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Abstract 

Microglia, the immune cells of the central nervous system (CNS), play an important role in 

both the normal function and the diseased behaviour of the CNS. Cytokine secretion is one of the 

most important categories of microglial function, modulating other cells’ behaviour and being 

characteristic of pro- and anti-inflammatory responses to diverse stimuli. As such, microglia and 

cytokines are key players in determining progression or regression of pathology in the CNS and 

therefore cytokines can be used as biomarkers for diagnosing CNS disease. New methods for 

detecting and quantifying cytokines of interest are essential for studying their roles in both the healthy 

and diseased CNS. In this thesis an electrochemical biosensor based on electrochemical impedance 

spectroscopy (EIS) was developed, for pro-inflammatory cytokine tumour necrosis factor alpha 

(TNFα), with the functionalization of gold electrodes with anti-TNFα antibodies. The functionalization 

protocol was optimized to yield the most precise and accurate results possible with the shortest assay 

time, including a sample incubation time of 90 minutes with a sample volume of 1 μL. A calibration 

curve was obtained for this cytokine on a range of concentrations from 2.5 to 25 pg mL-1, with a Limit 

of Detection (LOD) of 2.67 pg mL-1. The biosensor shows selectivity against cytokines interleukin 4 

(IL-4) and interferon gamma (IFN-γ), and a small interference with IL-10. Nevertheless, the results 

obtained, when testing cocktails including all four cytokines in a 0.9% NaCl solution, were quite 

accurate in terms of TNFα concentration. Overall, this biosensor shows several advantages over 

standard method ELISA, being capable of detecting TNFα at lower concentrations, with less sample 

volume and incubation time, revealing itself quite promising in this early stage of development. With 

further optimization work on functionalization and calibration on this biosensor, this could be the 

starting point for a detection and quantification device for relevant biomarkers in both in academic and 

clinical context 
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Resumo 

As microglias são as células imunitárias do sistema nervoso central (SNC) e têm papéis 

cruciais no comportamento do SNC tanto normal como doente. Uma das mais importantes funções 

das microglias é a secreção de citoquinas, que alteram o comportamento de outras células e são 

características dos perfis pro- e anti-inflamatórios adotados em resposta a diversos estímulos. Deste 

modo, as microglias e as citoquinas são protagonistas na progressão ou regressão de patologias do 

SNC e, assim, as citoquinas podem ser utilizadas como biomarcadores para diagnosticar doenças do 

SNC. Novos métodos de deteção e quantificação de citoquinas específicas são essenciais para 

estudar as funções destas no SNC saudável e doente. Nesta tese, é desenvolvido um biossensor 

eletroquímico baseado em espectroscopia de impedância eletroquímica (EIS), para a citoquina pró-

inflamatória factor de necrose tumoral alfa (TNFα), com a funcionalização de elétrodos de ouro com 

anticorpos anti-TNFα. O protocolo de funcionalização foi otimizado para produzir os resultados mais 

precisos e exatos com o menor tempo de teste, incluindo um tempo de incubação de amostra de 90 

minutos, com um volume de amostra de 1 μL. Obteve-se uma curva de calibração para esta citoquina 

na gama de concentrações 2.5 a 25 pg mL-1, com um Limite de Deteção (LDD) de 2.67 pg mL-1. O 

biossensor é específico contra as citoquinas interleucina 4 (IL-4) e interferão gama (IFN-γ), 

apresentando uma pequena interferência com IL-10. Apesar disto, obtiveram-se concentrações 

bastante exatas aquando dos ensaios com cocktails em 0.9% NaCL que incluíam todas as citoquinas. 

Globalmente, este biossensor apresenta várias vantagens sobre a ELISA, o método standard, 

mostrando-se capaz de detetar TNFα a mais baixas concentrações, com menor volume de amostra e 

em menor tempo de incubação, sendo bastante promissor neste estado preliminar de 

desenvolvimento. Em trabalho futuro a otimização quer da funcionalização quer da calibração deste 

sensor poderá ser o ponto de partida para o desenvolvimento de um dispositivo de deteção e 

quantificação de biomarcadores relevantes no contexto académico e clínico. 

 

 

Palavras-chave: microglia, citoquina, TNFα, espectroscopia de impedância eletroquímica, 

biossensor 
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1 Introduction 

1.1 Microglia and central nervous system immunity 

The central nervous system (CNS), which includes the brain, spinal cord, as well as the eye 

and the optic nerve, consists of neurons, and glia cells (oligodendrocytes, astrocytes and microglia 

(MG) cells). Glial cells are involved in several aspects of brain function, including: insulation and 

support of neurons, synapse formation and transmission regulation, and maintenance and protection 

of the CNS.1,2 

MG, the immune cells of the CNS, represent 10% of the total glial cell population1, and were 

first identified by the Pio del Rio-Hortega in 19323. Currently, it is well established that MG originates 

from progenitors cells, with mesodermal origin from the yolk sac, that migrated from the periphery to 

the brain parenchyma, where they differentiate into MG cells3. Once the migration process is 

complete, the blood-brain barrier (BBB) assembles and effectively separates MG from the periphery.4 

