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Abstract 

Sensitive and localized measurements of cytokines are important in biomedicine, medical 

research and clinical applications. The classic cytokine detection methods including ELISA, 

ELISPOT, and Western blot are reliable but with limited sensitivity, and they are only 

applicable to accessible biological fluids such as blood plasma. However, the cytokines are 

locally released (i.e. at the site of injury or disease), and measurements of their systemic 

levels in body fluids provide only a limited insight into the undergoing processes. Thus, to 

understand the role of the immune system in disease or multiple health conditions which 

lead to immunoreactivity and the expression of cytokines, the development of a method with 

sufficient sensitivity that can directly measure the locally released cytokine is highly 

desirable. 

The focus of my Ph.D. research program is the development of sensitive cytokine 

immunosensors based on optical fiber allowing localized and spatially resolved cytokines 

detection. Specifically, my research project aims to advance the sensitivity of the cytokine 

immunosensor and explore the biological application of the designed immunosensor from in 

vitro to in vivo. The first paper (Chapter 2) demonstrated a cytokine detection device based 

on aminopropyltriethoxysilane-gold nanoparticle-6-mercaptohexanoic acid modified silica 

optical fiber for the monitoring of locally variable cytokine interleukin-6 concentrations 

using a sandwich immunoassay scheme. In the second paper (Chapter 3), we further 

extended the application of the way for fabrication immunosensor in the first paper and 

designed an optical fiber-based immunosensing device for repeated monitoring of spatially 

localized cytokine interleukin-1beta release in the rat brain. To further enhance the 

performance of the immuosensor, in the third paper (Chapter 4), a more sensitive and robust 

immunosensing system was designed based on biotin-streptavidin coupling for spatially 

localized femtogram mL−1 level detection of interleukin-6 in serum samples, then in the 

fourth paper (Chaper5), we further extended the application of the immunosensor that 

prepared by the biotin-streptavidin system in the rat spinal cord. 

Key words: cytokine, immunosensing, localized and spatially resolved detection, optical 

fiber, rat  
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Cytokines are small molecular proteins secreted by many different cells of the immune 

system (neutrophils, macrophages, monocytes, T-cells, and B-cells) to regulate both local 

and systemic inflammatory responses [1], thus cytokines are usually recognized as 

biomarkers to characterize the immune function, understand and predict disease, and monitor 

the effects of treatment [2-4]. Therefore, cytokine detection is important as elevated 

concentrations of cytokines may indicate the activation of cytokine pathways associated with 

inflammation or disease progression. However, the detection of cytokines is challenging 

because of their dynamic secretion process and low abundance in vivo, with physiological 

concentrations normally in the pM range. Standard methods based on the idea of an 

immunoassay greatly rely on the popular enzyme-linked immunosorbent assay (ELISA), 

enzyme-linked immunospot (ELISPOT), and western blot etc., as these methods are reliable 

and accurate. But the application of these methods is usually limited in in vitro sample 

analysis and the requirement of the large volume sample makes it inadequate to detect trace 

cytokine in complicated samples. Thus, broad interest exists in developing simple, sensitive 

and rapid cytokine analysis platforms that afford comprehensive characterization and 

quantitative analysis of cytokines secretion from in vitro to in vivo. 

This thesis reports a cytokine immunosensing method that performed on the optical 

fiber surface allowing sensitively localized and spatially resolved cytokine detection from in 

vitro to in vivo. Firstly, a covalent chemical bonding method was introduced for the sensing 

surface fabrication, and a spatially resolved ELISA sandwich assay was built on the optical 

fiber surface. By using detection antibody conjugated to bright fluorescent Dragon Green 

beads for signal amplification, this variant of spatial ELISA was successfully used for the 

detection of cytokine with the low limit of detection of 1 pg mL−1 and sample volume of 1 

μL. In particular, as the fiber could be inserted into a perforated brain implanted cannula that 

enables fluid exchange between the outside and inside of the cannula, that a novel platform 

for in vivo detection of cytokine release within discrete brain regions, was established by this 

variant of spatial ELISA. This novel immunosensing technology represents an opportunity 

for unlocking the function of neuroimmune signaling. In addition, to further enhance the 

performance of the immunosensor, biotin-streptavidin was introduced to advance the 

fabrication of the sensing surface, and a robust and ultrasensitive immunosensor was 

achieved, making the sensitivity from pg mL-1 to fg mL-1 level. Moreover, this developed 

sensing platform was further applied for the cytokine detection in the cell culture medium 

and in a spinal cord of an anesthetized rat. 
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This chapter reviews the current status of the immunosensing method developments 

for the detection of cytokine. It briefly introduces the significance for the cytokine detection; 

the standard immunoassay for cytokine detection; new developed cytokine immunosensors 

based on the novel technology; remaining challenges and opportunities for the cytokine 

immunosensing and a detailed thesis outline is provided at the end of this chapter. 

1.1 Cytokines 

1.1.1 Definition, Types & Function 

Cytokines are hormone-like polypeptides with a wide variety of molecular weight 

ranges from approximately 6 to 70 kDa. They are secreted by many different cells of the 

immune system (neutrophils, macrophages, monocytes, T-cells, and B-cells) to regulate both 

local and systemic inflammatory responses [1]. Until now, around 200 cytokines are 

discovered, and the number of identified proteins continues to grow. As the diverse structure 

and function of the cytokines, currently, there is no unified way to class and name these 

cytokines, the ways commonly used for the cytokines classification are usually based on the 

cells that are their targets, their cell of origin, the category of activity they influence, their 

spectrum of activity, or on specific features of their ligand-receptor interaction. Based on the 

type of receptor cytokines utilize, existent cytokines can be grouped in interferons, 

interleukins, chemokines, and tumor necrosis factor. And typical cytokines belonging to 

each group are shown in table 1-1 [5]. 

Table1-1 A list of cytokines and chemokines grouped by their receptor types [5]. 

Interleukins 

– Class I receptors: β-chain (IL-3, IL-5, GM-CSF), γ-chain (IL-2, IL-4, IL-7, IL-9, IL-13, 

IL-15, IL-21), IL-6-like (IL-6, IL-11, IL-30, IL-31), IL-12 family (IL-12, IL-23, IL-27, 

IL-35) 

– Class II receptors: IL-10 family (IL-10, IL-19, IL-20, IL-22, IL-24, IL-26, IFN type III) 

– Ig superfamily or IL-1 receptor family: (IL-1α, IL-1β, IL-1RA, IL-18) 

– IL-17 receptor family: (IL-17, IL-25) 

Interferons (around 36 total) 

– Type I: Alpha, beta (IFNAR1, IFNAR2) 

– Type II: Gamma (IFNGR1, IFNGR2) 
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– Type III: Lambda 

Chemokines 

– CCL (CCL1–CCL28) 

– CXC family 

TNF receptors (p55 and p75) family: (TNF-α, LTα, LTβ, FasL, CD40L, TRAIL, LIGHT) 

TGF-β receptors (Type 1 & Type 2) 

 

As a biological communication factor, cytokines may act locally on the cells that 

secrete them (autocrine action), on nearby cells (paracrine action), or in some cases on distant 

cells (endocrine action)[6-8], so they are considered as important mediators and modulators 

of many physiological systems. Table 1-2 displays some key cytokines with performing 

specific roles dependent upon cell type and location [9]. Usually, they functionalize as 

intercellular messengers in the immune system where they integrate the function of several 

cell types in various body compartments into a coherent immune response (Figure 1-1). The 

complex interactions among the immune and inflammatory response cells such as lymphoid 

cells, hematopoietic cells, and various pro-inflammatory and anti-inflammatory cells are 

always mediated by the secretions of cytokines [10]. Therefore, in response to pathogens, 

cytokines secreted by immune cells usually can act as first danger signals, alerting, and 

initiating immunological pathways. 

 

Figure 1-1 An abbreviated version of the cytokine network in biological communications 

between different cell types in the immune system [11].  
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Table 1-2 Functions of some key cytokines [9]. 

 Cytokine Target cell Main Function 

Interleukins 

IL-1 B cells, NK cells, T-
cells 

Pyrogenic, pro-inflammatory, 
proliferation and differentiation, BM 

cell proliferation 

IL-2 Activated T and B 
cells, Proliferation and activation 

IL-3 Stem cells Hematopoietic precursor 
proliferation and differentiation 

IL-4 B cells, T 
cells,macrophages 

Proliferation of B and 
cytotoxic T cells, enhances MHC 
class II expression, stimulates IgG 

and IgE production 

IL-5 Eosinophils, B-cells Proliferation and maturation, 
stimulates IgA and IgM production 

IL-6 Activated B-cells, 
plasma cells 

Differentiation into plasma 
cells, IgG production 

IL-7 Stem cells B and T cell growth factor 

IL-8 Neutrophils Chemotaxis, pro-
inflammatory 

IL-9 T cell Growth and proliferation 

IL-10 B cells, 
macrophages 

Inhibits cytokine production 
and mononuclear cell function, anti-

inflammatory 

IL-11 B cells Differentiation, induces acute 
phase proteins 

IL-12 NK cells Activates NK cells 

Interferons 

IFN-α Various cells Anti-viral 

IFN-β Various cells Anti-viral, anti-proliferative 

IFN-γ Various cells 

Anti-viral, macrophage 
activation, increases neutrophil and 
monocyte function, MHC-I and -II 

expression on cells 

Tumour 
necrosis 
factors 

TNF-α Macrophages Phagocyte cell activation, 
endotoxic shock 

TNF-β 
Tumor cells, 

Phagocytes, tumor 
cells 

Tumour cytotoxicity, 
cachexia 

Chemotactic, phagocytosis, 
oncostatic, induces other cytokine 

Chemokines TGF-β Activated T and B 
cells 

Inhibit T and B cell 
proliferation, inhibit hematopoiesis, 

promote wound healing 
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1.1.2 Role of cytokines in diseases 

Since cytokines are potent mediators, participating in acute and chronic inflammation 

via a complex and sometimes seemingly contradictory network of interactions, figuring out 

how these pathways work may help facilitate more accurate identification of agents 

mediating inflammation and the treatment of inflammatory diseases. It is well known that 

some cytokines play key roles in diseases. For example, IL-2, IFN- γ, IL-12 are associated 

with elimination of intracellular infections, especially for those caused by viruses or parasites, 

modulation of organ-specific autoimmune diseases or mediating allograft rejection and 

recurrent abortions [12]; IL3, IL-4, IL-5, and IL-13 are involved in promoting antibody-

mediated responses, which are responsible for atopic disorders, progression to acquired 

immunodeficiency syndrome, chronic graft versus host disease and cancer metastasis or the 

hypereosinophilic syndrome; The balance of the microenvironment in the body compartment 

is maintained by the suppressive or regulatory cytokines include mediators such as IL-10 or 

transforming growth factor β (TGF-β), which can help to reduce other types of immune 

responses. Furthermore, it is evidenced that cytokine activation or dysregulation is implied 

in a variety of disease states like sepsis [13, 14], rheumatoid arthritis [15-17], crohn’s disease 

[18, 19], or multiple sclerosis [20-22]. Given the specific roles of cytokines mediating in 

disease, cytokines can be considered as useful biomarkers for health and disease, and maybe 

act as diagnostic, prognostic and therapeutic agents for disease treatment (Table 1-3) [16, 

23]. As a result, cytokine measurements have been an important part of the process of 

defining the role which various cytokines play in health and disease. 

Table 1-3 Cytokines as targets for therapeutic treatment of diseases. 

Cytokine Disease targets 

IL-2  Metastatic melanoma, Renal cell carcinoma [24, 25] 

IL-4 Asthma [26, 27] 

IL-5 Asthma [28-30] 

IL-6 Rheumatic diseases [31-33] 

IL-10 Crohn’s disease [34-36], Ulcerative colitis [37], Psoriasis 
[38-40], Rheumatoid arthritis [41] 

IL-11 Crohn’s disease, Ulcerative colitis, Psoriasis, 
Rheumatoid arthritis [37], Cancer [42] 

IL-13 Asthma [37, 43], Radiation lung injury [44] 

IFN-α Hepatitis B and C [45] 
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IFN-β Multiple sclerosis [45, 46] 

IFN-γ Chronic granulomatous disease [47], Crohn’s disease 
[48], Multidrug resistant tuberculosis [49] 

TNF-α Rheumatoid arthritis [50, 51], Sepsis[52], Refractory 
asthma [53], Psoriasis [37] 

G-CSF 
Idiopathic neutropenia, Congenital neutropenia, Febrile 

neutropenia, Leukemic neutropenia, Aplastic neutropenia [37], 
Bone marrow suppression [45] 

GM-CSF Bone marrow suppression, Crohn’s disease [45] 
HER2-

Specific Monoclonal 
Antibody 

Adenocarcinoma of stomach, Breast cancer [54-57] 

Erythropoietin Anaemia [58, 59], Bone marrow failure [45] 
 

1.2 Standard cytokine assays  

As the significant importance of cytokine in the field of disease diagnosis and therapy, 

accurate and reliable methods for the measurement of cytokines are developed for the 

investigation of cytokine biochemistry, biology, and establishing the potency of cytokine 

medicinal products intended for therapeutic use. Currently, common approaches for cytokine 

quantification are generally based on the idea of an immunoassay. The classic standard 

methods including bioassay, ELISA, ELISPOT/FluoroSpot, western blot represent the 

dominant roles in the cytokine quantification field. Herein, we make a brief introduction of 

these classic methods and generally describe the advantages and limitations with respect to 

each standard cytokine quantification method. 

1.2.1 Cytokine Bioassay 

Cytokine bioassay is a type of technique based on the activity of the cytokine which 

can induce various biological responses and read-outs which can be obtained through these 

biological responses including proliferation tests, cytotoxicity tests, antiviral activity, 

induction of cell surface molecules, chemotactic activity and inhibition of cytokine secretion. 

It is usually considered as a semi-quantitative technique that shows a narrow analytical range. 

In a bioassay, a sensitive cells line is applied to test the activity of a sample and the results 

of this activity are compared to a standard cytokine preparation. The biological activity of 

cytokines is generally measured by in vitro adapted cell lines that are dependent and/or 

responsive to a specific growth factor or cellular proliferation of primary cell cultures (Table 
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1-4)[60]. In vitro assays for the measurement of the cytokines through other biological 

activities including induction of killing, induction of further cytokine secretion, 

degranulation, antiviral activity, chemotaxis, cytotoxicity, and promotion of colony 

formation, are also available right now. The bioassay provides a way that not only quantify 

the cytokine concentrations but also allow the detection of biological activities of the 

cytokines. However, the drawbacks of this assay are that this assay always requires a large 

sample size, and the procedure of this assay is time, labour and resource-intensive and 

usually difficult to perform it reproducibily. In addition, the biggest challenge for the 

cytokine bioassays is the poor specificity owing to the redundant and overlapping biological 

activities of cytokines [60, 61], for example, in addition to granulocyte-macrophage-colony-

stimulating factor (GM-CSF). TF-1 cells can proliferate in response to oncostatin M (OSM), 

Stem cell factor / KIT ligand (SCF), nerve growth factor (NGF), IL-4, IL-5, IL-13, etc [62]. 

This combination of disadvantageous factors drives the development of more specific and 

sensitive assays by which to measure cytokines directly. 
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1.2.2 ELISA assay 

ELISA assays firstly developed in 1971 [63, 64], enable quantitative detection of a 

cytokine within biological samples in a liquid environment within a reaction chamber. 

