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Abstract
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Nanomaterials have brought new aspects and improvements to the biosensing field due to their
unique physical and chemical properties that are not shown in the bulk state. This thesis focuses
on concepting, developing and testing of biosensors where nanomaterials including graphene
gold nanoparticles (AuNPs) and magnetic nanoparticles (MNPs) constitute the biosensors. The
motivation is to improve the properties of biosensors for protein and nucleic acids by using the
nanomaterials’ high surface volume ratio, their unique electrical properties, their good stability
and biocompatibility.

The synthesis of well controlled hybrid materials was essential to obtain well performing
nucleic acids sensors, whereas a protein sensor contained mainly graphene and organic
molecules. The nanomechanical measurements were applied on pyrene-maltose functionalized
graphene surfaces after incubating them with the protein. When the Concanavalin A was
captured by the pyrene-maltose, the adhesion force of biosensor surface increased significantly.
This detection principle was employed to quantify the Concanavalin A attachment to the surface
sensitively.

In the development of the eletrocatalytic microRNA sensor, AuNPs were packaged into
graphene oxide (GO) sheets to form three-dimensional network structures that both guide the
electrical current and increase the surface area of the electrodes. Prior to the assembly of these
GO-AuNPs hybrid materials, a duplex-specific nuclease-assisted target recycling reaction was
employed for opening the surface of the DNA functionalized AuNPs. The electrocatalytical
water splitting activity increased with the fraction of the AuNP surface and thus with the activity
of the nuclease-assisted target recycling reaction.

Owing to the high shape anisotropy of graphene, a two-dimensional optomagnetic label
GO-MNP nanohybrid was investigated for DNA detection. The DNA coils that were
generated through rolling circle amplification absorbed on GO-MNP nanohybrid, leading to a
hydrodynamic size increase or aggregation of the proposed nanolabels that can be detected by an
optomagnetic sensor. An MNP assembly-based microRNA biosensing strategy is also included
in the thesis. DNA scaffolds of the MNP assemblies contain DNAzyme substrate and thus can
form cleavage catalytic structures in the presence of microRNA, leading to the disintegration
of assemblies. The proposed nanomaterials based biosensing platforms show great potential in
the clinical and biomedical applications.

Keywords: Graphene, nanoparticles, nanostructure, biosensors

Yuanyuan Han, Department of Engineering Sciences, Applied Materials Sciences, Box 534,
Uppsala University, SE-75121 Uppsala, Sweden.

© Yuanyuan Han 2019

ISSN 1651-6214
ISBN 978-91-513-0587-5
urn:nbn:se:uu:diva-378561 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-378561)



 

List of papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 
 

I Yuanyuan Han, Hu Li, S. Hassan M. Jafri, Dmitri Ossipov, 
Jöns Hilborn, Klaus Leifer, Graphene Based Mechanical 
Biosensor by Employing Non-covalent Stacking 
Functionalization (Submitted) 
 

II Yuanyuan Han*, Zhen Qiu*, Ganesh Nawale, Oommen 
Varghese, Jöns Hilborn, Bo Tian, Klaus Leifer, MicroRNA 
Detection Based on Duplex-Specific Nuclease-Assisted Target 
Recycling and Gold Nanoparticle/Graphene Oxide 
Nanocomposite-Mediated Electrocatalytic Amplification. 
Biosensors and Bioelectronics, 2019, 127:188-193. 

 
III Bo Tian, Yuanyuan Han, Erik Wetterskog, Marco Donolato, 

Mikkel Fougt Hansen, Peter Svedlindh, and Mattias Strömberg, 
MicroRNA Detection through DNAzyme-Mediated 
Disintegration of Magnetic Nanoparticle Assemblies. ACS 
sensors, 2018, 3(9):1884-1891. 
 

IV Bo Tian*, Yuanyuan Han*, Jeppe Fock, Mattias Strömberg, 
Klaus Leifer, Mikkel Fougt Hansen, Self-Assembled Magnetic 
Nanoparticle−Graphene Oxide Nanotag for Optomagnetic 
Detection of DNA. ACS Applied Nano Materials, 2019, 
10.1021/acsanm.9b00127 
 

V Hu Li*, Yuanyuan Han*, Klaus Leifer, Size-Dependent 
Elasticity of Gold Nanoparticle through Atomic Force 
Microscope Based Nanoindentation (Submitted) 

 
I retain the right to include articles in the thesis. 

  



 

Author’s contribution: 

I Most of the experimental, the design, analysis and writing. 
II Part of the experimental, design, analysis and writing. 
III Part of the experimental, design, analysis and writing. 
IV Part of the experimental, design, analysis and writing. 
V Part of the experimental, design, analysis and writing.  

*Authors contributed equally to this work. 
  

Papers not included in the thesis: 

VI Anna Lundstedt, Raffaello Papadakis, Hu Li, Yuanyuan 
Han, Kjell Jorner, Joakim Bergman, Klaus Leifer, Helena 
Grennberg, Henrik Ottosson, White-Light Photoassisted 
Covalent Functionalization of Graphene Using 2-Propanol. 
Small Methods, 2017, 1 (11):1700214. 
 

VII Liyang Shi, Yuanyuan Han, Jöns Hilborn, Dmitri Ossipov, 
“Smart” Drug Loaded Nanoparticle Delivery From a Self-
Healing Hydrogel Enabled by Dynamic Magnesium-
Biopolymer Chemistry. Chemical Communications, 2016, 
52(74):11151-11154.  
 

VIII Yang, Jiaojiao, Yuanyuan Han, Jun Luo, Klaus Leifer, Maria 
Strømme, Ken Welch, Synthesis and Characterization of 
Amorphous Magnesium Carbonate Nanoparticles. Materials 
Chemistry and Physics, 2019, 224: 301-307. 



 

Contents 

1. Introduction ................................................................................................. 9 
1.1 Motivation ............................................................................................ 9 
1.2 Outline .................................................................................................. 9 

2. Background Knowledge ........................................................................... 11 
2.1 Nanomaterials for biosensing ............................................................. 11 

2.1.1 Graphene ..................................................................................... 11 
2.1.2 Gold nanoparticles ...................................................................... 14 
2.1.3 Magnetic nanoparticles ............................................................... 15 
2.1.4 Graphene based hybrid material ................................................. 17 

2.2 Biosensor ............................................................................................ 18 
2.2.1 Biosensing surface ...................................................................... 18 
2.2.2 Characteristics of a biosensor ..................................................... 19 

2.3 Analysis techniques of nanostructure ................................................. 20 
2.3.1 Raman spectroscopy ................................................................... 20 
2.3.2 Electron microscopy ................................................................... 21 
2.3.3 Scanning tunnelling microscopy................................................. 22 

3. Methods .................................................................................................... 25 
3.1 Nanomaterial bio-conjugation ............................................................ 25 
3.2. The fabrication and analysis of biosensor surface ............................. 26 

3.2.1 Graphene-pyrene maltose self-assembled nanostructure ............ 26 
3.2.2 GO-nanoparticles hybrid nanostructure ...................................... 27 
3.2.3 Nanoparticles assemblies ............................................................ 28 

3.3 Signal transducing and measurement ................................................. 29 
3.3.1 Enzyme-assisted target recycling ............................................... 29 
3.3.2 Rolling circle amplification ........................................................ 30 
3.3.3 AFM based nanomechanical detection ....................................... 31 
3.3.4 Electrocatalytic measurement system ......................................... 33 
3.3.5 Optomagnetic measurement platform ......................................... 34 

4. Results and discussion .............................................................................. 37 
4.1 Con A sensing by nano-mechanical sensor ........................................ 37 
4.2 MicroRNA sensing by electrochemical sensor .................................. 39 
4.3 DNA and microRNA detection by optomagnetic platform ................ 40 

5. Conclusions and future perspectives ......................................................... 44 



 

Svensk sammanfattning ................................................................................ 46 

Acknowledgements ....................................................................................... 48 

References ..................................................................................................... 49 

 



 

Abbreviations 

 AFM 
 AuNPs 
 BSA 
 CNT 
 Con A 
 CVD 
 DNA 

Atomic force microscopy 
Gold nanoparticles 
Bovine serum albumin 
Carbon nanotube 
Concanavalin A 
Chemical vapour deposition 
Deoxyribonucleic acid 

 DSN 
 FET 
 FRET 
 GO 

Duplex-specific nuclease 
Field effect transistor 
Fluorescence resonance energy transfer 
Graphene oxide 

 HOPG 
 ITO 

Highly oriented pyrolytic graphite 
Indium tin oxide 

 LOD 
 MNPs 
 PF-QNM 

Limit of detection 
Magnetic nanoparticles 
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1. Introduction 

1.1 Motivation 
Biosensing is a field that builds technological convergence incorporating 
multiple fields, including material synthesis, biochemical techniques, 
nanotechnology, device fabrication, signal detection and data analysis 
(Turner et al., 1987). The first biosensor enzyme electrode was produced in 
1960s (Clark Jr. and Lyons, 1962). In the following 50 years, the biosensing 
had experienced a rapid development and achieved great progress in a 
variety of field including the health care, biomedical study, drug discovery 
and food safety. Particularly, in the recent 20 years, with the introduction of 
nanotechnology into the biosensing field, the biosensor research entered a 
new phase (Wang, 2005; Yang et al., 2010; Zhu et al., 2015). When used in 
biosensors, the surface-, quantum- and size-effects of nanomaterials can 
effectively improve the biosensor efficiency. For example, owing to the huge 
surface-volume ratio compared with bulk material, nanomaterials possess 
much more recognition sites on surface resulting in a higher sensitivity in the 
biosensors. Moreover, the emerging quantum effect affords the 
nanomaterials with novel optical, electronic, thermal, magnetic properties, 
which approaches total new detection principles for biosensors. 