In the mature brain, infiltration of other immune cells, such as monocytes and macrophages is almost 

negligible and therefore MG constitutes an autonomous and self-renewal population in the CNS.5 The 

amoeboid morphology characterize the progenitor migrating cells, however after full invasion of the 

brain parenchyma, these cells evolve into MG with ramified morphology.3 

MG are small cells, spanning an area of about 15 - 30 μm wide. ‘Resting’ MG exhibits thin 

processes, branching and extending in all directions, constantly moving and retracting small 

protrusions, seemingly scanning the surrounding environment allowing a very dynamic surveillance.6 

MG is able to sense and react to the slightest disturbance in the brain. During these events, MG is 

subject to drastic morphological transformations accompanied with alterations in gene expression and 

cytokine production, a process commonly defined as microglial ‘activation’.7–9 During activation, MG 

cells assume a morphological amoeboid or bipolar shape, and can respond to chemotactic gradients 

that attract them to the site of injury in order to engage resolution. The phenotypic and behavioural 

alterations observed in activated cells are part of the response of MG to attempt to restore brain 

homeostasis. The ability of MG to sense and respond to neuronal synaptic activity and pathogens is 

made through a repertoire of neurotransmitter receptors10 and pattern recognition receptors (PRRs) 

for pathogen-associated molecular patterns (PAMPs) which allows MG to recognize and respond to 

different stimuli,11 and to constantly interact with other brain cells. 

MG cells, while interacting with neurons, can adjust neuronal firing rates to optimize network 

properties12 and produce neuromodulatory factors that support synaptic formation and plasticity during 

learning13. Additionally, in the developing brain, MG cells are responsible for positioning neurons and 

organizing axon projections14; regulating neuronal apoptosis with the secretion of neurotrophins15; 

promoting neuronal differentiation16 and survival17, through secretion of several growth factors18. In 

addition to brain cells, MG are also able to cross talk with T-cells, which can modulate MG 

phenotypes.19 An example is the ability of T-cells to modulate MG to act as glutamate scavengers, 

improving neuronal survival following injury in neural tissues.20 MG can also express phagocytic 

housekeeping behaviour, collecting apoptotic or damaged cells, foreign material and DNA 
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fragments.21 In the developing brain of mice, MG refine synaptic networks, by pruning them22,23 and 

remove the large number of cells in the neocortex that die in the course of normal remodelling of the 

fetal brain.24 MG were also found to perform clearance of myelin debris that contain inhibitory 

molecules of axon growth leading to successful axonal regeneration, following axotomy of peripheral 

nerves (facial or optic).25 This phagocytic activity is one of the main functions of MG. When exposed to 

infectious organisms, bacteria and virus, MG can eliminate them through phagocytosis. They can also 

function as antigen-presenting cells, recruiting T-cells and directing them to a specific response 

best-suited for the elimination of specific pathogens.26,27 MG can also develop an anti-pathogen 

behaviour via nitric oxide (NO)28 and reactive oxygen species production and release.29,30 

As resident immune cell in the brain, one of the most important roles of MG is cytokine 

secretion which is, alongside secretion of other proteins and chemical species, the key player driving 

most of the MG functions mentioned above. Cytokine secretion (both pro-inflammatory and 

anti-inflammatory), allows MG to modulate other brain cells, as well as activate T-cells, thus deciding 

the outcome of the brain disturbance, which can have detrimental or beneficial consequences.2,7,31  

1.2 Microglial plasticity: anti-inflammatory vs. pro-inflammatory profiles 

Until recently, MG cells, in a healthy brain, were considered to be in a “resting” stationary 

state. However, in vivo time-lapse imaging performed in healthy brains, revealed that MG cells are 

highly motile and actively interacting with the surrounding environment.32,33 Multiple MG activation 

states can be found, and MG is able to switch from ‘resting’ default, with ramified morphology into an 

activated M1-like or M2-like state, with amoeboid and bipolar-like cell morphologies, respectively.2,34,35  

The M1 state is induced by T helper 1 (Th1) cytokines, interferon gamma (IFN-γ), tumour 

necrosis factor alpha (TNFα), and lipopolysaccharide (LPS). The M1 state is associated with the 

production of pro-inflammatory cytokines (Interleukins and TNFα), cytotoxic substances (oxygen-free 

radicals and NO), increase phagocytic activity and tumour resistance.36,37 The M2 is induced by Th2 

cytokines interleukin 4 and 10 (IL-4 and IL-10), that triggers anti-inflammatory responses (IL-10, 

transforming growth factor beta (TGF-β)), and promotes tissue repair (extracellular matrix components 

(ECM), arginase1).36,37 Additionally, the M2 category has been further divided into: alternative 

activation-wound healing or acquired deactivation-regulatory36,37. Importantly, after the resolution of 

the injury, MG ‘deactivates’, and reverts to a more resting phenotype.36,37 

Importantly, the outcome of the inflammatory response, depends on the tight balance of M1 

and M2 cell numbers. Persistent cytokine production from M1-like chronic activated of MG results in 

chronic neuroinflammation and is associated with cell loss, tissue damage as well as with the 

development of neurodegenerative diseases38. Whereas an M2 phenotype may promote cell 

protection, regeneration, plasticity, being associated with neuroprotection39. However, the precise 

balance between MG cell types during disease conditions and how it impacts pathogenesis remains 

unknown. 