ELISAs can be performed with a number of modifications to the basic procedure, and current 

ELISAs for cytokine detection can be classified into three major styles, they are direct, 

indirect and sandwich ELISA (Figure 1-2). All the three formats ELISA rely on the specific 

interaction between the antigen and antibody, and each of them has specific roles in their 

application. The direct ELISA is typically used when analyzing immune response to an 

antigen, while the indirect ELISA is commonly used for determining total antibody 

concentration in sample. For the quantification of the cytokine concentrations, a sandwich 

mode of operation is usually used in the ELISA assay that a capture antibody with specificity 

for the cytokine of interest is immobilized on the solid phase, usually the bottom of a 

transparent plate, upon the capture of specific cytokine, detection antibody is added which 

is enzymatically converted, resulting in an optical change (colored or fluorescent) that 

permits the quantitative and qualitative detection of the desired cytokine. The sandwich 

ELISA comprises two specific antibodies (to bind two different epitopes on the cytokine) 

that enable analysis of complex samples with high specificity for cytokines detection and 

without the need of sample pre-fractionation [65]. Even though this sandwich ELISA is 

sensitive and robust for the cytokine measurement, several limitations of the interpretation 

of ELISA data must be mentioned. For example, the ELISA can only be used for 

measurement of cytokines in cell culture medium or accessible biological fluids such as 

serum and saliva, it can provide a total cytokine level, but cannot provide direct information 

on the identities and frequencies of individual cytokine-producing cells. Moreover, the 

ELISA methods suffer from the large sample volumes, high reagent costs, and varying 

binding affinity of antibodies because of differences in the internal structure of recombinant 

cytokines used to generate these antibodies and the fact that the method only allows the 

measurement of one cytokine at a time in a specified sample volume.  
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Figure 1-2 Diagram of common ELISA formats (direct vs. sandwich assays). In the assay, 

the cytokine of interest is immobilized by direct adsorption to the assay plate or by first 

attaching a capture antibody to the plate surface. Detection of the antigen can then be 

performed using an enzyme-conjugated primary antibody (direct detection) or a matched set 

of unlabelled primary and conjugated secondary antibodies (indirect detection). 

 

1.2.3 ELISPOT/FluoroSPOT 

The enzyme-linked immuno-spot (ELISPOT) assay is a sensitive method that 

initially was used for accurate quantification of antigen-secreting immune system cells. It 

allows determining the frequency of cytokine precursor cells among a heterogeneous 

population. In this assay (Figure 1-3), a stimulated cell suspension is laid on a microplate 

well coated with primary antibodies that are capable of directly capture the cytokine of 

interest [66]. Upon 2-4 hours incubation, cells are removed through extensive washing and 

the cytokine binding to the solid phase antibody is visualized by a second enzyme-labeled 

detection antibody. This technique is adaptable to a high throughput and capable of detecting 

one cytokine-producing cell from 105 plated cells. Moreover, it can also provide an estimate 

of the frequency of antigen responsive cells among those plated [67, 68]. This role of 

ELISPOT has already been used in the assessment of cytotoxic T lymphocytes (CTLs) 

precursor frequencies prior and after peptide-based vaccinations in patients with cancer and 

also in human immunodeficiency virus (HIV) vaccine trials [69-71]. In addition, lots of 

variations of the ELISPOT assays have also been developed by investigators, a typical 

example of this variations is FluoroSpot. The FluoroSpot assay is a modification of the 

ELISPOT assay that is visualized by a bound fluorophore labeled detection antibody instead 
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of an enzymatic reaction. The position of each cytokine-producing cell is visualized as a 

fluorescent spot and then the number and size of these spots can be achieved by a special 

ELISPOT reader consisting of a light microscope with incident fluorescence illumination. 

This technique shows high sensitivity towards the cytokine detection and now is available 

for measurement of two different cytokines from a given cell by using different capture 

antibodies. 

Figure 1-3 methodological principle of the ELISPOT assay (eg: detection of IL-4 released 

by cells using ELISPOT technique). The plates are coated with primary antibody (anti-IL-

4), and thereafter nonspecific binding sites blocked. Cells are added in the presence or 

absence of specific stimulus, during the incubation, cells become activated and start to 

secrete the cytokine IL-4 which can be captured by anti-IL-4 antibodies coated on the plate. 

Cells and non-binding proteins are removed and the detection antibody biotinylated anti-

human IL-4 is added to combine the IL-4. After the streptavidin-AP added to binds the 

biotinylated detection antibody, a precipitating substrate (usually NBT/BCIP) is added to 

react with AP to produce colored spots that can be read on an ELISPOT reader. 

Abbreviations: AP, Alkaline phosphatse; NBT, Nitro blue tetrazolium; BCIP, 5-Bromo-4-

choloro-3-indolyl phosphate. 

1.2.4. Western Blot 

Western blot is a powerful biochemical technique capable of protein detection and 

semi-quantification. Unlike ELISA, ELISPOT/FluoreSPOT, which are applied for cytokine 

detection in solution, western blot is widely used for the analysis of cytokines within cells, 
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tissues, and complex biological samples. In this technique, denatured cytokines are firstly 

separated in polyacrylamide gels through gel electrophoresis, then they are transferred to the 

nitrocellulose or polyvinylidene difluoride membranes producing a band for each of protein 

(Figure 1-4). And finally, the membrane is stained with labelled antibodies specific to the 

cytokine of interest.  For the signal read-out system, there are many methods including 

colorimetric, radioactive, and fluorescent available for the signal reads-out whereas 

chemiluminescent is commonly used as chemiluminescence is a sensitive and robust method 

for relative quantitation of the protein of interest. After the primary antibody binds to the 

protein of interest, the secondary antibody, is  usually linked to horseradish peroxidase which 

is used to cleave a chemiluminescent agent. The reaction product produces luminescence, 

which is related to the amount of protein, thus the amount of cytokine present can be 

achieved by a standard calibration curve. This technique may not be as sensitive as ELISA 

in cytokine detection, but the more significant thing is that it provides useful information on 

the cytokine molecular weight, which enables this technique to monitor the cytokine 

molecule degradation and distinguish splice variants and inactive precursors from the active 

forms. A typical example is that this technique can be successfully used to distinguish the 

IL-1 β precursor (31KDa) and mature IL-1β (17 KDa), indirectly providing information 

about protein activation [72]. 

 

Figure 1-4 the procedure of western blot technique for protein detection. 

(https://www.mybiosource.com/learn/westernblotting) 
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1.3 Immunosensors for cytokine detection 

The most common techniques, bioassays, ELISA, ELISPOT/FluoroSpot and western 

blot, are reliable, but all of them suffer from a long sample preparation time and the 

requirement of a large sample volume also makes them inadequate to detect trace level of 

cytokines in a complex biological sample. As a result, these limitations drive people to 

develop sensitive and rapid robust cytokine immunosensors beyond the traditional 

immunoassays to realize the comprehensive characterization and quantitative analysis of 

cytokines released in both healthy and pathological conditions. It is known that to make a 

successful immunosensor, establishment of a proper sensing surface and a reasonable 

transducer for subsequent signaling are always the crucial elements that need to be 

considered. In this chapter, the way of the sensing surface fabrication and signaling strategies 

for a cytokine immunosensor are briefly reviewed.  

1.3.1 Fabrication of the sensing surface  

The key factor for fabrication of an immunosensor is the construction of a highly 

effective recognition sensing surface capable of fast and reliable interaction with its binding 

cytokine of interest. This always involves the distribution and immobilization of the antibody 

on a solid substrate. As the antibody is a big Y structure (Figure 1-5) and only specific sites 

can interact with the antigen, thus the orientation, stability, and density of the bound 

antibodies will greatly affect the performance of the immunosensor such as sensitivity, 

specify, and the shelf life of the immunosensor. As a result, the choice of the immobilization 

method is a key consideration. Currently, immobilization methods can be concisely 

categorized into physical absorption, bioaffinity attachment, and covalent chemical bonding. 

Strategies for immobilization of antibodies on a solid substrate while maintaining its identity, 

structural conformation, and functionality are an evolving field of research. This can 

promote the advances in the development of rapid and highly sensitive immunosensors. In 

this part, the strengths and limitations of the developments in antibody immobilization 

methods are discussed for providing a useful guideline for the selection of suitable antibody 

immobilization. 
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Figure 1-5 (a) Schematic representation of an antibody molecule. (b) three-dimension view 

of an antibody. (c) random orientation of the antibodies on the substrate (d) optimal 

orientation of the antibody on the substrate. Fab-fragment, antigen binding; Fc-fragment, 

crystallizable; CHO-carbohydrate moiety. 

 

1.3.1.1. Physical absorption 

Physical absorption of antibody on a solid surface is the easiest method for 

immobilization. It occurs through non-covalent interactions between the antibodies and 

target solid supports including plastic surfaces (polystyrene and silicone), membranes 

(nitrocellulose and nylon), and various metallic surfaces. Interactions for the physical 

absorption methods usually include various non-covalent bridges, such as pi-pi interactions, 

hydrophobic interactions, van der Waals forces, ionic and hydrogen bonds etc, which are 

largely determined by the chemical properties of the solid phase and the surface 

characteristics of the antibody, as well as the solvent used in the immobilization system. 

Even though this immobilization method is characterized by fast, simple and does not 

involve any chemical steps that might affect the antibodies integrity, it provides 

immunosensor with a relative low sensitivity, as adsorbed antibodies are usually randomly 

oriented, and the steric hindrance of the active site or the lack of biocompatibility between 

the immobilized antibody and the substrates, may change the antibody folding resulting in a 

loss of its biological activity. In addition, sometimes, because of the week binding forces 

involved, only a slight change of the immobilization condition such as solvent, temperature 

and pH used in the immobilization system, might have a significant effect on the absorption 
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of the antibody. Moreover, in biological media, the adsorbed antibodies tend to slowly leach 

from the surface in exchange for molecules with a higher affinity for the surface [73-75]. As 

a result, the use of adsorption as immobilization technique sometimes is limited by the 

relatively poor reproducibility and low operational stability. However, despite these 

drawbacks of antibody adsorption, this method is still widely used in many applications such 

as ELISA, antibody arrays, and immunosensors because of their simple procedure and high 

antibody-binding capacity in a certain immobilization environment. It is of note that 

currently some novel substrates are developed for the purpose of antibody adsorption with 

improved orientation. For example, Kamil Awsiuk recently reports regioregular poly(3-

alkylthiophenes) films with a semi-crystalline surface structure with edge-on texture that 

promotes end-on immunoglobulin orientation, leading to a 71% higher performance than the 

conventional film on the biorecognition of immobilized IgG[76].  

1.3.1.2. Covalent chemical bonding immobilization  

Covalent binding of the antibody on a substrate is also commonly used. Although it 

is harsher than the physical absorption strategy, covalent chemical bonding immobilization 

provides the highest irreversible surface loading. Usually, this covalent immobilization takes 

place by formation of the amide linkage, as amino groups on the antibody surface can be 

readily combined with some reactive moieties, such as carboxyl, aldehyde, epoxy, and N-

hydroxysuccinimide (NHS) on various solid substrate. So far, some ready-to-use substrates 

such as carboxyl, aldehyde- and epoxy-activated solid substrates, have already been widely 

employed for biomolecules (antibody, enzyme, DNA) immobilizations. The covalent 

immobilization method provides a way to achieve a stable sensing surface and it solves the 

problems of instability, aggregation, diffusion, or inactivation of antibodies which are 

trapped on sensor surfaces by polymer matrices, or Langmuir-Blodget films or adsorbed on 

surfaces. However, as there is a large number of similar amino acid residues on the antibody, 

bindings between the crosslinker on the substrate with the functional groups on the antibody, 

usually are not selective, resulting in a significant amount of different binding orientations 

and in some instances loss of functional activity of the immobilized antibodies. It is reported 

that the capacities of antigen binding of randomly-coupled antibodies on the substrate were 

2~3 times lower than that of well-oriented antibodies [77, 78]. As covalent immobilization 

that results in specifically-oriented antibodies involves binding of the Fc fragment, several 

strategies have been developed for the site-specific immobilization of antibodies, where 

carbohydrate chains or disulphide bridges of antibodies are used for the immobilization 
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(Figure 1-6) [79]. For example, activation of the C-terminus carboxylic acid group of the 

antibody via 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) allows binding to amino-rich surfaces [80], and a selective 

partial reduction of hinge-region disulfide bonds of the antibody, generated free pendent 

sulfhydryl groups, which can be immobilized on a variety of solid supports using sulfhydryl-

specific heterobifunctional linkers in a very selective site-specific manner [81]. These 

methods have advanced the orientations of the antibodies and enhanced the performance of 

the sensing surface, however, more complicated experimental procedures are involved for 

example, they require chemical treatments of antibodies, the reaction process needs to be 

properly controlled, and laborious and tedious protocols are involved in the purification of 

the chemical activated antibodies. In addition, these commonly used covalent methods are 

also predicted to generate cross-linking of the antibody itself, and possible loss of biological 

activity may happen due to the chemical reactions involved. Therefore, when it comes to the 

antibody immobilization, it would be better to consider all factors in a comprehensive way 

to choose the most suitable method for immobilization. 

 

Figure 1-6 Oriented antibody immobilization strategies. (a) EDC/NHS coupling of 

antibody amine and carboxyl groups to surface carboxyl and amine groups. (b) Reduction 

of antibody disulfides, with TCEP or 2-MEA, to reactive thiols for binding gold substrates. 

(c) Periodate oxidation of carbohydrates in the Fc region of antibodies followed by 

coupling to hydrazide surface chemistry [79].  
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1.3.1.3. Bioaffinity attachment 

Bioaffinity attachment is also convenient way to immobilize the capture antibody on 

the target substrate. This method is based on the high-affinity constants between certain 

biomolecules and the target of the substrate, so the capture antibody usually needs to be 

firstly modified with some affinity tags which helps the antibody firmly attached on the 

certain substrate. Biotin is a commonly used tag, which has been widely used for antibody 

immobilization. These antibodies with biotin tag can be strongly attached to the substrates 

which coated with streptavidin or avidin because of the strong affinity between biotin and 

streptavidin or avidin. It is reported that the interaction between biotin and (strept) avidin is 

characterized by a dissociation constant of 10^-15M, which is the highest dissociation 

constant reported, around 1000 to 1000000 times higher than for the affinity between an 

antigen and its specific antibodiy [82]. This high affinity ensures high coupling efficiency 

between the biotin/biotin-derivatives and (strept)avidin and enables these biotin-streptavidin 

complex not to be disturbed by extreme changes in pH, temperature, organic solvents and 

other denaturing agents [83]. Although in the biotin-(strept)avidin system, the random biotin 

labeled antibody leads to a random immobilization, the biospecific connection between 

biotinylated antibodies and (strept)avidin coated substrates results in convenient and simple 

preparation, elimination of toxic compounds and highly efficient antibody utilization. The 

immobilization of antibody through affinity interactions also can be achieved by using 

protein G or A binding proteins, as protein G and protein A can specifically bind the Fc 

region of an antibody, especially of IgGs [84, 85]. This specific binding can make the 

antibodies maintain a high level of accessibility to antigen binding sites, therefore 

immunosensors employing protein G or protein A for antibody immobilization regularly 

show higher sensitivity compared to that of using conventional methods such as random 

covalent immobilization [86, 87]. However, the main concern of this immobilization 

approach is the additional immobilization process for binding proteins coating on the surface 

of a substrate prior to immobilization of the target antibody. But unlike the natural antibodies, 

binding proteins like protein G or A is easily obtained, and they can be engineered in large 

quantities, which enable this approach to be widely used for the antibody immobilization. A 

typical example of the engineered binding protein is the chemical modification of the protein 

G with a thiolate tag, which enables the formation of the protein G layer on a gold surface 

to be able to efficiently capture the target antibodies [88, 89]. Another common way is to 

engineer the N-terminus of the protein G with cysteine residues that can directly form a well-

ordered protein G film on a gold like surface [90], which enhanced the orientation of the 
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subsequent antibody immobilization, resulting in a better performance of the sensing surface. 