This doctoral thesis concerns the biosensing in the perspective of 
nanomaterials and nanotechnology to construct sensors with better 
performance. In this work, a number of nanomaterials, including zero-
dimensional gold nanoparticles (AuNPs) and magnetic nanoparticles 
(MNPs), two-dimensional graphene, graphene oxide (GO) as well as 
graphene based hybrids, are employed for the sensitive and selective 
detection of proteins and nucleic acids. The aim of this doctoral thesis is to 
achieve highly sensitive and selective bio-detections by functionalizing the 
nanomaterials and constructing nanostructures with various dimensions. 

1.2 Outline 
In the doctoral thesis, different sensors and biosensors are included, and they 
are based on various detection principles. To classify these works, a table is 
shown and more details are presented (Table 1). 
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The objectives of each paper are as follows: 
 

I. To build a protein detection platform based on a functional 
graphene surface and an atomic force microscopy (AFM) based 
mechanical measurement, and to explore the atomic scale 
nanostructure of biosensor surface.  

II. To detect microRNA by a cascade amplification method 
employing duplex-specific nuclease (DSN) -assisted target 
recycling and by nano-superstructure consisting of GO-AuNPs 
multilayers. 

III. To demonstrate a microRNA and DNA sensor based on DNA-
assisted MNPs assemblies and an optomagnetic detection 
system. 

IV. To improve the optomanetic signal by constructing graphene-
MNP hybrid material with shape anisotropy, and to detect DNA 
quantitatively and sensitively. 

 
Table 1. Details of appended papers. 
 
Paper Principle Analyte Sensing strategy 

I Mechanical Concanavalin A Adhesion force mapping 

II Eeletrocatalytic MicroRNA DSN-assisted target recycling 

III Optomagnetic MicroRNA/DNA DNAzyme-assisted target recycling 

IV Optomagnetic DNA Rolling circle amplification   
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2. Background Knowledge 

This chapter describes the essential scientific knowledge on which this 
doctoral thesis based, involving the nanomaterial, analytical technology, and 
general characteristics of biosensors.  

2.1 Nanomaterials for biosensing 
Nanomaterials are one class of materials with at least one dimension in the 
nano-range, usually below 100 nm, e.g., zero-dimensional nanoparticles, 
one-dimensional nanowires and nanorods, two-dimensional nanosheets (such 
as graphene), as well as some bulk nanostructured materials (Rao, 2015). 
Generally, compared to the bulk state materials, nanomaterials have special 
properties, which offer opportunities and availabilities in developing new 
generation of biosensors with better sensitivity, specificity, stability and low 
cost. However, challenges still plague on nanomaterials for biosensors: (a) 
synthesis of nanomaterials with high quality and good reproducibility; (b) 
improving stability and biocompatibility of nanomaterials in complex 
systems. 

2.1.1 Graphene  
In the recent one and half decades, graphene, a two-dimensional crystalline 
carbon material, has attracted high interests and been studied intensively. 
І. Synthesis and functionalization. Since Geim and Novoselov (Geim and 
Novoselov, 2007) initially isolated the monolayer graphene from highly 
oriented pyrolytic graphite (HOPG) by mechanical exfoliation, numerous 
methods are explored to obtain graphene, including chemical vapour 
deposition (CVD) (Chen et al., 2011b), epitaxial growth (Shen et al., 2009), 
organic synthesis (Moreno et al., 2018), solvent aided sonication 
(Widenkvist et al., 2009) and chemical oxidation of graphite (Marcano et al., 
2010). Although the graphene has low defects via mechanical exfoliation, 
the small size (only several micrometers) of the obtained graphene greatly 
limits its application in electronic applications (Schwierz, 2013). Fortunately, 
the the CVD method enables graphene with a large area and high quality. 
However, controlling grain size and layers number are still challenges in 
CVD method (Muñoz and Gómez-Aleixandre, 2013). Another practical way 
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to produce graphene is reducing graphene oxide (GO) (Eda et al., 2008). 
Actually, GO itself displays better chemical activity and potentiality of 
further functionalization than reduced GO. Thus, the preparation of GO 
represents an easy, low-cost and mass production strategy to obtain two-
dimensional nanomaterial.  

Due to the various functional groups (carbonyl, hydroxyl and epoxy 
groups) on the surface, GO has abundant active sites for further reaction and 
functionalization, which much broadens its functionality and applications 
(Dreyer et al., 2010; Loh et al., 2010). So a wide range chemical reaction 
involving these active groups are used for GO covalent functionalization, i.e., 
subsequent addition of amines (Liu et al., 2008), epoxide ring-opening 
(Thomas et al., 2014), and polymerization from hydroxyl groups by atom 
transfer radical polymerization method (Durso et al., 2018). However, 
covalent functionalization of pristine graphene is more difficult because of 
strong carbon-carbon sp2 bonds. To break sp2 bonds and form new sp3 bonds, 
harsh reaction conditions or highly active chemicals are needed (Liao et al., 
2014; Steenackers et al., 2011; Wang et al., 2016). In this condition, the non-
covalent method becomes a practical alternative for graphene 
functionalization and keeping its unique physical properties at the same time 
(Georgakilas et al., 2016). Non-covalent functionalization generally utilizes 
weak physical interactions, e.g., π-π stacking (Su et al., 2009) and van der 
Waals forces (Woszczyna et al., 2014), to attach functional molecules on 
graphene.  
II. Properties and applications in biosensing. Here we focus applications 
of graphene in bio-detection, and show the recent advances of various 
graphene based sensors and biosensors.  

(1) Fluorescence resonance energy transfer (FRET) sensors. Graphene is 
a high-efficiency substrate for fluorescence quenching, wherein the resonant 
energy is transferred between fluorophores and graphene (Kasry et al., 2012). 
Based on this property, Chen et al. (Chen et al., 2011a) fabricated a 
biosensor for concanavalin A (Con A) detection. Firstly, pyrene-conjugated 
maltose molecules attached on GO surface via π-π stacking and the 
corresponding fluorescence signal was quenched by GO in solution. Once 
Con A binding with maltose groups, the pyrene-maltose molecules were 
dragged away from the GO surface into solution, and the fluorescence 
emission recovered. In this way, a fast, simple and sensitive biosensing 
platform was built for protein detection.  

(2) Field effect transistor based biosensors. Field effect transistor (FET) is 
composed of a graphene channel between the source and drain electrodes, 
and a gate electrode to control the offset of the bandgap from the K-point. 
When the analytes bind onto the graphene channel, the electric charges will 
be distributed, and carrier density is changed, resulting in graphene channel 
conductivity and the overall device response altering. The FET based on 
graphene has been applied in the gas (Inaba et al., 2014), metal ions (Chen et 
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al., 2012), DNA (Zheng et al., 2015) as well as proteins (Mao et al., 2010) 
detection with high sensitivity, short detection time and electronic readouts. 
In spite of these advantages, there are some limitations of graphene based 
FET sensors, e.g., requiring high-quality graphene and complex construction 
process.  

(3) Electrochemical biosensors. Graphene serves as an ideal 
electrochemical material because it has high conductivity to transfer the 
electrons from molecules to electrodes rapidly and large surface area for 
target molecules capturing or other electrochemical active nanomaterials 
supporting. Besides, the high stability and mechanical strength also make 
graphene as proper electrode materials. The graphene has been mainly used 
in two types of electrochemical biosensors, i.e., voltammetric/amperometric 
biosensors (Huang et al., 2019; Kang et al., 2009) and impedimetric 
biosensors (Wang et al., 2015). Moreover, due to the electrocatalytic 
activities of graphene (Navalon et al., 2017) and graphene based hybrid 
material (Thanh et al., 2016) towards specific molecules, e.g., hydrogen 
peroxide, graphene has been used in also various electrocatalytic sensors.  

