESI 2.4. In brief, it was confirmed that the 

Ab12 specifically binds with the non-denatured NC3. 

Characterization of graphene coating and functionalization 

We have explored different methods to functionalize the protein receptor including 

both physical adsorption and covalent immobilization. Eight different functional 

surfaces were used in this comparative study including: 1) Au, 2) GO, 3) rGO, 4) Au with 

denatured BSA coating (Au-BSA), 5) rGO with BSA coating (rGO-BSA), 6) rGO with non-

denatured BSA coating (rGO-BSA), 7) Au with self-assembled monolayer (SAM) with 

COOH terminal groups (Au-SAM), and 8) rGO-BSA activated with EDC/NHS for amine 

coupling (rGO-BSA+EDC/NHS). Based on our previous paper, a denatured layer of BSA is 

formed when BSA is adsorbed on Au or highly hydrophobic rGO surface from a low 

concentration solution [200].SEM imaging reveals that the spun-on graphene coatings 
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on the Au surface of QCM-D chips comprises of a continuous film of overlapping flakes 

covering the entire surface, with film thickness varying from one to few monolayers Fig. 

6.1(c)). The individual graphene flakes are comprised of 100% of monolayers (ESI 2.6). 

The graphene coverage is uniform over large areas on all samples studied (ESI 2.6). The 

surface functionalization of the different stages of rGO functionalization was 

characterized using XPS and Raman. XPS spectra of rGO, rGO-BSA and rGO-BSA-

EDC/NHS were measured, see Fig. S2.5 in ESI 2.7. 

Fig. 6.1 Photographs and layout of the sensor chip. (a) C-QCM instrument setup and cross 
section schematic of the C-QCM device with a custom-designed microfluidic channel. (b)  
Photograph of a rGO coated QCM sensing chip (C) Scanning electron microscope (SEM) 
image of the rGO coating on a QCM chip. 

The C1s spectrum obtained from rGO displays low intensity of oxygen functional groups 

but high intensity of carbon peak. Adsorbing BSA on rGO adds to the carboxylate groups. 

After activating rGO-BSA with EDC/NHS, the deconvoluted peaks of C-N and CO-NH were 

enhanced while C-O decreases. The sample with EDC/NHS activation clearly shows the 

C-N peak observed from both C1s and N1s profiles. The spectrum for rGO-BSA with 

EDC/NHS shows the emergence of the C-N peak at 399.7 eV corresponding to the 

presence of the secondary amine and imine of EDC while the peak at 402.1 eV could be 

the characteristic of the nitrogen of the NHS ester [263]. The presence of  carbon and 

nitrogen bonds confirms the activation of carboxylic acid functional group of the BSA on 
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rGO, see the deconvoluted peaks in Fig. S2.6. Further details about the XPS results are 

discussed in ESI 2.7. 

Fig. 6.2 Schematic for surface functionalisation using EDC/NHS crosslink (a) mechanism 
of carbodiimide crosslinker using EDC/NHS activation, (b) functionalization of rGO 
surface to detect the antibodies starting with BSA adsorption, activation with EDC/NHS, 
immobilization of the receptor NC3 (in red) via amine covalent cross-link and blocking 
with ethanolamine. 

Raman spectra of rGO, rGO-BSA and rGO-BSA+EDC/NHS were measured to obtain 

information about lattice defects, see ESI 2.8. Two main peaks including graphitic (G) 

and defect (D) occur at ~1580 cm-1 and ~1350 cm-1, respectively.  The relative intensity 

of D to G (ID/IG) indicates the in-plane crystallite size or the disorder in the sample. The 

ID/IG value of rGO is 0.89 which is lower than that of rGO-BSA and rGO-BSA+EDC/NHS 

samples, which exhibit similar ID/IG value 0.97 and 0.95 respectively. The higher ID/IG 

values obtained from functionalized rGO samples could originate from defects and 

effects of doping functional groups through BSA adsorption. Two other bands were 

observed at 2700 and 2900 cm-1, known as 2D and D+G peaks, respectively. The 2D band 

is an indicator of the number of graphene layers if it is a sharp peak. Another band is a 

second-order peak derived from the D–G peak combination. All samples present 

broadened band, attributed to the fact that the graphene coating contains few layers 

with some defects from oxygen functional groups in rGO and protein doping.  

 

 

https://www.thermofisher.com/uk/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/carbodiimide-crosslinker-chemistry.html
https://www.thermofisher.com/uk/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/carbodiimide-crosslinker-chemistry.html
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Exploration of sensing surfaces using QCM-D 

The results from the QCM-D monitoring of receptor protein (NC3) immobilization on 

different sensing surfaces and the detection of Ab12 are presented in Fig. 6.3. The 

resultant frequency shifts from the adsorption of NC3 (receptor) and Ab12 (analyte) are 

given in Table 6.1. 

Table 6.1 The QCM-D results of the adsorption of NC3 (receptor) and Ab12(analyte) on 
all sensing surfaces for comparison of sensing performance 

Sample 
NO. 

Surfaces 
NC3 (receptor) Ab12 (analyte) 

ΔF (Hz) ΔD (x10-6) ΔF (Hz) ΔD (x10-6) 

1 Au 40.0±0.8  1.39±0.05 2.7±0.8  0.08±0.2 

2 GO 70.0±11.3  16.1±4.5 5.4±1.2  5.03±2.3 

3 rGO 36.0±0.7  1.53±0.02 4.5±0.8  0.14±0.05 

4 Au-BSA  24.6±3.2  1.21±0.08 6.5±2.1  0.56±0.08 

5 rGO-BSA  17.7±1.1  0.89±0.06 6.5±1.3  0.33±0.05 

6 rGO-BSA  2.4±0.8  0.37±0.03 0.2±0.1  0.03±0.01 

7 Au-SAM 27.0±1.2  1.47±0.04 8.0±1.2  0.50±0.2 

8 rGO-BSA+EDC/NHS 32.5±4.3   1.89±0.07 8.1±2.2  0.40 ±0.04 

 

The adsorption of NC3 on Au and rGO surfaces display lower dissipation values 

compared to GO possibly due to the different orientation of the molecules on the 

surfaces [200]. When high dissipation values were obtained higher errors on the 

frequency shifts occurred as it can be observed in Table 1. Thus, we propose that the GO 

surface is not suitable to be used as a sensing platform for a traditional QCM 

immunoassay as it could result in high detection errors. Direct immobilization of NC3 on 

Au and rGO detected less antibody compared to those surfaces with an adlayer of BSA 

(samples 4, 5) as the thin layer of BSA could prevent the denaturation of the NC3 during 

the adsorption process [200]. However, the rGO with non-denatured BSA sensor 

(sample 6) presents relatively less adsorption of NC3 and no binding of the Ab12 was 

detected. This is due to the fact that BSA acts as a blocking agent preventing other 

molecules to adsorb onto the surface.  
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Fig. 6.3 QCM-D monitoring of receptor protein (NC3) immobilisation and anti-PLA2R 
antibody (Ab12) detection using different sensing surfaces (a) Au, (b) GO, (c) rGO, (d) Au-
BSA, (e) rGO-BSA, (f) rGO-BSA, (g) Au-SAM, and (h) rGO-BSA+EDC/NHS. 
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Quantitatively, the detection of antibody was higher on the platform using the covalent 

binding methods (samples 7, 8) as specific-binding sites can be promoted through the 

crosslink of functional groups. Both the rGO-BSA+ EDC/NHS and the Au-SAM samples 

present the highest antibody binding responses, in terms of the frequency shifts, with 

similar values of approximately 8.0 Hz. We reason that the covalent binding due to 

amine coupling on the carboxylate surface can promote the specific-site binding of NC3 

on the surface and reduce its denaturation allowing the antibody biding sites remain 

actively functional. The mechanism of EDC/NHS activation is presented in Fig. 6.2(a).  

Although both surfaces present comparable results for antibody detection, the 

preparation for rGO-BSA + EDC/NHS surface requires simple adsorption of the protein 

and activating agent on rGO at room temperature; process that is much simpler and less 

time-consuming compared to Au-SAM preparation requiring more chemicals and 

overnight preparation (see ESI 2.5 for details of Au-SAM preparation). Therefore, the 

rGO-BSA + EDC/NHS platform was selected for further studies.  

2. Ab12 detection and specificity analysis using QCM-D 

The rGO-BSA+EDC/NHS surface was used as a sensing platform for this study. The 

schematic for QCM surface functionalization using EDC/NHS crosslink is presented in Fig. 

6.3 with the following injection sequence: BSA 50 µg/ml → EDC/NHS → NC3 → blocking 

buffer → antibody sample.  We observe that both the frequency and dissipation 

increase as a function of the antibody concentration. The adsorption rate increases with 

respect to the concentrations. After the rinsing step, some loosely bound molecules 

lifted off from the surface as observed from the decrease of the frequency shift.  

The results for the selectivity test with calf serum are presented in Fig. 6.4 The 

adsorption of three different samples, (1) the negative control calf serum, (2) 50 µg/mL 

Ab12 in the diluted calf serum and (3) 50 µg/mL Ab12 in PBS, on NC3-functionalised 

sensing chips were obtained at the same time and under the same environmental 

conditions. The sample (1) exhibits a final frequency shift of ~ 8 Hz which corresponds 

to the serum background, while sample (2) presents a final shift of ~ 24 Hz. By 

subtracting the frequency shift in sample (1) from (2), the result is similar in value to that 

from sample (3). These results confirm that the binding of the antibody can be 

selectively detected directly in concentrated animal serum. The concentration of 



159 
 

antibody in serum can be quantified by subtracting the final frequency shift from the 

background value obtained from the plain serum. 

Fig. 6.4 QCM-D study for selectivity test against calf serum of the sensing platform rGO-
BSA with EDC/NHS activation. a) the detection of the antibody diluted in serum b) bare 
serum (negative control) (c) the antibody diluted in PBS and a table for frequency shifts 
resulting from the detection of the antibody measured during adsorption and after 
rinsing process 

The detection of Ab12 with the NC3, at various concentrations ranging from 0.5 µg/ml 

to 100 µg/ml in PBS, was monitored in real-time using the QCM-D technique (Fig. 6.5(a)). 

The frequency shift (ΔF) obtained from the QCM-D measurement relates to the mass 

adsorbed on the sensing surface, while the dissipation change (ΔD) is related to the 

viscosity of adsorbed material. Further details on the QCM-D operation principle are 

discussed in ESI 2.3. From the ΔD-ΔF plot of the QCM-D results (Fig. 6.5(b)), the slope 

increases with respect to the concentration of the antibody.  

The binding of various concentrations of the Ab12 in calf serum (ranging from 0.5 µg/ml 

to 100 µg/ml) was measured, shown as Fig. 6.5(c). During the adsorption process (green 
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band), all samples exhibited the same high adsorption rate at the initial stage. In 

addition, the ΔD-ΔF plot (Fig. 6.5(d)) shows that the initial slopes are of the same value 

implying that the same adsorption event occurs.  Thus, we reason that this adsorption 

behavior could result from loading the serum on the chips.  

Then, the adsorption rate for each sample slows down or flattens due to a possible 

saturation of the surface. After the rinsing step, the final frequency for each sample 

shifted back by approximately 25 Hz as non-specific and unbound molecules in the 

serum were rinsed off. However, the final energy dissipation values observed from all 

concentrations are similar, between 0.5 to 1.3 x10-6. Interestingly, in the case of blank 

serum, the ΔD-ΔF graph shifts back immediately after reaching the highest point while 

the other cases exhibit association curves at the highest region (Fig. 6.5(d)). We assume 

that the association curves could originate from the antibody binding. 

Fig. 6.5(e) shows the comparison between the detection of the antibody in PBS and in 

calf serum by plotting the Ab12 concentration against frequency shift. A series of 

frequency shifts obtained from the antibody in calf serum are higher than those in PBS 

around 8 Hz due to the serum background. However, the plots from both series show 

similar trends with slopes of 5.0 and 5.4 for the antibody in PBS and in calf serum, 

respectively. Therefore, the frequency shift can be used as a comparative value to 

indicate the antibody concentration.  

Fig. 6.5(f) presents the comparison of the antibody detection in three different media 

including plain calf serum, human serum from a healthy person (blank) and MN-patient 

serum (serum with high anti-PLA2R). The final frequency shifts obtained from these 

three samples are 8.5 Hz, 20 Hz and 44 Hz, respectively. Serum are aqueous solutions 

with high protein contents including mainly albumins and globulins. It also contains a 

variety of other substances such as lipoproteins, enzymes and hormones, 

carbohydrates, lipids and amino acids as well as electrolytes, organic wastes and organic 

molecules [264]. For identifying serum components, the remaining serum on the chip 

can be transferred to be characterized using mass spectrometry.  These components 

could contribute to the background signal from the blank samples due to non-specific 

substance adsorption on the unblocked gaps on sensing surface or even on the receptor 

protein.  
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Additionally, the adsorption results from blank human serum are higher than that from 

calf serum. This suggests that non-specific binding in the assay is higher in human serum 

than in calf serum. It is possibly because the components of human serum can bind to 

the protein receptor NC3 more than those from animal serum as NC3 was cloned from 

human extracellular PLA2R. 

Fig. 6.5 QCM-D results for binding studies (a) frequency and dissipation profiles upon 
detection of varied concentrations of the Ab12 in PBS buffer and (b) their ∆D - ∆F plots 
of the antibody detection. (c) QCM-D monitoring of varied concentrations of the Ab12 in 
calf serum and (d) their ∆D - ∆F plots (e) comparison of the detection results obtained 
from varied concentration of the antibody in PBS and calf serum (f) QCM-D monitoring 
of three serum samples including plain calf serum, human sera from a healthy person 
and a MN patient. 
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3. Detection of Ab12 using the C-QCM system 

Before the immunoassay studies, our C-QCM system set-up and rGO-coated chips were 

tested for reproducibility when liquid samples were sequentially injected via pipetting. 

DI water and PBS buffer were used as liquid samples. The results are presented in ESI 

2.10. The resultant frequency shifts due to the weight of DI and PBS buffer are 2107 Hz 

and 2361 Hz with standard deviation of 18 Hz and 19 Hz, respectively. The observed 

values are in line with the results presented by Kanazawa and Gordon for the air-water 

loading of QCM sensors [265], [266]. We conclude that the measurements using this C-

QCM system could display an error of up to 1%, reflecting good reproducibility of the 

proposed technique. 

To detect the Ab12 using the C-QCM, we replicated the same analytical steps from the 

QCM-D experiments including the doping BSA on rGO, the activation using EDC/NHS, 

receptor immobilisation and blocking, as shown in Fig. 6.6(a). The overall frequency 

monitoring from both QSense and C-QCM systems present similar responses.   

We further investigated the quantitative analysis capabilities of this immunoassay 

system with a series of antibody concentrations in PBS samples. We initially explored 

the detection in one QCM chip, see Fig. 6.6(b).  The starting chips is rGO-BSA+EDC/NHS 

functionalised with NC3 as a receptor. The antibody concentrations, ranging from 0.05 

µg/ml to 50 µg/ml, were injected on to the functionalized chip. An observable frequency 

change occurs when the antibody concentration is equal or higher than 0.1 µg/ml. After 

the initial exploration, we detected the level of antibody binding from individual 

concentrations. The final ΔF value was recorded after 10 minutes from the initial 

injection of the sample followed by rinsing with PBS. The measurements were repeated 

at least three times. Fig. 6.6(c) and (d) present the QCM profiles for the different 

antibody concentrations and the plot of the final ΔF value for each concentration. It is 

clear that the ΔF value linearly increases with respect to the antibody concentration. In 

these two experiments, the detection limit was estimated to be 100 ng/ml. The obtained 

mean ΔF for 0.10 µg/ml is 4.1±1.7 Hz. 

Previous reports have suggested that the cut-off point for an abnormal anti-PLA2R-IgG 

concentration can be defined as > 0.9 µg/ml [144], [267]. Huang et al. quantified anti- 

PLA2R-IgG antibody concentration in 45 healthy volunteers, 31 IgA nephropathy, 9 lupus 



163 
 

nephropathy, and 52 idiopathic membranous nephropathy patients using fluorescent-

based immunoassay [144]. They reported that serum anti-PLA2R-IgG levels in healthy 

volunteers ranged from 0.09–0.91 µg/ml [267]. Based on this cut off concentration, the 

developed QCM immunoassay can detect the concentration of anti-PLA2R antibody at 

about one magnitude lower than the cut-off value.  

Fig. 6.6 Results from Ab12 antibody detection using C-QCM system. (a) The whole 
injection sequence on rGO coated on Au QCM chip (b) QCM results for sequential 
injection of varied concentrations of the Ab12 samples. (c) QCM profile for varied 
concentrations. The starting chip for (b) and (c) is rGO-BSA+EDC/NHS functionalised with 
NC3 as a receptor. (d) calibration curve obtained from the final frequency shifts against 
concentration of the antibody. 

4. Comparison between QCM-D and the C-QCM 

Comparing the results obtained using the QSense and the C-QCM, certain similarities 

and differences were observed. Considering all the steps involved in performing an 

immunoassay using the QCM-D and the C-QCM instruments, as seen in in Fig. 6.3(h) and 

Fig. 6.6(a), the sequential frequency shifts and recoveries recorded by both systems look 

similar. However, there are specific differences between the results from the two 

systems due to the use of different crystals and measuring protocols. 
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Firstly, frequency spikes occurred at the injection points in the result from the C-QCM, 

due to the change of hydrodynamic pressure during pipetting. However, it does not 

affect the overall measurement if the signal is allowed to stabilize. 

Secondly, the frequency shift values for each injection step monitored by the C-QCM are 

higher than the values from the QSense, because higher fundamental frequency crystals 

(10 MHz) were used in a static fluid configuration in the C-QCM while 5 MHz crystals 

were used in the QSense under fluid flow. With the same amount of adsorption, in 

theory, the frequency shift value obtained from the 10 MHz crystal should be four times 

higher the 5 MHz one. However, the main problem of using high fundamental frequency 

crystal is a low signal to noise ratio [260], especially in liquid phase adsorption as the 

signal can be really fluctuated due to unstable liquid flow, and the full 4x gain is not 

achieved. Thirdly, the total assay time spent on the C-QCM is less than the total time for 

the QCM-D measurement. As 10 MHz crystals were used, higher ΔF results are 

presented in a shorter time. The ΔF result for the detection of 1 µg/ml Ab12 in PBS 

obtained from the QSense and the C-QCM are ~7 Hz and ~18 Hz respectively. The clear 

change of ΔF for antibody detection can be seen in 10 minutes when using the C-QCM.  

5. Testing with patient serum samples 

To validate the feasibility of developing the QCM immunoassay for clinical applications, 

we analysed 8 human serum samples obtained from patients living in the UK using the 

commercial QCM-D from QSense and our C-QCM system and compared our results with 

those obtained by ELISA.  

Fig. 6.7(a) presents the QCM profiles measured by the C-QCM system. Samples P001, 

P007 and P008 are negative controls. The final ΔF values range from 30 Hz to 170 Hz. 

Fig. 6.7(b) displays the frequency and dissipation changes after testing with patient sera 

obtained from the QCM-D measurement. The final ΔF values are in the range of 20 Hz 

to 50 Hz, and ΔD values after rinsing are between 1.7 x10-6 and 4.5 x10-6. The final ΔD 

value linearly corresponds to the final ΔF for each specimen, shown in ESI 2.11. Yet, ΔD 

profiles during serum adsorption present a different trend to the final values resulting 

from the differences in viscosity of patient sera. By comparing the ΔF results obtained 

from the QSense and the C-QCM, we obtained the regression equation 𝑦 =

4.8(±0.2)𝑥 − 46(±9), where x represents the frequencies for the QSense system while 
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y corresponds to the frequencies for our C-QCM. A correlation coefficient (R2) of 0.98 

was obtained, shown as Fig. 6.7(c). This indicates that the results from both systems are 

comparable in terms of quantitative analysis and specificity.  

Fig. 6.7 Detection results for the anti-PLA2R antibody in 8 patients’ sera using (a) the C-
QCM system and (b) QCM-D system. (c) Correlation plot of the final frequency shifts 
obtained from the C-QCM and the QCM-D (d) Comparison of the results obtained from 
C-QCM measurements and ELISA. 

We compared QCM results obtained from both systems to those obtained from ELISA 

which is a standard immunoassay method to screen patients. As can be seen in Fig. 

6.7(d), ΔF results from both QCM systems show correlated results to those from ELISA 

titration with R2 of 0.94 for the C-QCM and 0.86 for the QSense. Moreover, specimens 

with very low or zero anti-PLA2R (negative control) can be identified using the C-QCM 

and present consistency to the ELISA results. These results indicate that the C-QCM  

 immunoassay could be comparable to ELISA in terms of analytical sensitivity, thus, 

providing an alternative tool for rapid clinical diagnosis, particularly for the screening of 

membranous nephropathy.  
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 Table 6.2 Comparison of existing technique for the anti-PLA2R detection 

 

6. Comparison with other techniques 

In the C-QCM, higher fundamental frequency QCM chips (10 MHz) were used to achieve 

higher sensitivity compared to QSense. As can be seen in Table 2, the C-QCM offers 

lower detection limit to the antibody binding compared to the QSense system. This also 

results in less amount of serum sample (40 µL for the C-QCM and 200 µL for the QSense) 

required for the test. 

Comparing with SPR which is a commonly used label-free technique, the QCM system 

presents similar detection limit of the anti-PLA2R to the SPR [145], [146]. Fresquet et al. 

used the SPR to study the binding of the anti-PLA2R antibody on immobilised NC3 and 

other PLA2R domains. The detection limit of the antibody concentration was shown to 

be 1nM (~100 ng/ml) [145].   

Technique Label Detection limit Sample Assay 

time 

(hr) 

Cost (per 

instrument or 

test kit) 

Ref. 

Lower 

(ng/ml) 

Upper 

(ng/ml) 

Commercial 

ELISA 

Yes 0.6 10 Buffer or diluted 

serum 1:100 

3.5 Inst.: £50k 

Test kit: £300  

[268] 

Fluoroimmuno

assay 

Yes 30 3400 Buffer or diluted 

serum 1:100 

3.5 Inst.: £50k 

Test Kit: £300 

[144] 

SPR No 100 >3000 Buffer 1 Inst.: £200k 

Test Kit: £400 

[36] 

QCM-D 

(QSense,  

5 MHz crystal) 

No 500 10
5  

(100 

µg/ml) 

Buffer or 

Concentrated 

serum 

1 Inst.: £100k 

Test Kit: £200 

- £400 

This 

work, 

[43] 

C-QCM  

(10 MHz 

crystal) 

No 100 10
5 

(100 

µg/ml) 

Buffer or 

Concentrated 

serum 

0.5 Inst.: £1000 

Test Kit: £20 

This 

work 
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Another advantage of the QCM over the SPR is that the QCM can be used with 

concentrated to whole serum or viscous specimens while the sample for SPR needed to 

be highly diluted or in the buffer. Thus, a specialised laboratory with professional 

technicians is required to perform the test. These drawbacks also apply to ELISA and 

other optical sensing techniques although the sensitivity obtained from those 

techniques could be higher. Additionally, the C-QCM is a rapid assay that can be 

completed within 30 minutes, whereas ELISA requires a few hours to complete plus the 

additional control sample. Testing time is important for disease screening as it can speed 

up clinical diagnosis. Another significant advantage of the C-QCM assay over other 

techniques is the low cost of testing kits and the instrument. As the C-QCM is an 

electronic-based and label-free sensor, expensive elements like optical systems and 

label chemicals or antibodies are not required. For these reasons, the C-QCM system 

can potentially be developed as a point-of-care clinical diagnosis tool. 

Conclusions  

We have shown that rGO coating on QCM chips helps improve surface functionality as 

it allows hydrophobic interactions and π-π stacking to bind with biomolecules, however, 

it could denature the protein due to the strong hydrophobic nature of the interaction. 

We proposed to use a BSA layer formed on the graphene surface of G-QCM chips to 

serve as an inert layer and a bio-functional cross-linker to conjugate the protein receptor 

NC3 to detect the anti-PLA2R antibody, the biomarker for diagnosis of membranous 

nephropathy (MN). QCM-D results verified that the BSA layer acted both as a blocking 

layer against non-specific interactions from complex fluids whilst also maintaining the 

NC3 protein in a suitable conformation for ligand binding. We have shown that 

functionalizing hydrophobic 2-dimensional (2-D) materials using BSA could offer 

controllable functionalization methods for various bio-interfaces for immunosensors, 

nanomedicine and drug delivery. 

As the QCM-D system from QSense exhibits inadequate sensitivity for antibody 

detection, as well as possessing other disadvantages such as high cost and complexity 

of the operation, we have developed our C-QCM system to overcome these limitations. 

The proposed assay enables quantitative detection of the anti-PLA2R concentrations as 
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low as 0.1 µg/ml which is a magnitude lower than the cut-off concentration for patients 

with MN. Our results for human serum specimens from healthy people and patients 

demonstrate that the detection sensitivity and specificity of the QCM immunoassay are 

comparable to those of ELISA. Moreover, the C-QCM offers advantages over the 

conventional methods in that the analytical operations are more rapid, easier to 

perform, no sample pre-treatment required and less expensive. Our C-QCM method 

with G-QCM chips can be tailored as an on-field applicable tool for rapid clinical 

diagnosis and screening of in remote areas or epidemic situations. More importantly, 

this technology could be extended to other autoimmune tests for wider diagnostic 

applications. 
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Abstract 
The development of nanobodies for therapeutic and diagnostic applications has 

attracted significant attention from a number of biomedical research groups due to their 

smaller size and ease of production on a large scale. Nanobodies are considered 

effective protein receptors because of their single antigen-binding site and fewer 

possible orientations than conventional antibodies. However, their bio-interface 

functionalization on solid platforms is still challenging. This study explores methods to 

functionalize nanobodies and graphene derivatives based on physical adsorption, amine 

crosslinking, and streptavidin (SA)-biotin interaction. The nanobody against lysozyme 

was used as a model protein pair. The QCM-D technique was used to monitor the 

adsorption of the nanobody on different surfaces and to describe its biomolecular 

recognition and selectivity against other proteins and animal serum. The kinetics 

dissociation constant at equilibrium (KD) was determined from the QCM-D results and 

compared with those from Surface Plasmon Resonance (SPR) for validation. We 

demonstrated that the sensing chip coated with rGO-biotinylated BSA+ SA 

functionalized with biotinylated nanobody provides the highest selectivity against 

serum proteins, including BSA and IgG, with less standard error compared to other 

tested functional surfaces. This sensing surface exhibited good specificity and high 

sensitivity toward the target, with a detection limit of 0.5 µg/ml, and capable of 

detecting an analyte in serum media. The concentration of lysozyme in animal serum 

can be quantified after the deduction of the serum baseline. The KD value obtained from 

this sensing platform is 545 nM which is comparable to the standard value from the SPR 

technique, validating its capability to be used as the basis of a highly selective and 

reliable immunosensing device.  The same functionalisation method was tested with the 

other five lysozyme-specific nanobodies with different binding strengths varying from 
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low to high. The binding behaviours observed from the QCM-D results correspond to the 

KD of each nanobody, proving the possibility to use our proposed method as a universal 

nanobody functionalisation technique. 