Even though the immobilization method by affinity can help to control the orientation of the 

antibody and retain the antibodies binding abilities, the affinity between the binding protein 

and the target antibodies might be not strong enough when they meet some harsh conditions, 

such as the extreme change of the pH and, temperature, organic solvents and other denaturing 

agents. Therefore, the environment conditions of the sensing surface used should be 

carefully considered when this binding method is applied for antibody immobilization.  

1.3.1.4 Other strategies 

Apart from the methods mentioned above for the fabrication of the sensing surface, 

there are still some other ways that are available to use. The light-induced antibody 

immobilization is an attractive approach that can precisely control the areas of 

immobilization [91]. UV-irradiation of the antibodies results in the cleavage of the disulfide 

bridge and resulted Fab fragments with thiol groups can be well orientated on a gold like or 

thiol-reactive surface [92]. Localized and specific conjugation of antibodies can also be 

achieved by a photoactivable electrogenerated polymer film coated surface allowing the 

covalent immobilization of biomolecules through light mediation [93]. Another light 

induced immobilization example employs a protein-photo-reactive crosslinker coated 

substrate where antibodies can be covalently immobilized upon light irradiation [94]. To 

some extent, antibody coupling via photo-immobilization technique overcomes some 

limitations of conventional approaches, such as random chemical reactions or reversible 

protein binding, and provides a versatile tool for the fabrication of sensing surface, but it is 

essential to keep in mind that light irritation may also impair the structure of the antibody, 

resulting in a loss of activity. Immobilization through recombinant antibodies in forms of 

full-length antibodies, single chain antibody fragments (scFv) or Fab fragments provides 

another alternative strategy for the sensing surface fabrication. Methods for the oriented 

immobilization of these recombinant antibodies have already been investigated by 

employing genetic fusions such as histidine [95-97] or cysteine tags [98]. Such recombinant 

antibody can be immobilized on the substrates by the same immobilization methods as 

mentioned in the section of physical absorption, bioaffinity attachment and covalent 

chemical bonding. 
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Figure 1-7. An example of the light-induced antibody immobilization. UV light-induced 

immobilization of Fab fragment onto a thiol-derivatized surface. The disulfide bridge (red) 

located near a Tryptophan residue (blue) is located far away from the antigen binding site 

[92]. 

1.3.2 Signalling strategies for cytokine detection. 

As the cytokine immunosensor is designed to detect the direct binding of an antibody 

or antigen to form an immunocomplex at the transducer surface, signal transducing in 

immunosensors can be achieved by different methods by detecting different surface 

properties changes or signal generation, which occurs following the formation of antigen-

antibody complex (Figure 1-8) [99]. Then the cytokine can be quantified with the generated 

signal that is proportional to the analyte concentration. Currently, lots of signalling strategies 

such as using electrochemical, thermometric, optical, piezoelectric and magnetic signal are 

available for cytokine detection. As electrochemical and optical signalling strategies are 

always considered as the popular ways for signal readout, this chapter focuses on the 

cytokine immunosensors where the transducing mechanisms are related to the measurement 

of electrons and photons. 
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Figure 1-8. A schematic illustration of the mechanism of a standard immunosensor. (a) The 

formation of antibody /antigen immunocomplex, (b) this then creates a change and thereby a signal. 

(c) the signal is then transduced either electrochemically, optically, magnetically or piezoelectrically 

and thermometrically (d) The generated signal is finally collected on a digital readout [99].  

1.3.3.1 Electrochemical based immunsensing 

Electrochemical cytokine immunosensors are affinity based biosensors when they 

use a specific transducer with a recognition element that binds the cytokines with specificity 

and selectivity. The detection of binding a target cytokine to probe in solution is governed 

by detecting the changes of the electric current, voltage difference or a resistivity change at 

a localized sensing surface (Figure 1-9). Therefore, the signal from the electrochemical 

cytokine immunosensors can be obtained by amperometric, potentiometric and impedimetric 

transducers converting the chemical information into a measurable electronical signal. For 

successful fabrication of a cytokine electrochemical immunsensor, signal amplification and 

noise reduction are the key factors that need to be considered as the changes of the 

electrochemical signal caused by antigen–antibody reaction is relatively weak 

[100].Currently, the most popular methods for the signalling are voltammetry (linear sweep, 

differential pulse, stripping, square wave), and amperometry methods. These methods 

usually involve in three basic steps. Firstly, it need a tracer antibody that binding an 

electroactive species, such as metal nanoparticle, enzyme, or quantum dot; secondly, the 

electroactive species modified antibody is able to specific combine the target of cytokine, 

possibly through an intermediate primary antibody, and thus immobilized on an electrode 

surface; Finally, a given potential is applied, which drives a redox reaction of the labelled 

electroactive species resulting in a current signal that is proportional to the concentration of 

the antibody-bound cytokines, thus the concentration of the targeted cytokine can be 
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quantified. Differences among the various voltammetry methods are the waveform of the 

applied voltage and phase of the waveform during which currents are recorded. It is of note 

that the method stripping voltammetry is a special case that can be applied for multiplex-

cytokine detection. As the electroactive ionic species such as the metal ionic species can be 

discriminated from multiple metal species when they are given a necessary potential for 

oxidation, multiplex-cytokine sensing can be realized by using different metal or 

nanoparticle tags to the respective secondary antibodies. 

 

Figure 1-9 An example of electrochemical immunosensor: electrochemical immunosensors 

for cytokine detection (eg IL-4). Impedance immunosensor for bovine IL-4 using an 

electrode modified with reduced graphene oxide and chitosan [101]. 

Improved electrochemical immunosensors employing nanoparticle labels, magnetic 

beads and nanostructured surfaces provide new opportunities for highly sensitive protein 

detection [102-116]. Most of the cytokine electrochemical detection strategies are based on 

the classic sandwich immunoassay method in which the sensing surface is coated by capture 

antibody or aptamer to specifically capture the target of cytokine (Figure 1-10). After the 

capture of the target of cytokine, a tracer enzyme or nanoparticle-labelled antibody is 

introduced to bind the captured cytokine to form the sandwich immunocomplex. 

Amplification strategies such as employing multiply-labelled antibodies, enzyme labelled 

magnetic beads or gold nanoparticles are commonly introduced to enhance the sensitivity of 

the detection.  
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Figure 1-10 Example of an improved electrochemical-based immunosensor for cytokine detection. 

(A) Magnetic beads coated with massively horseradish peroxidase (HRP) enzyme labels that can 

catalyse hydrogen peroxide (H2O2) to water in the presence of hydroquinone (HQ) to benzoquinone 

that is reduced to hydroquinone at −0.3 V vs Ag/AgCl. (B) Multiplexed channels for multiplex 

cytokine sensing [117]. 

 

Even though electrochemical based immunsensing showed excellent sensitivity, 

selectivity and reliability, making the electrochemical based immunosing technique to be a 

very attractive tool in cytokine detection, these immunosensors might be vulnerable to 

interference from the experimental conditions such as different pH, ionic strength and co-

existing molecules in biological fluids. In addition, the functionality of the capture antibody 

immobilized on the sensing surface may decline in the presence of external redox mediators 

that are essentially mixed with the sample solution for electrochemical immunosensing 

platforms. As a result, it would be great if these electrochemical immunosensors could 

perform in a normal physiological solution, so that the sensing surface can maintain their 

best binding performance. 
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1.3.3.2. Surface plasmon resonance (SPR) based immunsensing 

SPR is a powerful surface optical technique to monitor biomolecular interactions 

with a high degree of accuracy, precision, and sensitivity. It requires a system with polarized 

light passing through a prism with a metal layer that acts like a mirror [118]. The light from 

a specific angle (the resonance angle), will interact with the free electrons in the metal layer 

(usually Au film) resulting in a dip in the light property. Therefore, binding events cause 

changes in refractive index close to the surface which affect the reflected light intensity, 

angle and wavelength, which can be measured to probe the interactions between 

biomolecules (Figure 1-11). Generally, SPR for cytokine detection can be classified into two 

formats that are direct detection and indirect detection. In direct format, antibodies are 

directly immobilized on the sensor surface and subjected to the binding interaction with the 

cytokine of interest. The change in resonance angle due to the formation of antibody-

cytokine immunocomplex is directly proportional to the concentration of target cytokine. 

Direct method is easy to perform, however, it is not suitable for direct cytokine detection. 

This is because the concentration of cytokine in physiological state is very low (usually at 

pM range), while direct method for cytokine detection can only provide a low limit of 

detection at nM range or above, because the cytokine-antibody interaction is not enough to 

generate a sufficient measurable change in the refractive index [119]. Consequently, indirect 

SPR methods may provide alternative choices for the cytokine detection. Among indirect 

methods, a sandwich method is commonly used for signal amplification. Cytokine capture 

antibody (Ab1) was firstly immobilized on the sensing surface, then binding of cytokine to 

the capture antibody was detected as the Ab1-Cytokine-Ab2 immunocomplex, where Ab2 

is the detection antibody, which usually labeled with some nanoparticles to amplify the SPR 

signal. Based on this sandwich method, Deckert and F. Legay, developed a SPR 

immunosensor to monitor the activities of different batches of recombinant IL-6, protein A 

was introduced to improve the orientation of the capture antibody, and a detection limit of 4 

ng.mL-1 was achieved. This method showed high reproducibility in IL-6 detection indicating 

a reliable IL-6 SPR immunosensor was fabricated. A similar SPR immunosensor for IL-8 

detection was also developed [120], and it was applied to detect the ten-fold pre-

concentration of the initial samples from the patients with oropharyngeal squamous cell 

carcinoma (OSCC) because this IL-8 SPR immunosensor only got a detection limit of 184 

pM, which is not sensitive enough to detect the IL-8 existing in the healthy individuals (30 

pM) and patients with OSCC (86 pM) [121]. Therefore, sensitivity and limit of detection for 

the cytokine SPR immunosensor need to be further improved by introducing specific 
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amplification strategies. A classic way for improving the performance of these cytokine SPR 

immunosensor is using the nanoparticles labeled detection antibody to amplify the SPR 

signal. A typical SPR example for this amplification strategy is developed by Choi’s group 

[122]. They fabricated a SPR immunosensor for the detection of prostate specific antigen 

using a biotin labelled detection antibody, and this detection antibody was further coupled 

with streptavidin coated Au nanoparticles which greatly enhanced the SPR signal. And the 

limit of detection for this SPR immunosensor can be up to 1 ng.mL-1 in human serum 

samples. Furthermore, this group employs magnetic nanoparticles coated with detection 

antibody for off-line capture of prostate specific antigen, and the SPR signal was further 

amplified to enable the SPR immunosensor monitor the prostate specific antigen in serum at 

fg.mL-1 level. It can be seen that these amplified SPR immunosensors are very promising as 

they can be used for the detection of some disease biomarkers for further disease diagnosis. 

Development of point of care testing device for this SPR immunosensors will be of great 

value. Even though there still remains the expense of optical detection, and the requirements 

for a robust, stable, portable SPR device, new development of the optical technology might 

be helpful to decrease the cost, and it seems that a robust point of care device will become 

commercially available, allowing for convenient cytokine detection and early remediation 

of many health challenges in the near future. 

 

Figure 1-11 Schematic view of the SPR immunoassay technique [123] . 

1.3.3.3. Fluorescence based immunosensing 

Fluorescence based immunosensing is the most popular method which monitors 

antibody-antigen binding. It utilises fluorescent molecules which bind either directly to the 

target antigen or as an indirect label to measure via spectrometry, and quantification of 
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antigen can be further achieved by measuring the changes of fluorescence signal. Currently, 

most of the commercially available cytokine assays like ELISA, ELISPOT and cytokine 

bioassay are based on the fluorescence signalling. Fluorescence based immunosensing 

represents the most widely studied methodology for cytokine detection because of its high 

sensitivity. This fluorescence based immunosensing platform has been widely employed 

using antibody sandwich assay for the detection of cytokines such as, IL-1, IL-6, IL-8 and 

TNF-α [124]. Improvements for the fluorescence-based cytokine immunosensing using 

novel signalling materials has also been extensively explored. Typical example for 

enhancing the performance of the fluorescence immunosensing is applying some 

nanoparticles that integrate with some bright fluorescent dyes to get the signal amplification. 

For example, Zhang et. al developed a novel sandwich fluoroimmunosensor for the detection 

of IL-6. They use functionalized Rubpy-encapsulated fluorescent core–shell silica 

nanoparticles labels as the signal reporter, and IL-6 was quantified by specific affinity 

between the captured IL-6 antigens and the fluorescent functionalized core-shell 

nanoparticles labeled anti-IL 6 antibodies [125]. This approach has offered potential 

advantages of sensitivity, simplicity and reproducibility for the measurement of IL-6 in 

serum samples. Another immunosensor with enhanced performance for the detection of 

TNF-α was developed by Cunningham’s group [126]. They employed the photonic crystals 

coupled with colloidal quantum dot emitters as the signal reporter which made a 20-fold 

enhancement of emitted light by fluorescent molecules, resulting in high signal-to-noise ratio 

for TNF-α detection. Improvements in photonic crystal performance can be made to further 

lower the detection limits as some unique photonic crystal properties such as size-controlled 

fluorescence, high fluorescence quantum yields, and stability against photobleaching. 

Generally, the fluorescence based immunosensing for cytokine detection can achieve the 

limit of detection in the range from fg.mL-1 to ng.mL-1, which is generally sufficient enough 

for many cytokines in physiological condition. 

1.4 Optical fiber-based cytokine sensor 

Optical fibers are chemically passive, have small physical dimensions (diameters in 

the range of tens to few hundreds μm), and are able to access challenging environments [127, 

128]. Configured as fiber-optics sensors, they offer an advantage of long interaction length 

which, in some situations, can yield enhanced signals. Moreover, optical fiber biosensors 

can be used in combination with different types of spectroscopic techniques, e.g., absorption, 
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fluorescence, phosphorescence, Raman, and surface plasmon resonance (SPR) [129]. By 

combination with the spectroscopic techniques, optical fibers have also been widely explored 

as a promising platform for cytokine detection [130-133]. A recent report describes a fiber-

optics SPR sensor for the detection of IL-1, IL-6, and TNF-α in a buffered saline solution 

and a spiked cell culture medium [134]. In this study, the detection limit of IL-6 of 0.44 ng 

mL−1 was achieved. The optical fiber-based sensors have also been applied to the monitoring 

of biologically relevant molecules in real time. For example, a label-free fiber-optic localized 

SPR sensor for the detection of IFN-γ was fabricated using spherical gold nanoparticles on 

a polished end-face of the optical fiber [135]. This label-free immunoassay sensor was 

characterized by a short detection time (5 min), high resolution, and sensitivity (2 pg mL−1 

for IFN-γ) due to the signal amplification from AuNPs. A recently reported photonic lab-on-

a-chip sensor allowed rapid determination of IL-2 levels secreted by lymphocytes based on 

the measurement of optical absorbance [136]. However, all these fabricated fiber sensors are 

targeted for the detection of cytokines in buffered saline solution or in the accessible 

biological liquid (e.g. cell culture medium, serum), none of these devices is capable of 

spatially localized cytokine detection along the fiber length based on the quantification of 

the signal on the sensing interface, so it would be of great significance to develop the fiber 

sensor with the ability of spatially localized detection. 