Take glucose detection as an example, different schemes for glucose 
detection are listed and compared below in Table 2, from which we can see 
graphene plays essential roles in these sensors.  

 
Table 2. The graphene based glucose sensors 
 

Type Material  Function of graphene LOD 

FRET based  

sensor 

graphene/dots-[3-

aminobenzeneboronic] 

fluorescence quencher 5.0 µM (Qu et 

al., 2013) 

FET biosensor graphene-silk fibroin/ 

glucose oxidase 

Electron channel, support 

for enzyme immobilizing 

0.1 mM  

(You and Pak, 

2014) 

Electrochemical 

biosensor 

graphene-

chitosan/glucose  

oxidase 

support for enzyme 

immobilizing, electron 

transfer 

0.02 mM 

(Kang et al., 

2009) 

Electrocatalytic 

biosensor 

graphene/AuNPs support for noble metal 

nanoparticles, electron 

transfer 

1 µM (Thanh et 

al., 2016) 

 
In spite of the sensors and biosensors above, graphene can also be used in 

the strain sensors by combining mechanical and electrical properties (Arlett 
et al., 2011). Now there are different types of graphene based strain sensors 
relying on the structural deformation of graphene and resistance changes 
under pressure (He et al., 2015; Xu et al., 2014). From the summary above, it 
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has been clearly shown that graphene offers many benefits in the biosensing 
and provides more possibilities for future development.  
  

2.1.2 Gold nanoparticles  
Nanoparticles have played a significant role in the biological and clinical 
applications during last decades, e.g., biomolecules detection, imaging, drug 
delivery and disease therapy (Daniel and Astruc, 2004; Michalet et al., 
2005). Nowadays, nanoparticles with various chemical compositions have 
been prepared, such as silica nanoparticles, metal and metal oxide 
nanoparticles, polymer nanoparticles. Among them the most explored is 
AuNPs, which represent an excellent nanomaterial in biosensing 
applications. 
I. Synthesis. The synthesis of AuNPs has been developed for more than 100 
years, and research of new synthesis methods are still ongoing. Usually, the 
AuNPs are prepared in the aqueous phase by reducing chloroauric acid with 
reduction agents (Turkevich et al., 1951). In order to produce well dispersed 
AuNPs in the organic phase, a two-phase method is generally used. 
Specifically, the AuNPs firstly grow in an aqueous phase and then 
transferred to the organic solution by the phase transfer catalyst (Brust et al., 
1994). To avoid the residual phase-transfer catalyst and simplify the 
experiment procedures, a one-phase method is explored. For example, 
triethylsilane, a mild and efficient reducing agent was used to reduce the 
chloroauric acid in tetrahydrofuran (single organic liquid phase), with 
dodecanethiol as the stabilizing agent. The final products of AuNPs with 
narrow size distribution were well dispersed in organic solvents (Sugie et al., 
2008). In paper V, we expect to obtain the AuNPs homogeneously dispersed 
in the organic solvent but with a slightly wide size distribution (from about 2 
to 15 nm), in order to study the size effect of nanoparticles on their 
mechanical properties. So the one-phase method mentioned above was 
modified to meet requirements by replacing the organic ligands 
dodecanethiol with octanethiol. Since octanethiol cannot provide enough 
stability, the growth AuNPs with octanethiol was not uniform (Soliwoda et 
al., 2014). The AuNPs prepared with octanethiol is not very stable and can 
only be preserved for about one week. 
II. Properties and applications in biosensing. AuNPs possess unique 
physical and chemical properties, and some of them having been applied in 
the biosensing field as shown:  

(1) Optical properties (colorimetric sensing): AuNPs interact with visible 
light and show different colours depending on the size, aggregation states 
and local environment. This colour changing is very sensitive to AuNPs 
aggregating state, which provides a possibility for real-time and sensitive 
detection. A typical example is the detection of DNA by AuNPs based 
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colorimetric biosensor. The colour of individual AuNPs capped with DNA 
probes was red. And as the target DNA hybridized with DNA probes, the 
AuNPs would aggregate, resulting in the colour of solution turning blue (Xia 
et al., 2010). The opposite process can be designed for metal ion sensing 
(Liu and Lu, 2003).  

(2) Fluorescence quenching (FRET sensing): The fluorescence emission 
of fluorophores will be quenched when absorbing on AuNPs surface, 
because of the overlapping of fluorophores’ emission spectrum with AuNPs 
surface plasmon band (Dulkeith et al., 2002). AuNPs have high efficiency of 
the resonance energy transfer and broad bandwidth of energy, which makes 
it an ideal material for fabricating a fluorescence resonance energy transfer 
based biosensor. For instance, Li and Rothberg (Li and Rothberg, 2004) 
utilized the fluorophores tagged single-stranded DNA probes mixing with 
AuNPs in solution, and the fluorescence of fluorophores was quenched. 
Then the target single-stranded DNA was added into the mixture to 
hybridize with single-stranded DNA probes, and the fluorescence signal 
recovered since double-stranded DNA had lower propensity to absorb on 
AuNPs than single-standed DNA. By this method, even one base mismatch 
between the single-stranded DNA probe and target single-stranded DNA 
could be distinguished.  

(3) Electrical properties (electrochemical sensing): AuNPs have big 
surface energy and a large surface for biomolecules immobilization, and can 
also provide pathways for the electrons flowing from analyte to the electrode 
surface. Based on these properties, a variety of biosensors have been 
developed, including chemiresistors for aromatic molecules vapour sensing 
(Wohltjen and Snow, 1998), AuNPs/enzyme-modified electrodes for glucose 
sensing (Xiao et al., 2003) and AuNPs based microelectrodes gap for DNA 
trapping (Zheng et al., 2004). In our work, the electrocatalytic properties of 
AuNPs are used for water splitting process that has not been widely used in 
biosensing and show great promise. The water splitting reaction is 
environmentally friendly and low-cost, and the signal produced by this 
reaction is easy to be detected and analysed. For eletrocatalytic biosensors, 
building a sizeable reactive surface and efficient transfer pathways of mass is 
necessary which will be discussed later.  

Besides the properties and application above, AuNPs are also used in the 
surface-enhanced Raman scattering based sensing (Fu et al., 2018), surface 
plasmon resonance based sensing (Li et al., 2017) as well as quartz crystal 
microbalance-based sensing (Dong et al., 2018). 

2.1.3 Magnetic nanoparticles 
MNP is a good alternative in the medical and biological applications. The 
properties of MNPs are mainly determined by their chemical composition, 
structure and size. In most cases, the MNPs with the size smaller than 100 
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nm show superparamagnetism, which allows the MNPs suspending stably in 
solution in the absence of external magnetic field. When the external 
magnetic field is applied, the MNPs can be collected easily without 
irreversible aggregating. Now the most employed MNPs in the biomedical 
application is iron oxide, due to its low toxicity and good biocompatibility 
(Sandhu et al., 2010). In biosensors, MNPs or MNPs functionalized with 
specific probes can be used for capturing, isolating, or enriching of analytes. 
Then in the signal transducing steps, MNPs not only work as targets carriers 
but also can be detected as a label based on its different properties, such as 
magnetic moment and Brownian relaxation. In our work, iron oxide 
nanoparticles were used in an optomagnetic biosensor, in which the 
Brownian relaxation is the fundamental property. The Brownian relaxation 
time (τ) is determined by the rotational mobility (m) of MNP which is shown 
in Figure 1 (Brown, 1963). 

 
 
 
 
 
 
 

 
 
 

 

 

 

Figure 1. The Brownian relaxation curve.  

 
The relaxation time τB and frequency fB is given by  

 

τB
3

К T
ƞ 

1
2

К T
6 ƞ

 

Where Vhyd is the dynamic volume of nanoparticles, ƞ is the dynamic 
viscosity of suspending medium and	К T is the thermal energy (Connolly 
and St Pierre, 2001). The Brownian relaxation will be used later in the 
optomagnetic platform session.  
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2.1.4 Graphene based hybrid material 
In order to build new nanostructures and incorporate properties of different 
nanomaterials, graphene based hybrids are constructed by combining 
graphene with various molecules and nanomaterials. Now many methods 
have been used for the hybrid preparation, such as, vacuum filtration (Peng 
et al., 2014), chemical polymerization (Xu and Gao, 2010), in-situ growth 
(Xu et al., 2013), layer by layer self-assembly (Biswas and Drzal, 2010). 
Here several types of representative graphene based hybrids are introduced. 