Keyword graphene, graphene oxide, protein, QCM-D, nanobody 

Introduction 

A nanobody is a small antigen-binding fragment of an antibody containing a single 

monomeric antibody domain derived from heavy-chain antibodies (hcAB).  It can 

selectively bind to a specific antigen like the conventional antibody, but the size of the 

nanobody molecule is much smaller, only at about 12–15 kDa, while that of a common 

antibody is approximately 150–160 kDa. Besides keeping a high binding affinity to 

antigens, the long and flexible binding region of the nanobody can penetrate into 

cavities on antigens, thus, recognizing hidden epitopes that are difficult for antibodies 

to recognize [269]. Accordingly, nanobody technology has become the next generation 

of tools for antigen-recognition applications in which conventional antibodies are 

incapable of reaching their specific binding sites. As the generation, production, 

functionalization, and intracellular application of full-length antibodies can be 

challenging due to their structural and chemical complexities, novel classes of 

recombinant antigen-binding proteins, providing high binding efficiency and with easy 

large-scale production, like nanobodies, are on the rise.  The development of 

nanobodies for therapeutic and diagnostic applications has gained significant attention 

in recent years [158]–[160]. For example, several publications reported promising 

clinical data of nanobody-based molecular imaging in cancer diagnoses such as ovarian 

cancer [161] and breast cancer[162], [163]. Very recently, Xiang et al. (2020) developed 

nanobodies that can bind to the receptor-binding domain (RBD) of SARS-CoV-2 spike 

protein, obtaining affinities from the picomolar to the femtomolar range [164].  

Although nanobodies are considered effective protein receptors due to their single 

antigen-binding site and fewer possible orientations than conventional antibodies, 

selective functionalization of nanobodies on solid platforms is still challenging as 

unselective functionalisation can potentially lead to a significant reduction in epitope 

recognition and stability of the nanobodies [157]. Several protein attachment methods 

https://en.wikipedia.org/wiki/Variable_region
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have been applied to functionalize nanobodies including thiol-based methods [270], 

non-natural amino acids incorporation [271], and crosslinking using N-

hydroxysuccinimide (NHS) activation [272], [273]. Thiol based method can be achieved 

by incorporating a single cysteine residue that has the free thiol group into a nanobody 

to make it cysteine-selective. However, introducing additional cysteines into a nanobody 

could damage its binding site located close to the disulfide bridge [270]. The 

incorporation of non-natural amino acids is becoming a more widespread technique for 

protein engineering as new and beneficial properties can be added into a protein 

through the selection of non-intuitive mutations [274], [275]. In the case of nanobodies, 

a non-natural amino acid is incorporated into a random site within the sequence of the 

target protein using engineered expression machinery. Yet, it could be technically 

demanding and it can result in a significantly lower expression yield compared to the 

wild-type nanobody [276]. N-hydroxysuccinimide (NHS)-functionalized methods have 

been widely used to covalently attach and immobilize nanobodies based on lysine-

selective functionalisation [272], [273]. This method can benefit sample loading, due to 

a high number of lysine residues, and limit disturbance of the binding site as free lysines 

locate far from the active site. This lysine-selective functionalisation has been proven to 

be effective for functionalising nanobodies with peptide [277] and biotin [278].   

Graphene-based materials are potential candidates for the future of drug delivery and 

diagnostic biosensors [65], [72], [113], [208], [209] due to their biocompatibility [210], 

high specific surface area [2], and ease of functionalization [211]. The graphene-based 

solid supports require functionalisation with molecular receptors to promote specific 

binding to the target molecules. We have previously reported an effective method to 

obtain a film of denatured BSA (BSA) on reduced graphene oxide (rGO) and its 

application in immunosensing [200], [279]. We have also demonstrated the 

development and use of graphene-coated (G-) quartz crystal microbalance (QCM) 

sensor chips to study interactions between biomolecules and graphene surfaces [6], 

[200], [280] and the application of G-QCM in clinical diagnostics [279]. An important 

number of publications have reported the use of carbon-based materials functionalized 

with nanobodies for biosensing applications [281]–[283]. Filipiak et al. reported using 

carbon nanotube transistors with nanobody receptors to detect proteins in buffer using 
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polyethylene glycol as a surface modifier [281]. Zhou et al. proposed and developed a 

simple nanobodies-graphene oxide electrochemical immunosensor for highly selective 

and sensitive detection of Cry1C, a toxin protein [282]. Chen et al. used NHS-lysine and 

maleimide-cysteine coupling to functionalize graphene oxide nanosheets with single-

domain antibodies, ergo nanobodies, for rapid and efficient capture of cells [283]. 

However, to date, there is no report regarding the use of graphene-nanobody interface 

for probing analytes in complex fluids like serum that will potentially lead to real-world 

critical applications. 

In this work, we investigate the utilization of graphene-QCM sensors with novel protein 

nanobodies probes aiming to be used as a universal platform for detecting an analyte in 

both buffer and serum solutions. We first explored different methods to functionalise 

the protein receptor, including physical adsorption, covalent immobilisation, and the 

biotin-streptavidin system. The specific nanobody against lysozyme was used as a model 

protein pair. The QCM with dissipation monitoring (QCM-D) technique was used to 

capture the adsorption of the nanobody and thus study the binding and dissociation of 

the analyte in real-time. From the QCM-D measurements, the interaction dynamics 

between the receptor and the analyte can be systematically investigated The frequency 

shift (DF) parameter provides information from both the adsorbed mass and the film’s 

thickness while the dissipation parameter (D) can provide mechanical details such as 

viscoelasticity of the adsorbed film on underlying surfaces [256], [257]. The binding 

kinetics and selectivity against serum proteins were also investigated. The equilibrium 

kinetic dissociation (KD) values of nanobodies functionalised on different surfaces were 

interpreted from the QCM results and validated using the standard result from the 

Surface Plasmon Resonance (SPR) technique. Moreover, the sensing platform with the 

best performance was used to test with other five lysozyme-specific nanobodies with 

different binding strengths to prove the feasibility to use it as a universal technique for 

nanobody functionalisation. It has been shown that novel nanobodies with distinctive 

binding strengths against a single target are ideal molecules for standardization 

protocols [284]. 

Lysozyme is known as an enzyme with antibiotic properties abundantly found in 

secretions like saliva, tears, mucus and also in egg white [114]. It acts synergistically with 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Qing++Zhou
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other antimicrobial polypeptides against most bacteria. Lysozyme is a monomeric 

globular protein conformed of 129 amino acid residues with a molecular weight of 14.3 

kDa [116]. Under physiological conditions, the molecule is always positively charged 

[285], [286]. Due to its small size and simple molecular structure, lysozyme has been 

commonly chosen as a model protein for protein interaction studies [118]. Since human 

lysozyme is regarded as ‘body’s own antibiotic’, it plays a key role as a biomarker for 

various medical diagnostics such as bacterial infections, coronary artery diseases, 

sarcoidosis and breast cancer [120], [126], [127]. Arterial plasma lysozyme levels are 

measured to identify patients with varying degrees of coronary artery disease, observed 

in separate cohorts of patients using a cut-off value of 1.5 μg/mL [126]. By using this 

lysozyme-nanobodies protein pair as a model protein, not only molecular 

functionalisation routes and interaction mechanisms can be elucidated, but their study 

can also help to define a pathway for developing biosensors for diagnostic tools for many 

diseases where lysozyme quantification is required.   

Materials and Methods 

1. Materials and reagents 

GO dispersion was prepared by a modified Hummers’ method [202], followed by 

exfoliation and purification. The complete protocol can be found in our previous 

publication [200]. The GO dispersion with a concentration of 0.8 mg/ml was used for 

coating the QCM chips. 

The production of nanobodies specific for lysozyme with different binding strengths, 

namely FO7, FO8, FO9, Cablys and TS, was previously described by Birchenough et 

al.[284]. Briefly, the nanobody VHH sequence was engineered into an expression vector 

with a C-terminal 6-His tag. Then, the vector was transformed into competent T7-

Express E. coli cells and selected for an amplification process and finally purification. The 

stock solution for each type of nanobody was prepared with a concentration of 1 mg/mL 

in PBS. The stock solution was diluted in PBS to 50 µg/mL for use in all experiments. 

More details about the production process are described in ESI 3.1. 

Lysozyme powder (protein ≥90 %) (L6876), streptavidin (85878), albumin monomer 

bovine (A1900), and phosphate buffered saline or PBS (P4417), pH 7.4, were purchased 



176 
 

from Sigma-Aldrich, UK. BSA stock solution was prepared with a concentration of 1 

mg/ml. The dilutions of the BSA solution were prepared from the stock solution. The 

EDC and sulfo-NHS crosslinkers were purchased from Sigma-Aldrich (UK). 11-

Mercaptoundecanoic acid or MAU (450561 from Sigma) and 11-Mercapto-1-undecanol 

or MUD (447528 from Sigma Aldrich) were used as a self-assembly monolayer for gold 

surface for the reference experiment was purchased from Sigma-Aldrich (UK). 

Ethanolamine was used as a blocking buffer and purchased from Sigma-Aldrich (UK). 

Bovine calf serum was purchased from Sigma-Aldrich (UK).  

BSA and nanobodies were conjugated with biotin for the experiments involving biotin-

SA platforms. NHS-PEG4-Biotin (21330) was purchased from Thermo Scientific. The NHS 

group reacts specifically with lysine and N-terminal amino groups to form stable amide 

bonds between the proteins and biotin molecules. The hydrophilic polyethylene glycol 

(PEG) spacer arm helps reduce aggregation of labelled proteins stored in solution by 

improving solubility and also provides the reagent with a long and flexible connection to 

minimize steric hindrance for binding to avidin molecules. The protocol for biotin-

protein conjugation from ForteBIO [287] was followed to achieve the biotinylated BSA 

and nanobodies. Briefly, it started with preparing the protein and NHS-PEG4-Biotin 

reagent following the ratio below using molar coupling ratio (MCR)=2.  

μL 1 mM biotin reagent =
Protein Conc (mg/mL) 

MW Protein (kDa)
× MCR  × volume Protein (µL) 

Then, the appropriate volume of biotin reagent, as calculated, were added into the 

protein sample immediately mixing them. The mix was incubated for 30 mins at room 

temperature. Finally, the reaction was stopped by removing the excess biotin reagent 

using a desalting column. 

2. QCM chip surface coating and characterization 

QCM chips with gold surface and SiO2 from QSense (QSX-301, Biolin Scientific) were used 

in this study. The chips were cleaned following the protocol provided in Melendrez et al. 

[6]. The main coating surfaces include a self-assembly monolayer (SAM) on gold and 

graphene-based coating. Gold precoated QCM chips were functionalized with SAM 

following the protocol described in ESI 3.3.1 For the coating of graphene oxide on QCM-

D sensors, the GO dispersion was spin-coated on the entire surface of the chip (speed: 
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3000 rpm, acceleration: 350 s-1, 2 mins). A controlled thermal treatment of the GO-

coated chips was performed in a vacuum oven (Townson+ Mercer EV018) with a 

reduction temperature of 80 oC for 15 mins and 1 hour to obtain two surfaces of partially 

reduced GO 1 (PrGO1) and PrGO2. To obtain a fully-reduced GO surface (rGO), the 

reduction conditions were changed to a temperature of 180°C for 6 hours as described 

in our previous study [200].  

The degree of reduction was characterized by the average wetting contact angle (WCA) 

of DI water sessile drops. All values were obtained using a Kruss DSA100 system and 

computed using the ImageJ software. . WCA values were combined with X-ray 

photoelectron spectroscopy (XPS) using a SPECS custom-built system composed of a 

Phobios150 hemispherical electron analyser with 1D detector. The XPS data were 

analysed using CasaXPS software (version 2.3.18).  

3. Functionalization of nanobodies on different sensing surfaces investigated by 

QCM-D  

The FO7 nanobody was selected to be a controlled receptor in this research due to its 

moderate binding strength to the lysozyme molecules so that both binding and 

dissociation events can be distinguished. The FO7 molecules were immobilised on 

different functional surfaces following the injection protocol described in ESI 3.2.2.  The 

lysozyme binding and dissociation are monitored by the QCM-D technique using the 

QSense Pro (Biolin Scientific) system. Twelve sensing surfaces were studied, including 

six bare surfaces, three amine coupling surfaces and three biotin-SA surfaces, as 

presented in Table 7.1.  The temperature of the system was stabilised at 20 oC to avoid 

the effects of thermal drift. The basic sequential injection steps for QCM-D monitoring 

of the antibody binding include: (1) a baseline stabilisation regime in which PBS WAS 

injected until stability was reached,  (2) immobilisation of the nanobody, (3) detection 

of the lysozyme followed by (4) rinsing (or also referred to as lysozyme dissociation) and 

finally (5) reabsorption of the nanobody to observe the non-specific binding of lysozyme. 

The complete procedure for each QCM surface is also described in the injection 

sequence in Table 7.1. The concentration of the nanobody and the lysozyme in PBS were 

fixed at 50 µg/mL and 100 µg/mL, respectively. For the QCM-D monitoring, the odd 

harmonics from the 3rd to the 11th were recorded. Our discussion of results is based on 
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the 3rd harmonic. The measured frequency shifts of the adsorption of the FO7 (ΔFFO7), 

the lysozyme binding (ΔFLys), the dissociation (ΔFDis) and the reabsorbed nanobody 

(ΔFnon-specific) were used to investigate the capability of each sensing surface to detect 

the lysozyme specifically. More details and exemplification regarding the measurement 

of frequency shifts can be found in ESI 3.2. 

4. The varied concentration of lysozyme and binding kinetic studies 

The binding of various concentrations of lysozyme was studied using the QCM-D system. 

The FO7 nanobody at a concentration of 50 µg/mL in PBS was immobilised on the 

selected functional surfaces of the sensing chip following a receptor immobilisation 

protocol (ESI 3.3.2), then injecting PBS to rinse the surface. For the amine coupling 

surfaces, the ethanolamine was used as a blocking agent to prevent non-specific 

adsorption. Before the binding of lysozyme, the sensing surface was rinsed with PBS 

until baseline stability was reached, and then the acquisition was restarted. Then, the 

lysozyme was injected for 10 minutes and finally rinsed with PBS for 15 minutes. The 

flow rate was kept at 10 µl/min. Various concentrations of  diluted lysozyme from the 

stock solution of 500 µg/mL or 35 µM were used, including 100% undiluted stock, 50% 

(250 µg/mL), 25% (125 µg/mL), 12.5% (62.5 µg/mL), 6.25% (31.2 µg/mL), 3.1% (15.6 

µg/mL), 1.6% (7.8 µg/mL), 0.8% (3.9 µg/mL), and 0.1% (0.5 µg/mL). Each sensing chip 

measured an individual concentration from the latter list. For lysozyme adsorption, the 

frequency shifts (ΔFLys) were recorded and averaged at the steady-state region or when 

the signal reached a plateau. These signals represent the quantitative amount of 

lysozyme binding. The measurement for each concentration was repeated at least twice. 

5. Specificity studies 

To evaluate the selectivity of the selected sensing surfaces, other proteins, including BSA 

and IgG, which are abundant proteins in serum, were introduced to bind to the 

functionalised nanobody. BSA 200 µg/mL and IgG 50 µg/mL were sequentially injected 

over the pre-functionalised QCM surface with the FO7 nanobody. The sensing surface 

was rinsed with PBS after the injection of each protein. The frequency shifts upon 

protein binding were recorded to be compared with those obtained from lysozyme. No 

binding from neither BSA nor IgG should be expected if the sensing surface offers good 
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selectivity. The sensing platform that provides the best selectivity was further used for 

testing with calf serum as a sample media. 

Table 7.1 Sensing surfaces tested in this study including their complete injection 
sequences for constructing the functional surfaces and investigating the binding and 
dissociation. 

 

6. Detection of lysozyme in calf serum 

A QCM-D measurement for detecting lysozyme in calf serum was conducted to contrast 

the results of diluting various concentrations of the lysozyme in the diluted calf serum 

and those in PBS buffer. The adsorption of plain calf serum diluted with PBS 1:50 was 

Surfaces 
Surface 

type 

Injection sequence 

S.1 - SiO2  

 

Bare 

 

 

S.2 -Au 

S.3 - rGO 

S.4 - GO 

S.5 - PrGO1 

S.6 - PrGO2 

S.7 - Au-SAMs-

COOH 

 

 

Amine 

coupling 

 

 
S.8 - PrGO2 

+EDC/NHS  

S.9 - rGO-BSA 

+EDC/NHS 

 

 

S.10 - Au- SA  

SA- Biotin 

Nanobody 

 

 

S.11 - PrGO2- 

SA 

S.12 - rGO-

BiotBSA+ SA 

 

 



180 
 

measured as a negative control or blank sample. The concentrations used for this 

experiment were 0.5 µg/mL, 3.9 µg/mL, 15.6 µg/mL, 62.5 µg/mL 125 µg/mL and 500 

µg/mL which correspond to the same concentrations tested with PBS media.  If the 

sensing platform provided specificity against calf serum, the final frequency shift of each 

concentration in the serum after deduction of blank frequency should be close to the 

result obtained from PBS media.  

7. Testing with different nanobodies 

To prove the feasibility of the method to be universal for nanobody functionalisation, 

the selected sensing platform was tested with five other nanobodies that are specific to 

lysozyme with different binding strengths from low to high. The use of multiple binding 

strength molecules against a single target can be an ideal route to determine molecules 

for standards [284]. In this experiment, the nanobodies were functionalised onto the 

QCM chips following the method for S.12 described in ESI 3.3.2. Each sensing chip was 

functionalised with one nanobody receptor. Then, lysozyme (10 µg/mL) was injected to 

bind with the nanobody for 10 mins then rinsed with PBS for 15 mins. The frequency 

shift due to the immobilisation of nanobodies onto the surface (ΔFxx), the binding for 

lysozyme (ΔFLys) and the dissociation (ΔFDis) were recorded.  

Results and discussion 

We first discuss the properties of the different graphene surfaces, as revealed through 

SEM, XPS, Raman Spectroscopy and contact angle measurements. We have then 

explored different methods to functionalise the protein receptor, including physical 

adsorption, covalent immobilisation, and the biotin-streptavidin system. In this 

comparative study, twelve different functional surfaces were used, as presented in 

Table 7.1. We report on the ability to detect the analyte of interest for each sensing 

surface specifically. The five sensing surfaces that showed outstanding results, including 

three amine coupling surfaces and 2 biotin-SA surfaces, were selected to investigate 

binding kinetics and selectivity against other proteins. The best-performing platform 

corresponding to rGO-biotBSA-SA was selected to test with calf serum media. Finally, 

the same functionalisation method was used with five lysozyme-specific nanobodies 

with gradual binding strengths. The binding mechanisms and kinetics dissociation of 

each nanobody were analysed and are discussed here. 
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1. Characterization of graphene coating and functionalization  

Graphene derivatives, like GO and rGO, help in forming surfaces with tuneable 

hydrophobicity achieved through a controlled thermal reduction of GO, as described in 

[200]. In the present study, the samples for graphene characterisation include plain GO, 

PrGO1,2 and rGO bare surfaces and their EDC/NHS activation of carboxylic acids as they 

were used for developing the sensing platforms. We hypothesized that since both GO 

and PrGO 1,2 surfaces contain -OH and -COOH functional groups, these can contribute 

to amine crosslinking through EDC/NHS activation. On the other hand, the rGO surface 

having much lower oxygen functional group contents requires the BSA layer which 

provides abundant -COOH groups serving then as a linker [279]. Table 7.2 presents data 

obtained from the characterisations of the graphene surfaces and their carboxylic acid 

activation. Water contact angle measurements reveal hydrophilic predominance GO 

(WCA ≈ 34°) while the hydrophobicity increases on the PrGO1,2 samples reaching the 

highest on rGO-coated sensors (WCA = 99°). The contact angles of graphene surfaces 

with EDC/NHS activation were also measured to compare the changes in hydrophobicity 

due to the carboxylic acid contents. Sensors coated with GO, PrGO2 with direct EDC/NHS 

activation and rGO-BSA activated by EDC/NHS were tested for comparison. The 

activation generally reduces the hydrophobicity of the surfaces, as observed from the 

decrease in the WCA. Especially in the case of rGO, the WCA was decreased by ~50%.  

The surface chemistry of the sample surfaces was characterised using Raman and XPS. 

Raman spectra were captured to obtain information about lattice defects (see ESI 3.5). 

Two main peaks, including both graphitic (G) and defect (D) peaks, occur at 1580 cm-1 

and 1350 cm-1, respectively.  The relative intensity of D to G (ID/IG) indicates the in-plane 

crystallite size or the disorder in the sample. There is no critical difference in the value 

of ID/IG for the cases of GO, PrGO and their activation. The obtained ID/IG value for rGO 

is 0.84, which is fairly lower than that of GO, PrGO and also rGO-BSA+EDC/NHS samples. 

The higher ID/IG values obtained from functionalised rGO samples could originate from 

defects and effects of doping functional groups through BSA adsorption, as we have 

explained in our previous paper [279]. 

 XPS spectra of the samples were obtained to investigate the carboxylic acid activation 

on graphene derivatives. From Table 7.2, the C/O ratio of bare samples increases 
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according to the WCAs due to the removal of the oxygen groups as seen from the higher 

intensity of the C1s peak [200]. After activation with EDC/NHS, the samples present 

similar C/O ratios ranging between 0.90 and 1.05 while their atomic percentual contents 

of nitrogen logically increase compared to the results from bare samples. The direct 

activation of GO and PrGO2 surfaces with EDC/NHS displays ~5% of nitrogen contents. 

In contrast, the sample of rGO-BSA+EDC/NHS presents the highest percentage of 

nitrogen from the enhanced deconvoluted peaks (ESI 3.6) of C-N and CO-NH 

corresponding to the presence of the secondary amine and imine of EDC and the 

characteristic of the nitrogen of the NHS ester [263]. It is suggested that the carboxylic 

activation on this surface as discussed in our previous publication [279]. Complete XPS 

spectra and further details are presented in ESI 3.6. 

Table 7.2 Surface characterisations of the graphene surfaces and their carboxylic acid 
activation obtained from contact angle, Raman and XPS techniques 

Surface Contact 

angle 

Raman 

ID/IG 

XPS 

C/O Atomic% of N 

GO 34 o ±3 o 1.01 0.93 1.17 

PrGO1 46 o ±3 o 1.01 0.93 1.17 

PrGO2 56 o ±2 o 1.02 0.94 1.28 

rGO 99 o±2 o 0.84 4.98 1.24 

GO+EDC/NHS 32 o ±5 o 1.05 0.95 4.85 

PrGO2+EDC/NHS 51 o ±3 o 1.05 1.05 4.71 

rGO-BSA-EDC/NHS 55 o ±4 o 0.95 0.90 14.2 

SEM imaging shows the topography of the GO films obtained through spin coating on 

the Au surface of QCM-D chips. A continuous film formed of overlapping flakes varying 

from one to a few layers of GO covering the whole sensor’s surface.  The graphene 

coverage is uniform over large areas on all samples studied (see ESI 3.7). The thickness, 

roughness and other surface imaging results were previously characterised and 

discussed in our previous papers [200], [279]. 

2. Exploration of sensing surfaces using QCM-D and selection criteria  

The set of QCM-D measurements for the nanobody immobilisation on different sensing 

surfaces and the detection of lysozyme are presented in Fig. 7.1(a-h). The values of 



183 
 

ΔFFO7, ΔFLys, ΔFDis and ΔFnon-specific describe the amount of protein binding occurring on 

each surface.  Fig. 7.1(h) presents a comparative performance from the sensors’ ability 

to detect lysozyme of the nanobody after functionalisation. From these observations, 

the criteria for selecting sensing surfaces for further studies include: 

1. ΔFFO7 ≥ ΔFLys since the specific binding of lysozyme cannot exceed the amount 

of FO7 due to its single binding site.   

2. ΔFLys should be approximately equal to ΔFDis since in this step lysozyme 

molecules are assumed to be mostly or completely rinsed off due to the low 

binding strength of the FO7. The QCM-D signal should show a partial to complete 

recovery of ΔFLys.  To meet this criterion, the  ΔFLys value must be higher than that 

from ΔFDis by no more than 3 Hz. 

3. ΔFnon-specific should be close to zero or less than 1 Hz, since the nanobody should 

not be bound to the sensing surface again if lysozyme molecules that bounded to 

the first immobilised nanobody were completely rinsed off. 

From the adsorption results in Fig. 7.1(h), the justification of each testing system based 

on the selection criteria above is summarized in Table 7.3. Only five surfaces met the 

established criteria and were selected for further studies, including S.7 (reference), S.8, 

S.9, S.11 and S.12. 

Table 7.3 Summary and justification of the sensing feasibility for the 12 testing platforms 
based on the selection criteria discussed in the main text. 

Surfaces 
Surfaces 

type 

Criteria Feasibility for  
sensing 

platform 
1. ΔFFO7 

 ≥ ΔFLys 
2. ΔFLys 

≈ΔFDis 
3.ΔFnon-

specific ≈ Zero 

1. SiO2 

Bare 

× × × No 

2. Au ✓ × ✓ No 

3. rGO ✓ × × No 

4. GO ✓ × × No 

5. PrGO1 ✓ × × No 

6. PrGO2 ✓ × × No 

7. Au-SAM-COOH 
Amine 

coupling 

✓ ✓ ✓ Yes 

8. PrGO2+EDC/NHS* ✓ ✓ ✓ Yes 

9. rGO-BSA +EDC/NHS ✓ ✓ ✓ Yes 

10. Au- SA 
SA- Biotin 
Nanobody 

× × × No 

11. PrGO2- SA ✓ ✓ ✓ Yes 

12. rGO-BiotBSA+ SA ✓ ✓ ✓ Yes 



184 
 

 Fig. 7.1 The QCM-D measurement for the monitoring of the nanobody immobilisation 
on different sensing surfaces and the detection of lysozyme 
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On bare surfaces (Fig. 7.1(a)), the nanobodies were directly adsorbed on the surfaces 

through physical adsorption that results in random orientation or denaturation of the 

protein as reflected by the ineffective detection of lysozyme. The SiO2 surface, in 

particular, shows almost zero adsorption of the nanobody while it adsorbed much more 

lysozyme. The higher level of lysozyme adsorption suggests that the lysozyme molecules 

randomly adsorbed on SiO2 without binding with the nanobody receptor. On graphene 

derivative surfaces, the dissociation of lysozyme is relatively low (ΔFDis << ΔFLys), 

suggesting that some immobilised nanobodies might be inactive or denatured after 

adsorption the graphene surfaces, and thus it is unable to detect lysozyme effectively. 

The lysozyme might adsorb non-specifically over the denatured nanobody or on the 

empty graphene surface areas.  Moreover, the dissipation values during adsorption 

increase with respect to the degree of reduction due to the different orientations of the 

molecules on the surfaces, as already reported in our previous publication [200]. We 

reason that the high dissipation value could result in a higher measurement error due 

to the adsorbed layers' viscosity [279]. 