It is important to notice that whether a specific cytokine-activated MG cell will take 

neuroprotective/pro-neurogenic or neurodegenerative/anti-neurogenic roles is context-dependent. For 

example, depending on the concentration of the pro-inflammatory cytokine IFN-γ in the milieu, MG 

cells can be neurotoxic or supportive of neurogenesis.40 TGF-β, an anti-inflammatory cytokine usually 
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beneficial to neurogenesis, can have the opposite effect when chronically produced by an aged 

brain.41 

Also, MG on neonatal mice receiving a stereotaxic injection of ethanol into the striatum, were 

shown to be neurotoxic when activated with LPS and neurotoxicity was noted on systemic LPS 

injections. On the other hand, on a neonatal mouse MPTP 

(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-induced brain injury model, systemic administration of 

LPS caused MG to have neuroprotective behaviour42. Mild versus strong neuronal injury43 and 

different types of pain44 cause also the release of different cytokines. 

A MG misresponse, either pro- or anti-inflammatory, can be observed in several diseases, 

including Alzheimer’s disease, Parkinson’s disease, Huntington’s disease and Multiple Sclerosis. 

In the early stages of Alzheimer’s disease, MG are involved in Amyloid-β (Aβ) clearance, 

through phagocytosis and enzymatic degradation,45 and prevent the toxicity associated to Aβ plaques 

through the formation of physical and biological barriers.46 The MG beneficial roles become impaired 

in later disease stages.47 MG are activated by Aβ plaques and uncontrolled MG activation leads to 

sustained secretion of pro-inflammatory cytokines and neurotoxic molecules, which downregulate the 

genes involved in Aβ clearance, thus promoting excessive accumulation of Aβ and 

neurodegeneration.47 

Parkinson’s disease is characterized by a chronic inflammation induced by neurodegeneration 

of dopamine-producing neurons within the substantia nigra and striatum.48 During the progress of 

Parkinson’s disease, MG present in the substantia nigra and the putamen regions evolve from a 

neuroprotective to a neurotoxic profile49, with increased levels of pro-inflammatory cytokines leading to 

apoptotic death of dopamine neurons.50  

In Multiple Sclerosis, a demyelinating disease, active lesions are associated with the presence 

of activated MG or macrophages.51 The role of MG cells in this disease has been emerging, although 

whether these cells promote damaging or protective effects is remains unknown. As symptomatic and 

non-symptomatic periods are observed during this pathology, a possible dual role of MG is also 

discussed. Several studies reported the presence of MG activation in the early stages of the disease, 

suggesting that these cells play a role in disease onset and progression.52 MG cells may not be the 

major player for the high inflammatory profile observed in Multiple Sclerosis, however by damaging the 

BBB, MG cells promote the entry of peripheral inflammatory monocytes.53 During the disease 

progression, two different pools of MG cells are observed: M1 activated MG cells involved in the 

pathogenic T-cell responses and M2 activated MG are designated as being protective in MS.36,54,55  

1.3 Microglial activation: sensing biochemical signatures 

Cytokines are glycoproteins of low molecular weight, involved in most, if not all, physiological 

processes in the CNS.56 From a functional point of view, cytokines can be categorized in pro- and 

anti-inflammatory cytokines. 

Pro-inflammatory cytokines secreted by activated M1 MG, such as TNFα, IL-1 and IL-6, have 

negative effects on the developing CNS, such as down-regulating the differentiation and proliferation 

of neural stem cells, inducing the aberrant migration of newborn neurons and even inhibiting 

neurogenesis57. These cytokines are also associated with the development of pathological pain, as 
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can be observed in the CNS following nerve injury, for example.58 In addition to these effects, IL-1 

induces astrocytic proliferation and stimulates neovascularization following brain trauma59,60. It is the 

most potent pyrogenic cytokine, inducing fever in animals by increasing the production of 

prostaglandin (PG).56 Anorexia and slow-wave sleep, other symptoms of infection of the CNS, can 

also be made worse by IL-1, and are exacerbated when IL-1 synergises with TNFα.56 On its own, 

TNFα has a cytotoxic effect on myelinating oligodendrocytes61 and is induced on MG in demyelinating 

lesions62, being relevant in MS evolution. Other examples of pro-inflammatory effects of cytokines are 

the decrease in neuronal differentiation, in the adult CNS, promoted by IL-6.63 In diseases such as 

Alzheimer and Parkinson’s, this cytokine is also involved in microglial64 and astrocytic63 proliferation 

and activation as well as in regulating neuronal neuropeptides expression.65 MG are also known to 

express pro-inflammatory cytokines IL-12, IL-16 and IL-23.7 

The induction of these pro-inflammatory profiles can be done in vitro by exposure to certain 

molecules. LPS, which is the most commonly used inducer of pro-inflammatory profiles in MG, triggers 

MG to change into such a profile, producing pro-inflammatory cytokines and chemokines and also 

neurotoxins like NO and nitric oxide synthase (iNOS).66 Essentially the same effects can be induced 

by ATP67 or exposure to another cytokine, IFN-γ, not produced by MG, by itself7 or as an enhancer of 

LPS66. As mentioned in the previous section, some key participants in the described diseases, like Aβ 

and myelin related molecules, can also trigger MG to be pro-inflammatory. 