(1) Graphene-nanoparticles hybrid. Through different preparing process, 
the graphene-nanoparticles hybrid shows various nanostructures, can affect 
the properties of the hybrid material. Take the graphene-AuNPs hybrid as 
example: the surface enhanced Raman effect caused by this material is 
influenced by the hybrid material preparation method and the nanostructure 
of the hybrid. By the first preparation method (He et al., 2012), AuNPs 
dispersed randomly on the graphene surface via reducing chloroauric acid in 
solution with graphene. Through the second preparation method, a self-
patterned graphene-AuNPs hybrid was prepared using electron beam 
lithography, wherein the AuNPs were well patterned and uniformly 
dispersed on the substrate. When tuning the distance between AuNPs, the 
intensity of Raman signals will be differed because of the near-field 
plasmonic effects (Schedin et al., 2010). Besides, the size and surface 
functionalization of nanoparticles also influence the hybrid properties. 

(2) Graphene-polymer hybrid. The first graphene-polymer hybrid was 
reported in 2006 (Stankovich et al., 2006), in which graphene-polystyrene 
hybrid was prepared and showed good percolating and conductivity. Since 
then, graphene has been combined with different polymers, e.g., natural 
polymers, conjugated polymers and polyelectrolytes. Among them, natural 
polymers have good affinity to biomolecules and are easy to form films, 
providing a proper platform for the enzyme immobilization (Ege et al., 2017). 
For instance, graphene-chitosan composites have been used for at least ten 
years as an electrode material for glucose detection, and it showed stable 
loading of glucose oxide enzyme and high electron transfer efficiency. The 
sensitivity and linear detection range of this sensor was better than pure 
metal nanoparticles or carbon nanotubes based glucose sensors (Kang et al., 
2009). Actually, without the aid of polymers, some bio-macromolecules, 
such as single-stranded DNA (Zhang et al., 2010) and proteins (Alava et al., 
2013) can attach on graphene directly via non-specific physical interactions 
or chemical bonds.  

(3) Graphene-carbon nanotube hybrid. The combination of the two-
dimensional graphene and one-dimensional carbon nanotubes (CNTs) form 
more complex nanostructure of carbon material. The graphene/CNTs hybrid 
has high speed pathways for electrons transfer and shows extraordinary 
electronic properties (Tang et al., 2014). When the CNTs were mixed with 
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GO that had many defects and low conductivity for glucose detection, the 
CNTs acted as electron transporter while GO bound with biomolecules by 
numerous active groups on the surface. Compared with pure CNTs, 
graphene/CNTs hybrid based biosensor had better reproducibility, and 
stronger respond signals (Mani et al., 2013).  

2.2 Biosensor 
A biosensor is a bio-analytical device which combines a recognition part 
(bio-receptor) with a signal transducing part (transducer), as shown in 
Figure 2. The bio-receptor recognizes analytes by specific interactions, 
while the transducer ‘translates’ this chemical/biological interaction to the 
optical, electrical, magnetic or micromechanical signals that can be detected 
easily and quantitatively (Turner et al., 1987). A critical step of biosensor 
fabrication is to immobilize the bio-receptors on the transducer surface. Thus 
both the capturing of analytes and transducing of interaction between bio-
receptors and analytes take place on this surface. So this surface becomes the 
core element of a biosensor. 

2.2.1 Biosensing surface  
To ensure the detection of biomolecules with high selectivity, the biosensor 
surfaces are functionalized by specific bio-receptors. The bio-receptors 
includes but not limited to the following: proteins, nuclear acids, tissues, 
aptamers and other bioactive small molecules. In 1962, Clark and Lyons 
immobilized the glucose oxidase on the platinum electrode to prepare the 
first enzyme electrode (Clark Jr. and Lyons, 1962). Compared to suspended 
biomolecules in the solvent, the biosensors with immobilized ones have 
better thermal stability, good recycle performance and simple detection 
process. The immobilization method varies, including physical absorption, 
covalent bonding, crosslinking, and entrapment (Cosnier, 1999; Hernandez 
and Fernandez-Lafuente, 2011).  

After the stable immobilization, the bio-receptors and transducers form a 
complex structured biosensor surface. The structure of this surface has great 
effects on the performance of biosensors. For example, in the electrocatalytic 
sensors, the nanostructure of the biosensor surface determines the number of 
active catalytic sites and mass transfer efficiency which influences detection 
sensitivity (Walcarius, 2012). While for the sensors with self-assembled 
biomolecules monolayer, the uniformity of the thin film influences the final 
signals detection (Marx, 2003). 
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Figure 2. The schematic figure of a biosensor. 

2.2.2 Characteristics of a biosensor  
The performance of biosensors is reflected by the properties as follows:  
(1) Sensitivity and limit of detection. In analytical chemistry, there are some 
different definitions of sensitivity. Here we choose the sensitivity defined as 
the slope of the analytical calibration curve (Massart et al., 1978a). When the 
analytical function is:  

y = f(x) 

where x is the concentration or amount of analyte and y is the result of 
measurement, which can be light intensity, current, voltage or force. The 
sensitivity can be written as (dy/dx). Usually, the sensitivity cannot keep 
constant in a large range of detection. The lower limit of the detection range 
is the limit of detection (LOD) which is expressed as  

LOD=Yblank+κσ 

where Yblank is the signal of blank control experiment, κ is coefficient and σ 
is the standard deviation of the control experiment. It is often to use LOD as 
a standard to compare the sensitivity of different biosensors. However, LOD 
and sensitivity is different. The sensitivity and LOD are illustrated below 
(Figure 3): 
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Figure 3. The illustration of sensitivity and LOD.  

(2) Selectivity. The detection of the analyte is often in the presence of other 
components, now the calibration function is (Massart et al., 1978b): 

yi=fi(x1,   xi-1,xi,xi+1,   xn)  

if the analytical equation is considered as linear relationship and each 
component is independent (no xixi+1), 

y1=S11x1+S12x2,   S1nxn 

y2=S21x1+S22x2,   S1nxn 

… 

ym=Sm1x1+Sm2x2,   Smnxn 

in which S is the slope of calibration slope, i.e., sensitivity. In the detection 
of component i, when only xi contributes to the measurement result yi (Sii 
0and Sij 0), the detection will get ideal selectivity. However, this case is 

not typical and other components often influence the detection results.  
Besides the sensitivity and selectivity, the detection range, reproducibility 

and robustness are also important characters of biosensors. The biosensors 
study is motivated by practical needs that have more and more requirements 
of the detection, e.g., rapidity, high-throughput and in-vivo. 

2.3 Analysis techniques of nanostructure 

2.3.1 Raman spectroscopy 
Raman spectroscopy is a powerful tool for analysis of material by observing 
the vibrations, rotations and other low-frequency modes in the material 
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system (Long, 1971). The Raman spectrum is based on ‘Raman scattering’ 
of a material that is where the sample is irradiated with monochromatic light, 
often laser light. In Raman scattering, electrons in the material are excited 
from the ground state (or vibrational state) to the excited state and then 
relaxed to a ground state and at the same time the involved atom has 
changed its vibrational state (or ground state). This process involves energy 
absorption and transfer, leading to the energy shift of the photons that is 
equivalent to the change in energy of the vibrational state. This energy shift 
is the Raman shift and it can be measured by the corresponding spectrometer. 
The measurement of the Raman shift can be used to obtain structural and 
chemical information about the solid state or molecule. In this thesis (paper 
I), Raman spectroscopy is used for the characterization of graphene, whose 
vibrational modes lead to the spectrum below (Figure 4), in which the 
typical modes, D band (at 1350cm-1), G band and 2D band are shown. The D 
peak is caused by the graphene structural disorder, while the G peak is 
sensitive to the strain effects in the sp2 structure of graphene, and the 
intensity ratio ID/IG can be used to calculate the defects in the system. The 
2D band is second order overtone of the D band that is the strongest peak in 
the graphene Raman spectra, can be used to determine the number of 
graphene layers (Ferrari, 2007).  
 

 
 

 

 

 

 
 
 

 

 

Figure 4. The typical Raman spectrum of the pristine graphene.  

2.3.2 Electron microscopy 
For nanomaterials, the nanometer scale characterization of material size, 
shape, structure and chemical compositions becomes quite important to 
understand and control the properties of nanomaterials. Generally, a variety 
of analytical techniques are needed to do all the analysis work of 
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nanomaterials. And among them, electron microscopy is an essential 
technique that can do both nanostructural and chemical characterizations. 
Now the modern electron microscopes can obtain various imaging, 
diffraction and spectroscopic signals (Goringe, 1976). In this thesis, only the 
imaging function of the scanning electron microscope (SEM) and 
transmission electron microscope (TEM) is used to do the nanostructural 
analysis of graphene-nanoparticles hybrid and nanoparticles. 