All amine crosslinking surfaces- S.7, S.8 and S.9 meet the above criteria. The S.7 (Fig. 7.1 

(b)) Au-SAMs-COOH is a reference surface, commonly used as a crosslinking of protein 

on gold. For the S.8 case, the PrGO2 surface was selected to be directly activated with 

EDC/NHS instead of GO and PrGO1 as it shows better surface stability, i.e., lower 

dissipation and less reduction of mass on sensor surface during the activation process. 

As it can be seen in Fig. 7.1 (c), the QCM-D signal shifts up during the injection of 

EDC/NHS. This is theoretically caused by a reduction of mass on the surface. We infer 

that this effect is due to the detachment of graphene flakes from the surface. We tested 

the injection of EDC/NHS on GO and PrGO1.A  considerable increase of ΔF and ΔD 

implies a significant loss of graphene coating on the sensor (see ESI 3.8.1). After the 

carboxylic acid activation, the assay for detecting lysozyme was constructed, and the 

QCM-D monitoring displays the lysozyme binding and dissociation that meet the 

selection criteria. The S.9-rGO-BSA+ EDC/NHS (Fig. 7.1 (d)) was investigated and used in 

our previous study [279], where the functionality and mechanism of the system were 

discussed in depth. The denatured BSA on rGO serves as the cross-linker to immobilize 

the protein receptor and prevents the denaturation of the protein. As a result, the 
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nanobody can be covalently bound to the sensor surface and is capable of detecting 

lysozyme in PBS. 

For the functionalisation method using SA- Biotin, the QCM-D results obtained from S.10 

(Fig. 7.1 (e)) shows that the SA molecules were slowly adsorbed on Au which could, in 

turn,  cause the protein denaturation. Therefore, we pose that this surface cannot serve 

for binding of Biot-nanobody. For  S.11 (Fig. 7.1 (f)), SA directly adsorbed on PrGO2 

serves as a platform to functionalise with biot-nanobody, while on the S.12 (Fig. 7.1 (g)) 

biot-BSA was injected on the rGO surface before the binding of SA and the biot-

nanobody. It is hypothesized that biot-BSA can reduce the non-specific adsorption that 

could occur during the analyte detection measurement as BSA can form a thin film layer 

uniformly on the rGO surface and prevent the denaturation of SA, thus promoting 

selectivity. The results from both S.11 and S.12 meet the established criteria and were 

selected for further tests to prove both their sensitivity and selectivity in later sections.  

3. Functional surface model and thickness  

The thickness of a blocking protein layer plays a crucial role in preventing non-specific 

adsorptions due to the effects of the solid surface, such as charges, hydrophobic and 

hydrophilic forces and other types of bonding [288]. Table 7.4 presents the cartoon 

models of five selected sensing surfaces and the thickness of the sensing layer of each 

functional surface. The thicknesses were determined from the QCM-D results using the 

Sauerbrey equation. The total thickness of the sensing layer is calculated from the sum 

of each protein layer over the solid surface. Further details are included in ESI 3.9. 

The total thicknesses obtained from amine-crosslinked surfaces (S.7, S.8 and S,9) are 

approximately 2.5 nm, while those of S.11 and S12 range from 5 nm to 10 nm. The 

thicknesses of BSA film on the S.9 and S.12 are similar, at about 0.8 nm. This thickness 

value is believed to be a layer of denatured BSA based on our previous study [200].  
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Table 7.4 The models of five selected sensing surfaces and the thickness of the sensing 
layer of each functional surface 

Functional 

surface 

Model & Thickness Ref. 

(7) Au-SAMs 

+EDC/NHS +FO7 

 

 

Total thickness: ~2.8 nm 

 SAMs thickness 

[106], This work 

(ESI 3.9) 

(8) PrGO2+ 

EDC/NHS +FO7 

 

 

Total thickness: ~2.5 nm 

This work (ESI 3.9) 

(9) rGO-BSA 

+EDC/NHS +FO7 

 

 

Total thickness: ~2.6 nm 

This work (ESI 3.9) 

(11) PrGO2- SA 

+BiotFO7 

 

 

Total thickness: ~7.4 nm 

This work (ESI 3.9) 

(12) rGO-BiotBSA+ 

SA +BiotFO7 

 

 

Total thickness: ~5.8 nm 

This work (ESI 3.9) 

SA: ~3.2 nm 

SA: ~5.4 nm 
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The height of the SA layers on S.11 and S12 is approximately 5 nm and 3 nm, 

respectively. The SA layer contributes to higher total thicknesses compared to other 

surfaces and also prevents non-specific adsorptions on the platform [288]. The 

dimension of the SA is about 4x4x4 nm. The thickness reduction of SA in S.12 could be 

due to a lower population density of adsorbed SA. The number of SA molecules bound 

to S.12 is limited by the number of biotin molecules, which is functionalised with BSA. In 

contrast, on S.11, SA is directly adsorbed on PrGO2 resulting in random orientation of 

SA. Nevertheless, some binding sites might be hidden and the protein layer could lack 

uniformity resulting in both poor detection limit and reproducibility, as described in 

Table 7.5. In ESI 3.8, we have shown that the direct adsorption of the SA on other 

reduction degrees of GO, including GO, PrGO1 and rGO, present a reduced binding 

affinity for the biotin-nanobody pair. This deficiency could be a result of the molecular 

arrangement and conformation of the adsorbed proteins. 

The thickness of the nanobody layer on all surfaces is about 2 nm, which corresponds to 

the approximate size of a nanobody molecule, indicating a single layer binding.  

4. Lysozyme detection and binding analysis using QCM-D  

This study aims to construct a standard curve for each sensing surface and determine 

the KD value, which is an important characteristic of the nanobody representing its 

binding strength. Fig. 7.2 (a,c,e,g) presents the QCM-D results from the five sensing 

surfaces used as a sensing platform for the detection of varied concentrations of 

lysozyme. The frequency shift (ΔF) obtained from the QCM-D measurement is 

proportional to the mass adsorbed on the sensing surface, while the dissipation change 

(ΔD) is related to the viscosity of adsorbed material. We observe that both the frequency 

and dissipation increase as a function of the concentration of lysozyme, thus, the 

adsorption rate increases with respect to the enzyme concentrations. After the rinsing 

step, most molecules were rinsed off from the surface, as observed from the decrease 

of both the frequency and dissipation shift; however, the signals might not be fully 

recovered due to the presence of impurities and non-specific binding molecules.  
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Fig. 7.2 QCM-D results from the five sensing surfaces used as a sensing platform for 
detecting varied concentrations of lysozyme (a) S.8 PrGO2-EDC/NHS (c) S.9 rGO-BSA-
EDC/NHS (e) S.11 PrGO2-SA (g) S.12 rGO- BiotBSA-SA   and the standard curve with the 
computed KD values of the nanobody on different sensing platforms. 
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Based on the standard plot of all surfaces (Fig. 7.2 (b,d,f,h)), the value of ΔF starts 

reaching a plateau at a concentration of approximately 125 µg/ml. The “one site—total 

binding” function was used as a data fitting model. This model is based on the law of 

mass action mode representing the equilibrium binding that takes non-specific binding 

(NB) into account [289]. The model equation is the following: 

𝑌 =
(Bmax )𝑋

Kd + 𝑋
+ (NS)𝑋 + 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 

With this model, maximum specific binding (Bmax) and KD can be determined by fitting 

only the total binding parameter, assuming that the amount of nonspecific binding is 

proportional to the concentration of lysozyme. The plots were fitted using the Prism 

software (Version 9.3. 1). The data shows a good fit using this model with R2 >0.97. The 

same nanobody should result in the same KD value if the binding process occurs with 

high specificity. A comparison of the obtained KD values is presented in Table 7.5. 

Section 7 includes a discussion in this regard. 

The KD values for all samples were determined from the value of the concentration at 

half-maximum binding at equilibrium. This method for determining KD is selected since 

the adsorption profile from the QCM-D measurements cannot fit well with the binding 

kinetics function including the association for on-rate and dissociation for off-rate. We 

believe that this could be caused by the non-specific adsorption on the sensing surface 

and the impact of turbulence from the sample injection procedure. The QCM-D cell 

volume is 40 µl which is almost 650 times larger than the volume from the SPR 

instrument which is only 0.06 µl.  This high volume could cause significant disturbances 

to the signal. Thus, the on-rates for the instrument cannot be applied. Similarly, off-rates 

will be significantly inaccurate due to the time it takes to fill the chamber with buffer. 

Increasing the flow rate can help tackle this limitation, however, using QCM-D data for 

on and off rate analysis is not a general practice and therefore it is not recommended.   

5. Specificity studies with other proteins  

The five selected surfaces were functionalised with the nanobody and tested against 

BSA and IgG proteins. Fig. 7.3 (a) shows a graphic depiction that represents the ability 

to detect a specific analyte (lysozyme) of the functional surfaces compared to other 

proteins, measured by the QCM-D technique. The complete QCM-D profiles can be 
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found in ESI 3.10. All surfaces display specificity against BSA; however, a high amount of 

IgG non-specifically adsorbed on the amine-crosslink surfaces S.7, S.8, S.9. Interestingly, 

only S.11 and S.12 present selectivity against both proteins. S.8 does not have an adlayer 

that prevents non-specific binding whereas S.7 and S.9 have both SAMs and BSA layers 

contributing to the observed 1 nm thickness. However, this thickness might be too thin 

to block the non-specific adsorption caused by electrostatic forces between solid surface 

charges and the proteins. Still, non-specific molecules can be adsorbed on the sensing 

surface. It has been reported that the thickness and density of the interfacial regions 

affect the proteins diffusing through it due to Ionic strength and surface charge [290]. 

The higher thickness of the S.11 and S.12 sensing layers, arising mainly from a SA layer 

(3-8 nm, see Table 7.4), acts as an interfacial barrier to prevent electrostatic and other 

possible interactions between the solid surface and the proteins.  

Fig. 7.3(b) presents the adsorption of diluted calf serum in PBS (1:50) on the five 

functional surfaces. The S.11 and S.12 surfaces adsorb the lowest amounts of calf serum 

(17 Hz) compared to other surfaces. These results clearly show that the SA-biotin 

surfaces functionalised with the nanobody provide better detection selectivity 

compared to the amine-crosslinking system.  

6. Quantification of lysozyme in calf serum 

Only the S.12 surface, which corresponds to rGO-biotBSA-SA functionalised with the FO7 

nanobody was chosen for quantifying lysozyme in cow serum functional as it provides 

the best selective performance with zero adsorption of BSA and IgG. Another reason for 

selecting this surface is because the highly hydrophobic rGO coating can be repeatedly 

produced to get the same observed properties and it is easier than the PrGO2, in which 

the reduction level is harder to achieve with enough precision to preserve its final 

properties. 

The binding of various concentrations of the lysozyme in calf serum (ranging from 0.5 

µg/mL to 500 µg/mL) was measured (Fig. 7.3(c)). The ΔFLys binding and ΔDLys binding, 

measured at the highest region of the graph (the highest adsorption) increases with the 

concentration. The bare-serum, which is a control sample, displays a frequency shift of 

17 Hz, representing the background value. It clearly shows higher frequency shifts in the 
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sample with lysozyme added into the diluted serum compared to the control, indicating 

specificity against animal serum. During the adsorption process (blue band), the binding 

rate increases with respect to the concentration of lysozyme. The frequencies from 

serum with lysozyme samples shift up after rinsing, demonstrating the binding 

characteristic of the FO7 nanobody. 

 

Fig. 7.3 Results for selectivity tests of the functional surfaces (a) Selectivity comparison 
chart of sensing surfaces to different proteins. The S.12- rGO-BiotBSA-SA presents the 
highest specific detection of lysozyme with zero detection of other proteins. (b) QCM-D 
profiles obtained from the adsorption of plain serum on sensing surfaces. The SA-biotin 
surfaces (S.11, S.12) functionalised with the nanobody provide much less adsorption 
from plain calf serum compared to the amine crosslinking system. (c) QCM-D profiles for 
detection of varied concentrations of lysozyme diluted in serum media operated on S.12. 
The ΔF and ΔD increase as the concentration increases.  (d) The plot of ΔFLys binding in both 
PBS and calf serum against lysozyme concentration. The lysozyme in serum media shows 
higher frequency shifts compared to the sample in PBS due to the serum background. 
The triangular markers are the frequency shifts of lysozyme in serum after subtracting 
the serum background. 

Δ
F 

(H
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The plot of the ΔFLys binding in both media, PBS and calf serum, against lysozyme 

concentration,  are presented in Fig. 7.3(d). The plots from both series in PBS and serum 

show linear trends with slopes of value 1.2 and 3.6, respectively. The slope obtained 

from the lysozyme in the serum is higher than that in PBS. Such value could result from 

the binding of lysozyme compounding with other impurities such as albumin protein and 

carbohydrate ligands [291], [292]. RÖch et al. reported that lysozyme could slightly bind 

with serum protein, like albumin, which is negatively charged at neutral pH, whereas 

lysozyme carries a positive net charge [291]. Based on the linear correlation between 

lysozyme concentration and frequency shift, the latter can be used as a comparative 

value to indicate the concentration of lysozyme. 

7. Sensing surface comparison  

Table 7.5 presents a comparison of the sensing characteristics obtained from 5 sensing 

platforms used in this research, namely S.7, S.8, S.9, S.11, S.12 and the results from the 

SPR technique with Au-SAM sensing surface with the activation of EDC/NHS reported by 

Birchenough et al. as a reference [284]. SPR is a commonly used label-free biosensing 

technique. The Biocore T200 SPR was used, and the profiles were fitted with a global 1:1 

non-linear model and the affinity constant or KD for each as determined by the model 

[284]. KD is the constant characteristic value of the specific ligand-binding pair 

representing its binding strength. The same nanobody- FO7 was used on all surfaces. 

The KD value of each surface in this work was determined, as explained in Section 4.   

In contrast to the KD obtained from the SPR technique (400 nM), the KD values obtained 

from the QCM system are relatively higher than that from SPR. This could be due to 

either the errors from non-specific binding, the presence of impurities, differences in 

the computation methods or a mix of them. The calculated KD obtained from S.9 rGO-

BSA+EDC/NHS is 1321 nM which is three times higher than the reference value. Since a 

higher KD value represents a lower binding strength, it is assumed that the binding 

strength of FO7 is reduced after binding on this surface. We believe that there might be 

repulsive forces that slightly push lysozyme molecules from binding with nanobodies as 

the binding affinity could be influenced by non-covalent intermolecular interactions. 

These forces could be a mix of electrostatic, hydrophobic and Van der Waals forces 

between the lysozyme and the nanobodies cross-linking on BSA. 
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The KD values for S.8, S.10 and S.11 are within the range of 600 to 700 nM which is about 

200 nM higher than the reference value. In this case, the higher KD could be the result 

of non-specific adsorption occurring on the surfaces as the nanobodies might not be 

arranged closely packed leaving some gaps on the surfaces. However, the S.12 with rGO-

BiotBSA + SA system shows the closest KD (~572 nM) to that from SPR, corresponding 

to lower non-specific binding compared to other surfaces as evidenced in Fig. 7.3(a) 

validating its feasibility to be used as a highly selective and reliable sensing platform.  

The limit of detection (LOD) is estimated from the standard deviation of the blank 

samples. The standard error (SE) is a statistical term representing the possible error of 

the measurement. The LOD and SE for each QCM sensing surface were calculated using 

the formulas at the bottom of Table 7.5. The S.12 presents the lowest detection limit, 

down to 0.5 µg/ml, followed by platform S.7 (reference surface for QCM) with 1.2 µg/ml 

and S.9 with 1.9 µg/ml. We pose that the detection limit can be significantly improved 

by using QCM chips with a higher fundamental frequency, like 10 MHz crystals [279] or 

higher. For the SE, the smaller value shows the lower error. S.12 also presents the lowest 

SE of ~0.9, followed by S.7 and S.11. 

It is clear that the functionalisation method using rGO-biotBSA+SA with biot-nanobody 

provides a lower detection limit and less measurement error compared to other 

functional surfaces presented in this work. The use of biotinylated BSA adsorption on 

graphene to surfaces functionalised with SA was also demonstrated on DNA detection 

by Guangyu et al. [293]. The biotBSA acts as a link for SA to bind, preventing the 

denaturation of the nanobody and blocking non-specific bindings [200], [279], showing 

an increase in sensitivity and selectivity [293].  Moreover, the biotinBSA-SA layer helps 

block the negative surface of rGO [294] from random interactions with non-specific 

substances and positively charged nanobody molecules [157].   

More importantly, the S.12 is the only surface that can detect analytes in serum media, 

confirming its potential to be practically used in clinical applications. This also represents 

an advantage of the QCM over the SPR as the QCM can be used with whole concentrated 

serum or viscous specimens, making it suitable for developing a point-of-care (POC) 

clinical diagnostic tools while the sample for SPR needs to be highly diluted or in the 

buffer where a specialised laboratory with technicians is required to perform the test. 

https://en.wikipedia.org/wiki/Standard_deviation
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Table 7.5 Comparison of sensing characteristics obtained from 5 sensing platforms 
used in this research 

Transducer Surface KD 

(nM) 
LOD* 

(µg/ml) 
SE** Selectivity Sample ref 

BSA IgG PBS  serum 

QCM (7) Au-SAM  616 1.2  1.1 ✓ 
 

✗ 
 

✓ 
 

✗ 
 

This 
work 

QCM (8) PrGO2+ 
EDC/NHS  

662 
 
 

2.4 1.7 ✓ 
 

✗ 
 

✓ 
 

✗ 
 

This 
work 

QCM (9) rGO-BSA 
+EDC/NHS  

1321 
 
 

1.9 1.7 ✓ 
 

✗ 
 

✓ 
 

✗ 
 

This 
work 

QCM (11) PrGO2- 
SA  

634 
 
 

 4.0 1.3 ✓ 
 

✓ 
 

✓ 
 

✗ This 
work 

QCM (12) rGO-
BiotBSA + 
SA  

572 
 
 

0.5 0.9 ✓ 
 

✓ 
 

✓ 
 

✓ 
 

This 
work 

SPR Au-SAM 405 
 

 N/A N/A N/A N/A ✓ 
 

✗ [284] 

 

*Limit of detection (LOD) = 3 x 𝜎 (5 blanks); 3-Sigma method 

**Standard Error  (𝑆𝐸) =
∑ 𝜎

√𝑛
  ; 𝑛 refers to the number of samples 

•  

8. Binding of different nanobodies and comparison with other techniques  

The sensor S.12 (rGO-biotBSA-SA) was used as a sensing platform in this study. Five 

different nanobodies Cablys, TS, FO7, FO8 and FO9 were biotinylated and allowed to 

bind to the sensing surface to act as receptors These nanobodies possess high to low 

binding consecutive strengths with KD ranging from 5 to 1300 nM, specifying in Table 

7.6 (reference values). The smaller the KD value, the greater the binding strength of the 

ligand for its target. The concentration of lysozyme was fixed at 10 µg/ml ( 700 nM)  as 

a control as it is approximately the mid-range of the standard curve (Fig. 7.2 (h)). With 

this concentration, the binding and dissociation of lysozyme on different nanobodies 

can be clearly distinguished as presented in Fig. 7.4 (a).   
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Table 7.6 KD values of five nanobodies against lysozyme with different binding strength 
determined from QCM adsorption profiles compared to reference values from SPR 
characterisation 

 

Fig. 7.4(a) presents the QCM-D results from lysozyme detection using five different 

nanobodies as receptors. The Cablys and TS nanobodies show the highest detection of 

lysozyme with a frequency shift of ~2.8 Hz, while the FO9 presents the lowest binding 

of lysozyme in terms of the observed frequency shift. During the rinsing process with 

PBS, the lysozyme adsorption on TS, FO7, FO8 and FO9 the QCM signal shows a positive 

shift due to a critical detachment of lysozyme molecules from the surface. However, the 

wash-off rate on the TS sample is slower than that from others, and the binding on FO9 

decays with the fastest rate. With Cablys, the signal slightly shifts up at the start of the 

rinsing process and remains mostly flat. The comparative numbers of lysozyme binding 

and dissociation measured from ΔFLys binding and ΔFDis were plotted in a bar chart for 

easy visual comparison Fig. 7.4(b). These results elucidate the effects of the binding 

strength of the nanobodies on lysozyme binding and dissociation. The nanobody with a 

high binding strength like Cablys can bind tighter to the analyte resulting in a stable QCM 

signal after rinsing. As observed, when lysozyme binds on FO7 and FO8, which have 

intermediate binding strength, it can be completely rinsed off within 10 min, while the 

lysozyme is presented to the TS nanobody with higher binding strength takes longer to 

be rinsed off. Finally, nanobody FO9, with the weakest binding strength, promoted the 

lowest lysozyme binding and the fastest rinse-off rate. 

Nanobody KD (nM) 

SPR (ref) QCM (KD=Koff/Kon) 

1. Cablys 5±4 8±3 

2. TS 105±58 203±62 

3. FO7 401±56 375±68 

4. FO8  410±55 393±59 

5. FO9 1300±82 1365±76 
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Fig. 7.4 (a) QCM-D results of lysozyme detection using five different nanobodies as 
receptors, (b) the comparative numbers of lysozyme binding and dissociation measured 
from ΔFbinding and ΔFDis. 

The data from the QCM adsorption profile in Fig. 7.4(a) were used for the determination 

of KD. The profiles were converted into a positive scale in the y-axis and fitted with the 

binding kinetic function–“association and dissociation” using Prism GraphPad. 

According to this function, the KD can be calculated from the simple ratio Koff rate/Kon rate. 

The fitting and the computed KD values are presented in Fig. 7.5 (a-e). The fitting quality 

(R2) of the data is more than 0.90 indicating a good fit of the data to the kinetic function 

although the on rate function is slightly unfitted, as seen in Fig. 7.5 (a, c, d, and e). This 

could be due to the effects of the turbulence that occurs in the QCM-D fluidic cell, as 

previously discussed in Section 4.  

 Fig. 7.5 (f) presents a comparison plot between KD obtained from QCM and the known 

values determined through the SPR technique from previous work by Birchenough et al. 
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[284]. A resultant R2 value of 0.99 from the data fitting for both techniques validates  the 

binding affinity of nanobodies functionalized on this sensing surface. Thanks to highly 

studied standard samples of nanobodies, the KD values measured by QCM-D and 

standard SPR techniques are remarkably close giving a high degree of confidence in the 

analysis. The results also demonstrate that the proposed sensing platform – rGO-

BiotBSA-SA, can be effectively used for functionalising universal nanobodies. 

 

 

Fig. 7.5 (a-e) Kinetic fitting results of lysozyme detection using five different nanobodies 
as receptors, (f) the comparison of KD determined by SPR and QCM-D systems 
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Conclusion 

We have developed a graphene-biointerface platform for functionalising with 

nanobodies as bioreceptors. We initially explored different methods to functionalise the 

protein receptor. We found that amine crosslinking and biotin-streptavidin systems can 

be used for functionalising nanobodies on graphene surfaces to detect an analyte in 

buffer. However, the graphene functionalisation with biotin-streptavidin provides 

better selectivity against serum proteins, like BSA and IgG, with almost zero detection, 

while the IgG protein can still be non-specifically adsorbed on amine-crosslinked 

surfaces. It is reasoned that the thicker thickness arising from the SA layer prevents 

electrostatic interactions between the solid surface and the proteins. The sensing 

surface of rGO-biotBSA-SA functionalised with nanobodies shows the best selective 

detection of the lysozyme with the lowest standard error compared to other surfaces 

studied in the present work. Based on the QCM-D results,  the biotinylated BSA film 

formed on the rGO-coated sensing chips showed a denatured protein layer due to its 

strong hydrophobic interaction with the rGO surface, matching our previously reported 

results [200], [279]. This layer serves two main purposes: as a linker for SA binding and 

as a blocking agent non-specific interaction from complex fluids. Interestingly, the 

nanobodies can be biotinylated and effectively functionalised on this rGO-BiotBSA-SA 

platform. We have shown that the nanobodies against lysozyme functionalised on this 

platform are capable of detecting lysozyme in both PBS buffer and animal serum. The 

same functionalisation method was also tested with five nanobodies possessing 

distinctive binding strengths to lysozyme. The KD values of the nanobodies measured on 

this sensing surface using the QCM technique are acceptably close to the reference 

values obtained from the standard SPR technique, validating the feasibility of our 

technique to be a selective and reliable sensing platform. This graphene-nanobody 

sensor offers a controllable and straightforward functionalization method with highly 

specific detection of biomolecules. Moreover, we claim/pose that this platform could be 

extended to develop other chip-based immunosensors and drug delivery systems where 

nanobody functionalisation is applied. 
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Abstract 

The interaction of biomolecules, such as proteins, with biomaterial surfaces, is key to 

disease diagnostic and therapeutic development applications. There is a significant need 

for rapid, low-cost, field-serviceable instruments to monitor such interactions, where 

open-source tools can help to improve the accessibility to disease screening 

instruments, especially in low- and middle-income countries. We have developed and 

evaluated a low-cost integrated quartz crystal microbalance (QCM) instrument for 

biomolecular analysis based on an open-source QCM device. The custom QCM 

instrument was equipped with a custom-made electronically controlled isothermal 

chamber with a closed-loop control routine. A thermal coefficient of 5.6 ppm/°C was 

obtained from a series of evaluations of the implemented control. Additionally, a 

custom-designed data acquisition system and a mathematical processing and analysis 

tool is implemented. The quartz crystal detection chips used here incorporate gold and 

reduced graphene oxide (rGO) coated surfaces. We demonstrate the system capability 

to monitor and record the biomolecular interaction between a typical protein bovine 

serum albumin (BSA) and these two substrates. The Sauerbrey mass adsorption 

modelling on rGO-coated crystals shows that a detection limit down to ~7 µg/mL is 

possible, with significant room for improvement. This instrument was compared to a 

commercial QCM, demonstrating good correspondence between the computed mass 

adsorption density responses using the Sauerbrey model. The instrument presented 

here has the potential to serve as a ubiquitous bioelectronic tool for point-of-care 

disease screening and rapid therapeutics development.  



202 
 

Keywords 

Quartz crystal microbalance, Bovine serum albumin, Reduced graphene oxide, 

Biosensor, Open-source 

Introduction 

Standard biomedical instrumentation equipment and immunological research tools 

present limitations such as high cost, complexity of use and related steep learning curves 

that require highly skilled operators, and large size that makes point-of-care installation 

challenging, all of which hinders their use for early disease detection and delays medical 

interventions [295]–[297]. Their cost, complexity and use of proprietary technologies 

that limit field-serviceability also hinders their accessibility for low- and middle-income 

(LMI) countries. However, one route to develop easy-to-use, low-cost, adaptable and 

field-serviceable disease screening tools is to use affordable yet powerful embedded 

systems under open-source licensed ecosystems [295], [298]. Modern embedded 

systems are not only capable of reading and converting the signals produced by different 

types of biosensors, but some platforms also offer internet connectivity that makes 

possible sharing data with practitioners in remote locations for real-time diagnosis 

under the Internet of Things (IoT) scheme of intelligent devices [299]. 

A biosensor is an analytical sensing device in which specific physiochemical changes that 

occur during the interaction between recognition bioelements such as proteins, 

enzymes or antibodies and an analyte are quantitatively converted into an electronic 

signal by a transducer [300], [301]. Depending on the mechanism of transduction, a 

biosensor can be identified as optical, thermal, ion-sensitive, electrochemical or mass-

sensitive, amongst others.  