1.5 Challenges and opportunities for cytokine immunosensor 

Even though the fabrication of the cytokine immunosensor has been extensively 

investigated, there are still challenges for the development of cytokine immunosensor. The 

sensitivity of the immunosensor is always an issue for cytokines detection because cytokines 

released into the extracellular milieu are always at a very low concentration range (pM) [137]. 

Apart from the sensitivity issue, in fact, sometimes it is very hard for the immunosensors to 

measure physiological concentrations of cytokines accurately and reproducibly because of 

some other challenges such as significant interference from the rheumatoid factors [138], 

heterophilic antibodies [139], and specific or non-specific cytokine binding proteins [140]. 

Even though some developed immunosensors claimed that they can get a limit detection 

level at pg.mL-1 or even lower at fg.mL-1, the lack of the standardization and a proper way 

for validation reduce the reliability of these cytokine immunosensors. It is essential to keep 

in mind that only when validated and carefully controlled methods for cytokine 

immunosensors are made can we expect to make progress in the development of these 
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immunosensors into practical work. In addition, evaluations of cytokine levels in tissue are 

always important, as cytokines are usually produced locally (i.e. at the site of injury or 

disease), the in-situ cytokine profile might be more relevant to the ongoing physiologic or 

pathologic processes than systemic cytokine levels. However, the majority of the developed 

immunosensors for cytokine detection are designed for in vitro cytokine detection which 

usually carried out on accessible biological fluids away from these local sites of action, 

which make the measured concentration maybe greatly reduced compared to the actual 

concentration which is present at the active site. Another challenge for many cytokine 

immunosensors is that they have only been developed in laboratory environments and only 

few immunosensors are commercially available for practical work. For any commercial 

application to be successful there must exist a technology that allows rapid production of a 

number of sensors with high quality. Many believe that the cytokine immunosensors have 

not lived up to the expectations because of their cost limitations, the lack of sensitivity and 

ability to be manufactured. Although the concept for fabrication of cytokine immunosensors 

is simple and elegant, development of such a device is daunting. It needs the efforts from a 

multidisciplinary field that combines the expertise of immunochemists, immunologists, 

materials scientists and engineers to develop the intimate interface between the biologic 

component and the transducer. When combined with the potential integration techniques 

made possible by the advances in optical, electronic and fabrication technology, it seems 

that a whole new range of point-of-care tests will become commercially available, allowing 

for mass-screening programs and detection and early remediation of many health and 

environmental challenges. 

1.6 Thesis aims and outline 

Standard methods (e.g. ELISA, ELISPOT and western blot) offer a reliable and 

accurate way for cytokine detection, but the requirements of the large sample volumes, and 

tedious operations steps hindered their applications especially in the circumstances that only 

a limit sample volume can be accessed. Most of the following developed platforms for 

cytokine detection have reduced the requirements for the sample volumes by introducing 

some new signal amplification strategies, such as using electrochemical, thermometric, 

optical, piezoelectric and magnetic signal, however, the application of most of these 

platforms still limited by their low sensitivity and reproducibility. In addition, there are only 

limit platforms that are able to be used in vivo and real time cytokine analysis is still daunting. 
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Thus, broad interest exists in developing simple, sensitive and rapid cytokine analysis 

platforms that afford comprehensive characterization and quantitative analysis of cytokines 

secretion from in vitro to in vivo. By using nanoparticles labeled detection antibody to 

amplify the detection signal, it is expected that immunosensor performed on optical fiber 

surface would be capable of spatially localized cytokine detection with high sensitivity and 

make the localized cytokine detection from in vitro to in vivo. Therefore, motivated by the 

above identified challenges and opportunities, my PhD program has been aligned to the 

fabrication of immunosensors on the optical fiber surface for sensitive detection of cytokines 

from in vitro to in vivo. The aims of my PhD study are to (1) design sensitive cytokine 

immunosensors on the optical fiber surface, (2) explore the biological applications of the 

fabricated immunosensor from in vitro to in vivo. 

The whole thesis consists of six chapters. Chapter 1 introduces the background and 

the significance for conducting this project. 

Chapter 2 reports a sensitive cytokine immunosensor based on optical fiber allowing 

localized and spatially resolved detection of interleukin‑6 in vitro and ex vivo. This chapter 

is in the format of a second-authored paper published in the journal of ACS sensors in 2017. 

We demonstrated a cytokine detection device based on APTES-AuNP- 6-mercaptohexanoic 

acid (MA) modified silica optical fiber for the monitoring of locally variable cytokine 

interleukin-6 concentrations using a sandwich immunoassay scheme. The sensor interface 

was stable for up to 9 days in PBS solution, and it was capable of detecting localized IL-6 

secreted by BV2 cells with liposaccharide stimulation. 

Chapter 3 further extends the application of the immunosensor we designed in 

chapter 2. This chapter is in the format of a first-authored paper published in the journal of 

Brain, Behavior, and Immunity in 2018. In this work, we designed an optical fiber-based 

immunosensing device for repeated monitoring of spatially localized cytokine IL-1β release 

in the rodent brain. We employed APTES-AuNP-MA modified silica optical fiber labeled 

with a IL-1β capture antibody on the surface interface that can be inserted into a stainless 

steel implanted cannula with micrometer-sized holes drilled along its length to enable fluid 

exchange between the outside and inside of the cannula. We showed that the immunocapture 

device can be introduced into the perforated guide cannula for repeated analyte 

measurements in vivo. An increase in fluorescence detection of spatially localized 

intrahippocampal IL-1β release was observed following a peripheral lipopolysaccharide 
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challenge in Sprague Dawley rats. This novel immunosensing technology represents an 

opportunity for unlocking the function of neuroimmune signaling. 

Chapter 4 reports a more sensitive and robust immunosensing system based on 

biotin-streptavidin coupling for spatially localized femtogram mL−1 level detection of IL-6. 

This chapter is also in the format of a first-authored paper published in the journal of 

Biosensors and Bioelectronics in 2018. we report a more sensitive immunoassay on the 

optical fiber surface for accurate quantification of IL-6 in serum samples. A superior sensing 

surface coated with biotinylated capture antibody was fabricated according to biotin-

streptavidin binding strategy. Compared with the antibody immobilization method through 

covalent reaction with 6-mercaptohexanoic acid reported in chapter 2 and chapter 3, the 

biotin-streptavidin system could boost the amount of capture antibody immobilized on the 

fiber surface, leading to increased sensitivity of the immunosensor. In addition, a more stable 

immunocapture was achieved by using biotin-streptavidin coupling strategy, as the sensing 

surface can be stable for up to 4 weeks in PBS solution. 

Chapter 5 further extends the application of the immunosensor prepared by biotin-

streptavidin system. This chapter is in the format of a first-authored paper published in the 

journal of Sensors and Actuators B-chemical in 2018. In this work, compared to the previous 

study in chapter 4, we have advanced the biotin-streptavidin coupling strategy for the 

immobilization of capture antibody on the sensing surface and characterised the properties 

of the sensing surface such as stability and reproducibility. The application of the fiber 

immunosensor was firstly tested ex-vivo by analysing the secretions of rat macrophages 

stimulated by lipopolysaccharide (LPS), then an in vivo test of a localized measurement of 

IL-1β in the rat spinal cord. 

Chapter 6 summarises the key research outcomes of this thesis and discusses the 

future prospects of developing immunosensors for cytokine detection. 
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2.1 Introduction 

Interleukin-6 (IL-6), acting as a both pro-inflammatory and anti-inflammatory cytokine, 

plays a key role in the inflammatory response. Many diseases such as osteoarthrosis, asthma, 

psoriasis, cardiovascular disease, diabetes and inflammatory bowel disease are closely 

associated with IL-6, which can cause an increase in the IL-6 level. However, the cytokine 

IL-6 is usually locally released (i.e. at the site of injury or disease), and traditional ELISA 

detection method can only provide a systemic level in body fluids, offering a limited insight 

into the undergoing processes. To achieve the detection of the concentration of the locally 

released IL-6, we did a variant of traditional ELSA on the optical fiber to enable the localised 

released cytokine be detected.  

This chapter demonstrated a cytokine detection device based on gold nanoparticle modified 

silica optical fiber for the monitoring of locally variable cytokine IL-6 concentrations using 

a sandwich immunoassay scheme. The feasibility of the fabricated cytokine assay for the 

spatially localized detection of IL-6 was studied by placing single drops (∼1 μL) of the serum 

sample containing different concentrations of IL-6 onto various locations of the fabricated 

optical fiber surfaces, followed by incubation with the detection antibody. And the 

performance of the fiber immunosensor in IL-6 detection in serum and BV-2 cell culture 

medium was further explored. 

Liu, G., Zhang, K., Nadort, A., Hutchinson, M.R. and Goldys, E.M., 2017. Sensitive 

cytokine assay based on optical fiber allowing localized and spatially resolved detection of 

interleukin-6. ACS sensors, 2(2), pp.218-226. 
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2.3 Appendix 

Fluorescence visualization of the fiber sensing surface  

 

Figure 2-1 Confocal microscope images of the fiber surface reacting with different 

concentration of IL-6 capture antibody following stained by the fluorescent secondary 

antibody (donkey anti-Goat IgG NorthernLights NL493-conjugated antibody). 

 

Figure 2-2 Confocal microscope images of the fiber sensing surface incubated in PBS for 

extended periods of time followed by monitoring the presentence of IL-6 capture antibody 

using the green dye-labeled secondary antibody (donkey anti-Goat IgG NorthernLights 

NL493-conjugated antibody).  
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Figure 2-3 Optimization of incubation time: Z-stack images of the fiber in detection of 25 

and 200 pg mL-1 IL-6 with different incubation time after exposure in the DG_SPIO_IL-

6_Ab conjugates solution. 

Comparison of the present method (method I) with other two methods on fabrication 

of the fiber sensor. 

2.3.1 The preparation of the fiber sensing surface with the other two methods. 

Method II: Diazonium-modified capture antibody for fabrication of the sensing surface  

Firstly, the AuNP modified fiber surface was obtained by using the same protocol detailed 

in the manuscript. 10 mg of 4-carboxyphenyl diazonium tertrafluoroborate, 10 mg EDC and 

10 mg NHS were mixed in 1 mL of water followed by 10 min incubation, then EDC/NHS 

activated 4-carboxyphenyl diazonium tertrafluoroborate was obtained. Next, 10 μL 

EDC/NHS activated 4-carboxyphenyl diazonium tertrafluoroborate was added to 200 μL 5 

μg mL-1 IL-6 capture antibody solution in carbonate buffer (pH 11) and was allowed to 

incubate for 2 hours at room temperature. As EDC/NHS activated 4-carboxyphenyl 

diazonium tertrafluoroborate can react with the amine group existing on the capture antibody 

so the diazonium-modified capture antibody can be obtained in this way. The obtained 

diazonium-functionalized capture antibody was washed and concentrated by a 100 KDa 
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centrifugate filter for further usage. Subsequently, AuNP coated fiber was immersed in the 

diazonium-functionalized capture antibody solution (50 μg mL-1) for 2 h to form the sensing 

surface. 

Method III: Self-assemble method on the fabrication of the sensing surface 

Firstly, the AuNP modified fiber surface was obtained by using the same protocol detailed 

in the manuscript. Then the AuNP coated fiber was incubated in 50 μg mL-1   IL-6 capture 

antibody overnight. And the capture antibody can self-assemble on the fiber surface through 

the interactions between the AuNP and -NH2 or -SH group existing on the antibody.  

Comparison of the fiber sensing surface  

The fiber sensing surface prepared by the three different methods were stained by donkey 

anti-Goat IgG NorthernLights NL493- conjugated antibody before they were checked by 

confocal microscope. As can be seen from figure 2-4, the fluorescence intensity of method 

I showed higher fluorescence value than the other two methods, this can be attributed to the 

fact that when 6-mercaptohexanoic acid self-assembled on the AuNP coated fiber surface, it 

can create a uniform surface and provide more binding sites for the following attachment of 

the capture antibody. It is of note that under optimal conditions, diazonium salts can also 

lead to uniform coatings, and the functional groups available can be tuned depending on the 

conditions to achieve the optimum number of binding sites, however before the capture 

antibody being immobilized on the fiber surface, the procedure for purifying the diazonium 

salts functionalized antibody need multiple washing and dialysis, which will lead to a loss 

of the antibody, and some antibodies will tend to denaturate, which result in a relative lower 

performance. 
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Figure 2-4 Confocal microscope images of fiber sensing surface prepared by method I (a), 

method II(b), and method III(c); (d) the corresponding fluorescence signal from the figure a, 

b and c. 

 

Comparison of the performance of fiber sensing surface in detection of IL-6. 

The performance of the fiber sensing surface was further compared by detection of a given 

concentration of IL-6 (400 pg mL-1) in PBS containing 10 % FBS. After 2h incubation with 

the cytokine (which can help to keep the equilibrium between the fiber surface and the 

cytokine in the solution), fibers were then stained by DG_SPIO_IL-6 Ab conjugate. Figure 

2-5 a, b and c showed the confocal images of the three types of fiber sensing surfaces in 

determination of 400 pg mL-1 IL-6 after incubating with DG_SPIO_IL-6 Ab conjugate 

solutions. Many green fluorescent particles could be observed around the method I prepared 

fiber, while less fluorescent particles appeared on the fiber being prepared by method II and 

III. It suggested that Method I prepared fiber had the best performance in the IL-6 detection, 

because the method I can help to make more capture antibody attached on the fiber surface 

resulting in a more sensitive performance in IL-6 detection. Furthermore, the fluorescence 

signal of the whole fiber surface was quantified by Z-stack imaging method (Figure 2-5 d, e 

and f). Images were collected and stacked by selecting the maximum pixel value from each 

image and the fluorescence signal was processed by Image J and Matlab software. A more 

obvious discrimination among the three fibers could be observed from the Z-stack images 

as the fluorescence signal of method I prepared fiber was 5.3 × 105 a.u. while method II and 

III got the value at 2.2 × 105 a.u. and 3.2 × 105 a.u., respectively. 
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Figure 2-5 Combined confocal images (bright field and fluorescence field) of the method I 

(a), method II (b) and method III (c) prepared optical fiber for determination of 400 pg mL-

1 after incubation with DG_SPIO_IL-6_Ab; Z-stack images of the the method I (d), method 

II (e) and method III (f) prepared optical fiber for determination of 400 pg mL-1 after 

incubation with DG_SPIO_IL-6_Ab. (g) the corresponding fluorescence signal from figure 

d, e and f. 

 

Real sample analysis 

In order to test the application of the proposed spatial fiber ELISA for real samples analysis, 

the fiber was also used to test the mouse IL-6 in cell culture medium by using the standard 

addition method. To protect the fiber from being destroyed, the fiber was placed in a cannula 

which has some hole on the cannula surface to keep the solute interaction. After the fiber 

finishing the capture of IL-6 in medium, then it was stained by DG_SPIO_IL-6_Ab, and 

fluorescence signal was collected by confocal microscope and the concentration of IL-6 was 

determined. The results are shown in Table 2-1, the IL-6 content determined was in 

agreement with the declared value, the recovery for standards added was 96.3% ~ 107.9% 

indicating that the fiber sensor was applicable for real sample detection. 

Table 2-1. Determination of the recovery of IL-6 in cell culture medium by using the 

standard addition method. 