Due to a high energy electron beam that has a short wavelength (0.004 
nm wavelength of 100 keV electrons), the electron microscopes have high 
resolution (usually sub-nanometer) that can meet the requirements of 
nanoscale analysis. There are several modes of imaging of both SEM and 
TEM, which are classified by the signals generation principles. For SEM, 
there are secondary electron imaging and backscattering electron imaging. 
We choose the secondary electron imaging mode for analysis in our work 
(paper II, paper III and paper IV) because the secondary electrons reflect 
sample topography with good resolution. The secondary electrons are 
produced by inelastic scattering of the electron beam and contain low energy 
(below 50 eV). So only the secondary electrons near the sample surface 
(several nanometers) can be detected, and they are sensitive to the surface 
information. For TEM there are more imaging modes, including bright field 
imaging, dark field imaging and high resolution imaging. We only use bright 
field imaging in paper V for the AuNPs size and size distribution analysis, 
which is a relatively straightforward way to obtain images. In bright field 
imaging mode, only the transmitted electron beam is allowed to pass through 
to interact with the sample, and the diffracted electron beam is blocked by an 
objective aperture. The resolution of bright field image is influenced by the 
aperture size and intensity and contrast depend on the thickness, element 
atomic number and structure (crystalline or not) of the sample. For the 
AuNPs sample, AuNPs has heavy atoms and crystalline structure that make 
it easy to obtain good intensity and contrast bright field images of the AuNPs 
sample.  

2.3.3 Scanning tunnelling microscopy 
Scanning tunnelling microscope (STM) is an instrument that can 
characterize the material surface at atomic resolution based on quantum 
tunnelling effect. When the STM metal probe approaches to material surface 
less than 1 nm, the electrons will tunnel from one side to the other with a 
bias voltage applied between them. The relationship between tunnelling 
current and distance can be written as following (Binnig et al., 1982), 

I ∝ exp √Ф  

Where I is the current, V is bias voltage, Ф is the energy barrier, d is the 
distance and κ is a constant. From the equation above, we can see tunnelling 



 23

current highly relies on the distance. There are two scanning modes of the 
STM, i.e., the constant current mode and constant height mode. When the 
height of the tip is kept constant, the tunnelling current will 
increase/decrease dramatically responding to distance changing, even at the 
atomic level (Figure 5a). The height constant mode can produce images fast 
because of avoiding the adjustment of probe height, but not suitable to the 
rough surface. Otherwise, the probe will contact and damage the sample 
surface.  

The constant height mode is using in paper I to image self-assembled 
molecules on HOPG that has good conductivity and flat surface. Carbon 
atoms stacking structure of HOPG is shown in Figure 5b. The HOPG has 
multilayers structure, and each layer shows multiple hexagonal structures. 
There are two sets of carbon atoms on the HOPG surface, with (red spots) 
and without (blue spots) neighbor carbon atoms at a layer below. The STM 
images of HOPG have been studied very well, which shows the multiple 
hexagonal carbon rings (Figure 5c). The bright spots represent atoms with 
neighbor atoms below because of larger current detected between two layers, 
while the dark spots represent the atoms without neighbor atoms below. The 
distance between two bright (or dark) spots is 0.25 nm, and the distance 
between bright and dark spot is 0.14 nm (Lopez-Salido et al., 2006; Patil et 
al., 2017).  
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Figure 5. (a) The Illustration of constant height mode scanning mode in 
STM. (b) The crystalline structure of HOPG. (c) STM current image of 
HOPG and the bias is 1V. 
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3. Methods 

This chapter shows the experimental methods used for the fabrication of 
biosensors, including graphene based nano-superstructure preparation, 
nanomaterial analysis technique and crucial detection strategies for the 
development of different kinds of biosensors.  

3.1 Nanomaterial bio-conjugation 
When the nanomaterials are applied in biosensors, the bio-conjugation of 
nanomaterials is necessary. The bio-conjugation can be done through many 
ways: (1) a classical way to bind the oligonucleotides to AuNP surface is 
modifying the oligonucleotides ends with thiol groups that have a strong 
interaction with the gold atoms (Mirkin et al., 1996). In paper II, the AuNPs 
were bio-conjugated with DNA probes via gold-thiol interaction. For the 
place not fully capped with DNA, thiol-poly(oxyethylene) (PEG) was added 
to improve the stability of AuNPs-DNA probes in the solution. (2) Linking 
nanoparticles to functional biomolecules through an intermediary affinity 
group is also a good choice. For example, in optomagnetic biosensor (paper 
III), the MNPs were functionalized by streptavidin, and the DNA probes 
were modified by biotin. So through the biotin-streptavidin interaction, the 
DNA probes were conjugated on MNPs (Livnah et al., 1993). Moreover, 
amine groups (Burnand et al., 2018) and maleimide groups (Zhu et al., 2012) 
have been modified on nanoparticles surface to conjugate with proteins or 
other biomolecules through covalent bonding.  

To introduce reactive functionalities but keep graphene its own 
extraordinary properties, non-covalent functionalization is a good choice. 
The non-covalent method utilizes the π-π interaction between functional 
groups and graphene. In paper І, π-π interaction is used to attach pyrene-
maltose on CVD graphene surface to build a two-dimensional nanostructure. 
Pyrene-maltose is selected since it contains aromatic part (pyrene ring) to 
absorb on graphene, while the maltose part can recognize the target protein, 
Con A. In this way, a biosensor surface with the bio-receptor is formed and 
its nanostructure will be characterized in the following session. However, the 
controlling of bio-conjugation efficiency and bio-ligands density is a 
challenge and more study is needed. 



 26 

3.2. The fabrication and analysis of biosensor surface  
In this session, the biosensors with different nanostructures are fabricated 
and analysed. The main components of the nanomaterial for biosensors are 
illustrated in Figure 6.  

Figure 6. Schematic illustration of graphene functionalized by pyrene-based 
small molecules, graphene-nanoparticles hybrid and DNA-assisted 
nanoparticles assemblies (from left to right).  

3.2.1 Graphene-pyrene maltose self-assembled nanostructure 
 
Through π-π stacking, pyrene-maltose self-assembled on the surface of 
graphene.  

Figure 7. The AFM height images (a) pristine graphene and (b) 
functionalized graphene by pyrene-maltose. (c) The XPS spectra of pristine 
graphene (black curve) and functionalized graphene. (d) The STM image of 
pyrene-maltose self-assembling on HOPG surface. 



 27

Part of the pyrene-maltose molecules aggregated as nanometre-sized 
particles, which were presented as bright spots in AFM height image 
(Figure 7b). The presence of pyrene-maltose molecules increased the 
roughness of functionalized graphene surface compared with pristine 
graphene (Figure 7a). Part of the individual pyrene-maltose molecules 
densely packed and showed ordered patterns (Figure 7d). The non-covalent 
functionalization of graphene was confirmed by X-ray photoelectron 
spectroscopy (XPS). After the pyrene-maltose self-assembled on the 
graphene surface, a N peak was observed in the XPS spectrum of the 
functionalized graphene sample (Figure 7c). 

3.2.2 GO-nanoparticles hybrid nanostructure  
The GO-nanoparticles hybrid materials have clearly different nanostructure 
compared to pure GO and nanoparticles, and these complicated 
nanostructures influence the performance of the biosensor.  
 

Figure 8. SEM images of (a) GO-AuNPsmutilayers nanostructure on ITO 
electrode and (b) dispersed GO-MNP hybrid. 

In paper II, a GO-AuNPs hybrid based three-dimensional nanostructure 
was constructed for an electrochemical biosensor (Figure 8a). This porous 
nanostructure provided a large surface area and rich mass transfer pathways 
for the electrochemical reactions. In the water splitting reaction, the 
hydrogen was produced on the electrode modified by GO-AuNPs hybrid. 
The large surface area of GO-AuNPs hybrid resulted in more active sites for 
the production of hydrogen molecules than the pure AuNPs. So compared 
with ITO electrode, AuNP/ITO electrode, GO-AuNP/ITO electrode 
generated a higher catalytic current (paper II), which confirmed the 
advantages of the multilayers structure in the biosensor. In paper IV, a two-
dimensional GO-MNPs hybrid material (Figure 8b) was also prepared based 
on the van der Waals force and hydrogen bonding between GO and dextran 
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molecules that were coated on MNPs surface. The obtained GO-MNPs 
hybrid exhibits high shape anisotropy owing to its two-dimensional structure, 
and thus generate stronger optomagnetic signal than individual MNP 
(Figure 8b).  

3.2.3 Nanoparticles assemblies 
Besides self-assembling on the GO surface to form multifunctional material, 
the nanoparticle can be used individually in the sensors/biosensors. The self-
assembly of nanoparticles assisted by DNA specific hybridization was first 
reported in 1996 (Mirkin et al., 1996). Since then, the DNA-assisted 
nanoparticles assembling opens a new avenue to construct nanostructure. 
These nanostructured materials take advantages of DNA that has flexible 
designed length and specific recognition with nucleic acids and enzymes 
(Porter and Crocker, 2017; Schreiber et al., 2016). We choose the MNPs that 
are less studied in the DNA-assisted nanoparticles assemblies. 