In this paper, we report on the development and evaluation of an inexpensive quartz-

crystal microbalance (QCM) instrument to study the biochemical binding interactions 

occurring at the sensor’s surface. A QCM is a mass-sensitive technique based on the 

piezoelectric effect. It offers real-time and label-free capabilities for monitoring 

interfacial interactions with high sensitivity, quantifying mass adsorption events at the 

ng∙cm2 range [302]–[304]. Our instrument is based on the openQCM device (Novaetech, 

S.r.l, Italy), the first open-source QCM released under the Creative Commons license.  



203 
 

The QCM technique enables the modulation of the biomolecular adsorptions through 

the modification of the sensor’s working electrode, which typically is made of a 

chromium-supported gold layer. Gold is a widely used material for biotechnological 

applications thanks to its inert chemical nature [305], [306]. Invariably, gold substrates 

are coated with self-assembled monolayers (SAMs) to enable the biochemical 

functionalisation by tailoring the hydrophilic or hydrophobic nature of the substrates 

[306]–[308]. For instance, SAMs of thiol chains can render the surface hydrophobic 

[309], [310]. 

Graphene has recently attracted attention as a promising biosensor surface material is 

due to its unique physical, chemical and electronic properties [311]–[315]. Graphene 

has been shown to improve the sensitivity of a biosensor thanks to its high specific 

surface area and electrical conductivity [208], [311], [316], [317]. Reduced graphene 

oxide (rGO) is commonly obtained through chemical, photochemical or thermal 

deoxygenation of graphene oxide (GO) to obtain a material that resembles, to an extent, 

the properties of pristine graphene, including increased electrical conductivity and a 

highly hydrophobic surface. It has been shown that the performance of a biosensor can 

be tuned by modifying its surface with thin GO or rGO films where hydrophilic or 

hydrophobic interactions and π-π stacking are dominant forces at the interface [86], 

[200], [312], [318]. We have previously reported on the formation of supported 

phospholipid monolayers and multilayers [6] as well the adsorption dynamics of bovine 

serum albumin (BSA) on rGO platforms [200] using the QCM with Dissipation monitoring 

(QCM-D) technique, where we revealed the pivotal role that the hydrophobicity and 

surface chemistries of the supporting substrates play during the adsorption events. 

Despite the analytical advantages offered by monitoring the energy dissipation 

occurring at the QCM’s interface during a mass adsorption event, the adsorption of 

small, rigid proteins may be effectively measured and quantified by exclusively 

monitoring frequency changes. For instance, serum albumins are small model proteins 

that are extensively used to prevent non-specific adsorption by blocking nonconjugated 

surfaces during a biosensing event [319]. Therefore, BSA was selected as the protein for 

the evaluation of the QCM instrument reported here. 
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We have developed an affordable custom QCM (cQCM) instrument based on the 

openQCM device. It is aimed at point-of-care operation for rapid detection and diagnosis 

based on protein-binding methodologies. Additionally, we equipped the cQCM with a 

custom-made electronic closed-loop control for temperature stabilisation (Fig. 8.1). We 

assessed the stability of the instrument’s response under controlled thermal conditions. 

Additionally, we evaluated our system through biomolecular adsorptions occurring at 

bare gold and graphene modified substrates. The sensors were conditioned and coated 

with GO and rGO films by following our procedure reported previously [6]. Finally, the 

results obtained with the cQCM were contrasted with a commercial QCM system with 

dissipation monitoring capabilities in order to validate the performance of our system. 

The resultant mass adsorption densities are comparable for both gold and graphene 

sensors, at a small fraction of the cost. 

Fig. 8.1 Thermally stabilized cQCM laboratory instrument setup showing the openQCM 
device inside an isothermal chamber, Peltier cooler, temperature and humidity sensors 
and front panel of the custom-made electronic temperature control. A portable 
computer captures the QCM data through a custom GUI and controls the 3-channel 
peristaltic pump for sample flowing.  
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Materials and methods 

1. Chemicals and materials 

GO dispersion was prepared by a modified Hummers’ method [202] followed by 

exfoliation and purification (see ESI 4.1). The stock dispersion of GO was diluted to a 

concentration of 0.8 mg/mL. Albumin, monomer bovine (A1900), and phosphate 

buffered saline (PBS), pH 7.4 (P4417) (Sigma-Aldrich UK) were used as received.  Buffer 

solution was prepared dissolving 1 PBS tablet in 200 mL of ultrapure water. This solution 

was stirred for at least 30 minutes and filtered using sterile syringe filter units with a 

pore size of 0.22 µm (Millex-GP, PES membrane). This buffer solution was degassed 

using pulsated bath ultrasonication under vacuum for at least one hour.  BSA stock 

solution was prepared with a concentration of 5 mg/mL. Serial dilutions of BSA were 

prepared from the stock solution. A mild solution for initial cleaning of the QCM and 

QCM-D systems and quartz crystals was prepareamine d with 2% SDS and Hellmanex II 

solution in MilliQ water. A stronger cleaning solution was prepared using the following 

reagents ratios: H2O2:NH3:DI water = 1:1:5. 

2. Equipment 

2.1 QCM chips 

All adsorptions measured using our cQCM instrument, driven by the openQCM device, 

were performed on Gold QCM sensors from Quartz Pro (Stockholm, Sweden) with a 

fundamental frequency of 10 MHz. For the QSense Pro (Biolin Scientific, Gothenburg, 

Sweden) system, QCM-D sensors with gold surface electrode (QSX-301, Biolin Scientific) 

and a fundamental frequency of 5 MHz were used. The value for the 3rd harmonic for 

both frequency (∆𝑓𝑛=3) and energy dissipation (∆𝐷𝑛=3) components were captured for 

comparative analysis.  

To form GO thin films, a spin-coater (Laurell Tech., WS-650MZ) was used. Both QCM and 

QCM-D sensors were thoroughly cleaned according to the following procedure: QCM 

sensors were first soaked for at least 20 minutes in the 2% SDS/Hellmanex solution to 

remove oil-based contaminants. This initial step is followed ultrasonication for 10 

minutes in acetone, then isopropanol; intercalating DI water rinsing steps between each 

solution. Then, the crystals were treated under oxygen plasma at 80% power for 2 
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minutes (a 100W reference system is used). Using the strong cleaning solution, the 

crystals were soaked at 75 °C for 5 minutes. Finally, the sensors were rinsed with copious 

amounts of ultrapure water and dried with a mild stream of Nitrogen gas before storing 

them in a dust-free and humidity-controlled environment before coating. 

After the cleaning process, the crystals were coated with GO via spin coating (speed: 

3000 rpm, acceleration: 350, 2 min) to form thin GO films on the chips. To obtain rGO-

coated sensors, GO-pre-coated crystals were annealed at 180 °C under vacuum (~1 

mBar) for 24 hours (Townson + Mercer EV018 vacuum oven).  

The degree of reduction was characterised via wetting contact angle (WCA) 

measurement (Kruss DSA100) of sessile drops (~5µL) of DI water and X-ray 

photoelectron spectroscopy (XPS) using SPECS custom built system composed of a 

Phobios150 hemispherical electron analyser with 1D detector. The XPS data was 

analysed using CasaXPS software (version 2.3.18). The rGO sample for XPS was prepared 

using the same conditions used for the reduction of GO on QCM crystals. The GO was 

first casted and dried on the Si/SiO2 (290 nm) substrate, followed by the reduction in 

vacuum at 180 °C for 20-25 hours. 

Scanning electron microscopy (SEM) was performed on a SEM Zeiss Ultra setup, using 

an acceleration voltage of 5 kV and a working distance of 5 mm. AFM topography images 

were acquired using a Bruker Alpha system in tapping mode with FastScan-A probes 

with a cantilever spring constant of 18 N/m. 

2.2 cQCM system construction 

The core monitoring device from our custom QCM instrument is the openQCM device. 

A detailed description of the principle of operation of this device is included in ESI 4.2. 

A thermistor with a Negative Temperature Coefficient (NTC), (Vishay PN: 

NTCLE201E3103SB) with a room temperature resistance (R0) of 10.00 kΩ and  𝛽25/85 of 

3977 was used as the temperature sensor for the isothermal chamber. It was conFig.d 

in a voltage divider circuit (ESI 4.2 Fig. S4.2) with a reference resistor with a value of 

10.00 kΩ ±0.1%. A detailed description of the implemented instrumentation for 

temperature reading and digitization are included in ESI 4.3.1 and ESI 4.3.2, respectively. 

The humidity of the system was monitored during temperature stabilization. This 
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humidity sensor (DHT22, Aosong Electronics) is an embedded digital device that uses a 

polymer capacitor as the sensing element and outputs the value of the sensor as a digital 

signal. A 20W thermoelectric Peltier cooling assembly (AR-AR-019-12, Adaptive Thermal 

Management) was attached to a fully-insulated polystyrene (PS) box with the cold side 

facing inwards the box. A peristaltic pump (Ismatec Reglo ICC, 3 Ch) was placed after the 

QCM sensor to draw the liquid from the sample vials (Fig. 8.1) in order to minimise the 

formation of microbubbles.  

A custom-made graphic user interface (GUI) was developed in Matlab R2018a to 

perform data acquisition, baseline calibration and data post-processing. ESI 4.4 

describes the general functionalities and implementation of this software. 

2.3 Development of a thermally stabilized QCM system 

In order to accurately control the temperature of the inner atmosphere of the chamber, 

a Proportional Integral Derivative (PID) closed-loop control was implemented. Please 

refer to ESI 5 for a complete description of the PID control technique. The temperature 

control is driven by an Arduino Pro Micro microcontroller (ESI Fig. S4.3) board mounted 

on a custom-designed PCB. It captures and converts the readings from the thermistor, 

reads the user input for control parameters, processes the PID control algorithm and 

accordingly activates an electromechanical relay that powers a Peltier cooler.  The 

temperature reported by the digital temperature sensor from the openQCM shield 

board showed an offset of 4.9 ℃ with respect to temperature registered by an NTC 

installed inside the chamber. This value was used as a correction factor in the firmware 

from the electronic control. ESI 4.6 provides a detailed description of the digital 

implementation of the temperature control algorithm.  

2.4 Validation of the closed-loop thermal control 

One of the few disadvantages of the openQCM device is that it presents an intrinsic self-

heating effect that can be attributed to the simplicity of its construction. The processing 

unit, an Arduino Micro development board, which is in direct spatial contact with the 

printed circuit board that drives the QCM sensor, warms up after power-up affecting the 

frequency of oscillation over a defined stabilisation period (< 1 hour). Therefore, the 
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system was enclosed in an electronically-controlled thermal chamber in order to reduce 

any thermal effects on the oscillations.  

The first description of how capable the isothermal chamber is for keeping a stable 

temperature was done in terms of the frequency shift reported by the crystal during a 

low-to-high temperatures excursion on air. To do this, a clean crystal was mounted in 

the openQCM enclosure and a temperature of 13°C was manually set on the controller 

and left overnight in order to ensure complete stability. Raw frequency values were 

captured and no liquid was flowed during this evaluation. Once the frequency and the 

temperature were stable, the QCM was let to warm up via its self-heating effect and the 

isothermal chamber was left to stabilize. When a frequency plateau was reached a new 

temperature was selected and the system left to stabilize again until a new stable 

frequency was reached. Five temperatures were conFig.d during this evaluation: 13 °C, 

15 °C, 20 °C, 24 °C and 30 °C. 

A second analysis was performed during constant forced cooling to determine the 

thermal performance of the chamber. This evaluation would shed light on the change 

rate of the frequency with respect to the temperature until the QCM sensor reported a 

stable oscillating frequency once it reached a target temperature. From this result, a 

two-variable function, F(t,T) expresses the evolution of the resonant frequency in terms 

of the temperature decay during the period that the cQCM system usually takes to reach 

complete frequency stability (< 2 hours).  

This examination was started by loading a clean Quartz Pro sensor in the cQCM 

enclosure, then the system was placed inside the isothermal chamber which had been 

left at room temperature. The board was powered on through the USB port of the 

acquisition computer and the crystal was left overnight to unperturbedly oscillate on air 

without thermal control so that the board could gradually self-heat. After ~12 hours of 

stable oscillation, the board reported a maximum temperature of 34.1°C.  The 

acquisition was then restarted and after 10 minutes of capturing raw frequencies the 

thermal control was activated with a setpoint of 20 °C.  
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Fig. 8.2 a) SEM micrograph from rGO coated on Au QCM sensor. The working surface is 
fully covered with a varied number of graphene layers from one to few monolayers, b) 
Wetting contact angle (WCA) of bare Au and rGO-coated QCM sensors, c) Quartz Pro 
QCM sensors working electrode dimensions. 

3. BSA protein adsorption study 

Prior to every experiment a clean sensor was left inside the isothermal chamber for at 

least 1 hour with the electronic control enabled in order to guarantee absolute stability. 

The overall resultant frequency dependence on the temperature was lower than 5 

Hz/°C. Sample injection was kept at a continuous flow rate of 50 μL/min during 18 mins, 

therefore approximately 850 μL were flowed over the crystal. Then, the buffer solution 

was flowed until the frequency reached good equilibrium (SD < 0.2). At the completion 

of the experimental routine, SDS 2% solution was flowed at 100 µL/min followed by 

ultrapure water at the same rate for at least 2 hours to ensure complete cleanse of the 

fluidic circuit. 

In order to provide contrasting evidence of the functionality of the system, the same 

concentrations and experimental conditions were used on the QSense Omega Pro 

system from Biolin Scientific using bare Au  

and rGO-coated crystals. The Sauerbrey equation was used to model the aerial mass 

adsorption for the range of BSA concentrations used. 

a)   b) 

c) 
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Results and discussion 

1. Characterisation of rGO-coated QCM sensors 

SEM imaging reveals the topography of the GO film on the surface of the Au working 

electrode of QCM chips obtained by spin-coating. It is formed by a continuous film of 

overlapping flakes covering the entire surface (Fig. 8.2a), with film thicknesses varying 

from one to few monolayers. Fig. 8.2b shows sessile drops of DI water on the surface of 

the bare Au and rGO-coated QCM chips (Fig. 8.2c). The Au surface exhibits a hydrophilic 

property with a WCA of 41°±5° while the rGO surface is hydrophobic with a WCA of 

85°±2°. XPS images for rGO coatings are presented in ESI 4.7. Refer to ESI 4.8 for AFM 

topography images from bare and coated sensors. 

2. Thermal chamber evaluation 

During this temperature dependence analysis, the onboard digital temperature sensor 

from the openQCM device showed a slight readout variation with respect to the selected 

values, as reported by the thermistor from the chamber, however the differences are 

mostly negligible as confirmed by their respective standard deviation (SD). Table 8.1 

summarizes the results for the differences in temperature and the statistical evaluation 

of the results. Fig. 8.3 illustrates the results of this evaluation process. The sections 

highlighted with dotted squares on Fig. 8.3a are considered as regions of acceptable 

stability based on their flatness and the SD of the responses for both variables f and T. 

The observed overshoot in the frequencies may be attributable to a thermal inertial 

effect resulting from the specific thermal gradient of the whole system. Fig. 8.3b 

includes two different fitting curves for the points obtained from the stability regions. 

The best-fitting curve is an exponential function that adjusts the obtained values for 𝐹 

and 𝑇. The linear fit was selected to represent the overall change rate of the frequency 

with respect to the total temperature change during the evaluation process. From this 

result it becomes evident that maintaining a constant temperature to reduce the 

observed self-heating effect throughout a whole experimental routine is crucial to 

preserve a flat frequency response. Moreover, this result justifies the necessity of 

thermally stabilizing the chamber before starting and during the whole duration of an 

experiment as well as maintaining a thermally unperturbed system.  
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The result for the continuous thermal evaluation over a period of 100 minutes is 

presented in Fig. 8.4. A manifest thermal drift is observed as a result of the temperature 

dependence of quartz resonators. The progress curves for frequency dependence on 

temperature change showed an initial rate period with linear trend (Fig. 8.4a), then both 

curves bend before reaching a stability region. The individual responses for frequency 

and temperature, 𝐹(𝑡) and 𝑇(𝑡) were then parametrized and plotted as 𝐹(𝑇) in Fig 

8.4b. This result demonstrates the impact of the temperature on the response of the 

QCM sensors. Interestingly, this trend is in line with the same evaluation presented in 

the seminal work from Sauerbrey (Sauerbrey, 1959) for the same type of QCM sensors 

used, AT-Cut crystal at 35° 15’ (please refer to Fig. 8.10 from (Sauerbrey, 1959)). When 

the temperature increases within the temperature range of 30°C to 40°C, the frequency 

shows a semi-linear region with a negative change rate, equivalent to the trend 

discussed here.  

 

Fig. 8.3 Results for long thermal evaluation of the isothermal chamber. Vertical axis 
expressed the frequency shifts in kHz a) Thermal evaluation of the system’s self-heating 
effect under controlled cooling. Temperature reported by the openQCM onboard sensor 
when controlling the temperature of the chamber upon self-heating, b) Temperature 
dependence of the frequency response of a QCM sensor under controlled cooling. 
Frequency vs Temperature response curve ( ) for the data regions highlighted in (a) 
and two curve fits, linear and exponential, are shown and discussed in the text. 
Crystal’s fundamental frequency,  𝑓0= 10 MHz. 

 

 

 

a) b) 
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Table 8.1 Summary of mean temperature values and frequencies during the selected 
stabilization ranges 

The resultant slope shown in Fig. 8.4b, with an absolute value of 4.94 Hz/°C, can be 

refactored in terms of the resolution of our thermal control, equal to 0.0875°C (see ESI 

4.3.2). Therefore, the change rate of the frequency per Celsius is approximately 56.45 

Hz/°C. Thus, the resultant temperature coefficient of frequency for our thermal control 

is 5.6 ppm/°C, for QCM sensors with a fundamental frequency of 10 MHz. This value 

represents the frequency stabilization capabilities of the designed isothermal chamber.  

3. Protein adsorption studies with cQCM and QCM-D systems 

3.1 QCM theory 

In 1959, Sauerbrey demonstrated that upon adding mass to a QCM sensor surface a 

frequency decrease proportional to the added mass occurs and given that the mass is 

small compared to the total weight of the crystal the frequency change is directly 

proportional to the mass of the crystal (Eq. 1) [252]. therefore their use as microbalances 

is based on the linear relationship between changes in the resonator mass and in the 

resonance frequency [252], [320]. 

∆𝑚

𝐴
= −

√𝜌𝑄𝜇𝑄

2𝑓0
2 ∆𝑓                 [𝑔/𝑐𝑚2]                                            (𝐄𝐪. 𝟏) 

A detailed mathematical development of Eq. 1 is included in ESI 4.9).  

Several reports have demonstrated the possibility to study the adsorptions of small 

proteins using conventional QCM surfaces due to the rigid coupling of some proteins to 

the substrate obtaining negligible or low viscoelastic characteristics, therefore allowing 

Temperatures [°C] Frequencies [Hz] 

Target 
Temp. 

Obtained 
Mean 
Value 

Difference SD Mean Value SD 

13 13.05 0.05 0.02 10,004,978.7 0.155 

15 15.03 0.03 0.03 10,004,972.1 0.113 

20 19.71 -0.29 0.07 10,004,963.1 0.176 

24 24.67 0.67 0.02 10,004,956.7 0.137 

30 29.17 -0.83 0.04 10,004,953.2 0.208 
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the use of the Sauerbrey model [321]–[323]. However, it is important to acknowledge 

that no absolute standard exist to establish dissipation as negligible. An often-used rule 

of thumb is that the Sauerbrey equation gives a correct value for mass added if the 

associated dissipation value with the adlayer is less than 2 x 10-6 [324], [325]. The 

dissipation values reported in the literature for the adsorption of BSA onto QCM-D 

substrates meet this criterion [326]–[328]. 

3.2 Protein adsorption on Au and rGO 

Once the cQCM instrument was thermally stable, it was used to measure the adsorption 

of different BSA protein concentrations, ranging from 10 µg/mL to 1000 µg/mL on QCM 

surfaces. Two substrates with different surface chemistries, Au and rGO were used for 

these adsorption studies. The humidity of the chamber throughout these experiments 

was registered in the project workbook with an average value below 65%. The overall 

temperature for the QCM experiments described here was 20.3 ℃ ±0.0014℃. Fig. 8.5a 

and 5b present the results from the adsorptions of BSA on bare Au and rGO-coated QCM 

sensors, respectively. Similarly, Fig. 8.5c and 8.5d present the same pair for the QSense 

system. 

 

Fig. 8.4 Results for the continuous cooling of the openQCM system a) QCM frequency 
response at continuous temperature decrease. Frequency response and temperature 
evolution over time. Both frequency and temperature present a linear region (in light 
blue) with change rates of 2.97 Hz/min and -0.51 °C/min, respectively, b) Frequency vs 
temperature (F(T)) characteristic. 

 

a) b) 
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On bare Au, during BSA adsorption the frequency increasingly shifts with respect to the 

degree of protein concentration. Fig. 8.5a shows QCM measurement for BSA adsorption 

on Au using our cQCM instrument. The total frequency shifts for all concentration of BSA 

are from about 10 Hz to 500 Hz. Similarly, the results from the QSense system show an 

increase on the frequency shift and adsorption rate as the concentration of protein is 

increased, (Fig. 8.5c).  However, the range of the total frequency shifts for all 

concentrations lies between 4 to 35 Hz, which are considerably lower than those 

obtained with our cQCM. 

Fig. 8.5b corresponds to the adsorption of BSA onto an rGO-coated sensor using our 

cQCM. For a BSA concentration of 10 µg/mL, the adsorption shows a fast adsorption 

rate at the initial stage followed by a notably slow adsorption, as the change of 

frequency is almost flat. The total frequency shift after the rinsing process is 

approximately 20 Hz. For BSA concentrations of 20 µg/mL and 50 µg/mL, a fast 

adsorption rate at the initial stage followed by no further adsorption after a few 

minutes, as evidenced by the flat frequency shift. The total frequency shift in both cases 

are similar at approximately 32 Hz. With a BSA concentration of 100 µg/mL, the 

adsorption rate is initially high then slows down after a few minutes, resulting in a total 

frequency shift of about 40 Hz. For the highest used BSA concentration of 1000 µg/mL, 

the protein was rapidly adsorbed onto the surface with a frequency shift of 

approximately 140 Hz, then no more adsorption was observed, as noted by the flat 

frequency response. 

Similar to the results obtained with our cQCM system, the adsorption of BSA on rGO-

coated sensors measured with the QSense system shows different adsorption 

characteristics depending on the concentration of the protein. For low concentrations 

of BSA (10, 20, 50 µg/mL), the adsorption shows a comparable trend: fast adsorption 

rate at the initial stage followed by a slower adsorption after a few minutes, as the 

frequency responses are almost flat. The total frequency shifts for those three cases are 

about 5 Hz. In contrast, for a BSA concentration of 100 µg/mL, the graphs show a 2-stage 

adsorption with different adsorption rates. The initial stage presents a fast adsorption 

rate with an intermediate frequency shift of about 5 Hz, then the adsorption rate 

decreases and the frequency changes homogenously reaching a plateau at 11 Hz. For a 
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BSA concentration of 1000 µg/mL, the protein was rapidly adsorbed onto the surface, 

then slowed down reaching a total frequency shifts of approximately 17 Hz.   

The adsorption kinetics obtained from both systems are fairly similar, observing a 2-

stage adsorption for 100 µg/mL BSA onto rGO. We have recently evidenced this 

behaviour in a systematic study of the adsorption of BSA on graphene platforms [200]. 

At this point is important to highlight the differences on the sample injection/flowing 

methods as they can render specific hydrodynamic pressure profiles. While our system 

uses a peristaltic pump that withdraws liquid from the sample vials (Fig. 8.1), the QSense 

system uses a top-injection and lateral-withdrawal syringe pumps with precision 

motorized stages.  

3.3 Mass adsorption and comparison with QSense 

A comparative evaluation of the adsorption of BSA with the same five concentrations 

using the QSense system is presented. The total aerial mass density adsorption was 

obtained from the Sauerbrey equation (Eq. 1) for both frequency responses and are 

shown in Fig. 8.6. Quantitatively, the mass densities obtained using both systems show 

similar trends and their magnitudes are comparable within the margins of error for both 

gold and rGO surfaces. For the adsorption on rGO surface, the adsorption mass of all 

concentrations, calculated from QSense results, are slightly higher than those measured 

from our in-house system probably due to the topographical differences between the 

two types of crystals, QSense vs. Quartz Pro. 

4. Discussion 

BSA can be modelled as an oblate ellipsoid with approximate dimensions 4 nm x 4nm x 

14 nm in an aqueous solution with a molecular weight of 66 kDa [101]–[103],[106]. BSA 

adsorbs with specific orientations lead to specific adsorption kinetics when in contact 

with substrates with different chemistries [107].  The BSA protein adsorption at the solid 

and liquid interface can occur due to electrostatic interactions, hydrogen-bonding and 

hydrophobic interactions [15], [106], [329]. The hydrodynamic adsorption of BSA 

molecules onto a surface may align in two orthogonal extreme orientations: side-on and 

end-on; this model has been used in several reports [106]–[109]. If a side-on orientation 

is considered, one BSA molecule will occupy an approximate area of 56 nm2, resultant 

from a projection on the X-Y plane of the ellipsoidal shape of the protein [106], [327]. 
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This results in a maximal density of 1.78 x 1012 BSA molecules per cm2 or 194 ng/ cm2 

for the monolayer side-on arrangement. For the end-on scenario, a BSA molecule 

occupies an approximate area of 16 nm2 corresponding to 9.63 x1012 BSA molecules per 

cm2 or 685 ng/cm2 for the monolayer end-on adsorption.  

 

Fig. 8.5 QCM results for the adsorptions of BSA on a) bare Au and b) rGO-coated using 
the cQCM, c) and d) present the same pair for the QSense system. 

On a gold sensing surface, the mass adsorption for the BSA concentration 10 µg/mL to 

1000 µg/mL ranges from 40 ng/cm2 to 800 ng/cm2. For the case of BSA concentrations 

lower than 100 µg/mL, a side-on deposition on gold of the protein can be assumed due 

to low adsorption density. Also, the adsorbed layer might be denatured as lower 

concentrations the protein has a longer time to spread on the surface leading to 

structural changes [228]. In this regard, McArdle et al. studied the effect of 

concentration of MvBOx to bare and SAM-modified surfaces using QCM and DPI, 

claiming that low concentrations protein has time to relax on the surface and form a 

more rigid layer due to the lack of electrostatic repulsion from the presence of 

neighbouring proteins and extensive denaturation of the protein occur the case of low 

concentration (100 µg/mL) [228].  

a) b) 

c) d) 
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For BSA at a high concentration environment, the observed high amounts of adsorbed 

mass could be due to more adsorbed molecules and water entrapment into the protein 

layers [112], [327]. The interaction between BSA and gold could be driven by 

hydrophobic interaction via hydrophobic residues, electrostatic interaction via the 

positively charged lysine residues and bonding between the single free thiol on BSA 

(associated with a cysteine residue) and Au surface [330], [331]. Moreover, several 

reports on the interaction of BSA with Au have stressed the importance of the 

maximization of hydrophobic interactions as a crucial factor in the irreversible 

adsorption of proteins with denaturation [106], [326]. 