 Added (pg) Found (pg) Recovery 
1 200 215.7 107.9% 
2 300 317.1 105.7% 
3 400 385.3 96.3% 
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2.4 Summary 

In this chapter, we fabricated and characterized a sensitive cytokine assay based on the 

optical fiber, which could be used for monitoring the localized cytokine concentration ex 

vivo. A spatially resolved ELISA sandwich assay was built on the optical fiber surface. After 

the immunocapture device was incubated with a cytokine solution to capture the analyte, the 

device was then exposed to the IL-6 detection antibody which was loaded on the 

fluorescently labeled magnetic nanoparticles, making it possible to quantify the cytokine 

concentration based on the intensity of fluorescence. This variant of spatial ELISA was 

successfully used for the detection of cytokine IL-6 with the low limit of detection of 1 pg 

mL−1 and sample volume of 1 μL, and it showed high specificity to IL-6. The sensor interface 

was stable for up to 9 days in PBS solution, and it was capable of detecting IL-6 secreted by 

BV2 cells with liposaccharide stimulation. This technology provides a new strategy for 

monitoring spatially varying concentration of cell secreting products, and it has the potential 

to be developed as a point-of care device for multiple health conditions. 
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3.1 Introduction 

Exaggerated inflammatory responses in the brain are thought to be a common core in the 

etiology of numerous psychiatric disorders such as depression, post-traumatic stress disorder 

(PTSD) and bipolar disorder. A major impediment for establishing a mechanistic link 

between neuroimmune signaling and disease-related neural circuit activity is the lack of tools 

that reliably monitor the release of signaling molecules (cytokine) by the brain’s immune 

cells. For instance, due to their relatively high molecular weight, traditional real-time 

sampling methods in brain such as in vivo microdialysis provide a poor yield of extracellular 

cytokine levels. 

In this chapter, we further extended the application of the way for fabrication immunosensor 

in chapter 1 and designed an optical fiber-based immunosensing device for repeated 

monitoring of spatially localized cytokine interleukin-1beta (IL-1β) release in the rat brain. 

This cytokine capture device comprises a de-cladded optical fiber labeled with a IL-1β 

capture antibody on the surface interface that can be inserted into a stainless steel implanted 

cannula with micrometer-sized holes drilled along its length to enable fluid exchange 

between the outside and inside of the cannula. Upon removal from the cannula, a new capture 

device can be reintroduced for repeated measurements. This technology represents an 

opportunity for unlocking the function of neuroimmune signalling, and has broad 

applicability for pre-clinical disease models assessing the impact of immune processes in 

brain function. 

Zhang, K., Baratta, M.V., Liu, G., Frank, M.G., Leslie, N.R., Watkins, L.R., Maier, S.F., 

Hutchinson, M.R. and Goldys, E.M., 2018. A novel platform for in vivo detection of 

cytokine release within discrete brain regions. Brain, Behavior, and Immunity, 71, pp.18-22. 
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Optimization of the time for IL-1β binding equilibrium with the fiber sensing surface 

The time window for IL-1β binding equilibrium to be reached with the fiber was 

investigated by using the functionalized fiber in the detection of a certain concentration of 

IL-1β solution (10 pg mL-1) with different incubation time in vitro. The results are shown 

below in Figure S1. As the time varied from 0 to 60 min, the fluorescence intensity increased 

and reached the maximum at 30 min, indicating that the time window needed to reach a 

reproducible binding equilibrium with the fiber should be in the range of 15-30 min. In 

addition, to further validate the reproducible binding equilibrium time window, we used 6 

separate sensing fibers to detect the certain concentration of IL-1β solution (10 pg mL-1) 

with a 30 min incubation time, the relative standard deviation of the detection result was 6.3% 

indicating the reproducible binding equilibrium time window for the fiber sensing surface. 

 

Figure S1. Optimization of the time window for IL-1β binding equilibrium with the fiber 

sensing surface. Error bars indicate standard error of the mean of three replicates for each 

incubation time point. 
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Calculation of the concentration of IL-1β in dorsal hippocampus. 

If we assume a negligible effect of the hippocampal components, the approximate 

concentration based on the in vitro calibration (see Figure 1E) detection of IL-1β could be 

obtained. Using this approach, the baseline level of the IL-1β was calculated to 5.0 ± 2.1 pg 

mL-1, and the values following LPS or Vehicle treatment are shown below in Figure S2. 

 

 

Figure S2. Mean (± SEM) concentrations of IL-1β following LPS or Vehicle treatment. 
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3.3 Appendix 

Perforation of the stainless-steel guide cannula. 

           Stainless-steel guide cannulas were drilled by a laser system. The laser machining 

facility used for drilling the cannulas consists of a 266 nm Q-switched laser source and 4-

axis motion control (XYZ and U (lathe) axes). The laser source is based on a Lightwave 

Electronics Q-201, producing 532 nm pulses of 15 ns duration and up to 2 mJ pulse energy.   

To produce a finer laser spot and allow better management of thermal processes while laser 

drilling, the laser is externally frequency doubled with a single pass in a BBO crystal 

yielding a few percent efficient conversion to 266 nm.  This is then separated from the 532 

nm with a Pellin Brocca prism, and a mechanical shutter is used to control the laser onto the 

work area.  The beam is brought to focus on the work piece through a 3x Micro-Spot UV 

objective available from Thorlabs (LMU-3x-266). The stages and motion control are 

Aerotech ATS-100 stages (200mm travel) with a U500 controller for XYZ and an ART310 

rotation axis used a lathe axis to rotate/index the cannulas. An imaging system behind the 

final turning mirror before the objective lens, allows for in-situ (top-down) viewing of the 

laser drilling, and precise setting of the focal height using the Z-axis stage. The cannulas 

were held in a small chuck on the face of the U-axis (lathe) (Figure. 3-1), and drilled with 

100 mW average power at a 500 Hz repetition frequency, thus approximately 200 μJ pulse 

energy and estimated fluence (by pulse) of 250 J cm-2. The holes were drilled through the 

cannula by slow trepanning using the XY stages (25 mm/min federate and 25 passes require 

to cleanly drill through), the cannula could then be indexed and translated through 90 

degrees using the U-axis to further drilling through the orthogonal direction. The cannulas 

were post-processed by several hours soaking in 85% orthophosphoric acid to etch any laser 

affected metal oxides and passivate the steel.  They were then thoroughly rinsed and 

ultrasonic cleaned. 
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Figure 3-1 (a) Lathe-type arrangement used for laser drilling cannulas held in a small chuck, 

266 nm laser beam incident from above. (b) Laser drilled stainless-steel guide cannulas after 

post-processing. 

 

 

 

 
Scheme 3-1 the procedure of the fabrication of the fiber sensor  
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Characterization of the fabrication of fiber sensing interface 

The successful attachment of the AuNP on the fiber surface could also be confirmed 

by the UV-Vis spectra (Figure 3-2a). It was observed that the AuNP colloid showed a 

characteristic plasmon peak at 522 nm. The absorbance was absent from the UV-Vis 

spectrum of the APTES coated fiber. While after the APTES functionalized fiber reacting 

with the AuNP, a broadened and redshifted peak appeared at 650 nm. The appearance of the 

broaden peak could be attributed to the fact that AuNP can self-assembled on the APTES 

functionalized fiber surface and the tightly attached AuNP aggregate together resulting in 

the longitudinal plasmon resonance. The attachment of the capture antibody was 

characterized by the fluorescent secondary antibody. The fiber before/after binding with the 

capture antibody was stained by Donkey Anti-Goat IgG NorthernLights™ NL493-conjugated 

Antibody (NL003). Fluorescent visitation images of the fiber had displayed that there was 

only minimal fluorescence signal observed before the fiber binding with the capture antibody 

(Figure 3-2b). The observed fluorescence signal could be attributed to the nonspecific 

absorption of the fiber surface. A high fluorescent signal appeared when the fiber incubated 

with the capture antibody (Figure 3-2c) followed staining by NL003, which suggested that 

the capture antibody had been successfully attached on the fiber surface through EDC/NHS 

coupling and thus the sensing interface had formed. 

 

Figure 3-2 (a) UV-vis absorption spectra of AuNP colloid solution and the fiber after being 

stepwise treated by APTES and AuNP; Fluorescent visulation of the fiber before(c)/after(d) 

reacting with the capture antibody followed being stained by the fluorescent secondary 

antibody (Donkey Anti-Goat IgG NorthernLights™ NL493-conjugated Antibody (NL003))  
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Optimization of the sensing interface  

To maximize the density of the capture antibody on the fiber surface, the 

concentration of the capture antibody was optimized through quantifying the fluorescence 

intensity of the fluorescent secondary antibody (Donkey Anti-Goat IgG NorthernLights™ 

NL493-conjugated Antibody (NL003)). Figure 3-3a displayed the fluorescence intensity 

increased with the increasing of the concentration of the capture antibody. The signal 

plateaued around 50 μg mL-1, and slightly fluctuated when the concentration of the capture 

antibody further increased, which indicated that the surface of the fiber reached the 

saturation of the capture antibody at the concentration of 50 μg mL-1. Thus 50 μg mL-1 was 

deemed as the optimal concentration when the capture antibody was modified on the fiber 

surface. Furthermore, the density of the capture antibody was calculated. 1 µL different 

concentration of standard fluorescent secondary antibody was transferred on the confocal 

microscope dish, and the fluorescence intensity was collected and quantified. Suppose the 

mole ratio of combination between the capture antibody and fluorescent secondary antibody 

was 1:1, the density of the capture antibody on the fiber surface could be calculated to 0.28 

µg mL-1. 

 

Figure 3-3 (a) Fluorescent visulization of the fiber after(d) reacting with various 

concentrations of the capture antibody followed being stained by the fluorescent secondary 

antibody (Donkey Anti-Goat IgG NorthernLights™ NL493-conjugated Antibody (NL003); 

(b) The corresponding fluorescence signal in Figure (a). 
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In addition, the stability of the sensing interface was also studied (Figure 3-4). Fiber 

was stored in PBS and then stained by the fluorescent secondary antibody. Fluorescence 

signal of the fiber was measured by confocal microscope every three days. It was found that 

the fluorescence signal decreased with the storage time increasing and the fluorescence 

intensity could keep over 90% of the freshly prepared fiber sensing surface within the control 

limits for 9 days.  

 

Figure 3-4 (a) Fluorescent of the fiber surface with capture antibody in PBS with various 

storage times followed being stained by the fluorescent secondary antibody (Donkey Anti-

Goat IgG NorthernLights™ NL493-conjugated Antibody (NL003). (b) Stability of the 

capture antibody modified sensing interface monitored by using F/F0. F0 and F are the 

fluorescence signals from the secondary antibody for the freshly prepared fiber and the same 

fiber after being stored in PBS for different periods of time. 

To reduce the non-specific adsorption of the fiber sensing interface, the blocking 

reagent BSA was used to block the fiber. The comparison of the performance between the 

blocked and not blocked fiber was shown in Figure 3-5. When the fibers were focused on 

the middle under the confocal microscope, some green fluorescent dots appeared on both 

sides of the not blocked fiber indicating the nonspecific adsorption of the sensing surface. 

While after being blocked by BSA, less green fluorescent dots were observed, suggesting 

that the defects on the sensing surface could be covered by BSA molecules resulting in the 

elimination of non-specific protein adsorption. Moreover, to have a whole view of the fiber 

surface, Z-stack images of the fiber were collected and quantified by Image J and MATLAB 

software. A more obvious discrimination could be observed between the fiber being treated 
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before and after BSA blocking. The non-specific fluorescence intensity decreased from 8.6 

×104 a.u. to 1.1 × 104 a.u. indicating the efficiency of BSA in the elimination of protein 

adsorption. 

 

Figure 3-5 (a,b) The confocal microscope images of the fiber sensing surface before (a)/after 

(b) being treated by BSA followed incubating with SPIO-IL-1beta conjugates; (c, d) Z-stack 

images of the fiber without(c)/with(d) BSA blocking; (e) fluorescence intensity of (c) and 

(d). 

3.4 Summary 

An IL-1β immunosensor based on the sandwich immunocomplex performed on an optical 

fiber surface enables the selective and sensitive in vitro determination of IL-1β with a limit 

of detection at 1.2 pg mL-1. In addition, the optical fiber sensor with implanted perforated 

cannula demonstrated good performance in the in vivo determination of IL-1β in rat dorsal 

hippocampus following systemic administration of LPS. Critically, in this experiment 

repeated sampling was achieved by replacing the fiber at an experimenter-defined time 

interval in which we demonstrate that the hippocampal IL-1β response was significantly 

elevated at 1 h but not 4 h following LPS administration. Prior work has shown that LPS-

stimulated hippocampal IL-1β levels persist beyond 1 h but these studies exclusively focus 

on total IL-1β protein, which includes both intracellular and extracellular levels. Future 

studies should examine the relationship between IL-1β total production and the relative 

fraction that is released. Given the role of neuroimmune communication in the etiology of 

numerous psychiatric disorders, this technology provides a novel strategy for monitoring the 

release of cytokine proteins from innate immune cells in discrete neural circuits, and it has 

the potential to elucidate pathological dynamics underlying neuropsychiatric disease. 
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4  
Detection of Interleukin-6 on Biotin-
Avidin System Modified Glass Fiber 
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4.1 Introduction 

In chapter 1 and 2, we have demonstrated a cytokine detection immunosensor based on 

APTES-AuNP-MA modified silica optical fiber for the monitoring of locally variable 

cytokine concentrations using a sandwich immunoassay scheme. However, the stability of 

the sensing surface can only be stable for around 9 days in PBS which might be due to limited 

stability of N−Au or S-Au bonds between APTES/alkanethiols and AuNPs resulting in a 

progressive release of the capture antibodies from the glass surface. (The low stability 

(around 9 days) of the fiber sensing surface prepared by APTES-AuNP-MA method in 

chapter 1 and 2 is not due to the denaturation of the antibody, as we stored the antibody 

coated fiber in PBS at 4 °C, the contained BSA (0.5%) in PBS can keep the antibody 

stabilized for above 1 months (MATER METHODS 2012;2:120)). And also, there is room 

for improvement in the sensitivity of the immunosensor by promoting the performance of 

the sensing surface. Therefore, to achieve a more robust cytokine immunosensor, we 

introduced another antibody immobilization method to fabricate the cytokine immunosensor. 

In this chapter, biotin-avidin coupling strategy was used to attach the capture antibody which 

helps to enhance the robustness and binding sites of the sensing interface and the subsequent 

sensitivity. We demonstrated the localised and spatially resolved detection of IL-6 secreted 

in serum. The stability of the sensing surface can up to around 4 weeks. And nanoparticle 

labelling developed here provided a combination of low limit of detection (0.1 pg mL-1) and 

low the sample volume requirement of 1 µL. This device also has potential to be used as a 

cytokine test strip for localised detection of cytokines in vivo. 

Zhang, K., Liu, G. and Goldys, E.M., 2018. Robust immunosensing system based on biotin-

streptavidin coupling for spatially localized femtogram mL−1 level detection of interleukin-

6. Biosensors and Bioelectronics, 102, pp.80-86. 
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4.2 Full paper 
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4.3 Appendix 

Fluorescence visualization of the fiber sensing surface 

 

Figure 4-1 Confocal microscope images of the streptavidin-coated fiber surface reacting 

with different concentration of mouse IL-6 biotinylated antibody (capture antibody) 

following stained by the fluorescent secondary antibody (donkey anti-Goat IgG 

NorthernLights NL493- conjugated antibody). 