On the other side of the spectrum, anti-inflammatory cytokines, like IL-10 and TGF-β, are 

known to promote MG to increase neurogenesis and differentiation of neural stem cells on the 

developing CNS68,69. These are potentially immunosuppressive cytokines, decreasing the severity of 

experimental allergic encephalomyelitis (EAE)70 by, for example, repressing the expression of 

pro-inflammatory cytokines TNFα and IL-1.58 MG also express the anti-inflammatory cytokine IL-4, 

which supresses inflammation, in diseases such as MS and EAE, by inhibiting pro-inflammatory 

cytokine production and suppressing the effects of inducers like IFN-γ,56 and alters the profiles of other 

MG to anti-inflammatory, being crucial in controlling autoimmune inflammation, especially by 

promoting tissue repair. 54 

The induction in vitro of anti-inflammatory profiles in MG is possible by use of cytokines and 

other molecules. For example: IL-10 secretion can be induced by Prostaglandin E2 (PGE2) 71, and this 

cytokine can used to enhance IL-4 activity72, IL-4 itself being an inducer of anti-inflammatory profiles in 

MG as described before. 

Cytokines have a localized effect on the CNS parenchyma. Due to the presence of the BBB 

and considering that the half-life of cytokines is short (<10 minutes), blood samples are not an optimal 

option for analysing the presence of MG secreted cytokines.73 Cerebrospinal fluid (CSF), is an option, 

however, is difficult to access requiring a highly invasive procedure, and provides small volumes. 

Therefore, other biological fluids are to be established. Considering the closeness to the brain 

and non-invasiveness, a possibility would be the analysis of lacrimal fluid. In fact, tears have been 

used for biomarker analysis of multiple ocular and systemic diseases, including the presence of 

pro-inflammatory cytokines in diseases like PD and MS.74 However, lacrimal fluid will continue to 

provide small sample volumes. 
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1.4 Methods for cytokine detection and quantification 

Microglia cells play multiple and critical functions in human disease. Nevertheless, the limited 

knowledge on the molecular and cellular mechanisms that regulate these cells has been an obstacle 

to identifying strategies able to modulate microglia in vivo. As cytokines are pivotal players in the 

progression or regression of pathological microglia-related processes and they can be used as 

biomarkers for disease development monitoring. Thereby, methods for in vivo and in vitro cytokine 

detection are essential to determine the role of cytokines in health and disease conditions. However, 

assessing cytokine profiles, in small samples volumes, represents a significant technical challenge, 

particularly the quantification of multiple cytokines when some of them are present at low 

concentrations. In order to detect and quantity cytokine levels, a plethora of protocols can be used. 

These methods range from the historically gold standard method, sandwich enzyme-linked 

immunosorbent assay (ELISA); to the new forefront method, bead based multiplex immunoassays 

(MIA), who permits detection of several cytokine at once. 

Regardless of the chosen methodology, several parameters need to be taken into account to 

generate a protocol that allows the analysis of cytokines as biomarkers. The parameters to be taken 

into account are (1) high sensitivity and specificity; (2) reproducibility (3) time and cost effectiveness 

(4) protocol simplicity in order to be performed by unspecialised personal and (5) allowance for the 

detection of multiple cytokines within small sample volumes. 

For each of the quantitative methods available, the limit of detection for the available 

cytokines, as well as the sample volumes and incubation times used in the corresponding assays, are 

shown in Table 1.1 and Table 1.2, respectively. 

1.4.1 Enzyme-linked immunosorbent assay (ELISA)  

The Enzyme-linked immunosorbent assay (ELISA) represents a state of the art method for 

quantifying cytokines in liquid samples and one of the most commonly used methods in clinical 

diagnostics and basic academic research. In the classic sandwich ELISA, an antibody must be 

immobilized to a solid surface, providing both antigen capture and immune specificity. ELISA antigen 

capturing can be direct, indirect or competitive, where the antigens are adsorbed to the plate, or 

sandwiched. The type of ELISA that offers the best results is Sandwich ELISA75, which works using a 

first antibody (usually polyclonal) to capture the analyte, and a second labelled antibody (usually 

monoclonal) to detect the antigen for measurement in a colorimetry assay76. This immunoassay allows 

for high specificity with the use of antibodies, but has limiting detection levels. Normally, cytokines 

circulate at concentrations below 10 pg mL-1 73 and the ELISA kits for the majority of cytokines have 

detection levels very close to that value (Table 1.1)77. ELISA usually works with volumes around 

50-200 μL and includes long incubation times (overnight) in the preparation of the plates (Table 1.2). 