Fig. 8.6 BSA mass adsorption densities comparison on a) bare Au and b) rGO-coated 
sensors. Results for the cQCM instrument are shown in green bars while QSense results 
correspond to the orange bars. See online version for colour.  

 

In contrast, on rGO surfaces, the mass adsorption ranges from 30 ng/cm2 to 300 ng/cm2 

for the concentration range used in this study. The adsorption mass on rGO surface is 

relatively lower than that on gold surface. It is assumed that deposited BSA molecules 

flattened and denatured on rGO surfaces due to the strong hydrophobic interaction with 

rGO resulting in lower adsorbed mass [200]. A two-stage adsorption process in the case 

of BSA concentration higher than 100 µg/mL could have begun with the formation of a 

rigid layer, where the spreading of molecules is higher, followed then by the formation 

of an additional layer of BSA molecules [200], [228]. Interestingly, an initial fast 

adsorption rate of low BSA concentrations (< 50 µg/mL) on rGO surfaces is observed. It 

is believed that this effect is due to predominant hydrophobic interactions between rGO 

a) b

) 
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and the hydrophobic functional groups of BSA in addition to π-π stacking processes, 

which in turn flatten the protein molecules, saturating the surface of the working 

electrode [200], [332], [333]. 

Table 8.2 summarises the evaluation results from our system, including: limit of 

detection, sensitivity and linear ranges for the concentrations studied. The complete set 

of calibration curves is included in ESI 4.10.  

The limit of detection (LOD) was computed using the 3-sigma method, according to  

Eq. 2.  

𝐿𝑂𝐷 =
3𝜎

𝑆𝐿𝑅
                   [𝜇𝑔/𝑚𝐿]                                                (𝐄𝐪. 𝟐)       

Where: 

𝜎 is the standard deviation (SD) of the response from blank sensors 

𝑆𝐿𝑅 is the slope from the Linear Range (LR) of the respective calibration curves 

In general, the cQCM system offers higher sensitivity and lower detection limits 

compared to the QSense system due to the higher fundamental frequency from the 

cQCM sensor (10 MHz vs 5 MHz). 

The highest sensitivity was observed on the bare Au substrate with the cQCM system. 

The resultant ΔF vs concentration pairs for both cQCM and QSense systems were plotted 

and fitted using Hill curve fitting, a widely used model to describe occupancy of 

biomolecules on surfaces, like BSA-Au [334].  The linear regions from bare Au substrates 

lie within the concentration range of 10 µg/mL to 100 µg/mL, obtained from the fitted 

sigmoidal curves for both systems.  

Interestingly, rGO-coated substrates present a relatively wider range of linearity 

compared to bare-Au. It is reasoned that a thin film of squashed BSA molecules forms 

on the rGO surface followed by the stacking of an additional layer of BSA, exposing more 

hydrophilic regions where more molecules can be adsorbed [200]. This results in the 

increase of the molecular saturation point of the crystal. On bare-Au, in contrast, the 

crystal reaches a faster BSA saturation without molecular flattening as the concentration 

increases, matching the Hill model. 
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 In terms of the LOD, values of ~6.8 µg/mL and ~9.8 µg/mL were obtained for the cQCM 

and QSense systems, respectively. The rGO surface in the cQCM system linearly 

responded within the concentration range of 20 µg/mL to 1000 µg/mL while the QSense 

system reported a lower linear range from 50 µg/mL to 1000 µg/mL, for the rGO surface. 

This difference could be due to intrinsic properties of the QSense and cQCM systems i.e. 

hydrodynamic pressure, noise floor and sensor instrumentation principle. 

 

Table 8.2 Summary of sensitivity, limits of detection and linear ranges for the cQCM 
and QSense systems 

 

Conclusions 

We have evaluated the performance of a thermally stabilised open source-based QCM 

instrument through protein adsorptions. The designed instrument is targeted at 

biomolecular interactions studies with field-operability capacity at an affordable total 

cost of ~£2000. It was observed that a continuous cooling process has a stronger effect 

on the frequency stabilization rate compared to that for forced cooling upon self-

heating. In the linear fittings for the two responses of 𝐹(𝑇) (Fig. 8.3b and 8.4b), the 

discrete evaluation showed a slope of -1.5477 ± 0.1988 Hz/°C while the continuous 

cooling showed a change ratio of -4.94 ± 0.01082 Hz/°C, which represents an increase in 

the cooling capability by a factor of ~3. The overall humidity of the chamber throughout 

these experiments was below 65%.  In spite of the low SD for the temperatures obtained 

for the BSA adsorption studies and the good temperature stability during the lifetime of 

each experimental session, there is a possibility of increasing the accuracy of the target 

 

System 

 

Surface 

LOD  

(µg/mL) 

Sensitivity 

(Hz/ µgmL-1) 

Linear Range 

(µg/mL) 

cQCM Bare Au ~2.6 1.63 10-100 

rGO ~6.8 0.10 20-1000 

QSense Bare Au ~4.4 0.14 10-100 

rGO ~9.8 0.01 50-1000 
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temperature by interfacing the readout value from the openQCM board to the PID 

control via the GUI for data acquisition. In this way, the chamber sensor would be 

bypassed as the QCM temperature monitoring device and the control could be driven 

by the temperature reported by the openQCM’s on-board digital sensor. This new 

approach would eliminate the resultant offset from the temperatures reported by the 

two sensors and, in consequence, the efficacy of the thermal control would significantly 

improve. Additionally, it is possible to increase the granularity of the temperature 

reading by changing to an external 12-bit or higher resolution ADC module. 

In spite of the fact that the cQCM system presented here inherently lacks dissipation 

monitoring capabilities, it showed higher sensitivity and lower detection limits 

compared to the commercial system and at a much lower cost. It was observed that the 

adsorption dynamics strongly depends on the protein concentrations and surface 

chemistries. Particularly, rGO-coated QCM sensors present relatively wider range of 

linearity for BSA adsorption compared to bare-Au as an additional protein layer is 

formed promoting hydrophilic regions where more molecules can be adsorbed. This can 

be useful to tailor QCM-based biomolecular assays, as we have recently demonstrated 

on the development of a Point-of-Care immunosensor for membranous nephropathy 

[279]. 

The functionalization of QCM substrates with biochemical species, including the 

formation of rGO-supported biotinylated lipid monolayers or the use of “reporter” 

molecules, can be explored. This integrated system presents an opportunity for 

materials scientists, biomedical engineers or practitioners for studying chemical and 

biomolecular interactions with surfaces. Moreover, it can help develop label-free, fast 

and low-cost immunoassays readily available for homecare use without extensive 

training. It has the potential to become a rapid and highly sensitive point-of-care 

diagnostic instrument especially well-suited for low- and middle-income countries. 

Future upgrades will endow the instrument with a multi-channel reading of bio-

functionalised sensors, reversible chamber cooling and heating, machine learning and 

mobile access with both clouds- and host-based computing capabilities. 

 

 



221 
 

CRediT authorship contribution statement 

Daniel Melendrez: conceptualization, investigation, software, validation, data curation, 

formal analysis, writing - original draft, writing – review & editing, funding acquisition. 

Piramon Hampitak: investigation, methodology, data curation, formal analysis, writing 

– original draft, writing – review & editing, funding acquisition. Thomas Jowitt: 

supervision, methodology, resources. Maria Iliut: investigation, resources, writing – 

review & editing. Aravind Vijayaraghavan: conceptualization, methodology, 

supervision, writing - original draft, writing – review & editing, project administration, 

funding acquisition.  

Acknowledgments 

D. M. acknowledges The National Council for Science and Technology (CONACyT), 

Mexico for the financial support. D.M. thanks Marco Mauro from Novaetech (openQCM 

team) for the technical support and feedback provided during the course of this 

research. P.H. acknowledges the financial support of the Development and Promotion 

of Science and Technology Talents Project (DPST), Thailand. We acknowledge the 

support of the Biomolecular Analysis Core Facility, Faculty of Biology Medicine and 

Health, The University of Manchester. AV acknowledges funding from the Engineering 

& Physical Sciences Research Council (EP/K016946/1). 

  



222 
 

CHAPTER 9. Conclusions 
 

In this thesis, graphene derivatives were used as a coating material for QCM sensing 

chips to improve their surface functionalities. Three main pieces of research were 

presented. First, a fundamental study of graphene and biomolecule interaction was 

described.  Then, the development of a real-world application, a biosensor-based tool 

for disease screening, where the development of a sensor prototype and its testing and 

validation was discussed. Finally, the utility of the graphene-QCM immunosensor was 

further explored by functionalising with nanobodies as protein receptors for lysozyme 

detection. 

Graphene derivative surfaces were intensively characterised using various techniques, 

including SEM, AFM, contact angle, XPS, and Raman, to understand the materials' 

physical and chemical properties.  A fundamental understanding of graphene-proteins 

interaction was achieved by systematically investigating the interaction between 

graphene derivatives and the serum protein BSA through the QCM-D technique. It was 

observed that the adsorption and orientation of the protein on graphene significantly 

depend on the hydrophilic and hydrophobic domains of the graphene surface, acting as 

a platform with tuneable hydrophobicity. The molecular conformations of BSA upon 

adsorption on graphene with varying degrees of hydrophobicity were mapped and 

presented in publication 1. Based on these results, different routes to functionalise 

different kinds of protein receptors, including fragments of antigen and nanobodies, 

were explored, as presented in publications 2 and 3. Furthermore, a real-world 

application of the graphene bio-interface sensor was exemplified.   

In publication 2, a novel graphene-protein bio-interface was constructed by adsorbing a 

low concentration of denatured bovine serum albumin (BSA) on the reduced graphene 

oxide (rGO) sensor surface. The BSA film prevented the denaturation of the protein 

receptor on the rGO surface and served as the cross-linker for immobilisation of the 

receptor for anti-PLA2R antibodies on the surface. As a result, the detection limit and 

selectivity of our in-house G-QCM biosensor are comparable to a commercial QCM 

system. Furthermore, the results obtained from patient sera compared favourably with 
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those from enzyme-linked immunosorbent assay (ELISA), validating its feasibility for 

clinical applications. 

In publication 3, a to be published work, we have explored using the graphene-QCM 

sensing tool with single-domain antibodies or nanobodies as receptors for antigen 

protein. The nanobody against lysozyme was used as a model protein pair. We found 

that graphene with amine crosslinking and biotin-streptavidin systems can be used for 

functionalising nanobodies to detect an analyte in the buffer. However, only the 

interface corresponding to graphene functionalised with biotin-streptavidin proved to 

have selectivity against serum proteins, including BSA and IgG. The sensing surface rGO-

biotBSA-SA functionalised with nanobodies showed a highly selective detection of the 

lysozyme in both buffer and calf serum media with a lower standard error of the 

measurement compared to other tested surfaces. The same functionalisation method 

was tested with the other five nanobodies specific to lysozyme. The observed binding 

trends from the QCM-D results align with the kinetics dissociation values from each 

nanobody, demonstrating the feasibility of the method to be universally adopted for 

nanobody functionalisation.  

In the collaborative publication, we have evaluated the performance of a thermally 

stabilised open source-based QCM instrument through BSA protein adsorptions. The 

instrument was designed to be a low-cost and field-serviceable system that can 

potentially benefit the development of point-of-care medical devices. The BSA 

adsorption on Au and rGO were tested on the in-house-QCM and the commercial QCM 

instrument. Our QCM system presented higher sensitivity and lower detection limits 

compared to the commercial system. 

From a general perspective, this Doctoral research work has traversed the field of 2D 

materials, especially graphene, passing through the fundamentals of the core sensing 

technique applied in the present thesis, the QCM technique, pinpointing its applicability 

in biotechnology. From a professional standpoint, the accumulated knowledge set solid 

theoretical and experimental grounds that led me to perform a series of systematic 

studies on the biomolecular interactions of a serum protein, BSA, with graphene. A 

comprehensive understanding of bio-interface interactions and the vast experience 
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gained from working with the primary sensing technique led to the development of 

immunosensing platforms using antigens and nanobodies as protein receptors. The 

prototype of a point-of-care immunosensor based on the QCM technique was 

developed and validated with patient serum samples emphasising its potential to be a 

real-world disease screening tool. Further clinical trials will be conducted to transfer the 

scientific findings and technological aspects from this research to commercial medical 

instruments of high impact. Moreover, the graphene-protein platform proposed and 

described here could help to diversify the detection capabilities and performance of 

immunosensing instruments. 
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quartz-crystal microbalance with dissipation monitoring (QCM-D) 
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Parsons1, Ben Spencer1, Thomas Jowitt2, and Aravind Vijayaraghavan1, * 
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University of Manchester, Oxford Road, Manchester M13 9PL, UK.  

2School of Biological Sciences, Faculty of Biology Medicine and Health, The University of Manchester, 

Oxford Road, Manchester M13 9PL, UK. 

 

Here, we provide the protocol for QCM-D measurement and present the computational 

methods for calculating mass adsorption as well as supplementary results and analysis. 

More information about experimental protocols related to graphene coating and the 

QCM-D measurement are described in the supplementary information of Melendrez et 

al.[6]. 

1.1 Protocol for QCM-D measurement of protein adsorption study  

1.1.1 Initial preparation of Quartz Crystals 

The quartz crystal sensors with a gold surface with fundamental frequency of 5 MHz 

(QSX-301) were purchased from Biolin Scientific. To prepare the sensors for studying the 

adsorption of biomolecules on graphene derivatives surfaces, the QCM chips were 

cleaned following a modification of the protocol provided by QSense, then coated with 

GO using a spin coater to get the GO chips. To get rGO chips, the GO pre-coated chips 

were thermally reduced to rGO at controllable conditions following Fig. S1.5 in ESI 1.5. 

 Cleaning protocol for Au QCM chips 

This cleaning process is required to be carried out under a fumes hood, wearing 

adequate PPE. 
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1. Wash the crystals by soaking them for at least 20 minutes in a cleaning solution 

containing any of the following surfactants:  10% Decon-90 or 2% SDS and/or 2% 

Hellmanex in water to remove any oil-based contaminants. This process is followed by 

ultrasonication of the crystals for 10 mins in acetone, then in isopropanol, intercalating 

DI water rinsing steps between each solution. This process ensures that the surfaces are 

free of any organic and/or polymeric residue. 

2. Treat the crystals with oxygen plasma treater at 80% power (100 W reference system) 

for 2 mins. 

3. Wash with cleaning solution for gold crystals (H2O2: NH3: DI water= 1:1:5) at 75 °C for 

5 mins 

4. Rinse with MilliQ water, keeping the sensor surface wet while rinsing. 5. Dry the 

crystals with a mild stream of nitrogen gas and store them in a dust-free and humidity-

controlled environment before using the bare sensors or during the coating procedure.  

 Coating the sensors with GO 

After the thorough cleaning procedure, the QCM crystals were coated with an in-house 

prepared GO dispersion via spin coating (Laurell Technologies Corp, WS-650MZ-

23NPPB). The following parameters were set: speed: 3500 rpm, acceleration: 350 

rpm/sec, time: 2 mins. With these parameters, thin and uniform GO films were achieved 

on QCM-D Au substrates. A GO dispersion with a concentration of 0.8 mg/mL was drop-

casted on the QCM chip fully covering the area of its working electrode. The solution 

was left to settle for 30 seconds before spin coating.  

1.1.2 BSA solution preparation 

Albumin, monomer bovine (A1900) and phosphate-buffered saline (PBS, P4417 - pH 7.4) 

were purchased from Sigma–Aldrich. Ultrapure water was obtained from a Milli-Q 

Integral Water Purification System. BSA stock solution was prepared with a 

concentration of 5 mg/mL. Different concentrations of BSA solution including 10μg/mL, 

50 μg/mL, 100 μg/mL 500 μg/mL and 1 mg/mL were prepared from the stock solution. 
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1.1.3 QCM-D measurement procedure 

The QCM-D measurements for BSA adsorption on both Au and GO- and rGO-coated Au 

chips were carried out using the Q-Sense Omega Auto system (Biolin Scientific). The 

system consists of eight sensing ports that can be automatically fed through customized 

scripts. As each fluidic cell has an O-ring the same size as the sensing area of the QCM-

D chip, the fluid flow is isolated over the sample area. Before every experimental 

session, the ports and sensors holder were cleaned using clean maintenance chips 

following the protocol described below. The temperature of the system was set at 20oC 

to avoid the effects of possible thermal drift on the response signals. Once the system 

was primed, the sensors for experimentation were loaded on the sensors holder. 

At the beginning of each measurement, the sensors were primed by continuously 

flowing PBS until a stable baseline was obtained. This process is crucial for the removal 

of trapped bubbles, to verify the quality of the sensors and thus to obtain reliable 

measurements. Once a stable baseline was observed, the corresponding measurement 

script was started. 

In the present report, the standard steps for measuring the adsorption of BSA onto 

different substrates are continuous injection of PBS to obtain a flat baseline, then BSA 

sample injection followed by a stabilization period, then a final PBS rinse stage, as shown 

in Fig. S1.1. A flow rate of 10 μL/min was selected for all measurements. 

Once the measuring script is completed, to avoid contamination it is recommended to 

run a washing routine to clean the sensors, syringes and tubing using surfactant 

solutions such as Hellmanex and/or SDS to be then finally rinsed with MilliQ water and 

left to dry overnight. This process ensures that the system is left clean and dry for 

subsequent experiments. 
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Fig. S1.1 Injection sequence for measuring protein adsorption with QCM-D. During the 
initial stage, a stable baseline must be reached. After stabilizing the QCM chip with PBS, 
the sample is injected then flowed through the sensor continuously for ~30 mins, then 
rinsed with PBS to remove loosely bound molecules. 

 

1.2 Theory of QCM-D  

QCM-D monitors molecular adsorption on surfaces through real-time measurement of 

changes in frequency (Δf) and dissipation (ΔD) with high temporal resolution. Higher 

mass adsorption will result in large frequency down-shift. The amount of adsorbed mass 

can be determined by using the Sauerbrey equation [167], (equation 1), and viscoelastic 

modelling [169].  

∆𝑚 = −
𝐴√𝜌𝑞𝜇𝑞

2𝑓0
2 ∆𝑓  (1) 

where 

𝑓0  is the resonant frequency (Hz) 

∆𝑓  is frequency the change (Hz) 

∆𝑚 is adsorption mass change (g) 

𝐴   is the Piezoelectrically active crystal area (area of working electrode, cm2) 

𝜌𝑞  is the density of quartz (typically 2.648 g/cm3) 

𝜇𝑞  is the shear modulus of quartz for AT-cut crystal ( typically 

2.947x1011 g·cm−1·s−2) 

The dissipation or damping is the sum of total energy losses in the system in an 

oscillation cycle defined as the lost energy divided by the total energy stored in the 

https://en.wikipedia.org/wiki/Resonant_frequency
https://en.wikipedia.org/wiki/Piezoelectric_effect
https://en.wikipedia.org/wiki/Density
https://en.wikipedia.org/wiki/Shear_modulus
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system, Eloss/Etotal. High dissipation will be the result of viscoelastic adsorption of 

molecules creating a soft film on the surface. In contrast, a rigid film adsorbed on the 

crystal usually gives low dissipation values. The slope of the plot of ΔD vs Δf, also known 

as dissipation density, reveals regions of different adsorption behaviour in terms of the 

viscoelastic structure of the adsorbed material.  

 QCM-D modelling 

Computational mathematical modelling of the acquired QCM-D data was carried out to 

determine the mass, thickness and viscoelasticity of the adsorbed films using QSense 

Dfind software provided by Biolin Scientific. QSense Dfind supports QCM-D profile data 

obtained from QSense and is employed to visualise and model the physical properties 

of the molecular layers under analysis. The software provides computational methods 

to determine the mass adsorbed onto a QCM sensor surface including Sauerbrey and 

viscoelastic modelling based on Voigt-Voinova model[169]. The general procedure for 

extracting information from QCM-D profiles is shown in Fig. S1.2. 

Briefly, for processing the ‘.QSOD’ files that contain the acquired QCM-D data, the 

following procedure was performed. First, after importing the files using Dfind, a series 

of parameters including the density of adsorbed materials, buffer and periods of each 

adsorption process must be set before starting the computational processes. To 

accurately determine the adsorbed mass, thickness and viscoelastic properties, it is 

crucial to choose the right model according to the observed adsorption kinetics. If there 

is no considerable separation in the frequency shifts between the harmonics and no 

significant shifts on the dissipation curves, it is recommended to use Sauerbrey’s model. 

On the other hand, the viscoelastic modelling with Smart Fit or Broad Fit should be 

performed if the measurement contains great dissipation shifts and/or well-spread 

frequencies for the different harmonics. The fitting process works by first calculating the 

output values for a model with a certain set of input parameters and then adjusted until 

the output values are close as much as possible to the original values. To achieve a good 

fit for the viscoelastic modelling, Chi-square and fit quality are the statistical parameters 

considered to determine the goodness of the fit. Chi-square is the most common 

criterion for minimizing χ2 defined as: 
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𝑋2 = ∑ [
𝑌𝑡ℎ𝑒𝑜𝑟𝑦,𝑖 − 𝑌𝑒𝑥𝑝,𝑖

𝜎𝑖
]

2

𝑖

 

where σi is the measurement error, or standard deviation of the i-th data point, 

Ytheory,i and Yexp,i are the calculated and experimental Y-values, respectively. 1/σi is the 

weight of each measured point. Chi-square should be as low as possible. Fit quality is 

the sum of chi-square over the span of the data. It is shown for every modelling result 

of the dataset. Fit quality is displayed with a coloured circle above the modelling Fig. 

S1.2 colour scale gradually ranging from red, to yellow then green, indicates the 

quality of the fit, where green represents a good data fit. 

1.3 Scanning electron microscopy (SEM) results 

The SEM imaging of graphene oxide flakes and crystal coatings was performed on a SEM 

Zeiss Ultra setup, using an accelerating voltage of 5 kV. First, on Fig. S1.3(a,b) the size 

distribution analysis of GO flakes on a SiO2 wafer substrate is shown. This flake size 

distribution was computed with the aid of ImageJ software. A predominant lateral flake 

size of 1.6 nm can be observed while an average flake size is ~12 nm. The before and 

after reduction of GO-coated on QCM chip shows the same surface morphology, see Fig. 

S1.3(c,d).  Both GO and rGO surfaces show full coverage of the gold substrate. Fig. S1.3c 

and d show SEM images of spin-coated GO on Au QCM chips with a magnification of 92x 

and 141x, respectively. Graphene-coated sensor surfaces with uniform coverage and the 

presence of flake overlaps can be observed.   
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Fig. S1.2 Data modelling flowchart showing the conditions for determining mass, 
thickness and viscoelastic properties of adsorbed films on surfaces 
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Fig. S1.3 Scanning Electron Microscopy images, showing (a) flake size distribution of GO 
on SiO2, as described in (b), (c) GO, (d) rGO coated on QCM chip (e) and (f) show scans 
of GO on gold substrates with a magnification of 92x and 141x respectively. In all cases, 
the accelerating voltage was 5 kV. All measurements are in µm. 

 

1.4 AFM surface characterization  

The topography of the GO coating was characterized using the AFM imaging technique, 

as shown in Fig. S1.4.1. The images were processed using Gwyddion 2.53 software. After 

spin-coating and drying, the sample reveals the presence of flakes due to their 

characteristic creases, folds and crumbles resulting in a deposition ranging from single 
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to few-layer overlaps, as observed from the height profile on Fig. S1.4.1(b) 

corresponding to the highlighted white line from Fig. S1.4.1(a). The thickness of the 

coating layer is approximately 4 ± 2 nm pointing at a stacking of 2 to 6 layers, respective 

to the typical thickness of a single GO sheet of ~1 nm.  

By following the same coating procedure described in the main paper, the topography 

of bare, GO, rGO2 and rGO5 coatings on Au QCM chips are presented in Fig. S1.4.2. 

Surface roughness for each sample was measured to assess its impact on protein 

adsorption. As it can be seen on Fig. S1.4.2, the Rrms values for all samples are lie within 

the same range of 1.4 nm, therefore, in this case, surface roughness should not have a 

major effect on the protein adsorption. However, the Rrms value of the GO surface is 

slightly higher than the rGO ones. This can be attributed to the water molecules trapped 

between the substrate and GO in addition to the wrinkles, folds and overlaps of GO 

flakes due to the hydrophilic nature of GO. In the case of rGO2 and rGO5 coating on Au, 

the roughness seems very similar to the bare Au one. This could be due to the flattening 

of the GO flakes upon the thermal reduction process accompanied by dehydration.  

 

Fig. S1.4.1 Atomic Force Microscopy images of a) GO spin coating on Au, b) its 
corresponding height profile c) GO flakes on SiO2 and d) its corresponding height profile 
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Fig. S1.4.2 AFM mappings and Root-mean-square roughness (Rrms) in nm scale are 
shown for (a) bare Au b) GO-Au, c) rGO2-Au, d) rGO5-Au. Scan area in all images is 
 2 μm2. 

 

1.5 Contact angle analysis  

For the wetting properties study, a Kruss DSA100 (Hamburg) system was used to 

measure the wetting contact angles (WCA) for all substrates. Sessile drops (~5 μL) of DI 

water were cast on top of the substrates. The computation of the WCAs from the 

captured images was carried out using a plugin for ImageJ developed by Marco Brugnara 

[335]. 

Table 1 presents the wetting contact angles (WCAs) of Au and SiO2 QCM-D chips and GO 

and rGO coating on both substrates. Both Au and SiO2 are hydrophilic with a WCA of 

41.3±5.1o and 17.3±2.2o, respectively, however, after coating with graphene, the WCA 

of GO and rGO on both substrates are similar.   

The relation between contact angle and thermal reduction time at two different 

temperatures is presented in Fig. S1.5. 
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Table S1.1 Wetting contact angle (WCA) of DI water droplet of GO and rGO5 coating on 

Au and SiO2 substrates 

 

The red circles correspond to the reductions performed at 80 ℃ while the dark squares 

indicate the contact angles obtained at 180 ℃. The maximum reduction period was 28 

hours while the blue triangle corresponds to no reduction time namely, the contact 

angle of a GO-coated QCM surface. The contact angle of GO is about 21o which indicates 

its hydrophilic characteristic. The thermal reduction process occurred very fast even at 

a relatively low temperature possibly because the surface is a thin film containing a few 

layers of GO. By using a reduction temperature of 180oC, the contact angle rapidly 

increased to approximately 75o. From a 1-hour reduction until 28 hours of thermal 

treatment, the value of the WCA does not present a significant change. The highest 

achieved WCA is about 85o. It can be assumed that oxygen functional groups were 

mostly removed from the first hour of the reduction at 180oC.  

 

Fig. S1.5 Wetting contact angles for GO and reduced GO with different reduction 
conditions including reduction temperature and time. 
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1.6 XPS analysis 

The samples for X-ray photoelectron spectroscopy (XPS) analysis were prepared by 

drop-casting the dispersion of GO on a clean Si/SiO2 substrate and drying at room 

temperature in a vacuum oven to achieve a film with a thickness of not less than 10 nm. 