 

 

Figure 4-2 Confocal microscope images of the fiber sensing surface incubated in PBS for 

extended periods of time followed by monitoring the presence of IL-6 capture antibody 

using the green dye labeled secondary antibody (donkey anti-Goat IgG NorthernLights 

NL493- conjugated antibody). 
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Figure 4-3 Optimization of incubation time: Z-stack images of the fiber in detection of 5 

and 200 pg mL-1 IL-6 with different incubation time after exposure in the SPIO-IL-6 Ab 

conjugates solution. 
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Comparison of the performance of fiber sensing surface in detection of IL-6. 

The performance of the fiber sensing surface prepared by biotin-streptavidin system 

(BAS) in this chapter was compared with the sensing surface prepared by 6-

mercaptohexanoic acid (MA) as cross-linker (a) which detailed in chapter 2. The 

performance of the fiber prepared by the two methods was investigated by applying them in 

detecting a certain concentration of IL-6. Figure 4-4 a and b showed the Z-stack images of 

the fibers in determination of 400 pg mL-1 IL-6 after exposure to SPIO-IL-6 conjugates 

solutions. It can be seen that fiber prepared by BAS method can catch more fluorescent beads 

than that of MA method and the fluorescent intensity of BAS fiber also showed around 1.5 

times higher than that of MA fiber indicating a higher affinity for the fiber prepared by BAS 

method, which will be favorable to extended detection limit for IL-6.  

 

 

Figure 4-4 (a,b) Fluorescence microscope visualization of the fiber prepared by 6-

mercaptohexanoic acid (MA)(a) method and biotin-streptavidin system (BAS)(b) in 

detection of 400 pg mL-1 IL-6 following exposure in SPIO-IL-6 Ab solution; (c) the 

corresponding fluorescence signal in figure a and b. 
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4.4 Summary 

In this chapter, a superior sensing surface coated with biotinylated capture antibody was 

fabricated according to biotin-streptavidin binding strategy. Moreover, compared with the 

antibody immobilization method through covalent reaction with 6-mercaptohexanoic acid 

reported in chapter 1 and 2, the biotin-streptavidin system could boost the amount of capture 

antibody immobilized on the fibre surface, leading to increased limit of detection of the 

immunosensor to 0.1 pg mL−1 and the stability of the sensing surface was improved from 9 

days to around 4 weeks. In addition, the fabricated fiber immunosensor showed satisfying 

performance in detection of IL-6 in BV-2 cell secretions and localization detection of IL-6 

with the sample volume 1 µL and spatial resolution of 200 µm. This immunosensor offers 

the potential to detect IL-6 in clinical samples and monitoring multiple health condition as 

well.  
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5  
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Avidin System Modified Glass Fiber 
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5.1 Introduction 

Spinal cord injury (SCI) is one of the major traumas of the central nervous system (CNS) 

leading to devastating neurological outcomes. The damages of CNS are usually related to 

the changes of the cytokine concentrations in the spinal cord, as elevated cytokine 

concentration in this local area can cause uncontrolled inflammatory response, and the 

upregulation of these cytokines, as well as the consequent cellular infiltration they cause, 

plays a crucial role in the determination of the extent of the secondary tissue damage and 

neural degeneration after SCI. Thus, localized measurements of the cytokine in the spinal 

cord would help to define the role of the cytokine in SCI and provide useful information for 

SCI diagnosis and therapy. 

In this chapter, we have further extended the application of the fiber immunosensor by 

establishing a model in the rat spinal cord. Compared to chapter 4, from one hand, we have 

advanced the biotin-streptavidin coupling strategy for the immobilization of capture 

antibody on the sensing surface and characterised the properties of the sensing surface such 

as stability and reproducibility. On the other hand, we have established a model for the 

cytokine detection in the spinal cord by testing the application of the fiber immunosensor in 

the localized cytokine IL-1beta detection in the rat spinal cord. 

Zhang, K., Arman, A., Anwer, A.G., Hutchinson, M.R. and Goldys, E.M., 2019. An optical 

fiber based immunosensor for localized detection of IL-1β in rat spinal cord. Sensors and 

Actuators B: Chemical, 282, pp.122-129. 
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Abstract 

Sensitive and localized measurements of cytokines is important in 

biomedicine as cytokines are produced locally where needed to induce an immune 

reaction. Here, we present a novel immunosensor deposited on the optical fiber 

surface. The sensor is capable of localized detection of interleukin-1beta (IL-1β) in 

the rat spinal cord. In this immunosensor, a stable immunocapture surface was 

formed via a biotin-streptavidin coupling strategy and fluorescent carboxylated 

superparamagnetic iron oxide (SPIO)-IL-1β detection antibody conjugates were 

used for signal amplification. Under the optimal condition, the proposed 

immunosensor can be used for the estimation of IL-1β in vitro in the range from 3.13 

pg.mL-1 to 400 pg.mL-1 with a detection limit of 1.12 pg.mL-1. Furthermore, the 

performance of the fiber sensor was firstly assessed by ex-vivo monitoring the 

secretions of the rat macrophages stimulated by lipopolysaccharide (LPS), and the 

results demonstrated significant correlations with a commercial ELISA kit. 

Furthermore, the fiber sensor was successfully utilized to carry out a localized 

measurement of IL-1β in a spinal cord of an anesthetized rat. The result indicates 

that such fiber sensors can be used as an effective and sensitive tool for localised 

detection of IL-1β in vivo, in a range of research and clinical applications. 
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1. Introduction 

Cytokines are small proteins secreted by different type cells in the course of 

cell signalling and communication. It is well known that these soluble proteins play 

a critical role in regulation of local and systemic inflammatory responses [1]. IL-1β 

is a powerful pro-inflammatory cytokine that is pivotal for host-defence responses to 

infection and injury [2-5]. Evidence has shown that inappropriate production and 

release of IL-1β accompanies a multitude of health conditions especially acute 

trauma [6, 7], rheumatoid arthritis [8, 9], exanthema [10], conjunctivitis [11], serositis 

[12], amongst many others. Therefore, a more thorough understanding of the 

release of IL-1β during inflammation would be valuable in disease diagnostics and 

therapy. As a result, reliable techniques for the measurements of IL-1β especially 

those with spatial resolution are required. 

However, the detection of IL-1β is challenging because of its local dynamic 

secretion process and low abundance in vivo with physiological concentrations 

normally at pM range [5]. The leading standard method for IL-1β detection relies on 

the Enzyme-linked Immunosorbent Assay (ELISA), generally regarded as reliable 

and accurate. It shows high reproducibility and accuracy, but the requirement of the 

large volume sample (>100 µL) for the ELISA makes it inadequate to detect trace 

levels of IL-1β in complicated samples. To overcome this sensitivity issue, surface 

plasmon resonance [13, 14], advanced integrated circuit [15], microfluidic array 

[16,17], microarray [18], electrochemical [16, 19-21] and photonic crystal fiber-

based [22] techniques have been introduced for the development of highly sensitive 

biosensors for the detection of cytokine. For example, a fiber-optic surface plasmon 

resonance sensor was developed for the detection of IL-1β with detection limits 

below 1 ng.mL-1 in a spiked cell culture medium [14]. Krause et al. developed a 
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microfluidic array capable of detection of IL-1β at 10 fg.mL-1 in 5 µL serum sample 

[16]. Aydın et al. fabricated an impedimetric biosensor that was able to detect IL-1β 

at fg.mL-1 level in serum and saliva samples [19]. Although these biosensors 

enhance the IL-1β detection at very low concentrations, providing valuable options 

for the prediction of the first signs of inflammation, all of them are limited to in vitro 

analysis of samples, which involved in extraction of the biological fluid or cell culture 

medium. However, the IL-1β in vivo is usually produced locally (i.e. at the site of 

injury or disease), while cytokine measurements are usually carried out on 

accessible biological fluids away from these local sites of action. As a result, the 

measured concentration may be greatly reduced compared to the actual 

concentration which is present at the active site. Therefore, the development of a 

method with sufficient sensitivity that can directly measure the locally released IL-

1β is highly desirable. 

We recently developed a fiber immunosensing platform [23,24] that was able 

to demonstrate spatially localized measurements of cytokines along the fiber length 

based on the quantification of the fluorescent signal on the sensing interface. With 

capture antibodies immobilized on an optical fiber surface by the biotin-streptavidin 

coupling strategy, a sandwich mode of operation was used, where upon target 

capture, the fiber is exposed to the detection antibody labeled with a fluorescent 

nanoparticle. The bright fluorescent nanoparticle labeled detection antibody 

together with high immobilization efficiency of the capture antibody have enabled 

this platform to be effectively applied to ultrasensitive detection of the cytokine IL-6 

in vitro.  

In the present work, we adapt the biotin-streptavidin coupling strategy to 

achieve a highly sensitive capture surface capable of localized measurements of IL-
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1β in the rat spinal cord. A biotin layer was introduced on the fiber surface by 

reacting the sulfosuccinimidyl-2-[biotinamido]ethyl-1,3-dithiopropionate (NHS-biotin) 

with the fiber covalently grafted with aminopropyltriethoxysilane (APTES). As one 

streptavidin molecule can bind up to four biotin molecules, it acts as a bridge to 

immobilize the biotin-labeled capture antibody on the fiber surface. The fiber sensing 

surface thus prepared was applied to capture IL-1β, and quantify its concentration 

based on the quantification of the fluorescent signal after incubation with fluorescent 

magnetic nanoparticles labelled detection antibody. In this work, compared to our 

previous study, we have advanced the biotin-streptavidin coupling strategy for the 

immobilization of capture antibody on the sensing surface and characterised the 

properties of the sensing surface such as stability and reproducibility. The 

application of the fiber immunosensor was first tested ex-vivo by analysing the 

secretions of rat macrophages stimulated by lipopolysaccharide (LPS). As this 

fabricated fiber sensor can be applied to spatially localized detection of IL-1β, which 

makes it possible to detect the variations in local concentration of the released 

cytokines. The fiber sensor was successfully utilized for the localized measurement 

of IL-1β in rat spinal cord suggesting that our system provides the capacity to 

repeatedly sample from the same animal, spatially and temporally resolved cytokine 

release. This capability is fundamentally important in research and clinical 

applications.  

2. Experimental section 

2.1. Chemicals and materials 

Recombinant rat IL-1β/IL-1F2 Protein, rat IL-1β /IL-1F2 biotinylated antibody 

(capture antibody, Catalog: BAF501), rat IL-1 β /IL-1F2 antibody polyclonal goat IgG 

(detection antibody, Catalog: AF-501-NA), and Donkey anti-Goat IgG 
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NorthernLights™ NL493-conjugated antibody (secondary antibody, Catalog: NL003) 

were purchased from R&D Systems. NHS-biotin was obtained from Thermo Fisher 

Scientific Inc. Concentrated sulfuric acid (H2SO4) (95.0%~98.0%), hydrogen 

peroxidase (H2O2) (30%), aminopropyltriethoxysilane (APTES), toluene, N-

hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC), 2-(N-morpholino) ethanesulfonic acid (MES), phosphate 

buffered saline tablet, Tween 20, and bovine serum albumin (BSA) were purchased 

from Sigma-Aldrich. Fluorescent carboxylated superparamagnetic iron oxide 

microspheres with 1% solid content (SPIO, ~0.90 µm, labelled with P(S/6%DVB/V-

COOH) Mag (480, 520)) were obtained from Bangs Laboratories, USA. MES buffer 

contained 25 mM 2-(N-morpholino) ethanesulfonic acid, adjusted to pH 6.0 with 

NaOH solution. The phosphate buffer solution (PBS) used in this work was prepared 

by the phosphate buffered saline tablet containing 10 mM phosphate buffer, 2.7 mM 

potassium chloride and 137 mM sodium chloride, pH 7.4, at 25 ℃. The optical fiber 

is a standard telecommunication silica fiber (200 µm diameter core /320 µm acrylate 

coating) from Thorlabs Inc.  

2.2 Subjects 

Adult male Sprague-Dawley rats housed in 18°C ± 6 with 12:12 hours light: 

dark and with food and water provided ad libitum. All procedures were conducted 

under the University of Adelaide Animal Ethics approval number M-2015-257. 

2.3 Cell line and conditions 

Rat macrophages (RMcp) were provided by Cell Applications, Inc. The cell 

line was cultured as previously described in RPMI supplemented with 10% fetal 

bovine serum (FBS), at a 37°C, 5% CO2 humidified incubator. For the collection of 
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conditioned medium, cells were initially seeded and grown in the 24-well plate with 

60-70% confluency. After 12h’ incubation, the medium was removed and then 2 mL 

fresh macrophage culture medium with 1 µg.mL-1 lipopolysaccharide (LPS) was 

added to each well for 3 h for priming. Then ATP was added (0.5 mM) and the cell 

culture medium was collected at 2h, 4h, 7h, 10h, 24 h. Cell debris were removed by 

a brief centrifugation and all the collected supernatants were frozen in -80 ⁰C prior 

to assay of IL-1β. 

2.4 Preparation of SPIO-IL-1 β detection antibody conjugates (SPIO-IL-1β Ab) 

The SPIO-IL-1β detection antibody conjugates were prepared by a two-step 

process. Firstly, 25 µL SPIO were washed with Milli-Q water and MES buffer 

respectively. Then the SPIO were activated by incubating with the carbodiimide 

activating reagents EDC/NHS (10 mg.mL-1) for 30 min in MES buffer at room 

temperature. The activated SPIO were collected by a magnetic separator and the 

excess activating reagents were removed. Then the activated SPIO with a highly 

active ester (O-acylisourea) intermediate provided by EDC/NHS coupling reagent 

was reacted with a primary amine on the protein to form a stable peptide bond. The 

bioconjugation was achieved by incubating the detection antibody (50 µg.mL-1) with 

the activated SPIO on a vortexer for 2 h to permit amide coupling. After the amide 

coupling, the achieved SPIO-1L-1β conjugates were washed and then incubated in 

blocking buffer (PBS, 0.5% BSA and 0.1% Tween 20) for 2 h to block the residual 

active site of the SPIO. The biocombination was assessed by Zeta potential (Figure 

S1). Finally, the SPIO-1L-1β conjugates were collected and redispersed for further 

use. 
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2.5 Fabrication of the fiber sensor 

We used a standard glass telecommunication fiber with a 200 micrometer 

diameter core (Thorlabs Inc.) cut into ~ 10 cm sections. The fiber coatings were 

firstly removed by piranha solution (a mixture of H2SO4 and H2O2 with a volume ratio 

of 7:3). Then the fiber surface was hydroxylated (added OH groups) by incubating 

in the fresh piranha solution for another 12 h. After washed by Milli-Q water and 

ethanol, the sections of hydroxylated fiber were dried by the N2 stream. 

Subsequently, they were placed in a 5% APTES toluene solution for 6 hours’ 

incubation to form an amine-introduced surface. As shown in Scheme 1, to introduce 

biotin-streptavidin system on the surface, the layer of biotin was formed by using 

NHS-Biotin reacting with the amine group on the fiber surface. After that, the biotin-

coated fiber was incubated in a streptavidin solution (50 µg mL-1) for 40 min to form 

the streptavidin-coated fiber surface. Upon the removal of residual streptavidin, the 

fiber was placed in the rat IL-1β biotinylated antibody solution (15 µg.mL-1) for 60 

min to form the sensing surface. Finally, the fiber surface modified with the capture 

antibody was blocked by 0.5% BSA in PBS for 1 h at room temperature to reduce 

nonspecific adsorption (Figure S2). For the detection of IL-1β, the fiber 

functionalized with the capture antibody was used to incubate with the analyte in the 

assay solution with a varying concentration for 1 h. Then the fiber was washed and 

finally exposed to SPIO-IL-1β conjugates solution for 1 h to form the sandwich 

immunocomplex which can be imaged by a laser scanning microscopy. The 

procedure for laser microscopy images of the completed assay is described in 

reference [25]. The optical fiber samples with 1500 µm length for each were imaged 

using an SP2 (Leica) confocal microscope by a z-stack method with the separation 

of around 10 μm between planes. The fluorescence signal was quantified by 

integrating over a spatial window of 450 μm using ImageJ and Matlab software. 
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3. Results and discussion 

3.1 Stepwise optimization of the fabrication of sensing surface 

The fabrication procedure has been optimized to ensure the best 

performance for the fiber immunosensor. Firstly, the treatment time of the fiber in 

the APTES solution has been optimized. The fibers treated by APTES with different 

incubation time (from 0 to 10 hours) were reacted with NHS-biotin respectively, and 

then they were stained by streptavidin-FITC for the assessment of fluorescence. As 

seen in Figure 1a and b, the fluorescence signal increased gradually over the 

incubation time and reached the maximum value at 6 h, which suggested that the 

fiber surface could be completely covered by APTES after 6 h incubation. Therefore, 

6 h was used as the optimal treatment time for the fiber functionalized by APTES. 