Figure 9. The SEM images of (a) freely dispersed MNPs and (b) MNPs 
aggregation. 

In paper III, two packs of MNPs were bio-conjugated with substrate 
sequences and DZb sequences, respectively. Then these two types of MNPs 
were mixed and incubated in the solution. Through the complementary 
sequences hybridization between substrate sequence and DZb sequences, the 
majority of the 100 nm-sized MNPs (Figure 9a) self-assembled to form 
several micrometers-size agglomerations (Figure 9b). The DNA-assisted 
MNP assemblies were used in the DNAzyme- assisted target-recycling part 
for the microRNA detection. 
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3.3 Signal transducing and measurement 

3.3.1 Enzyme-assisted target recycling 
Target recycling is a useful way for the signals amplification for biosensors. 
In paper II and paper III, two different methods, i.e., DSN- and 
DNAzyme- assisted target recycling are used for the detection of microRNA, 
respectively.  

DSN has high specificity in the cleavage of double-stranded DNA or 
single-stranded DNA in the DNA:RNA heteroduplexes (Anisimova et al., 
2008). The cleavage of DNA is triggered by at least 15 base pairs in perfect 
matched DNA:RNA duplexes. This ability makes it a promising alternative 
in the detection of microRNA that has short sequences and high homology 
among the same family members (Hagen and Lai, 2008). In paper II, the 
DSN-assisted target recycling is used for the signal amplification in the 
detection of microRNA, let 7b. Firstly, target RNA hybridized with DNA 
probes on the AuNPs surface to form DNA:RNA heteroduplexes. Then in 
this heteroduplexes, DNA probes were hydrolysed to short pieces, but target 
RNA molecules were released to the solution and recycled in following 
hydrolysis reaction (Figure 10). Through this recycling process, lots of 
DNA probes were cleaved by DSN with the help of a tiny amount of RNA, 
which successfully amplifies the RNA detection signal in the following 
measurement step.  

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 10. The schematic illustration of DSN-assisted target recycling 
process. 
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DNAzyme, composed of single-stranded DNA or RNA, has high catalytic 
activity and specificity in the cleavage, hydrolysis, ligation and 
phosphorylation of DNA and RNA (Mokany et al., 2010). In paper III, we 
select a DNAzyme that is divided into two parts, DZa and DZb, with each 
part contains a partial catalytic core, a substrate-bind region and a target-
binding region. Only when DZa and DZb are combined due to the 
stabilization of target sequence, the entire catalytic structure can be formed, 
catalysing the cleavage of substrate sequences. This design avoids 
nonspecific reaction without target sequences. 

A microRNA sensor is built (Figure 11) based on the combination of 
DNA-based MNP assemblies and the DNAzyme-assisted target recycling. 
Two packs of MNPs decorated by substrate sequences and DZb are mixed to 
form MNP assemblies through DNA hybridization. When DZa and target 
microRNA are added, a catalytic core can be formed to cleavage the 
substrate sequences on the MNPs, leading to the disintegration of MNP 
assemblies. In this process, only the substrate sequences are cut, while the 
DZa with microRNA is released to the system and recycled for continued 
destruction of MNP assemblies. Compared with DSN used in the detection 
of microRNA, the DNAzyme avoids the introducing of new chemicals 
(protein) in the system, which increases the stability of the system and 
possibility of application in living cells. 

 

Figure 11. Illustration of DNAzyme-assisted target recycling and 
DNAzyme-mediated disintegration of MNP assemblies. 

3.3.2 Rolling circle amplification 
Rolling circle amplification (RCA) is an isothermal amplification technique 
that amplifies short single-stranded DNA (or RNA) primers to long single-
stranded DNA (or RNA) by circular templates and specialized polymerases 
(Ali et al., 2014). In paper IV, a ‘padlock’ based RCA method is applied to 
amplify the several nanometer-long DNA to micrometer-sized single-
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stranded DNA coils (Figure 12). The ‘padlock’ probe has complementary 
sequences with target DNA at two ends. By hybridization with target DNA 
and following ligation reaction, the padlock sequence is placed in the 
circular probe. Then this circular probe is amplified in the RCA reaction to 
produce long single-stranded DNA consisted of hundred copies of the 
circular probe.  

The final products, single-stranded DNA coils have multiple interactions, 
such as π−π stacking, with the nanotag GO-MNPs. In this way, the capturing 
of single-stranded DNA coils by GO-MNPs will lead to the size increase or 
even aggregating of the GO-MNP hybrids, which can be detected by the 
optomagnetic setup that will be introduced later.  

 

Figure 12. Illustration of the RCA process and self-assembled MNP-GO 
nanohybrid based optomagnetic detection of DNA. 

3.3.3 AFM based nanomechanical detection  

Atomic force microscopy (AFM) is one type of scanning probe microscopy, 
which utilizes probe scanning on the sample surface to get high resolution 
image, measure physical properties or manipulate samples. The force 
measurements (paper I and V) in this thesis are based on a mode called 
peak force quantitative nanomechanical mapping (PF-QNM) which 
measures the interaction between AFM probe and the sample (Dokukin and 
Sokolov, 2012). 

The AFM probe is modulated to interact with the sample periodically, and 
the modulation position and force on the probe are recorded as a function of 
time (Figure 13). When the probe is far from the sample (Position A), there 
is no force on the probe. As the probe approaches the sample, the attractive 
forces between the cantilever and the sample increases, which is presented as 
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a negative force (Position B). When this force is larger than cantilever 
stiffness, the probe is pulled to the sample surface until the probe reaches the 
bottom (Position C). At the same time, the force increases to peak force. 
Then the probe starts to withdraw and force on probe becomes smaller and 
smaller, until reaching the minimum point (Position D). At this point, we get 
the adhesion force which has been measured as the response signal in paper 
I. As the probe withdraws, the force will continue falling and approaching 
zero (Position E). The PF-QNM is a non-destructive method which can get 
both nanoscale images and quantitative mechanical properties of the sample. 
It shows great potential in the biological field to understand the mechanism 
of biological interactions and reactions. 

 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 13. The schematic figure of the principle of AFM peak force 
quantitative nanomechanical mapping mode.  

In paper I, adhesion force mapping was obtained by this mode to 
distinguish the graphene based biosensor with or without target proteins, and 
the results will be shown in the Results and Discussion chapter. In paper V, 
the elasticity of AuNPs is measured, building the relation between the size of 
nanoparticles and mechanical behaviour, It is found that when the size is 
smaller than 6 nm, there is a dramatic increase of the elastic modulus of the 
nanoparticles. 
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Figure 14. (a) The AFM image of different size AuNPs. (b) the elastic 
modulus of AuNPs as a function of dimensions with standard deviations as 
error bars. 

3.3.4 Electrocatalytic measurement system 
Three-electrode configuration is widely used to study the electrochemical 
behavior of the working electrode. In paper II, as-prepared GO-AuNPs 
nanocomposites were measured as working electrodes by enforcing a 
controlled potential to catalyze water splitting in a three-electrode cell. The 
corresponding current signals were recorded to compare their feasibilities 
and then evaluate the quantification of microRNA. 1.0 M PBS was used as 
the electrolyte to ensure the practical system to keep clean and non-toxic 
(Figure 15a).  

When the AuNPs are used as a catalyst in water splitting reaction, the 
exposing area of AuNPs determines the number of active sites and the 
catalytic current. So as shown in Figure 15b, higher current (red curve) is 
obtained by naked AuNPs than that by AuNPs capped with single-stranded 
DNA probes. When the target RNA hybridizes with probe DNA, the DSN-
assisted target recycling reaction will be triggered. In DSN-assisted target 
recycling reaction process, the number of DNA probes on the AuNPs surface 
decreases, and the exposed surface areas of AuNPs become larger. After the 
cleavage of DNA probes by DSN, part of the AuNPs surface is exposed 
again to water, which recovers the catalytic current (blue curve). But the 
current cannot be fully recovered, which is caused by the left residual of 
DNA probes and thiol-PEG coated on the AuNPs as the stabilizer 
(Degliangeli et al., 2014).  
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Figure 15. (a) Illustration of the three-electrode system for the water 
splitting reaction. (b) The i-t curves of water splitting reactions by the 
pristine electrode (red curve), and the electrode with (black curve) and 
without (blue curve) cleavage of DNA probes from AuNPs surface. 

3.3.5 Optomagnetic measurement platform 
The optomagnetic sensor is a novel platform to detect samples with MNP-
tags in the magnetic field by measuring the optical transmission signals 
(Donolato et al., 2015). Here we use an optomagnetic platform containing an 
alternating current magnetic excitation filed (2.6 mT or 6 mT), an optical 
system with a laser source (λ=405 nm) and a photo detector (Figure 16). 
The samples in our work are biomolecules attached by MNPs or GO-MNP 
hybrid that has a remnant magnetic moment.  