The GO samples were thermally reduced at controllable conditions to achieve different 

levels of hydrophobicity, characterized by their WCA.  

The XPS data were collected on a SPECS custom-built system composed of a Phobios 150 

hemispherical electron analyser with a 1D detector. The X-ray source is a microfocus 

monochromated Al K-alpha (1486.6 eV) source.  All spectra were collected with a pass 

energy of 20 eV.  Combined ultimate resolution as measured from Ag 3D is 0.5 eV with 

the X-ray source and 20 eV pass. The XPS data processing was done using CasaXPS 

software (version 2.3.16 PR 1.6). The calibration of the C1 spectrum was performed 

using the sp3 carbon (C-C, C-H) as a reference at 284.8 eV peak position and the 

background type used was spline Tougard. The C1s spectrum fitting was performed 

using 7 synthetic components ascribed to different chemical species and a satellite peak 

respectively. The sp2 C component is represented by an asymmetric line shape of 

A(a,b,n)GL(p) type (CasaXPS version 2.3.16 Manual) where A(0.3,0.8,40)GL(45); the 

other synthetic components are represented by a symmetric line shape of GL(p) type 

where GL(30) (Gaussian/Lorentzian mix with 30% Lorentzian). The constrains applied 

where the FWHM constraint (0.9-1.1) and the position constraints (between max ±1 eV 

to min ±0.1 eV). XPS C 1s region was fitted with the synthetic components in the manner 

which minimizes the total square error fit (0.91) and corresponds to the literature 

reports. 
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Fig. S1.6.1 (a) Wide scan XPS spectra (b) Atomic percent of C/O obtained from the wide 
scans and plot against the contact angle (c) detail spectra of C1s and (d) O1s for GO and 
reduced GO with different reduction conditions characterized by the contact angle. 
Oxygen content reduces with respect to the increase of contact angle. 

 

Here we present the full set of XPS data obtained for the group of sensors used on this 

report. Fig. S1.6.1(a) shows the spectra for the thermally reduced samples in descending 

order, where the top graph is the highest level of reduction of GO performed with a 

contact angle of 84o and the bottom graph is bare GO coating. Fig. S1.6.1(b) shows the 

atomic percent of C/O obtained from the wide scans and is plotted against the WCA of 

the coated substrates to present an extensive evaluation of the oxygen reduction level. 

Oxygen functional groups reduce as a hydrophobic level of rGO increases as observed 

from the detailed scan profiles of O1s in Fig. 6.1(d).  

Fig. S1.6.2 presents the individual curve fittings of C1s spectrum with both Gaussian and 

Lorentzian components, as discussed before. The C1s spectrum of GO shows the 

presence of different functional groups decorating the basal plane and the edges of the 

flakes, ranging from hydroxyl (C-OH) and epoxy (C-O-C) groups between ~286 and 287 

eV, carbonyl (C=O) and carboxyl (O-C=O) groups between ~287 and 289 eV. Carbons sp2 

and sp3 located around ~284 eV and ~285 eV, respectively, are observed. The peak for 
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epoxy group is also predominant in rGO1 to rGO3. With the higher level of reduction 

(Fig. S1.6.2 (e, f)), the rGO4 and rGO5 present fewer oxygen groups, i.e. single and 

double carbon –oxygen groups with a binding energy of ~286 and 287 eV respectively, 

and an increased intensity carbon peak. It is demonstrated that the reduction of GO to 

rGO provides a significant restoration of sp2 carbons. 

 

Fig. S1.6.2 Deconvoluted details of C1s spectra for GO and rGO with various reduction 
levels. The reduction of GO to rGO via controlled thermal reduction can significantly 
restore sp2 carbons 
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1.7 Raman spectroscopy 

Raman spectra were taken on a Renishaw Raman system equipped with a Leica 

microscope and a CCD detector. Raman spectrum was recorded using 532 nm laser line 

(Cobolt Samba) continuous wave diode-pumped solid-state laser, 20 mW. The laser 

power was kept below 10 µW to avoid thermal degradation of the samples. The relative 

intensity ratio (ID/IG) was measured from the averaged acquired spectra, 10 spectra per 

sample. Two main peaks, including the graphitic (G) and defect (D), occur at ~1580 cm-

1 and ~1350 cm-1, respectively. All samples show no difference in D and G peak positions. 

The ID/IG value of GO is 1.01 which is slightly higher than that of rGO samples that are in 

between 0.97 to 0.98. 

 

Fig. S1.7 Raman spectra of GO and rGO with different level of reduction 

1.8 QCM-D analysis – the effect of different surfaces – Au, GO, rGO 

The QCM-D response for the adsorption of BSA (50 µg/mL) onto different substrates: 

bare Au, SiO2, GO and rGO are presented on Fig. S1.8a. On Au, a two-step continuous 

adsorption can be observed, an initial fast adsorption rate is followed by a sudden 

decrease on such rate during the continuous injection of BSA. On the SiO2 substrate, a 

slower monotonic adsorption rate is observed. The highest adsorption was obtained on 

the GO-coated sensor with a single-step response, similar to the one observed on SiO2. 

We pose that this monotonic adsorption is due to a predominant hydrophilic interaction 
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as both GO and SiO2 substrates present such property. On rGO, BSA molecules rapidly 

organize saturating the sensor’s area reaching stability where no further adsorption of 

material is observed. The dissipation density plot (Fig. S1.8b) expresses the 

conformational changes through the relation 𝛥𝐷 vs ∆𝐹. The lower the slope, the more 

rigid the membrane formed is. On bare Au, the formation of a rigid membrane occurs 

with a linear trend, indicating continuous adsorption of molecules. Similarly, BSA 

adsorption on SiO2 presents a total dissipation value of 0.3×10-6, however, the slope of 

the SiO2 𝛥𝐷 − ∆𝐹 plot is relatively higher than that of the Au and rGO substrates, 

indicating a less rigid film. The adsorption on GO presents a one-step process with a 

linear trend, while the graph corresponding to the adsorption on rGO shows a two-step 

process, as discussed in the main text. These results indicate that the protein adsorption 

on each surface shows different adsorption trends and properties, including rigidness 

and thicknesses. 

 

Fig. S1.8 QCM-D data on different surfaces a) BSA adsorption on Au and graphene 
derivatives b) Dissipation density graph (𝛥𝐷 vs ∆𝐹)  

1.9 QCM-D duplicated results 

The set of QCM-D measurements for BSA adsorption on graphene derivatives surfaces 

was repeated twice, as shown in Fig. S1.9. Two repeated results for the adsorption of 

different concentrations of BSA on GO, rGO2 and rGO5 are shown in Fig. S1.9(a,b), (c,d) 

and (e,f) respectively. Fig. S1.9(g,h) presents repeated results for the effects of 

hydrophobicity. Overall, these results show similar trends and the reproducibility of the 

observed responses, supporting the reliability of the present study. 
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Fig. S1.9 Repeated results for QCM-D study of BSA adsorption on (a,b)  GO and (c,d) rGO 
(e,f) partially reduced GO. The repeated results show reproducible and similar trends to 
the main results.  
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1.10 ∆F and ∆D vs contact angle 

The effects of substrate hydrophobicity were systematically studied through QCM-D 

measurements of BSA adsorbed onto rGO-coated sensor surfaces with distinctive 

hydrophobic degrees as a result of controlled thermal reduction conditions. 

rGO-coated surfaces with higher WCA show less mass adsorption, as observed from the 

shift of frequency after the adsorption process (see Fig. S1.10(a)). The relation between 

the frequency shift and contact angle seems to be inversely linear. It is believed that the 

amount of BSA adsorbed onto the experimental surfaces inversely increases with 

respect to the hydrophobicity of graphene derivatives. However, the energy dissipation 

parameter exponentially decreases as the hydrophobic level increases (see Fig. 

S1.10(b)). This could be due to a change on the arrangement of BSA molecules on the 

surface, resulting in a more rigid film on rGO-coated substrates.  

     

Fig. S1.10 (a) frequency and (b) dissipation shift due to BSA adsorption on GO and 
partially reduced GO with respect to the contact angle of rGO.  

1.11 Protein adsorption on graphene derivatives coating on SiO2 sensing chip 

In the main paper, we discussed the adsorption of BSA protein on graphene derivatives 

on gold QCM-D sensors. To confirm that the adsorption processes originate exclusively 

from the effect of the graphene coating and not from the underlying substrate, like bare 

gold, we have investigated the adsorption of protein on GO and rGO5 coating onto a 

SiO2 sensing chip. Our analysis of the WCA (ESI 5) shows that both the Au and SiO2 chips 

are hydrophilic with WCA of 16°±3° and 43 °±2 °, respectively; however, the SiO2 
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substrate is considerably more hydrophilic. The result of the graphene coating layer 

presented a thickness of approximately 5 nm, ESI 1.4. The comparison of QCM-D results 

for the adsorption of BSA on bare gold and SiO2 substrates can be seen in ESI 8. The 

results for GO and rGO5 on SiO2 display similar adsorption mass and kinetics to those on 

gold as observed from the shift frequency and dissipation as well as the ΔD-ΔF plot, as 

shown in Fig. S1.11. Like gold substrate, SiO2 substrate with GO coating shows the 

relatively constant rate of change of frequency, whereas the rGO5 present short, fast 

adsorption for 50 µg/mL BSA and 2-stage adsorption, a short, fast step then a slower 

adsorption rate for 100 µg/mL BSA. The latter results suggest that both substrates, gold 

and SiO2, do not influence the protein adsorption process on graphene layers.  

The majority of this study has been conducted on Au chips rather than the SiO2 ones 

because Au QCM chip is the most commonly used for study biological interaction due to 

its biocompatibility and ease of functionalisation and also more commercially available 

compared to SiO2 one. As we have seen no different on adsorption results from 

graphene coating on Au and SiO2, therefore, Au sensing chip has been selected to be the 

substrate for the coating for all experiments.  

 

Fig. S1.11. The QCM-D real-time adsorption monitoring and ΔD-ΔF plots of different 
concentration BSA on (a,b) GO coated on SiO2, (c,d) rGO5 coated on SiO2.  
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1.12 Dot blot for the antibody test 

In this study, dot blot test for the binding function of anti-BSA toward BSA was carried 

on by blotting varied concentration of BSA and denatured BSA by adding 2-

mercaptoethanol (2-ME) reducing agent and by boiling protein with SDS. The reducing 

agent can denature BSA by breaking disulphide bond while the process of boiling with 

SDS makes protein to lose its secondary and tertiary structure. If BSA is denatured, the 

antibody will not bind correctly with BSA resulting in no fluorescent signal. 

The protocol started with spotting 50 µL of BSA samples onto a nitrocellulose membrane 

and letting it dry in air. The membrane, then, was incubated in Odyssey blocking buffer 

to prevent non-specific binding for one hour. Then, it is incubated with a dilution of anti-

BSA (primary antibody) in PBS with tween 0.05% (PBS-T), ratio 1:2000, for one hour 

followed by rinsing with PBS-T three times. After finishing rinsing, the membrane was 

incubated for one hour with detection molecules with a chemiluminescent, anti-rabbit, 

diluted with PBS-T, ratio 1:10000.  Finally, the membrane was rinsed with MilliQ water 

and then was imaged with Fluorescent scanner with wavelength 700 nm (Odyssey® CLx 

Imaging System from LI-COR Biosciences).  

Fig. S1.12 shows that only non-denatured BSA can present the strong fluorescent signal 

of antibody adsorption. The strength of the signal increases with the concentration of 

the protein. The anti-BSA antibody is specific to the endogenous levels of total BSA 

protein. 

 

Fig. S1.12 Dot blot results of different concentration BSA adsorbing anti-BSA antibody in 
comparison to the denature BSA. Only non-denatured BSA can present the signal of 
antibody adsorption. 

1.13 IgG injection for investigating non-specific binding 

IgG antibody (50 µg/mL) was injected over BSA previously adsorbed onto graphene 

surfaces in order to investigate the specificity of the adsorption and denaturation of BSA.  

https://en.wikipedia.org/wiki/Nitrocellulose
https://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwiA5azIoO_iAhV0ShUIHckyDukQFjAAegQIBRAB&url=https%3A%2F%2Fwww.gbiosciences.com%2FBuffers-Reagents-Chemicals%2FPBST-10X&usg=AOvVaw2Rjw5k4ScVpGwbC1Bc_fVY
https://en.wikipedia.org/wiki/Chemiluminescent
https://www.biocompare.com/12406-Fluorescent-Western-Blot-Imaging-Systems-Multiplex/1661712-Odyssey-CLx-Imaging-System/
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IgG and anti-BSA possess the same molecular structure and molecular weight where 

anti-BSA specifically binds to BSA. 

Fig. S1.13.1 presents possible orientations of IgG antibody including “head-on” in which 

both Fab sites bind with antigen on a substrate, “side-on”, in which the antibody orients 

a Fab and Fc sites toward, “lying-on”- the antibody is flatten on the surface and lastly 

“end-on” in which the Fc stands on the substrate.  

 

 

 

 

 

Fig. S1.13.1 Possible orientation of IgG antibody 
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Here, we provide supporting information including the production of the receptor NC3, 

the protocol for QCM measurement using the QSense and our customised OpenQCM 

systems as well as supplementary results and analysis. 

 

2.1. Production of NC3 

PLA2R NC3 was produced by the modification of human extracellular PLA2R (NC8) 

previously described by Kanigicherla et al.[262]. To clone PLA2R NC3, the following 

primers were first used to amplify an N-terminal portion of the NC8 by PCR using the 

following oligonucleotides: 

mailto:aravind@manchester.ac.uk
javascript:void(0);
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5’CCCGCTAGCCGAGGGAGTGGCCGCTGCCC3’ (Forward) and 

5’CCCGCGGCCGCTCAATGGTGATGGTGATGGTGGTGATGATGGTGTCCGGACCCGGG 

GTGAAATGGCCATCTTTCCTCGTACTCAGC3’ (Reverse)[145].  

Further details about protein expression and characterisations can be found in ref. 2. 

The cloned NC3 presented high binding affinity for human anti-PLA2R IgG [145], [146].  

Fig. S2.1 (a) 3D PLA2R NC3 model structure adapted from Ref. [101] (b) tertiary structure 
of immunoglobulin G (IgG) antibody, image from the RCSB PDB (rcsb.org). 

 

Fig. S2.2 The developed QCM system (a) Setup for the system. The laptop Image is under 
the GNU LGPLv3 (b) custom-made graphic user interface for QCM data logging and 
visualization.  

 

http://www.rcsb.org/
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2.2. The customized OpenQCM instrument development 

The customised OpenQCM (C-QCM) instrument was developed based on an open-

source QCM (OpenQCM, Novaetech Srl). To set up the QCM system, the temp-control 

chamber will be powered on and the QCM device will be connected to the laptop via 

USB (Fig. S2.2(a)). A custom-made graphic user interface (GUI) was developed in Matlab 

R2018a (Fig. S2.2(b)). It is used to perform QCM data acquisition, temperature, baseline 

calibration, the change of frequency and data post-processing. 

 

2.3. QCM-D principle and procedure 

2.3.1 Principle of QCM-D 

 

In 1959, Günter Sauerbrey [252] demonstrated that upon adding mass to a QCM sensor 

surface a frequency decrease proportional to the added mass occurs and given that the 

mass is small compared to the total weight of the crystal the frequency change is directly 

proportional to the mass of the crystal [252], therefore their use as microbalances is 

based on the linear relationship between changes in the resonator mass and in the 

resonance frequency [252]. Under vacuum, the rigid attachment of a film of mass ∆𝑚 

to the crystal surface causes a decrease ∆𝑓 in the resonant frequency 𝑓0. Sauerbrey was 

the first who derived that the relationship between ∆𝑓 and  ∆𝑚 is linear in the limit of 

small ∆𝑚 and is expressed by a simple relationship: 

∆𝑓

𝑓0
= −

∆𝑚

𝑚𝑄
                                                                  (𝑬𝒒.  𝐒𝟏) 

where 𝑚𝑄 is the mass of the unloaded resonator 

From Eq. S1 one can introduce the mass sensitivity factor 𝐶𝑟, and depends only on the 

fundamental resonant frequency 𝑓0  and the material properties of the crystal used 

[336].  

Hence: 

𝐶𝑟 =
𝑚𝑄

𝑓0
                                                                         (𝐄𝐪.  𝐒𝟐) 
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where the mass of the resonator can be expressed as the product of the average density 

of quartz crystal, 𝜌𝑄 and its thickness ℎ𝑄. Thus, 𝐶𝑟 can be expressed in terms of an 

appropriate dimensional analysis: 

𝐶𝑟 =
𝑚𝑄

𝑓0
=

𝜌𝑄ℎ𝑄

𝑓0
=

[
𝑛𝑔

𝑐𝑚3 ∙ 𝑐𝑚]

[𝐻𝑧]
= [𝑛𝑔𝑐𝑚−2𝐻𝑧−1]                                (𝐄𝐪.  𝐒𝟑) 

For 10 MHz quartz crystals, 𝐶𝑟 equals 4.5 𝑛𝑔𝑐𝑚−2𝐻𝑧−1 if only one side is covered [303]. 

For crystals with 𝑓0 = 5 MHz, the density is 𝜌𝑄 = 2.648 𝑔 𝑐𝑚3⁄   and the average 

thickness is ℎ𝑄 ≈ 300 𝜇𝑚, thus  𝐶𝑟 ≈ 18 𝑛𝑔𝑐𝑚−2𝐻𝑧−1 .  

Assuming rigid adsorption to the substrate enables the use of Sauerbrey modelling to 

approximate the mass adsorbed on Au electrodes. To obtain the aerial mass density, the 

values captured for ∆𝑓 can be plugged in the Sauerbrey equation (Eq. S1). Rearranging 

terms, we obtain.  

∆𝑚

𝐴
= −

√𝜌𝑄𝜇𝑄

2𝑓0
2 ∆𝑓           [𝑔/𝑐𝑚2]                                          (𝐄𝐪.  𝐒𝟒) 

where A is the area of the working electrode (0.2043 𝑐𝑚2) , 𝜇𝑄  is the shear modulus of 

AT-cut quartz crystals (2.947 × 1011 𝑔𝑐𝑚−1𝑠−2) and 𝑓0 = 10 𝑀𝐻𝑧 for the crystals used 

in all C-QCM instrument experiments. 

Therefore, the amount of adsorbed mass can be determined by using Equation S1, and 

combined with viscoelastic modelling [169] one can obtain a physical description of the 

adlayers. Higher mass adsorption will respond in large frequency down-shifts. Results 

obtained from Sauerbrey computation will be more accurate if the adsorbed film is rigid, 

otherwise, dissipation parameter could play a key role for the viscous adsorbed film.  

The QCM-D monitoring technique provides a real-time measurement of changes in both 

frequency (Δf) and dissipation (ΔD) as molecular adsorption on surfaces. The dissipation 

value is the sum of total energy losses in the system in an oscillation cycle defined as the 

lost energy divided by the total energy stored in the system, Eloss/Etotal [303], [320]. High 

dissipation values will result from viscoelastic adsorption of molecules generating a soft 

film on the surface. On the other hand, a rigid film usually gives low dissipation values. 
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The slope of the plot of ΔD vs Δf could reveal regions of different adsorption behaviour 

in terms of the viscoelastic structure of the adsorbed material.  

2.3.2 Initial preparation of quartz crystals 

QCM chips with gold surface electrode for both QSense (QSX-301, Biolin Scientific) and  

our C-QCM system (QCM10140CrAu051-051-C1, Quartz Pro) were used in this study. 

We used the same protocol for cleaning and surface coating. 

To prepare the sensors for studying the adsorption of biomolecules on graphene 

derivatives surfaces, the QCM chips were cleaned following a modification of the 

protocol that in Ref 6, then coated with GO using a spin coater to get the GO chips. To 

get rGO chips, the GO pre-coated chips were thermally reduced to rGO at 180 °C for 6 

hours. 

2.3.3 QCM-D monitoring procedure for binding studies 

The QCM-D measurements were carried out using the QSense Omega Auto system 

(Biolin Scientific). The system consists of eight sensing ports that can be controlled to be 

fed through customized scripts. Before every experimental session, the ports, tubing 

and sensors holders were cleaned using clean maintenance chips following the protocol 

described below. The temperature of the system was set at room temperature (25 °C). 

Once the system was cleaned and primed, the sensors for experimentation were loaded 

on the sensors holder.  

At the beginning of each measurement, the sensors were primed by continuously 

flowing PBS until a stable baseline was obtained. Once a stable baseline was observed, 

the corresponding measurement script was started. In the present report, the steps for 

monitoring the functionalisation of the assay and the binding of Ab12 were presented 

in Fig. S2.3 in the main paper. The injection sequence for each sample shows as follows:  

Sample (1) Au: PBS → NC3 → PBS→ antibody sample→ PBS 

Sample (2) GO: PBS → NC3 → PBS→ antibody sample→ PBS 

Sample (3) rGO: PBS → NC3 → PBS→ antibody sample→ PBS 

Sample (4) Au-BSA: PBS → BSA 50 µg/mL →PBS→ NC3 → PBS→ antibody sample→ 

PBS 
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Sample (5) rGO-BSA: PBS → BSA 50 µg/mL →PBS→ NC3 → PBS→ antibody sample→ 

PBS 

Sample (6) rGO-BSA: PBS → BSA 500 µg/mL →PBS→ NC3 → PBS→ antibody sample→ 

PBS 

Sample (7) Au-SAM: PBS → BSA 50 µg/mL →PBS→ NC3 → PBS→ antibody sample→ 

PBS 

Sample (8) rGO-BSA+NHS: PBS → BSA 50 µg/mL →PBS → EDC/NHS →PBS→ NC3 

→PBS→ blocking buffer → antibody sample → PBS 

Once the measuring script is completed, to avoid contamination it is recommended to 

run a washing routine to clean the sensors, syringes and tubing using sodium dodecyl 

sulphate (SDS) surfactant solution to be then finally rinsed with MilliQ water and left to 

dry overnight. This process ensures that the system is left clean and dry for subsequent 

experiments. 

Fig. S2.3 Dot blot results of different concentration of NC3 binding with murine anti-
PLA2R antibody (Ab12) in comparison to the denature NC3. Only non-denatured NC3 can 
present the response of antibody binding. 

2.4. Dot blot 

The murine anti-PLA2R antibody (Ab12) was tested for binding affinity with NC3 using 

dot blotting, the measurement shown in Fig. S2.3. Varied concentrations of NC3 (blue 

circle) and denatured NC3 (red circle) were blotted against the Ab12 antibody. The NC3 

can be denatured by boiling it with SDS making the protein lose its secondary and 

tertiary structure. If the NC3 is denatured, the antibody will not bind to the NC3 resulting 

in no fluorescent signal. Fig. S2.3 shows that only non-denatured BSA can present the 

strong fluorescent signal of antibody adsorption. The strength of the signal increases 

with the concentration of the protein. Thus, we confirm that the Ab12 antibody can 

specifically bind with the NC3. 

1           5            25          50 µg/ml 

https://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
https://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
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2.5. Preparation of sensing surfaces for binding study 

The sensing surfaces used in this study include Au, graphene oxide (GO) and reduced GO 

(rGO). Both physical adsorption and covalent crosslinking methods were used for 

functionalising the protein receptor, NC3. Therefore, eight different functional surfaces 

were tested as shown in the main paper. Samples 1 to 6 use the physical adsorption 

method for the receptor immobilisation while covalent crosslink functionalisation was 

used in samples 7 and 8. 

GO surface coating was prepared using spin coating (speed: 3000 rpm, acceleration: 350 

s-1, 2 mins) to form a GO film on the entire surface of the gold surface QCM-D chip. A 

rGO-coated chip was performed in a vacuum oven (Townson+Mercer EV018) with 

temperature of 180 °C for 6 hours to reduce the GO. The full protocols were described 

in our previous study [200].  

Au-SAM was prepared using general protocol from Sigma Aldrich following these steps 

1) add 1 ml ethanol to a tube, and pipette to prepare 1 mmol/l Carboxylic acid-SAM 

solution, then, dilute the solution 10-fold with ethanol for Step 2) then immerse a gold 

substrate in the reagent solution prepared at step 1) at room temperature and leave it 

overnight and finally 3) wash the substrate several times with ethanol and purified water 

sequentially.  

2.6. SEM imaging 

The SEM imaging of GO flakes and rGO coatings was performed on a SEM Zeiss Ultra 

setup, using an acceleration voltage of 5 kV and 5 mm working distance. We previously 

reported the size distribution of GO and surface properties of GO before and after 

reduction [200]. 

Fig. S2.4 (a) presents SEM image of GO flakes indicating that the GO is 100% monolayer. 

More detailed characterisation of the GO material including atomic force microscopy 

confirmation of layer thickness can be found in the paper in Ref. 6.  As QCM crystal from 

QSense and Quartz Pro were used, rGO coating on crystals from both companies are 

presented in Fig. S2.4 (b) and (c), respectively.  There was no significant difference in 
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the coating. Fully-coverage and uniform coating with the presence of flake overlaps 

display in both crystals.  

Fig. S2.4 Scanning Electron Microscopy images, showing (a) monolayer GO flake on SiO2 
(b) rGO coating on QCM-D chip from QSense and (c) rGO coating on QCM chip. In all 
cases, the accelerating voltage was 5 kV. All measurements are in µm. 

2.7. XPS Results 

The surface chemistry of three different samples including bare rGO, rGO-BSA and rGO-

BSA+EDC/NHS were investigated using X-ray photoelectron spectroscopy (XPS) analysis 

to understand functionalisation mechanism of the EDC/NHS coupling on rGO-BSA. The 

rGO samples were prepared by drop-casting the dispersion of GO on a clean Si/SiO2 

substrate and drying at room temperature in a vacuum oven to achieve a film with a 

thickness of not less than 10 nm. The GO samples were thermally reduced at 180 °C for 

6 hours to obtain rGO samples. The sample of rGO-BSA was prepared by drop-casting 

BSA 50 µg/mL on rGO surface and leaving on for 10 minutes then rinsing with PBS and 

DI water and drying at room temperature in a vacuum oven. The rGO-BSA+EDC/NHS 

samples were obtained from drop-casting EDC/NHS solution on rGO-BSA, let it activated 

for 15 minutes and then rinsing and drying with the aforementioned conditions. 
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The XPS data were collected on a SPECS custom-built system composed of a Phobios 150 

hemispherical electron analyser with a 1D detector. The X-ray source is a microfocus 

monochromated Al K-alpha (1486.6 eV) source.  All spectra were collected with a pass 

energy of 20 eV.  Combined ultimate resolution as measured from Ag 3D is 0.5 eV with 

the X-ray source and 20 eV pass. The XPS data processing was done using CasaXPS 

software (version 2.3.16 PR 1.6).  