Subsequently, the optimal concentration of NHS-biotin and reaction time were also 

investigated by using streptavidin-FITC. Figure 1c displays the fluorescence signal 

changes with the NHS-biotin concentration variation, the maximum fluorescence 

signal value appeared at when the concentration of NHS-biotin was up to 0.0625 

mg.mL-1. For the reaction time of the NHS-Biotin, it could be seen from Figure 1d, 

that the fluorescence signal reached a plateau as the reaction time over 20 min. 

This indicates that, for the NHS-biotin concentration of 0.0625 mg.mL-1, and a 

reaction time over 20 min, the amine group from APTES functionalized fiber was 

able to completely react with NHS-biotin. This procedure thus created a layer of 

biotin on the fiber surface. In the next step, streptavidin was added to the fiber 

surface. Streptavidin comprises four identical subunits so that a stacked 

composition of biotin/streptavidin/biotin can be used for antibody immobilization. 

This is because two of subunits facing the surface can bind the biotin layer, and the 

left two sites facing outward can capture biotinylated proteins. For the formation of 
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the streptavidin layer on the fiber surface, streptavidin-FITC conjugate was used to 

confirm the optimal concentration of streptavidin, Figure 1e and f showed that at the 

concentration of 50 µg.mL-1 with over 25 min incubation, streptavidin could saturate 

the biotin-coated fiber surface. Therefore, 50 µg.mL-1 streptavidin with over 25 min 

incubation was used in the fabrication of the fiber sensor. 

Immobilization of antibodies on the fiber surface antibody is a crucial element 

on the performance of the immunosensor, so the attachment of the capture antibody 

was characterized by the fluorescent secondary antibody. It could be seen that there 

was only a weak fluorescence signal observed (Figure 2a) before the immobilization 

of the capture antibody, which was due to non-specific adsorption of the 

streptavidin-coated fiber. A very strong fluorescence signal appeared (Figure 2b) 

after the streptavidin-coated fiber incubated with the biotinylated capture antibody, 

suggesting that the capture antibody had been successfully attached on the fiber 

surface, thus the sensing interface was correctly formed. As high immobilization 

density on the substrate could enhance the sensitivity of the immunosensor, we 

optimized the immobilization of the capture antibody in terms of concentration 

(Figure 2c) and incubation time (Figure 2d). All the fibers incubated with capture 

antibody stained by the fluorescent secondary antibody were imaged under the 

confocal microscope. Figure 2c showed that increased capture antibody 

concentration induced an increase in the fluorescence signal, which then reached 

the maximum at 15 µg.mL-1, while for the incubation time of capture antibody, a 

plateau was reached in 40 min suggesting the saturation of the capture antibody. 

Therefore, that the concentration of capture antibody at 15 µg mL-1 with the 

incubation time of 40min or more, was chosen as the optimal condition for the 

preparation of the sensing surface. In addition, the density of the capture antibody 

was calculated through the fluorescent secondary antibody. A series of 1 µL 
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standard fluorescent secondary antibody with different concentration were spotted 

on the confocal microscope dish. Assuming the reaction between the capture 

antibody and secondary antibody was carried out at a mole ratio 1:1, the density of 

the capture antibody on the fiber surface could be calculated according to the slope 

of the fluorescence signal versus the concentration of the secondary antibody 

(Figure S3). As a result, the capture antibody density could be calculated to be 0.46 

± 0.15 µg.cm2. 

3.2. Properties of the of sensing surface 

The performance of the fiber greatly relies on the properties of the sensing 

surface, so we have further explored the stability of the fiber sensing surface in terms 

of the effect of pH, temperature and storage time. All fabricated fiber samples were 

stained by the fluorescent secondary antibody after they were exposed to different 

pH, temperature and storage time. As seen in Figure 3a, when the fiber samples 

were exposed pH in range of 9 to 4, a negligible change had been observed 

indicating good stability of the sensing surface, but when the pH varied from 4 to 0, 

the fluorescence signal significant decreased, which could be attributed to the 

dissociation of the biotin-streptavidin complex at the extreme pH [26]. In addition, 

from Figure 3b, we could see that the temperature change from 4 ⁰Ϲ to 45 ⁰Ϲ had 

no effect on the sensing surface. To explore the effect of the storage time on the 

sensing surface, the freshly prepared fiber sample was stored in PBS at 4 ⁰C for 

periods of up to 20 days (Figure 3c), and the fluorescence signal of the fiber after 

staining by the secondary antibody was recorded every 5 days. The fluorescence 

signal retained above 90% of its original value indicating thus fabricated sensing 

interface had good storage stability. The good stability of the sensing interface could 

be attributed to strong interaction between the biotin and streptavidin resulting in the 
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high binding affinity of the biomolecules on the sensing surface. The reproducibility 

of the fabrication sensing surface was monitored by 10 freshly prepared fiber 

samples (Figure S4). It could be observed that the relative standard deviation of the 

fluorescence signal was 8.2%, which was reasonable for this type of sensing 

platform. The formation time of the antibody-antigen complex at the fiber interface 

was further optimized to enhance the sensitivity of the fiber sensor. The fiber 

samples incubated in 10 pg.mL-1 IL-1β solution with various incubation times were 

collected, then the obtained samples were stained by the SPIO-IL-1β antibody 

conjugates to form the sandwich immunocomplex for fluorescence imaging. We 

observed that the time and fluorescence signal variations (Figure 3d), whereby the 

fluorescence signal gradually increased with increasing time. After 60 min 

incubation, the fluorescence signal changed only slightly, indicating the occurrence 

of a mild reaction to the IL-1β and antibody in the solution. Therefore, 60 min 

incubation was selected to ensure optimal sensitivity. 

3.3 Analytical performance of the fiber sensor. 

Under the optimal conditions, the analytical performance of the fiber sensor 

was evaluated by measuring various concentrations of the IL-1β standard in PBS 

containing 0.1% BSA. As previously, the z-stack method on a confocal microscope 

was used to collect the fluorescence signal after the fiber samples were stained by 

the SPIO-IL-1β conjugates. Figure 4 illustrates the increase of the fluorescence 

signal with increasing concentration of IL-1β which can be attributed to the formation 

of more of the sandwich immunocomplex at the fiber sensing surface. Furthermore, 

a linear correlation was obtained in the concentration range of 3.13 pg.mL-1 to 400 

pg.mL-1 (Figure 4 c), and the observed relationship could be expressed as F = 

148290 + 865153 log c (R2 =0.977). The low detection limit was calculated to be 
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1.12 pg.mL-1. In addition, to show the ability of the fiber immunosensor in spatial 

localized detection of IL-1β, 1µL two different concentrations (50 pg.mL-1 and 250 

pg.mL-1) of IL-1β were spotted onto two different locations of fiber sensing surface 

(Figure S5). After stained by the SPIO-IL-1β antibody conjugate, the two locations 

were imaged by a laser scanning confocal microscope. The fluorescence intensity 

from 250 pg.mL-1 area was around 2 times larger than that of 50 pg.mL-1 area, which 

indicated the fiber immunosensor is capable to spatially discriminate between 

different concentrations of IL-1β. Furthermore, the analytical performances of the 

fiber sensor were compared with the other previously reported methods, as shown 

in Table S1. It could be seen that the fabricated fiber immunosensor showed a 

relative wider linear range (3.13-400 pg.mL-1) and comparatively lower detection 

limit (1.12 pg.mL-1) than some of the previously reported methods [13, 14, 18, 27]. 

To investigate the specificity of the immunosensor, the developed fiber 

sensor was used to detect a certain concentration of IL-1β solution (25 pg.mL-1) 

containing a mixture of possible interfering substances including IL-6 (400 pg.mL-1), 

IL-8 (200 pg.mL-1), TNF-α (400 pg.mL-1), IFN-γ (400 pg.mL-1) and 0.1% serum. 

There was no significant change of the response fluorescence signal when it 

compared with the fiber sensor utilized to detect the IL-1β without these possible 

interfering substances, indicating the good specificity of the immunosensor (Figure 

S6) The reproducibility of the method was examined by using 4 batches (3 fibers 

per batch) of freshly prepared fibers to carry out a series of measurements of 25 

pg.mL-1 of IL-1β. The relative standard deviation of the measurements for intra-

assay and inter-assay was less than 10% indicating an acceptable reproducibility. 
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3.5 ex-vivo and in vivo detection of IL-1β 

To evaluate the applicability of the proposed immunosensor, the designed 

fiber sensor was firstly applied to detect IL-1β in an ex-vivo setting. To this aim, rat 

macrophages seeded in a 24-well plate were stimulated by lipopolysaccharide 

(LPS), and the secretions collected at 2h, 4h, 7h, 10h, 24 h were analyzed by the 

proposed fiber sensor. For comparative purposes, a commercial ELISA kit was 

introduced as a reference method for validation of the results (the performance of 

the standard ELISA was shown in Figure S7). As shown in Figure 5a, IL-1β secreted 

by rat macrophages was able to be detected by the fabricated fiber sensor. The 

concentration of IL-1β increased over the LPS stimulation time and reached the 

maximum at 10 h. The results were in accordance with the secretions detected by 

commercial ELISA kit, suggesting that the fabricated fiber sensor was able to be 

used for the ex-vivo detection of IL-1β. Furthermore, we explored the application of 

the fiber sensor in detection of IL-1β at the rat spinal cord. The surgeries were 

carried out on the lumbar vertebrae (for details of the surgical procedure see 

supplementary materials), then 4 pg of recombinant rat IL-1β was injected into the 

thoracic region through a PE 10 tube. Subsequently, the fiber was placed at the 

thoracic region and then withdrawn for the SPIO-IL-1β antibody staining. The area 

where around 1cm away from the injected thoracic region was considered as a 

control area. Z-stack confocal images were taken of control and injected areas on 

the fiber surface. Many green fluorescent dots could be observed in the injected 

areas (Figure 5 b,c), with significantly greater fluorescent intensity in the injected 

area of than that in the control area (Figure 5 d), indicating that the fiber 

immunosensor was able to detect IL-1β in the spinal cord, providing the capacity to 

repeatedly sample from the same animal, spatially and temporally resolved cytokine 

release. 
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4. Conclusions  

We reported here an immunosensor created on the fiber surface that is 

capable of localized measurements of IL-1β in the rat spinal cord. A stable 

immunocapture surface for target recognition was successfully formed through 

introducing the biotinylated capture antibody by a biotin-streptavidin strategy. The 

effectiveness biotin-streptavidin strategy for the immobilization of the capture 

antibody was comprehensively investigated, and excellent stability of the sensing 

surface was achieved. The fabricated immunosensor showed excellent responses, 

a wide linear range, high sensitivity and good reproducibility. This optical fiber-based 

immunosensor overcomes some limitations of the traditional ELISA, as it can be 

applied to localized detection of IL-1β also in vivo. The detection occurs within a 

small sample volume, which makes it possible to detect variations in local 

concentration of the released cytokines (i.e. at the site of injury or disease). 

Furthermore, the fiber immunosensor detects the released cytokines, while the 

standard ELISA of tissue will only assess stored and not necessarily released and 

hence biologically active cytokine. In the case when ELISA is used for the 

assessment of cerebrospinal fluid (CSF) it will assess the released fraction, but it 

will provide no spatial information as the CSF is irreversibly drawn from the whole 

intrathecal space. The application of the fiber sensor was assessed by ex-vivo 

monitoring the secretions of the rat macrophages stimulated by LPS, and the results 

demonstrated good correlations with commercial ELISA kit. Moreover, the fiber 

sensor was successfully utilized for the localized measurement of IL-1β in rat spinal 

cord suggesting that our system provides the capacity to repeatedly sample from 

the same animal, spatially and temporally resolved cytokine release. This capability 

is fundamentally important in research and clinical applications. 
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Scheme 1 (a) The procedure of the fabrication of the sensing surface. (b) The steps 

of preparing a fiber biosensor for the determination of IL-1β. 
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Figure 1 (a) Fluorescence image of the fiber surface treated by APTES with different 

incubation time after reacted with NHS-biotin and stained by streptavidin-FITC. (b) 

The corresponding fluorescence signal of the images from (a). (c) Optimization of 

NHS-biotin concentration. (d) Optimization of NHS-biotin reaction time. (e) 

Optimization of streptavidin concentration. (f) Optimization of streptavidin incubation 

time. 
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Figure 2. Fluorescence image of the fiber surface before (a) and after (b) 

attachment of the biotinylated capture antibody followed being stained by the 

fluorescent secondary antibody. (c) Optimization of the biotinylated capture antibody 

concentration. (d) Optimization of the incubation time of the biotinylated capture 

antibody. 
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Figure 3. (a) Effect of pH on the sensing surface. (b) Effect of temperature on the 

sensing surface. (c) Effect of storage time on the sensing surface. (d) Optimization 

of the formation time of the capture antibody-antigen immunocomplex. 
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Figure 4. (a) Fluorescence images of the fiber sensor in detection of different 

concentration of IL1β followed being stained by SPIO-1L-1β detection antibody 

conjugates. (b) The corresponding fluorescence signal of the images from (a). (c) 

Plot of the fluorescence signal vs log concentration of IL-1β. 
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Figure 5 (a)The comparison of the IL-1β in rat macrophages secretions detected by 

the fiber sensor and commercial ELISA kit. (b, c) Confocal z-stack maximum 

intensity projection images of optical fibers taken in the spinal cord area without (b) 

and with (c) recombinant IL-1 β injection. (d) Mean (± SEM) fluorescent signal of 

fiber from the control and injected area. 
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Characterization of the SPIO-IL-1β detection antibody conjugates 

To confirm the successful combination between the SPIO and the detection 

antibody, Zeta potential was used to monitor the charge changes on the SPIO 

surface. As shown in Figure 1a, SPIO showed a negative charge at around -40 mV, 

indicating the stability of SPIO dispersions. The value of the zeta potential shifted to 

-30 mV, which suggested that the detection antibody was successfully conjugated 

with the SPIO by the EDC/NHS coupling chemistry. 

 

Figure S1 Zeta Potential of the SPIO and the bioconjugates of fluorescent beads 

antibody conjugates (SPIO-IL-1β Ab) 
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The effect of blocking buffer on the sensing surface  

 

Figure S2 (a,b) The confocal microscope images of the fibre sensing surface 

before (a)/after (b) being treated by BSA followed incubating with SPIO-IL-1β 

conjugates. (c) Fluorescence intensity of (a) and (b) 

 

To minimise the non-specific interactions of fiber sensing surface, BSA was 

introduced to block the sensing surface. Blocking effect of the BSA was assessed 

by incubating the fibers with SPIO-IL-1β antibody conjugates. As shown in figure S2, 

an obvious discrimination was observed between the fiber before and after being 

treated with BSA. Many fluorescent dots appeared on the not blocked fiber surface 

indicating the strong nonspecific adsorption of the sensing surface. While after the 

fiber treated by BSA, significant reduce of the fluorescent beads was observed 

which suggested that BSA effectively covered the defects of the sensing surface. 