Figure 16. Schematic figure of the optomagnetic platform. 
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The sinusoidal uniaxial magnetic field is generated by a pair of 
electromagnets which are either parallel or perpendicular to the optical path. 
The magnetic field is measured in real-time using high-speed Hall probe 
transducer. When the suspended MNPs in transparent cuvette are excited by 
a weak alternating magnetic field ( sin	 2 ), the magnetization 
of the MNPs changes because of its physical rotation. When the B is low, the 
movement of MNPs is dominated by thermal diffusion. With the increase of 
B, the MNPs start to rotate partially align with the field and create a chain-
like structure along the field. In the AC magnetic field, the rotation and 
orientation of MNPs are changing corresponding to the magnetic field 
frequency. In the frequency domain, the MNPs response is characterized by 
an in-phase and an out-of-phase component. At low frequency, the MNPs 
response is in-phase with the magnetic field. But at high frequency, the 
response of MNPs is behinds the magnetic field. When the response of 
MNPs is characterized by the photo detector, the MNPs clusters will shed 
the laser and change the intensity of transmitted light (Tian et al., 2017).  

 
 
 
 
 
 
 
 
 
 
 

Figure 17. Polt of V2/V0 spectrum of in-phase part (red curve) and out-of-
phase part (blue curve).  

Here we only consider the complex second harmonic voltage signal V2 
measured by lock-in technique: 

V2= ′+i ′′ 

Where ′ 	is in-phase signal and ′′ is out-of-phase signal, ′  is the real part 
of the V2 ( ′∝ sin 4ft ). The total intensity for the zero magnetic fields is 
V0. The ′ /V0 spectrum obtained by characterizing the MNPs samples is 
represented as a peak (Figure 17). The amplitude of the spectrum is 
determined by the concentration of the MNPs and the position of peak 
depends on the MNPs size. The position of the peak is related to the 
frequency of the Brownian relaxation, and the relationship is shown as 



 36 

fpeak
√ fB 

So in the Paper III and IV, when the MNPs and GO-MNP probes 
aggregates, an obvious reduction of amplitude and a peak shift to the lower 
frequency of the ′ /V0 is observed, which can be used as the response signal 
of the sensors.  
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4. Results and discussion 

This chapter shows the highlights of results from papers this thesis based on. 
Detection results of different sensing methods (nano-mechanical, 
electrochemical and optomagnetic sensing) are shown and discussed.  

4.1 Con A sensing by nano-mechanical sensor  
For the detection of Con A by AFM, the biosensor surface adhesion force 
changes clearly before and after the adhesion of Con A (Figure 18), which is 
used as the response signal to identify the target protein. In the first step, 5 
uM Con A solution was used, and both the height image and the adhesion 
force mapping were obtained. From height image (Figure 18b), it is found 
that bright spots with size at several nanometres to about 20 nm appeared. 
The size of Con A measured by AFM and X-ray diffraction was (29×45×59 
Å) and (30×45×75 Å), respectively (Waner et al., 1998), so the bright spots 
in height images corresponded to single or a few Con A molecules. Since the 
Con A molecule contains numerous hydroxyl, carboxyl and amine groups, it 
is expected that the surface with Con A has a stronger interaction with AFM 
probe than the graphene (Valle-Delgado et al., 2006; Xu and Logan, 2006). 
Figure 18e presented the adhesion force becomes 3 times stronger than the 
pristine biosensor surface (Figure 18d) when the Con A was captured by the 
graphene/pyrene-maltose. In addition, the bright spots (high position) in 
height images corresponded to the dark areas (low adhesion force) in 
adhesion force mapping, which is caused by the edge artefacts.  

When the concentration of ConA was lowered by a factor of 1000, to 5 
nM, the same method was used to measure the interaction between the AFM 
tip and the surface. From the adhesion force map, we can see that the 
adhesion force of surface with Con A (5 nM) is 2-fold higher than the 
pristine biosensor surface. However, when the functionalized graphene was 
immersed in bovine serum albumin (BSA) solution as a control experiment, 
there was no obvious changing of the adhesion force. All the adhesion force 
results are shown in Table 3.  
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Table 3. The adhesion force comparison of samples with different 
concentrations. 
 

Concentration 5 µM 5 nM 0 nM 

Adhesion force (nN) 1.94±0.19 1.34±0.17 0.66±0.15 

 

Figure 18. The AFM height images of (a) pyrene-maltose functionalized 
graphene, (b) Con A and (c) BSA on functionalized graphene. The adhesion 
force image of the (d) functionalized graphene and functionalized graphene 
with (e) Con A and (f) BSA. The scale bar is 100 nm. 
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4.2 MicroRNA sensing by electrochemical sensor  
The microRNA sensor contains a DSN-assisted target recycling process and 
an electro-catalytic measurement step. With the addition of target 
microRNA, let-7b, the DNA probes on the AuNPs surface were hydrolysed 
by DSN, leading to the exposure of AuNPs surface. Then the multi-layers 
nanostructured GO-AuNPs hybrid materials were deposited on the electrode 
to catalyse the water splitting reaction. The value of catalytic current was 
determined by the exposed surface area of the AuNPs, which was 
proportional to the concentration of microRNA. 

To explore the quantitative relationship between the values of this current 
and the range of concentration of microRNA let-7b, the catalytic water 
splitting biosensor platform was exposed to a range of concentrations of 
microRNA let-7b from 0.1 fM to 0.1 nM. The value of the current recorded 
at 200 s of water splitting was chosen as response signal since the increasing 
current increasing became stable after this time. This signal is plotted versus 
the concentration of microRNA let 7b, i.e., the dose-response curve is 
obtained (Figure 19a). The curve shows that the current increases linearly at 
the range of 1 fM - 10 pM, and the LOD is at 1.5 fM. The LOD obtained 
from this method can meet the detection requirement of microRNA because 
it is lower than the concentration of microRNA let 7 in plasma (about 100 
fM (Williams et al., 2013)) and a urine sample (1.8 fM to 6.1 fM (Fedorko et 
al., 2017)).  

The specificity test of microRNA is very important but difficult because 
of the high sequence familiarity among members from the same microRNA 
family. Here, besides target micro RNA, let-7b, the other four members from 
let 7 family (let-7a, c, d and e and their sequences can be found in paper II) 
were chosen and measured in the same way as let-7b probed. Two 
concentrations, 100 pM and 100 fM were detected for all the members of let-
7 and results are shown in Figure 19b. All microRNA showed lower current 
signal than the target microRNA. Let-7a and let-7c sample presented a 
weakly positive signal since they only have two and one base mismatching 
compared with let-7b. However, at both high and low detected 
concentrations, this proposed biosensor presented good specificity.  
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Figure 19. (a) Respond curve of the micro RNA let-7b detection. The linear 
detection range and cut-off line (Ibalnk-3σ) is shown as a solid line and dashed 
line, respectively. (b) Specificity measurement of microRNA. Each 
measurement was performed 3 times independently and the standard errors 
were plotted as error bars (σ).  

4.3 DNA and microRNA detection by optomagnetic 
platform 

In paper III, DNA based MNP self-assemblies were disintegrated in the 
DNAzyme-assisted target recycling process. This disintegration was 
triggered by addition of target microRNA or DNA and formation of cleavage 
catalytic structure of DNAzyme. The disintegration of MNPs assemblies 
resulted in the release of MNPs which can be quantitatively detected by the 
optomagnetic measurement platform. In the optomagnetic ′ /V0 spectrum, 
the peak position of released MNPs was presented at 183 Hz, and the peak 
intensity difference (∆ ′V0) between sample signal and blank samples signal 
was used for the quantification. For microRNA let-7b detection in serum by 
the proposed biosensor, a serial concentration of let-7b, from 0.1 pM to 0.1 
µM was used, and the dose-response curve was shown in Figure 20. As 
shown in micro RNA detection results, a linear detection range of 10 pM to 
0.1 µM and LOD at 6 pM was achieved.  
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Figure 20. Dose-response curve of microRNA let-7b detection using 
optomagnetic setup. The solid and dashed curves indicate the linear 
detection range and cut-off line (LOD=( ′ /V0)blank 3σ), respectively. Each 
measurement was performed 3 times independently and the standard errors 
were plotted as error bars (σ). 