The calibration of the C1s spectrum was performed using the sp3 carbon (C-C, C-H) as a 

reference at 284.8 eV peak position and the background type used was Shirley. The C1s 

spectrum fitting was performed using synthetic components ascribed to different 

chemical species including hydroxyl (C-OH) and epoxy (C-O-C) groups between ~286 and 

287 eV, carbonyl (C=O) and carboxyl (O-C=O) groups between ~287, 289 eV and a 

satellite peak, respectively. The spectrum of N1s was assigned as graphitic nitrogen at a 

peak of 400.5 eV. The background type Shirley was subtracted. The synthetic 

components including C-N and N-Ester were used for spectrum fitting [263]. The O1s 

spectrum is in the region of 525–580eV. The background type used was spline Tougard. 

Three synthetic components including quinone, C=O and C-OH were assigned at 530.1 

eV, 532.0 eV and 533.5 eV for spectrum fitting [205]. The constraints applied where the 

FWHM constraint (0.9-1.1) and the position constraints (between max ±1 eV to min ±0.1 

eV). XPS region was fitted with the synthetic components in the manner which 

minimizes the total square error fit (0.91) and corresponds to the literature reports. 

Fig. S2.5(a) shows the wide scan spectra for the three samples including rGO, rGO-BSA 

and rGO-BSA+EDC/NHS. The atomic percentage of carbon, nitrogen and oxygen were 

presented. The percentages of oxygen and nitrogen increase after the adsorption of BSA 

on rGO. The presence of sodium and chlorine peaks on the spectrum of rGO-

BSA+EDC/NHS could due to the salt ion in buffer solution. Fig. S2.5(b), (c) and (d) present 

the XPS spectra of C1s, O1s and N1s, respectively. The sample with EDC/NHS activation 

clearly shows the C-N peak observed from C1s and N1s profiles. This confirms the 

covalent functionalisation of nitrogen functional groups on the rGO-BSA surface. The 

individual curve fittings of C1s, N1s and O1s spectra of all samples were presented in 

Fig. S2.6. The C1s spectrum obtained from rGO displays the low intensity of oxygen 

functional groups but the high intensity of carbon peak. The intensity of C-C peak 
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decreases after the adsorption of BSA, while the presence of oxygen functional groups 

like ether increases. After activating the surface with EDC/NHS, the graphitic nitrogen 

peaks (C-N and CO-NH) are obviously shown, while the carbon-carbon bond is lower 

than that from another two samples. The evidence from the detail scan peak of N1s in 

Fig. S2.6(f) confirms the presence of covalent bonding of carbon and nitrogen in the 

sample of rGO-BSA with EDC/NHS. The binding energy peak at 399.7 eV could indicate 

the presence of the secondary amine and imine of EDC. The peak at 402.1 eV could be 

the characteristic of the nitrogen of the NHS ester, shifted to higher energy due to the 

electronegative oxygen bonded to the nitrogen [263]. Regarding the curve fittings of 

O1s spectra, the oxygen peak is sharper in the case of EDC/NHS activation as the C-O 

peak disappears.  

Fig. S2.5 XPS results obtained from bare rGO, rGO-BSA and rGO-BSA+ NHS samples (a) 
Wide scan spectra with atomic percent. (b) detail spectra of C1s (c) O1s and (d) N1s for 
all samples. The sample with EDC/NHS activation clearly shows functionalisation of 
carbon and nitrogen on the surface. 
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Fig. S2.6 Deconvoluted details of C1s spectra for C1s, N1s and O1s spectra of three 
functional graphene samples (a, d, g) rGO (b, e, h) rGO-BSA and (c, f, i) rGO-BSA with 
EDC/NHS activation. 

Based on these XPS results, it could be implied that certain oxygen functional groups, 

like carboxyl and ester, on the rGO-BSA surface were activated by EDC/NHS allowing 

covalent crosslink between the activated surface and amine groups from binding 

molecules.  

2.8. Raman spectroscopy 

Samples for Raman spectroscopy including rGO, rGO-BSA and rGO-BSA+EDC/NHS were 

prepared on rGO coating on QCM chips. After monitoring the adsorption of BSA on rGO 

and the EDC/NHS activation using QCM technique, the QCM chips were taken out from 

QCM equipment, rinsed with milliQ water and dried with nitrogen gas to be samples for 

Raman measurements. Raman spectra were taken on a Renishaw Raman system 

equipped with a Leica microscope and a CCD detector. Raman spectrum was recorded 

using 532 nm laser line (Cobolt Samba) continuous wave diode-pumped solid-state 
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laser, 20 mW. The laser power was kept below 10 µW to avoid thermal degradation of 

the samples. The relative intensity ratio (ID/IG) was measured from the averaged 

acquired spectra, 10 spectra per sample. Gaussian and Lorentzian curves were used for 

Raman spectra fitting using Origin Pro 8. 

Raman region (1000 to 1900 cm-1) was fitted well to 4 peaks of Gaussian and Lorentzian 

curves. Two main peaks, including the graphitic (G) and defect (D), occur at ~1580 cm-1 

and ~1350 cm-1, respectively. All samples show no difference in D and G peak positions. 

The ID/IG values obtained from the sample of rGO-BSA and rGO-BSA+EDC/NHS show 

slightly higher than that of rGO samples.  This indicates that more defects are presented 

after the physical adsorption of protein on graphene surface. The defects could originate 

from oxygen and nitrogen functional groups from BSA protein and the carboxylic acid 

activation from EDC/NHS. The weak peaks labelled A and B at around 1130 and 1700 

cm-1 are the well-known peaks of defective graphite [337]. These two peaks seem to be 

signatures of GO thin films as well as in highly reduced GO[337]. The peak A, in this case, 

could be original from the edges and overlapping of the GO fakes whereas the peak B 

could be due to the effect of highly reduction corresponding to previous studies [337], 

[338]. 

In the Raman region between 2300 to 3500 cm-1, three bands were observed at around 

2700, 2900 and 3200 cm-1, known as 2D, D+G and 2D’ or C, respectively. The 2D peak is 

the overtone of the D band activated by a double-resonance process while the D–G peak 

is combination of overtone of the D and G bands [337], [338]. D´ıez-Betriu (2013), 

studied reduction mechanisms of GO using Raman, proposed that the C peak 

corresponds to the C–H stretching mode of aromatic C [337]. In this study, the shape 

and intensity ratio of these three bands looks similar in all samples, thus, no clear effect 

of protein doping on these bands. 
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 Fig. S2.7 Raman spectra of (a) three different functional surfaces including bare-rGO, 

BSA-rGO and and rGO-BSA+EDC/NHS. Deconvoluted details of the spectra of (b) bare-

rGO (c) BSA-rGO (d) rGO-BSA+EDC/NHS 

                

2.9. QCM-D Desorption 

A series of desorption studies were conducted to confirm the covalent functionalisation 

of the NC3 on the functionalised-rGO surfaces. The NC3 immobilisation on rGO, rGO-

BSA and rGO-BSA+EDC/NHS surfaces coupled with the binding with the Ab12 in serum 

were monitored using QCM-D, then the desorption was studied by injecting a surface-

active cleaning agent (Decon 14%) which was flowed over the surface for five minutes 

before rinsing with PBS to recover the baseline. Fig. S2.8(a) presents baseline recovery 

occurring on rGO sample after rinsing the functionalisation with Decon 14%. The 

baseline shifts back from 53 Hz after antibody adsorption to 17 Hz after the rinsing. This 

means the antibody and partial amounts of NC3 were washed off.  Fig. S2.8(b) presents 
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the desorption occurring on the rGO-BSA surface. After the final rinsing, the signal 

recovers from 40 Hz to 6 Hz which is the same level as BSA adsorption. It could be 

inferred that any layers above the BSA were removed, with only the BSA layer remaining. 

We suggested that the BSA molecules denatured and squeezed on the rGO surface 

through strong hydrophobic interaction [200]. The shift of baseline observed from the 

rGO-BSA activated with EDC-NHS (Fig. S2.8(c)) recovers to the level of NC3 confirming 

the covalent functionalisation of NC3 on the surface. This is the only case where the NC3 

cannot be washed off. 

In other cases, the NC3 was mostly washed off. As the Decon 14% can remove physically 

adsorbed molecules but not the covalently attached ones, the shift of the baseline 

observed from the rGO-BSA activated with EDC-NHS confirms the covalent 

functionalisation of NC3 on the surface. 

 

Fig. S2.8 Desorption study presenting QCM-D monitoring of the protein receptor NC3 

adsorption and detection of antibody in human serum and washing-off process on 3 

sensing platforms (a) immobilisation of NC3 on rGO (b) rGO-BSA (c) rGO-BSA with 

EDC/NHS activation surfaces. 
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Fig. S2.9 QCM results for sequential injection of liquid samples by pipetting DI water and 

PBS buffer on (a), (b) Au and (c), (d) rGO surfaces, respectively. 

2.10. The C-QCM testing for stability 

Our C-QCM system and rGO-coated chips were tested for reproducibility when cycling 

injection of DI water and PBS buffer on Au and rGO coated QCM chips (Fig. S2.9). The 

frequency shift results for seven cycles were collected presented in Table S2.1. 

Table S2.1 Comparison of frequency shift results between Au and rGO QCM chip 

Cycle 

Au rGO 

DI PBS DI PBS 

1 2209 2343 2120 2342 

2 2222 2339 2076 2340 

3 2232 2389 2114 2387 

4 2230 2342 2088 2343 

5 2253 2370 2124 2371 

6 2231 2373 2114 2372 

7 2252 2374 2110 2373 

Avg 2233 2361 2107 2361 

S.D. 16 20 18 19 
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2.11. QCM-D patient results  

Regarding QCM-D measurement for the detection of the anti-PLA2R antibody in patient 

sera, the collinear plot of the final ΔF the final and ΔD value for each specimen is 

presented with a correlation coefficient (R2) is 0.98. Thus, the ΔD increases linearly with 

respect to the ΔF. 

 

Fig. S2.10 Correlation plot of the final ΔF the final and ΔD value obtained from the test 
with 8 patients’ sera. 
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3.1 Production of Nanobodies   

Nanobody is a binding domain of heavy-chain antibodies (HCAbs) found abundantly in 

camelid sera.  The structure of HCAbs is noticeably different from conventional 

mammalian IgG structure due to the lack of L-chain polypeptides and the first constant 

domain (CH1). Its H chain contains only a variable domain-VHH (nanobody) served as an 

antigen binding site at the N-terminal region. The molecular weight of a nanobody is 

only 12–15 kDa. The comparison of the size of antibody and nanobody is presented in 

Fig. S3.1. Nanobodies or immunoglobulin-based recombinant antigen-binding proteins 

can be generated by immunising the particular animal with the target antigen or 

evolving existing NaΪve libraries [155].  

  

Fig. S3.1.  The dimension and molecular weight of antibody and nanobody with tertiary 
structure of a nanobody 

https://www.annualreviews.org/doi/full/10.1146/annurev-biochem-063011-092449?casa_token=JST32_2c1gUAAAAA:2Pih1-EaEWe9G-yRoeaDcf9YbmzjANccBjA63eUPMbKhPQgBGBixdKlVNVPla4M3O3tWCTDLRQQYiA#dl1
https://en.wikipedia.org/wiki/KDa
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The protocol for nanobody production in this project was described by Birchenough 

2021 as follows [284]:  

1. Engineer the VHH sequence into pET-22B expression vector with a C-terminal 

6-His tag.  

2. Transform the vector into competent T7-Express E. coli cells (New England 

Biolabs)  

3. Select one colony for overnight growth in 5 ml LB broth supplemented with 100 

μg/ml ampicillin and shaking at 37 °C.  

4. Pelleted the cells by centrifugation at 2000 rpm for 5 min and resuspended in 5 

ml of sterile LB. This suspension was used to inoculate 1 litre of Magic Media™ 

(Thermofisher) 

5. Divide the suspension to two baffled flasks and incubate for 24 h at 28 °C on a 

rotary shaker set to 180 rpm.  

6. Extract the cells by centrifugation at 4500 rpm for 20 min at 4 °C with 250 ml cell 

suspension per 500 ml centrifuge tube and resuspended in 50 ml 50 mM 

phosphate-buffered saline (10 mM phosphate buffer with 138 mM NaCl, 2.7 mM 

KCl) with 1% glycerol pH 7.0. Cells were then frozen at -80 °C until needed.  

7. Extract protein by thawing the cells quickly then left on ice for 20 min before 

sonication in a Soniprep 150 tissue homogenizer kept on ice. Cell debris was 

centrifuged at 14,000 rpm at 4 °C for 10 min and the supernatant collected.  

8. Dilute the supernatant into 1:2 in 10 mM PBS pH 7.4 and injected onto a 5 ml 

Profinity IMAC column (BioRad) at 4 ml/min using a BioRad NGC FPLC. Protein 

was eluted in PBS supplemented with 0.5 M ultrapure imidazole (Sigma) without 

a gradient and collected in deep-well 96-well plates.  

9. Further purified on a 10/300 Superdex-75 column in PBS plus 0.005% P20 with a 

flowrate of 0.75 ml/min. 

 

3.2 QCM-D principal and procedure 

3.2.1 QCM-D principle 

The QCM-D technique is used to monitor molecular adsorption on surfaces and the 

binding event between molecule through real-time measurement of changes in 
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frequency (ΔF) and dissipation (ΔD). Higher frequency down-shift reflects in higher mass 

adsorption as the amount of rigid mass adsorption can be determined by using the 

Sauerbrey equation [167], (equation 1). 

∆𝑚 = −
𝐴√𝜌𝑞𝜇𝑞

2𝑓0
2 ∆𝑓  (1) 

where 

𝑓0  is the resonant frequency (Hz) 

∆𝑓   is the frequency the change (Hz) 

∆𝑚 is adsorption mass change (g) 

𝐴   is the Piezoelectrically active crystal area (area of a working electrode, cm2) 

𝜌𝑞  is the density of quartz (typically 2.648 g/cm3) 

𝜇𝑞  is the shear modulus of quartz for AT-cut crystal ( typically 

2.947x1011 g·cm−1·s−2) 

3.2.2 The procedure of QCM-D measurement for binding studies 

The QSense Omega Auto system (Biolin Scientific) was used for QCM-D measurements. 

The injection sequence of biosamples can be controlled through customized scripts. 

Before using the system, the ports, tubing and sensors holders were cleaned following 

the protocol from our previous publication [200]. The temperature of the system was 

set at 20 °C.  

Once the QCM-D system was cleaned, the experimental sensors were loaded on the 

sensors holder and primed by continuously flowing PBS until a stable baseline was 

obtained. Then, the corresponding measurement script was started. In this study, the 

steps for monitoring the functionalisation of the assay. The binding and dissociation of 

lysozyme were presented in table 1 in the main paper. The injection sequence for each 

sample shows as follows:  

Surface (1) SiO2: PBS → FO7 → PBS→ lysozyme 100 µg/ml→ PBS→ FO7 → PBS  

Surface (2) Au: PBS → FO7 → PBS→ lysozyme 100 µg/ml→ PBS→ FO7 → PBS 

Surface (3) rGO: PBS → FO7 → PBS→ lysozyme 100 µg/ml→ PBS→ FO7 → PBS 

Surface (4) GO: PBS → FO7 → PBS→ lysozyme 100 µg/ml→ PBS→ FO7 → PBS 

Surface (5) PrGO1: PBS → FO7 → PBS→ lysozyme 100 µg/ml→ PBS→ FO7 → PBS 

https://en.wikipedia.org/wiki/Resonant_frequency
https://en.wikipedia.org/wiki/Piezoelectric_effect
https://en.wikipedia.org/wiki/Density
https://en.wikipedia.org/wiki/Shear_modulus
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Surface (6) PrGO2: PBS → FO7 → PBS→ lysozyme 100 µg/ml→ PBS→ FO7 → PBS 

Surface (7) Au-SAMs-COOH: PBS → EDC/NHS →PBS→ FO7 →PBS→ blocking buffer → 

lysozyme 100 µg/ml→ PBS→ FO7 → PBS 

Sample (8) PrGO2-EDC/NHS: PBS → EDC/NHS →PBS→ FO7 →PBS→ blocking buffer → 

lysozyme 100 µg/ml→ PBS→ FO7 → PBS 

Sample (9) rGO-BSA+ EDC/NHS: PBS →  BSA 50 µg/mL→ EDC/NHS →PBS→ FO7 

→PBS→ blocking buffer → lysozyme 100 µg/ml→ PBS→ FO7 → PBS 

Surface (10) Au-SA:  PBS → SA → BiotFO7 → PBS→ lysozyme 100 µg/ml→ PBS→ FO7 

→ PBS Surface (11) PrGO2-SA: PBS → SA → BiotFO7 → PBS→ lysozyme 100 µg/ml→ 

PBS→ FO7 → PBS Surface (12) rGO-BiotBSA-SA: PBS → BiotBSA →SA → BiotFO7 → 

PBS→ lysozyme 100 µg/ml→ PBS→ FO7 → PBS 

The frequency shifts due to different binding events, including the FO7 (ΔFFO7) 

immobilisation, the lysozyme binding (ΔFLys), the dissociation (ΔFDis) and the reabsorbed 

nanobody (ΔFnon-specific Lys) were recorded for analysing the functionalisation of the 

nanobody and its ability to recognise the analyte. The measurements of frequency shifts 

are exemplified in Fig. S3.2. 

Once the measuring script is completed, it is recommended to run a washing routine 

using sodium dodecyl sulphate (SDS) surfactant solution and rinsed with MilliQ water. 

 

Fig. S3.2 The measurements of frequency shifts obtained from different adsorption 
events including the FO7 (ΔFFO7) immobilisation, the lysozyme binding (ΔFLys), the 
dissociation (ΔFDis) and the reabsorbed nanobody (ΔFnon-specific Lys) 

https://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
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3.3 Sensing surface preparation  

3.3.1 Preparation of Au-SAMs surface 

Au-SAMs was prepared using general protocol from Sigma Aldrich following these steps 

1) add 1 ml ethanol to a tube, and pipette to prepare 1 mM thiol solution (OH:COOH, 

1:1), then dilute the solution 10-fold with ethanol for Step 2) then immerse a gold 

substrate in the reagent solution prepared at step 1) at room temperature and leave it 

overnight and finally 3) wash the substrate several times with ethanol and purified water 

sequentially.  

3.3.2 Receptor immobilisation protocol 

The standard injection sequence can be expressed as follows:  

Sx: Surface→Buffer→Linker→PBS→FO7→PBS→Blocking agent (in some cases) 

→PBS→sample→ PBS 

Thus: 

S.7 Au-SAMs-COOH: PBS → EDC/NHS →PBS→ FO7 →PBS→ blocking buffer → sample 

S.8 PrGO2-EDC/NHS: PBS → EDC/NHS →PBS→ FO7 →PBS→ blocking buffer → 

sample→ PBS S.9 rGO-BSA+ EDC/NHS: PBS →  BSA 50 µg/mL→ EDC/NHS →PBS→ FO7 

→PBS→ blocking buffer → sample 

S.11 PrGO2-SA: PBS → SA → BiotFO7 → PBS→ sample 

S.12 rGO-BiotBSA-SA: PBS → BiotBSA →SA → BiotFO7 → PBS→ sample 

  

3.4 Contact angle 

A Kruss DSA100 (Hamburg) system was used to measure the wetting contact angles 

(WCA) for all graphene substrates. Sessile drops (5 μL) of DI water were cast on top of 

the substrates. The computation of the WCAs from the captured images was carried out 

using a plugin for ImageJ developed by Marco Brugnara [335]. 

Table S3.1 presents the wetting contact angles (WCAs) of Au, SiO2 and graphene 

coating QCM-D chips. Both Au and SiO2 are hydrophilic with a WCA of 34 o ±2 o and 14 o 

±2 o, respectively. The results from graphene coating chips were discussed in the main 

paper. 
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Table S3.1 The wetting contact angles (WCAs) of Au, SiO2 and graphene coating 

 QCM-D chips 

Graphene surface EDC/NHS activation Other bare surfaces 

 

GO CA: 34 o ±3 o 

 

GO+EDC/NHS  CA: 32 o ±5 

o 

 

SiO2  CA: 14 o ±2 o 

 

PrGO2  CA:56 o ±2 o 

 

PrGO2+EDC/NHS  CA: 51 o 

±3 o 

 

Au  CA: 34 o ±2 o 

 

rGO  CA:99 o±2 o 

 

rGO-BSA-EDC/NHS CA:55 

o ±4 o 

 

PrGO1  CA: 46 o ±3 o 

 

3.5 Raman 

Raman spectrum was recorded using 532 nm laser line (Cobolt Samba) continuous-wave 

diode-pumped solid-state laser, 20 mW using a Renishaw Raman system equipped with 

a Leica microscope and a CCD detector.  The laser power was kept below 10 µW to avoid 

thermal damage of the graphene samples. The relative intensity ratio (ID/IG) was 

measured from the averaged acquired spectra, 5 spectra per sample. In all samples, two 

main peaks, including the graphitic (G) and defect (D), appear at ~1580 cm-1 and ~1350 

cm-1, respectively. The ID/IG value of GO and PrGO is around 1, which is higher than that 

of the rGO sample. 
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Fig. S3.3 Raman spectra of plain GO and different levels of reduction of rGO and the 
graphene sample with EDC/NHS activation 

3.6 XPS  

The XPS spectra were measured using a SPECS custom-built system composed of a 

Phobios 150 hemispherical electron analyser with a 1D detector. The X-ray source is a 

microfocus monochromated Al K-alpha (1486.6 eV) source.  All spectra were collected 

with a pass energy of 20 eV combined ultimate resolution measured from Ag 3D 0.5 eV 

with the X-ray source and 20 eV pass. The XPS data were processed using CasaXPS 

software (version 2.3.16 PR 1.6).  

The C1s spectrum was calibrated using the sp3 carbon peak as a reference at 284.8 eV. 

The N1s for graphitic nitrogen was located at the peak of 400.5 eV. The O1s spectrum is 

in the region of 525–580eV.  The individual curve fittings of C1s of plain graphene 

derivative samples and their carboxylic acid activation were presented in Fig. S3.6. The 

used background type was Shirley. The C1s spectrum was fitted with synthetic 

components ascribed to different chemical species, including hydroxyl (C-OH) and epoxy 

(C-O-C) groups between 286 and 287 eV, carbonyl (C=O) and carboxyl (O-C=O) groups 

between 287, 289 eV, respectively. The nitrogen-carbon bonding, including  C-N and N-

Ester (CO-NH-), were assigned at ~286.5 and  ~288.5, respectively [263]. The 

constraints applied were the FWHM constraint (0.9-1.1) and the position constraints 
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(between max ±1 eV to min ±0.1 eV). XPS region was fitted with the synthetic 

components to minimise the total square error fit (0.91) and correspond to the literature 

reports. 

 

Fig. S3.4 XPS results obtained from graphene samples. (a)Wide scan spectra with atomic 
percent. Detail spectra of C1s (b) GO, PrGO2 and their EDC/NHS activation (c) rGO and 
rGO-BSA-EDC/NHS 

Fig. S3.4(a) shows the wide scan spectra for the graphene-based samples. The atomic 

percentage of carbon, nitrogen and oxygen were presented in the graph. The oxygen 

content decreases with a higher level of reduction, as explained in our previous study 

[200]. The percentages of nitrogen increase after the carboxylic acid activation with 

EDC/NHS solution, especially in the sample of rGO-BSA+EDC/NHS. The mechanism of 

carboxylic acid activation of rGO-BSA has already been explained in the supplementary 

of our previous paper [279].  

Fig. S3.4(b) presents the comparison between XPS spectra of C1s from GO, PrGO2 and 

their EDC/NHS activation. The C1s spectra of GO and PrGO2 similarly show the presence 

of different functional groups ranging from hydroxyl (C-OH) and epoxy (C-O-C) groups 

between ~286 and 287 eV, carbonyl (C=O) and carboxyl (O-C=O) groups between ~287 

and 289 eV, as presented in Fig. S6(a) and (c). The sample with EDC/NHS activation (Fig. 

S3.5 (b) and (d)) shows the second peak at ~286.7 eV referring to C-N peak while the 

second peak in plain GO and PrGO2 samples are at ~287 eV referring to C-O. The results 
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suggest the increase of C-N on the GO and PrGO2 surfaces as the C-O reduced could be 

due to the presence of the secondary amine and imine of EDC after carboxylic activation. 

The peak of N-Ester (CO-NH-), assigned at ~288.5, also reveal after the activation 

corresponding the characteristic of the nitrogen of the NHS ester [263].  

 

Fig. S3.5 Deconvoluted details of C1s spectra for C1s spectra of three bare surfaces (a) 
GO, (c) PrGO2, (e) rGO and the EDC/NHS activation samples (b) GO-EDC/NHS (d) PrGO-
EDC/NHS (f) rGO-BSA with EDC/NHS activation. 
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However, the spectra observed from C1s from GO, PrGO2 with EDC/NHS activation 

appear to be relatively broad compared to the spectra from rGO-BSA+EDC/NHS. 

Furthermore, it is seen from the fitting that several oxygen functional groups are 

remaining in GO and PrGO2 after the activation that could interfere with biomolecular 

binding through amine crosslinking, promoting non-specific adsorption. This evidence 

suggests that the direct activation of GO and PrGO2 surfaces with EDC/NHS might not 

be competent to the rGO-BSA+EDC/NHS system, which has been proven to be an 

effective route.      

3.7 SEM 

The SEM imaging of GO coatings was performed on a SEM Zeiss Ultra setup, using an 

acceleration voltage of 5 kV and 5 mm working distance. The size distribution of GO and 

surface properties of GO before and after reduction have been reported in our previous 

publication [200]. GO flakes indicating that the GO is 100% monolayer. There is no 

difference on the coating of GO or rGO with any different level of reduction. 

Fig. S3.6 presents SEM image of fully-coverage and uniform coating of GO on a QCM-D 

chip with the presence of flake overlaps.  

 

Fig. S3.6 SEM image of fully-coverage and uniform coating of GO on a QCM-D chip 

3.8 Exploring different surface conditions – Additional results 

The direct adsorption of EDC/NHS solution on GO and PrGO1 as an carboxylic acid 

activation was tested. Fig. S3.7 presents the considerable increase of ΔF and ΔD after 

the injection of EDC/NHS on GO and PrGO1 implying that there is a significant loss of 

mass on the sensor due to some flakes from graphene washed off.  
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We also tested the direct adsorption of SA on GO, PrGO1 and rGO as a platform to bind 

with Biot-FO7 nanobody. The QCM-D monitoring of the SA adsorption and the nanobody 

binding is shown as Fig. S3.8. On GO, the SA slowly adsorbed on the surface that could 

be due to protein unfolding on the surface resulting in the lack of biorecognition of Biot-

FO7 as shown on the QCM-D monitoring result. On PrGO1 surface, the SA adsorbed on 

the surface with faster adsorption rate and the final frequency shift after the adsorption 

reaching 50 Hz; however, the binding of biot-FO7 shows the frequency shift of less than 

2 Hz which is much less than that on the PrGO2 surface (~12 Hz, see the main paper). 

The lack of binding affinity on PrGO1 could be due to the random arrangement of SA on 

the surface, some binding sites of the SA might be hidden as too many molecules closely 

packed on the surface. On rGO surface, the lack of binding affinity is also presented as 

observed from the non-adsorption of Biot-FO7. This could be due to the denaturation 

of SA protein after adsorption on rGO due to strong hydrophobic interaction [200]. 