This is a time-consuming laboratory procedure, requiring skilled individuals and quite large sample 

volumes to be performed correctly.78 
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Table 1.1: Detection limits for the different quantification methods for various pro- and anti-inflammatory cytokines. 

Methods for cytokine detection and quantification 

Detection Limit 
(units) 

ELISA77 Antibody array79 
Bead-based 

antibody array80 

ICE + laser 
induced 

fluorescence81 

Single-cell bar 
code chip82 

Aptamer-based 
sensor83 

pg mL-1  pg mL-1 pg mL-1 pg mL-1 mol/chamber pg mL-1 

P
ro

-i
n

fl
am

m
at

o
ry

 
cy

to
ki

n
es

 TNFα 4 nr 0.5 ± 0.4 0.37 

1×10−22 – 1×10−21 

5460 

IL-1  2 185.19 1.2 ± 0.2 0.51 nr 

IL-6 2 61.73 0.5 ± 0.3 0.63 nr 

A
n

ti
-i

n
fl

am
m

a
to

ry
 

cy
to

ki
n

es
 IL-10 2 nr 0.4 ± 0.1 nr nr 

IL-4 2 nr nr nr nr nr 

TGF-  8 nr nr nr nr nr 

(nr: not reported) 

 

Table 1.2: Sample incubation times and sample volumes needed by different quantification methods for the measurement of cytokines. 

Methods for cytokine detection and quantification 

 ELISA77 
Antibody 
Array79 

Bead-based antibody 
array80 

ICE + laser induced 
fluorescence81 

Single-cell bar code 
chip82 

Incubation time overnight (~16h) 1 h 3 h 3 min 12/24 h 

Sample volume 100 μL 10 μg 50 μL 0.2 μL 1 nL 

Multiplex no yes yes yes yes 

 



 

 
 

1.4.2 Enzyme-linked immunospot (ELISpot)  

The Enzyme-linked immunospot (ELISpot) assay is a sensitive method for quantification of 

cytokine-secreting cells at the single-cell level84. In this assay, cells are cultured on a surface coated 

with a specific capture antibody in the presence or absence of stimuli.85 The cytokines that are 

secreted by the cells will be captured by the specific antibodies on the surface. After an appropriate 

incubation time, cells are removed and the secreted molecule is detected using an antibody in a 

similar procedure to that has been employed by the classical ELISA. By using a substrate with a 

precipitating rather than a soluble product, the end result is visible spots on the surface. Each spot 

corresponds to an individual cytokine-secreting cell85,86. This is a good method for studying how MG 

behave on an individual level and how they activate a phenotype as a reaction to stimuli, as it uses 

cells and not supernatants. On the other hand, it cannot provide a quantitative analysis of the 

cytokines released78 and the nature of this assay renders it more useful for in vitro studies over ex vivo 

biological sample analysis. 

1.4.3 Antibody arrays (also known as antibody microarray) 

Antibody arrays represent one of the high-throughput techniques that are able to detect 

multiple proteins simultaneously, from various body fluids including serum, plasma and cell or tissue 

lysates. In this method, a collection of capture antibodies are spotted and fixed on a solid surface such 

as glass, plastic, membrane, or silicon chip, and the interaction between the antibody and its target 

antigen is detected87. The detection can also be done directly (the cytokines are labelled with a 

fluorophore) or indirectly (another labelled antibody recognizes an antigen tag on the cytokines), in 

1-antibody formats (only one antibody is used for capturing), or in sandwich format (using another 

antibody for detection, which contains an antigen tag to be recognized by the labelled antibody).88 The 

1-antibody formats allow for the use of two samples with different tags, but the labels connected to the 

cytokines weaken the antigen-cytokine bond, which leads to less sensitivity and specificity. Sandwich 

format increases these parameters but does not allow for more than one sample in each analysis and 

the multiplexing is more difficult because of the lesser availability of antibody-antigen tag pairs.88 

Multiplexing allows for a deeper understanding of the overlaps in cytokine secretion by MG and how a 

specific phenotype can include the expression of various cytokines. Due to the multiplex analysis, 

these arrays use less sample volumes (Table 1.2) and are more cost-effective than traditional ELISA, 

being also more sensitive (Table 1.1)79,89 Additionally, antibody arrays may be used for both basic 

research and medical and diagnostic applications. 