The non-specific fluorescence intensity decreased from 5.5 ×104 a.u. to 3.4 × 103 

a.u. indicating the efficiency of BSA in the elimination of protein adsorption. 
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Figure S3 The calibration curve of the fluorescence intensity versus the 
concentration of the secondary antibody. 
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Figure S4 The reproducibility of the fabrication sensing surface   
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Figure S5 (a) localized determination of IL-1β by pipetting two different 

concentrations of IL-1β on the fiber sensing surface; (b)The changes of the 

fluorescence intensity along the length of fiber with the spatial resolution of 450 µm. 

  



CHAPTER 5        Detection of Interleukin-1β on Biotin-Avidin System Modified Glass Fiber 

133 

 

 

 

 

Figure S6 Fluorescence signal of the fiber immunosensor in detection of 25 pg. mL-1 IL-1β 

with and without a mixture of possible interfering substances including IL-6 (400 pg.mL-1), 

IL-8 (200 pg.mL-1), TNF-α (400 pg.mL-1), IFN-γ (400 pg.mL-1) and 0.1% serum. 
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Figure S7 The performance of the ELISA kit in the detection of IL-1beta. (Linear 

range：41.1 pg.mL-1~1111.1 pg.mL-1; Detection limit: 13.7 pg.mL-1) 
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Surgical procedure 

Under deep anaesthesia (initiated and maintained by inhaled isoflurane 2%), a midline skin 

incision was made from L2 to L5 followed by a bilateral dissection of paraspinous muscles. 

Subsequently, total dorsal laminectomy was performed on the lumbar vertebrae (L3-L5), 

with the dura matter left intact. Hemostasis was achieved by gauze packing and/or saline 

washing. A PE10 catheter linked to a Hamilton syringe was placed dorsally on dura matter 

at the level of L2 and pushed proximally up to 4 cm. 4 ng of recombinant rat IL-1β in 1 µL 

was injected into the thoracic region. Then, the functionalized fiber was inserted to this site 

and remained there for 10 minutes. After this time the fiber was withdrawn and stored in the 

blocking buffer (0.5%BSA+0.1% tween 20+PBS). Finally, the fiber was then processed with 

SPIO-IL-1β detection antibody for confocal microscope imaging. 
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5.3 Summary 

This chapter demonstrated an immunosensor created on the fiber surface that is capable of 

localized measurements of IL-1β in the rat spinal cord. This is a further application extension 

of the fiber immunosensor. The effectiveness of the biotin streptavidin strategy for the 

immobilization of the capture antibody was comprehensively investigated, and excellent 

stability of the sensing surface was achieved. The fabricated immunosensor showed 

excellent responses, a wide linear range, high sensitivity and good reproducibility. The 

application of the fiber sensor was assessed by ex-vivo monitoring the secretions of the rat 

macrophages stimulated by LPS, and the results demonstrated good correlations with 

commercial ELISA kit. The ability of the fiber immunosensor in localized measurements of 

the cytokine in the spinal cord would help to define the role of the cytokine in SCI and 

provide useful information for SCI diagnosis and therapy. 
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6.1 Summary 

The work through my Ph.D. project demonstrated the cytokine immunosensor 

performed on the optical fiber surface and its biological applications from in vitro to in vivo. 

By using two kinds of antibody immobilization methods, covalent coupling with 6-

mercaptohexanoic acid (MA), and biotin-streptavidin strategy, we achieved two types of 

sensing surface on the fiber and investigated the feasibility of the sensing fiber in cytokine 

detection from in vitro to in vivo.  

Development of sensing surface.  

Firstly, we fabricated aminopropyltriethoxysilane (APTES)-gold nanoparticle 

(AuNP)-6-mercaptohexanoic acid (MA) modified silica optical fiber, suitable for antibody 

immobilization. In our method, fiber was firstly functionalized with APTES to enable a layer 

of AuNPs self-assembled on the fiber surface. After attachment of AuNPs to the fiber surface, 

the impurities were covered by the layer of AuNPs resulting a homogeneous surface with 

big surface area, which is favorable for the attachment of the maximum amount of capture 

antibody. This strategy fabricated sensing surface firstly showed its performance in cytokine 

IL-6 detection with a limit of detection of 1 pg.mL-1 and around 9 days stability in PBS 

solution. 

To further promote the performance of the sensing surface, we introduced biotin-

streptavidin coupling strategy for antibody immobilization to enhance the sensitivity and 

stability. In this immobilization method, the fiber surface was firstly functionalized by 

APTES to provide an amine-terminated polymer layer. Biotin was directly attached to the 

fiber surface by reacting sulfo-NHS-biotin with the amine-terminated polymer-coated fiber. 

Then a streptavidin layer contains two biotin-binding sites facing the optical fiber and two 

terminated binding sites which are available to bind capture molecules, the biotinylated 

capture antibody. This biotin-streptavidin coupling strategy creates a robust and 

ultrasensitive immunosensor for the cytokine detection, making the limit of detection from 

pg mL-1 to fg mL-1 level, and enhancing the stability up to 4 weeks. 

Feasibility of the immunosensor used in different biological applications. 

In order to investigate the potential applications of the fabricated immunosensor, we 

have carried out a series of experiments using them and obtained satisfactory results. 
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Firstly, we have demonstrated the application of this immunosensor in cytokine 

detection in the cell culture medium. The optical fiber sensor was applied for the detection 

of IL-6 secreted by live BV-2 cells, the concentration of IL-6 secreted into the medium 

increased with the LPS stimulation time and the maximum concentration was obtained after 

6 h lipopolysaccharide (LPS) stimulation. This has been validated by the standard ELISA 

and a similar IL-6 secretion pattern for BV-2 cells was obtained, indicating the excellent 

detection ability of the fiber immunosensor. Similarly, we have also explored the application 

of the fiber sensor in ex-vivo monitoring the cytokine IL-1β in the secretions of the rat 

macrophages stimulated by lipopolysaccharide (LPS), and the results also demonstrated 

good correlations with a commercial ELISA kit. All these results demonstrated the 

protentional application of this fabricated fiber immunosensor for monitoring cytokines ex 

vivo. 

To further advanced the application of the fiber immunosensor from ex-vivo to in 

vivo, we designed an optical fiber-based immunosensing device for repeated monitoring of 

spatially localized cytokine IL-1β release in the rodent brain. This immunosensing device 

comprises a blue cap on the fiber head and the silica optical fiber labeled with a IL-1β capture 

antibody on the surface interface that can be inserted into a stainless steel brain implanted 

cannula with micrometer-sized holes drilled along its length to enable fluid exchange 

between the outside and inside of the cannula. The results showed that an increase in 

fluorescence detection of spatially localized intrahippocampal IL-1β release was observed 

following a peripheral LPS challenge in Sprague Dawley rats. This novel immunosensing 

technology represents an opportunity for unlocking the function of neuroimmune signaling. 

In addition, we have carried out a simple test of the fiber immunosensor in a spinal cord of 

an anesthetized rat. Recombinant rat IL-1β was injected into the thoracic region, and then 

the fiber was inserted for the cytokine detection. Many green fluorescent dots could be 

observed in the injected areas, with significantly greater fluorescent intensity in the injected 

area than that in the control area, indicating that the fiber immunosensor was able to detect 

IL-1β in the spinal cord.  

Moreover, it would be interesting to learn that all the sensing platforms in the thesis 

are based on the same sandwich immunoassay approach, the basic principle of this type 

sensor is based on the specific interaction between a sequence of amino acids found on an 

antigen(cytokine) and an antibody binding site that matches. So different cytokine-antibody 

pairs are corresponding to different specific sequences of amino acids, resulting in different 



 

142 

type of affinity ability between the antigen and the antibody. So when the fiber 

immunosensor was used for the cytokine detection, there will be a different formula to reflect 

the relationship between the detection signal (Y-axias) and the increase of cytokine 

concentration. The reason why the calibration curves sometimes include concentration or 

log(concentration) in the x-axis, was just to choose the best fitting curve for standard curve 

of the specific fiber immunosensor. 

6.2 Future work 
The performance of the developed cytokine immunosensor in this thesis can be 

further enhanced in terms of fabrication procedure, stability and application of the 

immunosensor, to better enable translation into commercial products. From the user 

perspective, the major issues that need to be addressed include: 

(1) The procedures for the fabrication of immunosensor in this thesis are a little bit 

complex, which is unpleasant for users especially if they had never worked in the chemistry 

area. The complex protocol and long analysis time will hinder the wide application of the 

fiber immunosensor in various fields, so an alternative design with simple protocol 

shortening the analysis time should be envisaged. This might be improved by using more 

commercially available materials to reduce the fabrication procedure. For example, amine-

terminated polymer-coated fibers are able to be purchased from some fiber manufacturers, 

and the detection antibody-fluorescent beads conjugates can be obtained from the antibody 

or nanoparticle manufacturers (eg: R&D system, Bangs Laboratories, Inc. Spherotech etc.). 

As a result, an immunosensing platform simpler than the one reported in the thesis will be 

targeted in the future. 

(2) The sensing surface fabricated by biotin-streptavidin strategy can be stable in the 

PBS for around 4 weeks, this might be not satisfactory enough for a commercially available 

product. To solve this issue, one way might be shortening the fabrication procedure and 

finding an easier and faster way to prepare the immunosensor so that people can use the 

freshly prepared fiber sensor at the time they need. Another way is improving the storage 

conditions, the fiber sensor surface might be able to be stored in a dry state rather than in the 

PBS solution as mentioned in the thesis. Some storage experience of commercial products 

(eg: antibody coated ELISA plate) should be able to offer some useful reference for 

improving this issue. To enable these immunosensors to be commercially available for 

practical work, it is also critical to make the preparation of the immunosensor sufficiently 

well standardized so that the prepared immunosensor can be highly reproducible to be 
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reliable. Finally, alternative bioreceptors, such as DNA aptamers, could also be proposed to 

improve the storage stability, as well as to facilitate simple and fast regeneration of the 

sensing surface, contributing to the potential future use of the sensor for continuous 

monitoring purposes. 

(3) A problem we met is that when we explore the application of this fiber 

immunosensor, the silica glass optical fiber was easy to break, especially when the fiber was 

applied to the cytokine detection in behavior animals. This drives us to find a more flexible 

type of fiber to replace the current silica glass fiber. The plastic fiber might be a good choice 

to solve this issue, as there is a lot of flexible polymer fibers (eg: PMMA, PS, PDMS, PC) 

available in the market. 

In addition to these issues, further advances can be made in multiplex-cytokine 

sensing based on the optical fiber. The ability to measure multiple cytokines simultaneously 

is extremely important in various physiological conditions because the release of the 

cytokine is often in a cascade type and the concentration fluctuations of one cytokine often 

induce changes in other networked cytokines [1-3]. Most of the current developed multiplex-

cytokine sensing is generally based on the multiplexed bead systems. In bead-based 

multiplex immunoassays, identifiable bead sets (multi-colored) are functionalized with 

desired and specific capture antibodies. These beads are then incubated with the samples 

allowing the analytes of interest specifically captured by individual functionalized beads. 

Following this, labeled detection antibodies bind to the analyte-capture antibody-bead 

complex to make a multimember solid phase sandwich that when passed through the 

detection system allows the identification and quantification of the desired immunocomplex. 

This beads system has offered a solid foundation for the multiplex analyte signaling strategy 

which can be briefly introduced on the optical fiber system to realize multiplex-cytokine 

sensing. The difficulty for fabrication a multiplex-cytokine immunosensor on the optical 

fiber might be the immobilization of various antibodies in their native conformation. The 

microarray protein fabrication technologies might offer useful experiences on the antibody 

immobilization. Immobilization methods like UV photolithography and microcontact 

printing method (where proteins can be immobilized by a stamping action with a micro-

patterned elastomeric stamp) [4-6] or a non-contacting method that employs ink jetting [7, 

8] or the electrospray deposition method [9, 10] should be able to solve the problems for the 

fabrication of the multiplex-cytokine sensing surface on the optical fiber. As a result, by 

combinating the smart signaling strategy from the beads-based system and the developed 
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microarray protein fabrication technologies, it is expected that the multiplex-cytokine 

sensing performed on the fibre surface would be realized soon. 

Apart from the multiplex cytokine sensing, it would be promising to develop the fiber 

immunosensor into a point-of-care (POC) device. In this case, the signal read-out system 

should be miniaturized, to achieve this goal, one way is to create a laser-CMOS image sensor 

system to realize the collection of the fluorescence signal when the detection antibody 

labeled with fluorescence particles/dyes is excitated by the relevant laser. Until now, people 

have made great efforts to promote the development of the miniaturization of the sensor 

read-out system, as this signal read-out system is an indispensable requirement for the POC 

testing applications such as in the field of the product quality control, environmental 

monitoring, safety monitoring for foods and beverages, and the rapid detection against the 

bio-terrorism. In particular, the development of Spreeta, a miniature version of a 

commercially available surface plasmon resonance (SPR) biosensor has offered solid 

foundation for the fabrication of the minimized read-out system for the fiber immunosensor, 

as the image sensing system for the SPR sensor chip can be easily transferred to the fiber 

surface for imaging and many system parameters’ set-up are universally compatible, as both 

of them might involve in a similar system (Figure 6-1) that a laser beam from a diode laser 

(as the incident light source for SPR/excitation laser beam for the fiber immunosensor) was 

modulated with a rotating mirror, where a part of the reflected and diverged light from the 

centre of the rotating mirror is focused on the imaging sensor chips/fibers, and then the 

reflected light/excitated fluorescence signal from the sensor chip/fibers is captured by a 

CMOS image sensor, which is controlled by a notebook PC via a USB interface [11]. 

Figure 6-1. Interior (left) and a scheme (right) of the palm-sized SPR biochemical sensor 

system are based on the modulation of laser light by a rotating mirror [11]. 

This fiber immunosensor technology provides a new strategy for monitoring spatially 

varying concentration of cell secreting products, apart from that it has the potential to be 
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developed as a point-of-care device for multiple health conditions, it is also of great 

potentional to be developed for the spinal cord injury diagnosis and therapy, as cytokines 

are considered as signaling proteins that play important roles in the pathophysiology of 

spinal cord injury [12]. It is evidenced that cytokines have homeostatic physiologic and 

neuromodulatory functions in the central neuro system (the brain and spinal cord), and they 

are able to contribute to neuronal damage and destruction when their concentration exceeds 

a certain threshold. In addition, the upregulation of these cytokines, together with the 

consequent cellular infiltration they cause, can cause a significant effects in the 

determination of the extent of the secondary tissue damage and neural degeneration observed 

after the injury [13-15].Therefore, the study of cytokine release in spinal cord could bring to 

light novel potential therapeutic targets that could reduce the degenerative processes that 

occur after spinal cord injury. Moreover, as this type immunosensor has the ability to capture 

interstitial cytokine levels or cytokine release in discrete brain regions and holds great 

promise for selective, rapid and serial measurement of cytokine release in the central neuro 

system, it also offers an opportunity for unlocking the function of neuroimmune signalling 

and provides the potential to elucidate pathological dynamics underlying neuropsychiatric 

disease. 
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