In paper IV, after the RCA reaction, the single-stranded DNA coils were 
mixed with GO-MNP probes, resulting in the size increase or agglomeration 
of the GO-MNP probes. And this process is monitored by the optomagnetic 
platform. Here we only select the system without target DNA (blank sample) 
and 100 pM target DNA (positive sample) to show the feasibility of this 
DNA sensor. The response of positive sample shows a clear decrease of 
intensity and peak shift of the ′ /V0 spectrum in 20min (Figure 21) due to 
the increase of size of the GO-MNP hybrid, which is also confirmed by DLS 
and SEM characterization (paper IV). However, the blank sample keeps 
almost the same spectra in this process.  
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Figure 21. Time-resolved optomagnetic spectra of MNP-GO detection of 
DNA coils at (a) 0 pM and (b) 100 pM. The blue curve indicates 
measurement at 0 min and the red curve indicates measurement at 20 min. 

To explore the quantitative relation between the DNA concentration and 
intensity of ′ /V0 spectrum, a serial of concentrations of target DNA is used 
(from 0.1 fM to 300 pM) and the optomagnetic spectra of these samples are 
obtained. The ′ /V0 peak (at 3 Hz), is selected to define the GO-MNP 
nanotags aggregated level: 

Aggregation level=1-( ′ /Vref)20min/( ′ /Vref)1min. 

The dose-response curve shows a linear range form1.5 to 12.5 pM, and 
reaches the plateau above 200 pM (Figure 22). Compared with the detection 
results by DNA-probe based MNPs, the limit of detection (LOD) is quite 
close, which is 2 pM and 3 pM, respectively. Without DNA probe 
modification, this DNA sensor still gets low LOD attributed to the rich 
binding sites of GO. Moreover, the proposed method avoids complex design 
and preparation of the biological samples. Moreover, due to the high shape 
anisotropy, the system using GO-MNP shows stronger signals than that with 
individual MNPs.  
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Figure 22. (a) Dose-response curve for GO-MNP nanohybrid based DNA 
detection.(b) The linear detection range of GO-MNP nanohybrid based DNA 
detection. Each measurement was performed 3 times independently and the 
standard errors were plotted as error bars. 
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5. Conclusions and future perspectives 

Nanomaterials have been introduced in the biomedical applications and 
bring new insights to the biosensors due to their unique properties and 
nanostructures. Herein, graphene, AuNPs and MNPs are used individually or 
forming hybrid material as the critical components of different types of 
biosensors. 

In paper I, graphene non-covalently functionalized by pyrene-maltose 
(bio-receptors) was used for the Con A detection. The functionalized 
graphene transduced the specific interactions between maltose groups and 
Con A molecules to adhesion force signals that were measured by the AFM. 
By this biosensor, a direct visualizing of biosensor surface and nano-molar 
level detection of Con A was obtained. The AFM-QFM technique was also 
applied to investigate the size effect on elastic modulus of AuNPs in paper 
V. It is found when the size of AuNPs is under 6 nm, there is a significant 
increase of the elastic modulus.  

In paper II, GO-AuNPs hybrid was investigated for microRNA 
detection. The detection was based on a cascade amplified biosensing 
strategy, including a DSN-assisted target recycling and a water splitting 
process. The GO-AuNPs acted as both the support for bio-receptors (DNA 
probes) and transducer for transducing the biological signals to catalytic 
current. The proposed microRNA biosensor achieved a fast detection with 
low LOD (1.5 fM).  

In paper III and IV, the MNPs and GO-MNPs hybrid were used for 
nucleic acids detection based on the optomagnetic platform. The microRNA 
detection was based on the DNA-mediated MNPs self-assembling and 
DNAzyme-assisted MNPs assemblies’ disintegration, and a LOD at 6 pM 
was obtained. In the GO-MNPs based DNA detection, the absorption of 
DNA coils on GO-MNPs hybrid led to the size increasing and aggregating of 
the GO-MNPs, which was detected sensitively by the optomagnetic 
platform. This DNA sensor achieved a LOD at 2 pM and a rapid detection 
within 90 min. In both sensors, magnetic nanomaterials worked as bioactive 
platform as well as a detection label.  

All the proposed biosensors and sensors are fabricated by nanomaterials 
and obtain good sensitivity and selectivity. However, the stability and 
reproductivity of these nanostructured materials is a challenge for the 
preparation and application of biosensors. For example, in paper II, the GO-
AuNPs nanocomposites were simply dropped cast on ITO, leading to 
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uniformly biosensor surface and unneglectable errors of parallel detection. 
To optimize this biosensor, a more proper electrode preparation method, e.g., 
spin casting, should be considered to improve the biosensor’s quality. 
Moreover, graphene possesses many extraordinary properties, but only a few 
have been used in my work. Applying more of these properties in ongoing 
work is a good way to design new biosensors or improve the present ones. In 
paper I, the functionalized CVD graphene can be used as the channel of a 
FET sensor for Con A detection, which utilizes the electronic properties of 
graphene. In addition, applying the nanomaterials in the in-situ detection and 
inside live cells or even the human body for diseases diagnose has big 
significance but huge difficulty. Now the detections in this thesis all take 
place in relatively simple experiment condition and out of the body. So in 
the future work, to expand the nanomaterials for complex and real samples 
detection is a promising perspective to explore.  
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Svensk sammanfattning 

Nanomaterial har bidragit med nya aspekter och förbättringar för biosensorer 
tack vare deras unika fysikaliska och kemiska egenskaper som inte uppvisas 
i materialens bulktillstånd. Denna avhandling fokuserar på 
biosensorapplikationer av flera nanomaterial baserade på guldnanopartiklar 
(AuNPs), magnetiska nanopartiklar (MNPs) och grafen. Avhandlingens 
huvudsakliga syfte är att utnyttja de speciella egenskaperna hos dessa 
nanomaterial, exempelvis högt yt-volymförhållande, unika elektrokemiska 
egenskaper, hög stabilitet och biokompatibilitet, för att förbättra prestandan 
hos biosensorer för proteiner och nukleinsyror. 

I publikation I användes grafen funktionaliserat med pyren-maltos 
(bioreceptor) för Con A-detektering med hjälp av AFM-QFM-teknik. När 
Con A band till pyren-maltosen så ökade vidhäftningskraften mellan AFM-
spetsen och grafenytan markant och användes som svaret för detektion av 
Con A med en känslighet i nM-området. Med denna biosensor erhölls också 
en direkt visualisering av grafenytan. I publikation V användes också AFM-
QFM-tekniken för att undersöka hur storleken av AuNPs påverkade deras 
elasticitetsmodul. Det visade sig att när storleken av AuNPs var mindre än 6 
nm så observerades en signifikant ökning av elasticitetsmodulen. 

I publikation II undersöktes ett hybridmaterial mellan grafenoxid (GO) 
och AuNPs (GO-AuNPs) för detektion av mikroRNA. GO 
funktionaliserades med AuNPs för att bilda tredimensionella nanostrukturer 
och duplex-specific nuclease (DSN) target recycling användes för 
förstärkning av biosensorns svar. Sensorns signal skapades genom en 
elektrokatalytisk vattenuppdelningsreaktion med användning av GO-AuNPs 
modifierade elektroder. GO-AuNPs fungerade som både substrat för 
bioreceptorerna (DNA-proberna) och för att omvandla den molekylära 
igenkänningsreaktionen till en strömsignal. Den föreslagna mikroRNA- 
biosensorn uppnådde en snabb detektion med hög känslighet (1,5 fM). 

I publikation III och IV användes MNPs respektive ett hybridmaterial 
mellan GO och MNPs (GO-MNPs) för nukleinsyradetektering (mikroRNA 
respektive DNA) i den optomagnetiska plattformen. I den MNPs-baserade 
mikroRNA-detektionen (publikation III) så användes kluster av MNPs 
sammanlänkade av DNA-prober komplementära till mikroRNA. DNAzyme 
assisted target recycling användes för att sönderdela klustren vilket ledde till 
frisättning av enskilda MNPs. Koncentrationen av frigjorda MNP, som var 
proportionell mot koncentrationen mikroRNA, kvantifierades sedan med den 
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optomagnetiska plattformen. Med den föreslagna biosensorn så erhölls en 
känslighet av 6 pM. I publikation IV, på grund av den höga formanisotropin 
hos GO, användes en tvådimensionell GO-MNPs nanohybrid för 
optomagnetisk DNA-detektion. Nystan av enkelsträngat DNA (DNA-nystan) 
genererades genom rolling circle amplification (RCA). Bindning av DNA-
nystan till GO-MNPs ledde till en hydrodynamisk storleksökning eller 
aggregering av GO-MNPs vilket kunde detekteras med den optomagnetiska 
plattformen. Denna DNA-sensor uppnådde en känslighet av 2 pM och en 
snabb detektionstid av 90 minuter. 

Sammanfattningsvis visar de föreslagna biosensorplattformarna baserade 
på nanopartiklar och hybridmaterial mellan nanopartiklar och grafen stor 
potential för kliniska och biomedicinska tillämpningar.  
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