1.4.4 Bead-based multiplex immunoassays  

The Bead-based multiplex immunoassays are based on color-coded beads for the assembly 

of antibody arrays in suspension. This method offers a relatively simple option to screen large 

numbers of serum or plasma samples with variable sets of capture reagents. Bead-based assays work 

in sandwich format with the cytokines linking to antibody-coated colour-coded beads and then to a 

biotinylated detection antibody, to which a fluorescent tag is added. Detection is done in a flow 

cytometry system using two lasers, one for identifying the colour of the bead and another to read the 

intensity of the detection antibody tags.88 On the other hand, this leads to smaller sample volumes 
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(Table 1.2) and multiplexing80. But on the other hand, the biggest problem with this assay is the false 

positives that may occur due to interactions between the antibodies in the suspension90, which does 

not occur in the other methods discussed before, all of which are based on attachment of 

antibody/cytokine to a surface.89 

1.4.5 Fluorescence-activated cell sorting (FACS)  

Fluorescence-activated cell sorting (FACS) is a development of the flow cytometry technique, 

that enables sorting of a mixture of cells into two or more fractions, cell-by-cell, utilising the scatter and 

fluorescence signals of each cell. FACS is also used in conjugation with intracellular cytokine staining 

(ICCS) to quantify intracellular cytokines. Cytokines are stained with fluorochrome-bound antibodies 

and the cells are sorted by FACS, which allows detection of specific cytokine producing cell 

populations and their separation and quantification of the expressed cytokines. Cells can be stained 

with different wavelength emitting fluorochromes, permitting the detection of several cytokines at 

once.91,92 

1.4.6 Immunoaffinity capillary electrophoresis (ICE)  

The Immunoaffinity capillary electrophoresis (ICE) is a powerful method used to detect and 

quantify cytokines of interest in complex biological fluids.93 In this method, the cytokines in the sample 

are tagged with a fluorochrome and introduced into a capillary which has immobilized antibodies on its 

internal surface. After removing the rest of the sample, the cytokines are eluted electrophoretically and 

detected by laser-induced fluorescence81 or mass spectrometry94, allowing for very accurate and 

specific detection and quantification (Table 1.1)81, coupled with very small sample volumes (less than 

1 μL per assay81, as seen on Table 1.2), fast incubation times (the cytokine/antibody interactions can 

be completed in minutes94), multiplexing and less false positives than the other methods due to only 

one antibody being used instead of two94. ICE can be done in a microchip, immobilizing the antibodies 

in microfluidic channels and thus achieving even faster analysis81 (Table 1.2) and integration in a 

Lab-on-a-chip system for ease and point-of-care use95. 

1.4.7 Microfluidic immunoassays 

Microfluidic immunoassays platforms combines two technologies, microfluidics and 

immunoassays, and allow multiple, sensitive, and automated point-of-care diagnostic systems. With 

soft lithography procedures it is possible to perform microengraving in order to obtain a microarray of 

individual wells holding less than a nanoliter sample volume. A substrate material such as silicon, 

glass, and polymers with immobilized antibodies is used for binding analytes and results in a printed 

microarray which is stained for detection with antibodies linked with fluorescent tags.96 The 

microfluidics-based methodology, as the ELISpot, allows for the study of individual cells, but it is 

faster, simpler, with higher throughput capabilities and requires remarkably less sample volume97. On 

the other hand, this is a detection method that only allows for semi-quantitative analysis. 

1.4.8 Single-cell barcode chip 

The single-cell barcode chip represents a new generation of technologies, for high content 

assessment of functional heterogeneity at the single-cell level. The single-cell barcode chip is a chip of 
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microchambers with nanoliter volume for single cell analysis or small defined numbers of cells. Protein 

concentrations are measured with immunosandwich assays from a spatially encoded antibody 

barcode. The captured cytokines can be measured with tagged antibodies, like in the methods 

described before. The barcode allows for great multiplexing and the microchambers permit small 

sample sizes (Table 1.2) and single cell multiple cytokine quantification.82 

1.4.9 Electrochemical Aptamer-based biosensor 

Aptamer-based biosensors are based on oligonucleotide probes, such as DNA or RNA, that 

are able to convert a biochemical signal derived from the aptamer/cytokine interaction into a 

quantifiable signal. Aptamers are single-stranded DNA or RNA oligonucleotide sequences with the 

capacity to recognize various target molecules with high affinity and specificity. This approach allows 

for multiplexing by having different aptamers, which yield distinct signals when measured. The binding 

of the cytokine causes a conformational change on the aptamer, which changes the current read on 

the electrode. The simplicity and specificity of this method are countered by a high detection limit (2 

and 5.46 ng mL-1 (Table 1.1), for TNFα, for individual detection and multiplexing with IFN-γ, 

respectively).83 Overall, electrochemical biosensors represent a promising platform for real-time 

measurement of cytokines at low cost and practicality. 

 

1.5 Electrochemical antibody-based biosensor: functionalization and 

detection 

The proposed method for detection and quantification of cytokines is an 

electrochemical-based biosensor functionalized with specific antibodies for the detection of the 

relevant cytokines. The concentration of cytokines will be determined through electrochemical 

impedance spectroscopy (EIS). 