These results indicate that the level of GO reduction affect the arrangement and 

conformation of the adsorbed proteins corresponding to our previous study [200]. 

 

Fig. S3.7 QCM-D monitoring of the direct adsorption of EDC/NHS solution on (a)  GO (b) 
PrGO1 
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Fig. S3.8 QCM-D monitoring of the direct adsorption of the SA adsorption on GO, 
PrGO1 and rGO and the BiotFO7 nanobody binding 

3.9 Thickness of sensing layer 

The thickness of the five selected sensing layers were determined by converting mass 

obtained from the Sauerbrey equation to thickness. The software Dfind from Biolin 

Scientific was used for the calculation. The total thickness of the sensing layer is 

calculated from the sum of each protein layer over the solid surface. Protein layers 

including BSA, SA and FO7 are assumed to be rigid observed from low dissipation shift  

(ΔD<<<ΔF). The density of each protein for the calculation are as follows: BSA=BiotBSA: 

1320 g/L, SA: 1100 g/L (hydrated protein), FO7=BiotFO7: 1330 g/L. The results of 

calculated thickness present in Table S3.2. 

Table S3.2 The results of calculated thickness of sensing layers from the Sauerbrey 

equation 

Surface Element ΔF (Hz) Average thickness (nm) S.D. 

(7) Au-SAMs +EDC/NHS +FO7 FO7 6.5 1.1 0.4 

(8) PrGO2+EDC/NHS +FO7 FO7 14.8 2.5 0.5 

(9) rGO-BSA +EDC/NHS +FO7 BSA 4 0.5 0.3 

FO7 8.3 1.2 0.5 

(11) PrGO2- SA +BiotFO7 SA 30 5.4 1.1 

BiotFO7 9 2.0 0.2 

(12) rGO-BiotBSA+ SA 

+BiotFO7 

BiotBSA 5 0.9 0.2 

SA 20 3.2 0.5 

BiotFO7 7 1.7 0.3 
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3.10 KD from Au SAM 

Fig. S3.9 (a) presents the binding of varied concentrations of lysozyme on the Au-SAMs 

functionalised with the FO7 nanobody (reference surface). As expected, the frequency 

and dissipation increase as a function of the lysozyme concentration. The plot of series 

of ΔFLys values vs lysozyme concentration was generated as a standard curve. The 

obtained KD is 1846 nM.  

 

Fig. S3.9 (a) QCM-D result of the binding of varied concentrations of lysozyme on the Au-
SAMs functionalised with the FO7 nanobody. (b) The standard curve with the computed 
KD values of the nanobody on the Au-SAMs. 

 

3.11 Selectivity tests  

Fig. S3.10. presents the QCM-D monitoring of non-specific protein adsorption on five 

different functionalised surfaces. The nanobody immobilisation on different sensing 

surfaces and the adsorption of BSA and IgG were presented showing selectivity of the 

surfaces. All surfaces display specificity against BSA; however, only S.11 and S.12 present 

selectivity against both proteins as explained in the main paper. 
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Fig. S3.10. QCM-D monitoring of non-specific protein adsorption on five different 
functionalised surfaces showing selectivity against serum protein of the surfaces. 
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4.1. Graphene Oxide Preparation 

Graphite flakes of 50 mesh (1g) and NaNO3 (0.9 g) were mixed in concentrated H2SO4 

(35 mL) and left overnight to intercalate. The mixture was cooled down in an ice bath 

before slowly added with 4.5 g KMnO4 during stirring. The mixture was left for 5 days at 

room temperature to allow graphitic oxidation. The brown slurry was diluted by slowly 

adding 5% H2SO4 solution (100 mL), then diluted again with 100 mL mixture of 3% H2SO4 

and 0.5% H2O2. The homogenisation and complete exfoliation of graphite oxide was 

carried out using a vertical stirrer at a low speed for ~1h. The final GO dispersion was 

washed by repeated centrifugation and dilution with diluted H2SO4, then DI water until 

the pH was close to neutral. 

4.2. openQCM principle of operation 

The basic core of the openQCM (Fig. S4.1) device consists of an electronic board 

containing the excitation circuit of the crystal (Fig. S4.1b) that sends a digital output 

signal to a computer via the onboard USB port. The QCM chips are mounted on crystal 

holder type HC-48U. The instrumentation block is shown in Fig. S4.3a. This circuit is 

based on an electronic Pierce oscillator, a standard configuration used for clock signal 

generation in digital circuits. The quartz crystal (Xtal) forms a π-filter with the capacitors 

C1 and C2. The filter feeds the resultant quasi-sinusoid signal through R1 to the inverter 

U1, which initiates the oscillation. Finally, the output inverter U2 creates well-defined 

mailto:aravind@manchester.ac.uk
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square-wave pulses [339]. This signal is then routed to a digital input from an Arduino 

Micro microcontroller unit (MCU) (Fig. S4.3b) that converts the number of pulses to 

frequency. Finally, the shield board also incorporates a digital temperature sensor 

placed in close proximity to the quartz crystal to provide a readout of the real-time 

thermal conditions of the resonator.  

 

Fig. S4.1 Instrumentation electronics for openQCM system a) Pierce oscillator where Xtal 
represents the QCM sensor b) Instrumentation electronics mounted on a shield for an 
Arduino Micro 

 

4.3. Temperature processing 
4.3.1 Temperature-dependent resistors 

Thermistors are a special type of resistor whose resistance changes according to the 

temperature. Their characteristic coefficient indicates the response type of the 

resistance in terms of the temperature. In a negative temperature coefficient (NTC) 

device, when temperature increases, the resistance decreases. Such relationship is not 

linear, rather exponential and can be accurately approximated by computational 

methods through logarithmic functions which a wide range of low-cost microcontrollers 

are capable of computing. In practice, thermistors are configured as voltage dividers 

where a reference resistor (RREF) with low tolerance is required to achieve precise 

temperature measurements. The output voltage of this voltage divider can be easily 

digitized by an analog-to-digital converter (ADC) present in many microcontrollers. 

a) b) 
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Thermistors are widely used as temperature sensors in any control or instrumentation 

process due to its reduced size, high sensitivity, accuracy, fast response and low cost. 

However, these advantages come with a price because of their nonlinear relationship 

between the resistance of the thermistor and the temperature of its surrounding 

atmosphere [340]. When thermistors are used in temperature measurement, they are 

usually connected to an adequate circuit like voltage dividers or bridge circuits (Fig. 

S4.2).  

Since NTCs are not linear devices their temperature response must be modelled 

through either a first-order approximation, the Steinhart-Hart equation[341] (Eq. S1) 

or the beta (β) formula (Eq. 2).  

𝑇 =  
1

𝐴 + 𝐵𝑙𝑛(𝑅) + 𝐶[𝑙𝑛(𝑅)]3
                           (𝑬𝒒.   𝐒𝟏) 

where T is expressed in Kelvin and A, B and C are the Steinhart-Hart coefficients to be 

determined and depend on the model of the thermistor and the temperature range 

where the device will be used in.  

A faster approach is to compute the β-value of a thermistor which indicates the shape 

of the R vs T curve of the thermistor. In other words, this parameter represents the 

decay of the resistance relative to the temperature and it is expressed by Eq. S2. 

𝛽 =

𝑙𝑛 (
𝑅𝑇1

𝑅𝑇2

)

(
1
𝑇1

−
1
𝑇2

)
                                                   (𝑬𝒒.   𝐒𝟐) 

Fig. S4.2 Voltage divider for NTC compensation. RNTC is the thermistor resistance, RREF is a 
reference or compensation resistor. VCC and VOUT are the supply and output voltages, 
respectively. The mathematical expression represents the standard relationship for a two 
resistors voltage divider to determine VOUT. 
 

𝑉𝑂𝑈𝑇 =
𝑅𝑅𝐸𝐹

𝑅𝑁𝑇𝐶 + 𝑅𝑅𝐸𝐹
∙ 𝑉𝐶𝐶 
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where 𝑅𝑇1
 is the resistance at temperature 𝑇1 and 𝑅𝑇2

 is the resistance at temperature 

𝑇2 and are expressed in Kelvin. The material constant (β) of the thermistor is determined 

by the activation energy q and the Boltzmann’s constant k with the dependence 𝛽 =

𝑞 𝑘⁄ . This value is characterized and given by the manufacturer of each device. 

For NTC thermistors with a known β-value, the temperature is expressed as: 

1

𝑇
=

1

𝑇0
+

1

𝛽
𝑙𝑛 (

𝑅

𝑅0
)                                           (𝑬𝒒.   𝐒𝟑) 

 

Where T0 is the reference temperature (usually referred to room temperature), R is the 

sensor’s resistance at any T and R0 is its resistance at T0.  

Solving Eq. S3 for R, we can obtain the exponential relationship between the resistance 

of the thermistor and its body temperature is expressed mathematically by Eq. S4 

𝑅𝑁𝑇𝐶 = 𝑅0𝑒
𝛽(

𝑇0−𝑇
𝑇∙𝑇0

)
                                       (𝑬𝒒.   𝐒𝟒) 

4.3.2 Digitization of an NTC response 

Solving the voltage divider equation shown in Fig. S4.2 for RNTC we have 

𝑅𝑁𝑇𝐶 = 𝑅𝑅𝐸𝐹 (
𝑉𝐶𝐶

𝑉𝑂𝑈𝑇
− 1)                            (𝑬𝒒.   𝐒𝟓) 

 
Fig. S4.3 Arduino Pro Micro pinout. Image taken from Sparkfun Electronics (Jimblom 
(Sparkfun Electronics), 2020)  under the Creative Commons License BY-SA 4.0.  
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An Arduino Pro Micro (Fig. S4.3, [342] was used as the microcontroller board to 

electronically control the activation of the Peltier cooler via the control algorithm 

described in Section 5 from this document. Since the voltage will be converted to a 

digital word by the internal 10-bit ADC of the microcontroller we can rename the 

parameters from Eq. S6 as follows 

 

𝑅𝑁𝑇𝐶 = 𝑅𝑅𝐸𝐹 (
𝐷𝑀𝐴𝑋

𝐷𝑅𝐴𝑊
− 1)                            (𝑬𝒒.   𝐒𝟔) 

 

where DMAX is the maximum digital value that an ADC converter can express by means 

of the number of bits n and given by Eq. S7. DRAW is the value captured by the ADC. It is 

important to notice the direct relationship between the supply voltage and the digital 

conversion value. In this case, the Arduino board utilizes 5 V as an internal power supply 

and reference voltage, therefore this voltage represents the full-scale conversion value. 

DMAX also expresses the number of quantization levels that the ADC can obtain. 

 

𝐷𝑀𝐴𝑋 = 2𝑛 − 1                                         (𝑬𝒒.   𝐒𝟕) 

 

Therefore, for 𝑛 = 10 DMAX equals 1023 with 0 (zero) as the first quantization level. The 

resolution of the system can be expressed as the minimum detectable voltage and is 

given by Vcc/ DMAX = 4.88 mV/step, assuming Vcc = 5.0 V.  

 

DRAW is the digital representation of the setpoint or desired temperature. This parameter 

can also be described as the quantization value of the output from the voltage divider; 

in other words, the real-time digitization of the voltage read by the ADC. 

For the sake of clarity, we can label the argument of the exponential expression from 

Eq. S4 as follows 

𝛼 =  𝛽 (
𝑇0 − 𝑇

𝑇 ∙ 𝑇0
)                                  (𝑬𝒒.   𝐒𝟖) 
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Merging Eq. S4 and Eq. S6 to solve for DRAW we therefore obtain 

𝑅0𝑒𝛼 = 𝑅𝑅𝐸𝐹 (
𝐷𝑀𝐴𝑋

𝐷𝑅𝐴𝑊
− 1)                                (𝑬𝒒.   𝐒𝟗) 

Finally, 

DRAW =
DMAX ∙ RREF

R0eα + RREF
                                      (𝑬𝒒.   𝐒𝟏𝟎) 

The last equations will translate a desired temperature given in °C to an appropriate ADC 

value within its full scale of [0,1023].  

From these results it is straightforward to convert DMAX to an adequate temperature 

scale (e.g. Celsius) by first applying Eq. S6 to obtain the resistance of the NTC as a 

resultant quantified voltage from instrumentation circuit (Fig. S4.2) then solving Eq. S3 

for the temperature T (in Kelvin), as follows: 

T[K] =
βT0

β + T0ln (
RNTC

R0
⁄ )

                                    (𝑬𝒒.   𝐒𝟏𝟏) 

Where RNTC is the value of the thermistor given by Eq. S6. Finally, the conversion to 

Celsius is done by subtracting the absolute zero from the Kelvin scale. 

In order to obtain sensitivity from the digital instrumentation, the Eq. S11 can be plotted 

as a function of the quantification value DRAW. On these terms, we explicitly obtain 

T(DRAW)[K] =
βT0

β + T0ln (
DMAX

DRAW
− 1)

                                    (𝑬𝒒.   𝐒𝟏𝟐) 

4.3.3 Temperature reading resolution 

From Eq. S12, the digital quantities can be indistinctively expressed as voltages. Fig. S4.4 

shows the graph of the respective temperatures as a function of the voltages read by 

the ADC. The highlighted section indicates the limits of the temperatures that were 

observed during the experimental sessions, i.e. [10,35] [°C]. This region presents a linear 

trend that was linearly fitted obtaining a slope of ≈18°C/V corresponding to the 

sensitivity of the system. In terms of the aforementioned resolution of the ADC 
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(4.88mV/step), this system is capable of measuring a temperature change as low as 87.5 

m°C/step.  

Fig. S4.4 ADC readout analysis. NTC Temperature vs ADC Voltage. The top panel shows 
the full-scale response of the voltage divider. The lower panel covers the range of 
experimental temperatures and linear trend. 
 

4.4. Development of GUI for Data Acquisition 

The openQCM project created by Novaetech includes a user interface for data 

acquisition. It was developed in Java programming language and its complete 

functionalities are: connecting to the communications port from the electronic 

(Arduino) board, reading incoming data (frequency and temperature), creating a live 

plot of the data and finally saving data to a text file. In spite of its simplicity, it is a robust 

and well written application by Marco Mauro [343] and entirely developed in NetBeans 
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for Java, however it is limited in options for data visualization and handling, like viewing 

the change of frequencies in terms of their shifts, saving data files in different formats 

or appending and plotting an entire acquisition upon completing an experimental 

session. 

Therefore, a new GUI based on Mauro’s code with extended capabilities was designed 

and developed  

in Matlab 2018 (Fig. S4.5). This acquisition platform queries all the USB devices 

connected to the computer, identifies the unique tag of the openQCM board and starts 

a handshake protocol with the device in order to open a serial communication. The 

platform can acquire continuous data points and offers the possibility to perform a 

baseline calibration in order to read absolute frequency shifts, making the incoming data 

more readable to the user.  

The front panel displays useful information from the status of the current measurement 

like live average and median values, time elapsed and remaining time for the baseline 

calibration routine to complete, finally it also provides timestamps for every registered 

data point and such are saved in the corresponding output Excel sheet file. Every 

acquired data set is continuously loaded in memory and the software was programmed 

so that the data is formatted and ready to be saved once the logging operation is 

completed. Two output file types can be selected: tab-separated text file and Excel file 

(.xlsx).  

Finally, the user can perform a quick check of the acquired data by plotting it with or 

without a simple smoothing. One particular add-on is the possibility to read the raw 

frequencies in the output file when the baseline calibration routine is selected. This 

offers the possibility to process raw incoming data from the QCM sensor. 



285 
 

Fig. S4.6 shows a flow chart for the complete operation of the GUI. The expanded view 

of the routines contained in process boxes are shown on Fig. S4.7 and Fig. S4.8. 

 

Fig. S4.5 Graphical user interface for openQCM data acquisition, baseline calibration and 
logging. 
 

 

 

 

 

 

 

 



286 
 

Fig. S4.6 Flow chart for the custom-made data acquisition GUI. 



287 
 

 

 

Fig. S4.7 Baseline calibration routine subprocess 
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Fig. S4.8 Schematic of the data acquisition routine 
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4.5. The PID control technique 

This control technique is widely used in industrial, instrumentation and medical robotics 

applications due to its robust performance in a wide range of operating conditions. Its 

simplicity and ease of application on electronic devices ranging from high-end ASICs (e.g. 

FPGAs) to low-cost microcontrollers pose important advantages of this solution. A PID 

algorithm is based on an integrodifferential mathematical model consisting of three 

basic coefficients: proportional, integral and derivative which are varied to get the 

desired response. On a PID controller, a sensor connected to a closed loop system is 

read to then compute the desired actuator output by calculating the coefficients and 

summing them to obtain the output signal. In a closed loop system (Fig. S4.9) is the 

sensor itself the element that continuously provides the feedback signal to be compared 

in the input of the system with the desired setpoint obtaining then a resultant error 

signal. Finally, the actuator (i.e. heating element in this case) will be driven to accordingly 

adjust the desired response. In a PID system these parameters are directly affected by 

tuning the characteristic non-negative coefficients of a PID controller, Kp, Ki and Kd, 

which represent the proportional, integral and derivative values, respectively (Fig. 

S4.10).  

The role of each component of the output signal u(t) is briefly described as follows. 

Proportional Response 

This component depends only on the difference between the set point and the process 

variable. The proportional gain, Kp, determines the ratio of output response to the error 

signal e(t). The magnitude of this value will have a strong impact on the stability of the 

system by making the output signal oscillate if its value is set too large. An adequate 

value should then increase only the speed of the control system response. 

Integral Response 

The integral component sums the error e(t) over the time the controller has been active. 

The integral value will continuously increase over time, unless the steady-state error is 

zero, which will produce a zero-integral response. Since component is keeps a record of 

past errors its main role is to minimize the steady-state error. 
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Fig. S4.10. Mathematical expression for the PID control theory and its corresponding 

closed loop block diagram. Ti and Td are the integration and derivative time, respectively. 

 

Derivative Response 

The derivative value anticipates the future behavior of the error e(t) because the 

response of the derivative component is proportional to the change rate of the error. 

Therefore, the derivative action prevents the overshoot of the process variable and 

eliminates oscillations. Usually, the magnitude of Kd is low because the derivative 

response is highly sensitive to noise present on the signal of the process variable and in 

consequence the derivative component could make the control system unstable. 

 

 

𝑢(𝑡) =  𝐾𝑝𝑒(𝑡) + 𝐾𝑖 න 𝑒(𝑡)𝑑𝑡 + 𝐾𝑑

𝑡

0

𝑑𝑒(𝑡)

𝑑𝑡
 

Fig. S4.9 Block diagram for a closed loop system 
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4.6. Electronic PID control routines for the Peltier cell of the isothermal chamber 

The core of the PID algorithm is based on a library originally developed by Brett 

Beauregard [344] and later ported to both the Arduino Code catalogue [345] and the 

library manager of the programming environment as the official PID control library for 

the Arduino development platform. The main body of the algorithm executed for the 

PID control of the Peltier cell is shown on Fig. S4.11. The routines marked with an (*) are 

not included for the sake of simplicity. 

The thermal control routine was programmed in a loop that indefinitely monitors the 

temperature of the chamber, queries the input of the user via a frontal keypad and reads 

and updates the variables assigned to the routines.  In this control structure the value 

of the thermistor is acquired in a self-contained routine (Fig. S4.13), then the returned 

value is converted to the Celsius scale and displayed on the LCD screen. The core of this 

algorithm is the PID routine (Fig. S4.15).  

The range of the PID output value lies within a time window of 5 seconds (5000 ms), 

therefore the value of the PID output will be an activation time between 0 (lower limit) 

and 5000 (upper limit) and its magnitude will be a result of the computation and sum of 

each component of the PID expression from Fig. S4.10. 

Fig. S4.16 provides a graphical description of the activation process of the control signal 

from the PID controller. When the result of the PID computation is higher than the 

elapsed time the control signal changes from a LOW state to a HIGH state. Conversely, 

if the output of the PID is lower than the elapsed time, then the control signal changes 

to deactivate the Peltier cell. This method is analogous to the pulse width modulation 

(PWM) technique, in which by varying the duration of the pulses within a fixed period, 

the power delivered to a load can be adjusted according to the percentage of activation 

time of the control signal. Fig. S4.17 shows possible activation percentages of a control 

signal.  Fig. S4.16b exemplifies the timing scale for a specific activation process. After 

the starting point (t0) the signal changes from LOW to HIGH as the PID output value 

expressed the necessity of activation of the Peltier cell for a period of time td − ta. When 

the length of the defined window size is reached, the algorithm adds another time 

period of equivalent length (t0+WS) and continues the process. This timing and 

computing loop will run indefinitely until stopped by the user.  
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Fig. S4.11 Complete PID algorithm 
implemented on the Arduino Microcontroller 
for controlling the temperature of the 
chamber. 

Fig. S4.13 Routine for reading voltages 
from the NTC voltage divider attached to 
analog channel 0. Samples are averaged 
on each acquisition cycle.  
 

Fig. S4.12 Setup routine for variables, 
flags and ports initialization. This 
routine runs only once. 
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Fig. S4.14 Routine for reading the 
keyboard of the thermal control. 
Each subroutine returns the new 
value for the PID parameters. If the 
PID flag is active the control 
algorithm runs otherwise it stops. 

Fig. S4.15 Full PID computing and Peltier 
activation routine. The output of the PID 
algorithm is an equivalent activation time 
within a window (period) of 5 seconds. 



294 
 

Finally, for its implementation on the selected microcontroller (Fig. S4.3), the room 

temperature (T0) was converted to the conventionally accepted value of 298.15 K (25 

℃), β equals 3977 according to the value given by the manufacturer of the selected 

NTC with a nominal resistance value of 10 kΩ ± 0.5%. The desired temperature is 

represented in Kelvin. The reference resistance at room temperature is expressed by a 

constant value. Finally, a precision reference resistor RREF with a measured resistance 

of 9999 Ω and a nominal tolerance of 0.1% was used.  

Fig. S4.16 Schematic representation of a) continuous PID computing, signal activation conditions 
and edge change from LO-state to a HI-state b) Timing scheme example the activation and 
deactivation of the Peltier cell.  
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4.7. XPS Analysis 

Combined ultimate resolution as measured from Ag 3D is 0.5eV with X-ray source and 

20 eV pass. The XPS data processing was done using CasaXPS software (version 2.3.18) 

(Fig. S4.12). The calibration of C1 spectrum was performed using the sp3 carbon (C-C, C-

H) as reference at 284.8 eV peak position and the background type used was spline 

Tougard. The C1s spectrum fitting (Fig. S4.18a) was performed using 7 synthetic 

components ascribed to different chemical species and a satellite peak, respectively. 

The sp2 C component is represented by an asymmetric line shape of A(a,b,n) GL(p) type 

(CasaXPS version 2.3.18 Manual) where A(0.3,0.8,40) GL(45); the other synthetic 

components are represented by a symmetric line shape of GL(p) type where GL(30) 

(Gaussian/Lorentzian mix with 30% Lorentzian). The constrains applied where the 

FWHM constrain (0.9-1.1) and the position constrains (between max ±1eV to min ±0.1 

eV). XPS C 1s region was fitted with the synthetic components in the manner which 

minimizes the total square error fit (0.91) and corresponds to the literature reports. In 

the case of rGO, it was impossible to distinguish between sp2 and sp3 carbons, therefore 

Fig. S4.17 Possible activation states for a PWM signal of 5 seconds 
of duration. 
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the signal was fitted with a single asymmetric component. Fig. S4.18b show the fitted 

peaks from widescan data. 

 

4.8. AFM topography 
In accordance to the same coating procedure described in the main paper, the 

topography of bare Au and rGO-coated Quartz Pro QCM chips are presented in Fig. 

S4.19. Surface roughness for each sample was measured to assess its impact on protein 

adsorption. The Rrms values for all samples are statistically similar, at 1.4 nm, thus we 

infer that surface roughness should not have a major effect on the protein adsorption.  

Fig. S4.18 XPS data for rGO films a) C1s peaks b) Widescan peaks fitting 

 

a) b) 

Fig. S4.19 AFM profile from a) bare Au sensors and b) rGO-coated sensors. 

Scan area in all images is 2 μm2. 

 

a

) 

b

) 



297 
 

 

4.9. Sauerbrey Model 

Sauerbrey was the first who derived that the relationship between ∆𝑓 and  ∆𝑚 is linear 

in the limit of small ∆𝑚 and is expressed by a simple relationship, 

∆𝑓

𝑓0
= −

∆𝑚

𝑚𝑄
                                                (𝐄𝐪. 𝐒𝟏𝟑) 

where 𝑚𝑄 is the mass of the unloaded resonator. From Eq. S13 one can introduce the 

mass sensitivity factor 𝐶𝑟, and depends only on the fundamental resonant frequency 𝑓0  

and the material properties of the crystal used [336].  

Hence: 

𝐶𝑟 =
𝑚𝑄

𝑓0
                                                    (𝐄𝐪.  𝐒𝟏𝟒) 

where the mass of the resonator can be expressed as the product of the average density 

of quartz crystal, 𝜌𝑄 and its thickness ℎ𝑄. Thus, 𝐶𝑟 can be expressed in terms of an 

appropriate dimensional analysis: 

𝐶𝑟 =
𝑚𝑄

𝑓0
=

𝜌𝑄ℎ𝑄

𝑓0
=

[
𝑛𝑔

𝑐𝑚3 ∙ 𝑐𝑚]

[𝐻𝑧]
= [𝑛𝑔𝑐𝑚−2𝐻𝑧−1]         (𝐄𝐪.  𝐒𝟏𝟓) 

For 10 MHz quartz crystals, 𝐶𝑟 equals 4.5 𝑛𝑔𝑐𝑚−2𝐻𝑧−1 if only one side is covered [303]. 

For crystals with 𝑓0 = 5 MHz, the density is 𝜌𝑄 = 2.648 𝑔 𝑐𝑚3⁄   and the average 

thickness is ℎ𝑄 ≈ 300 𝜇𝑚, thus  𝐶𝑟 ≈ 18 𝑛𝑔𝑐𝑚−2𝐻𝑧−1 .  

Assuming rigid adsorption to the substrate enables the use of Sauerbrey modelling to 

approximate the mass adsorbed on Au electrodes. To obtain the aerial mass density, the 

values captured for ∆𝑓 can be plugged in the Sauerbrey equation (Eq. S13). Rearranging 

terms, we obtain.  

∆𝑚

𝐴
= −

√𝜌𝑄𝜇𝑄

2𝑓0
2 ∆𝑓           [𝑔/𝑐𝑚2]                          (𝐄𝐪.  𝐒𝟏𝟔) 

where 𝐴 = 0.2043 𝑐𝑚2 , 𝜇𝑄 = 2.947 × 1011 𝑔𝑐𝑚−1𝑠−2 and 𝑓0 = 10 𝑀𝐻𝑧 for the 

crystals used in all cQCM instrument experiments. 
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4.10. Calibration curves 

 

 

 

 

  

Fig. S4.20 cQCM and QSense calibration curves. a) cQCM-Au response with Hill fitting. b) 
cQCM-rGO response and linear fit. c) QSense-Au response with Hill fitting. d) QSense-rGO 
response curve and linear fit. Inset plots a) and c) show the linear fits from the highlighted 
regions (rectangle) 
 

a) b) 

c) 

d) 
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