Biosensors are devices that allow the conversion of a chemical signal into an electronical 

signal, by a transducer.98 An electrochemical transducer is a combination of electrodes and a readout 

platform, for conversion of the signal.99 A common configuration is a 3-electrode cell: a working 

electrode, a counter electrode and a reference electrode. These are made of conductive and 

chemically stable materials, usually gold for the working electrode, silver for the reference electrode 

and platinum for the counter electrode. The surface of the working electrode is functionalized with a 

relevant bioreceptor that binds to the analyte and the counter electrode is used to close the circuit with 

the electrolyte solution for the application of current to the working electrode.100 The readout platform 

can measure electrical changes between these three electrodes when they are enclosed in a saline 

solution and convert the changes into a signal.101 

In this work, the working electrode will be functionalized with a specific antibody for one of the 

cytokines in study. This way, the specificity of the binding guarantees an accurate reading of the 

concentration of cytokines in the chosen biological sample. A usual functionalization protocol consists 

of three steps and is illustrated in Figure 1.1. First, the surface of the electrode is functionalized with a 

cross-linker to make the linkage between the surface and the antibody, which is then added in step 

two. The third step is the addition of a blocking molecule, to suppress any non-specific interaction with 
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the electrode surface and to stabilize the functionalized elements, guaranteeing that the signal comes 

uniquely from the specific interaction of the antibodies and the cytokines. The functionalized electrode 

is covered with the sample, and the cytokines bind to the antibodies on the surface.102 

 

 
Figure 1.1: Schematic of the surface functionalization of the electrodes. 

 

Various kinds of electronic signals can be measured and processed by electrochemical 

transducers. The method used in this thesis is EIS. EIS possesses the ability to study any intrinsic 

material property or specific processes that could influence the conductivity/resistivity or capacitivity of 

an electrochemical system99, using voltage signals with too little amplitude to disturb the electrodes’ 

surface functionalization or cytokines bound101.  In this case, the impedance will be correlated directly 

to the quantity of bound cytokines. Considering that the bound molecules obstruct the electron transfer 

between oxidation probes and  the electrode, the resistance will rise proportionally to the surface area 

occupied by the antibody-cytokine complexes.103 

To make the measurements, the electrodes are enclosed in the electrolyte solution, a fixed AC 

potential is applied to the electrochemical cell, while a range of frequencies is used. This creates an 

electronic circuit based on the Randles theoretical model, like the one schematized in Figure 1.2. The 

resistor Rs corresponds to the solution resistance, which should be constant when using the same 

concentration electrolyte solution. Ret is the electron transfer resistance, between the working 

electrode’s surface and the redox probes.101,104 This element will be correlated with the cytokine 

concentration. CPE is a constant phase element and it represents the non-ideal behaviour of a double 

layer capacitor, which exists due to the electrical double layer that occurs on the interface between an 

electrode and its surrounding electrolyte. The CPE is used instead of the double layer capacitor to 

account for the electrode surface roughness, for example.104 The Warburg, W, is representative of the 

impedance caused by diffusion of the reactants at low frequencies. 105 
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Figure 1.2: Randles theoretical model, Rs and Ret are the resistances of the solution and the electron transfer 

resistance, respectively, CPE is the constant phase element and W is the Warburg element. 
 

When applying the potential in the defined range of frequencies, the data generated can be 

plotted in various ways, for example, a Nyquist plot, which facilitates a fast analysis of the results.101,104 

A typical Nyquist plot obtained in this kind of measurement is presented in Figure 1.3. The resistances 

in the circuit described are reproducible in the plot, which means the electron transfer resistance can 

be easily obtained and, with the use of a calibration curve, the cytokine concentration can then be 

calculated.100 In this plot, the semi-circle at high frequencies represents the electron-transfer limited 

process. Its interceptions with the Z’ axis coincide with the resistances Rs + Ret and Ret and, as such, 

this semicircle’s diameter increases with the surface modification of the working electrode, which 

retards the flow of electrons from the probes to the surface. The diffusion limited electron transfer is 

presented in the straight line at low frequencies.101,104 

 

 
Figure 1.3: Example of a Nyquist impedance plot. The areas of the graph correspond to the different elements in the 

circuit described in Figure 1.2. Adapted from (Katz and Willner, 2003)104 
 

Another representation of the data obtained from an impedance measurement is a Bode plot. 

These have the advantage of showing the frequency-dependence of the impedance measured on the 

sensor, whereas on a Nyquist plot this data is implicit.105 In Figure 1.4, an example Bode plot can be 

observed, where the magnitude Z’ and the phase angle (ϕ) are plotted against the frequency. The 
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reader will notice the complementarity of the impedance as function of frequency in the Bode plot to 

the Nyquist plot data. The same information on the values of Rs + Ret and Ret can be obtained in this 

graph.  

 

 
Figure 1.4: Example of a Bode plot for impedance and phase angle. Adapted from (K’Owino and Sadik, 2005)101. 

 

1.6 Project goal 

Electrochemical biosensors are relatively easy to miniaturize. Sample volumes below the μL 

are used for a measurement on a working electrode with a diameter of 1 millimetre, while volumes of 

100 μL are needed for the standard ELISA well. The small size allows portability and enables point-of-

care usage of the microchip. The electrical nature of the measurements will possibly allow a lower 

detection limit of cytokine concentration than the one permitted with ELISA, as well as higher 

sensitivity. The speed, accuracy, reproducibility and simplicity of the measurements make a fast and 

precise result possible and allow for the use of the device by semi-skilled operators. These 

advantages have great benefits on both research and medical fields. The real time detection of 

inflammatory cytokines in microglia cultured in vitro and exposed to controlled electrical or chemical 

stimuli and the quick diagnosis of neuroinflammatory diseases are just two examples. 

The goal of this thesis is to develop an electrochemical biosensor that can specifically detect 

and quantify TNFα, a pro-inflammatory cytokine produced by microglia cells upon disease-related 

stimuli.  
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2 Materials and Methods 

2.1 Setup 

Functionalization, calibration and testing were performed on DropSens C223AT chips with 

screen-printed gold electrodes. These, as shown in the close up of Figure 2.1, contain a gold 1.6 mm 

diameter working electrode, a gold counter electrode and a silver reference electrode. The working 

electrode can be fully covered with just 1 μL of the solutions for incubation, and the three electrodes 

can be covered with as few as 50 μL of redox probe solution.  

To perform measurements, the chip, with solution covering the electrodes, was inserted into a 

connector (DropSens DSC), which was kept in a dark chamber to protect the redox probe solution 

from the light. The connector was linked to a potentiostat (Metrohm Autolab PGSTAT302N with a 

frequency analyser module FRA32M), connected to a computer, where the software NOVA (version 

2.0.2, from Metrohm Autolab) allowed manipulation of the potentiostat and data processing. The entire 

setup can be observed in Figure 2.1. 

 
Figure 2.1: Setup used for performing EIS measurements and close up on the electrodes used (covered with 5 mM of 

ferri/-ferrocyanide electrolyte solution). 
 

To the protocol for the EIS measurements in the NOVA software was embedded a fit and 

simulation model. With this, the software could adapt the measured data to the equivalent circuit 

[R(Q[RW])], which corresponds to the circuit described in Subchapter 1.5. The values for Ret, used in 

Chapter 3 in data presentation and treatment, were obtained from the fitting to the simulated circuit 

performed by this module of the software.  

 While incubating, the chips were kept in a humidified chamber and protected from light, as 

seen in Figure 2.2. This setup preserved the humidity inside the chamber, promoting the 

immobilization of the biomolecules onto the working electrode. The interior of this chamber was made 

dark by completely covering the top petri dish with aluminium foil. 
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Figure 2.2: Incubation chamber for the electrodes, to maintain humidity, and covered in foil to maintain darkness. 

 

2.2 Reagents and buffers preparation  

Phosphate buffer (PB), pH 7.4, was prepared by mixing solutions of 0.100 M NaH2PO4 and 

0.100 M of Na2HPO4. For these, NaH2PO4 powder (Sigma) was dissolved into Milli-Q water and the 

same procedure was repeated for Na2HPO4 (Sigma). The PB solution was kept at 4º C and was 

filtered before each assay. Phosphate buffered saline (PBS) was prepared by dissolving one 

compressed tablet (Sigma) in 200 mL of Milli-Q water to obtain a solution with pH 7.4 and 10 mM 

phosphate buffer, 2.7 mM potassium chloride and 137 mM sodium chloride. A stock solution of 10 mM 

of PBS was kept at 4º C. 

For one of the tests in sensor validation, cytokines were diluted in cell culture medium, 

Dulbecco's modified Eagle's medium (DMEM, Gibco, ref. 31966021, with high glucose, GlutaMAXTM 

supplement and pyruvate) with 10% Fetal Bovine Serum (FBS, Gibco). In the other validation test, the 

cytokines were diluted in a 0.9% NaCl (Sigma) solution in deionized water (DI water). 

The electrolyte solution used for EIS measurements was a 10 mM PBS, 5 mM [Fe(CN)6]
3-/4- 

(prepared from 1 M C6FeK3N6 (Sigma) and 1 M C6FeK4N6 (Sigma) solutions in Milli-Q water) solution. 

These solutions were made fresh for use in each assay and the final probe solution was stored 

overnight when applicable at 4º C. During the assay, the probe solution was kept at room temperature 

in a flask covered with aluminium foil to protect it from the light. 

The cross-linker used was Sulfosuccinimidyl 6‐[3’(2‐pyridyldithio)‐propionamido] hexanoate 

(Sulfo‐LC-SPDP, ThermoScientific) which was reconstituted by dissolving the powder in PB. Glycerol 

(Sigma) was added for a final solution of 10 mg mL-1 Sulfo-LC-SPDP, 5% glycerol. The solution was 

aliquoted in 10 μL volumes and stored at -20º C.  
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Human anti-TNFα antibody (Affymetrix, capture antibody from the ELISA Ready-SET-Go! 

Human TNFα kit106) was diluted in PB for a final concentration of 0.25 mg mL-1 and aliquoted in 10 μL 

volumes, which were stored at 4º C. Bovine Serum Albumin (BSA, Sigma) 1% solution in PB, was 

made fresh for each assay, and stored overnight when applicable at 4º C. 

Human recombinant cytokines TNFα, IL-10, IL-4 and IFN-γ (all Affymetrix) were reconstituted 

in sterile DI water, from the lyophilized form according to the Certificate of Analysis provided by the 

brand. These solutions were aliquoted in 20 μL and stored at -80º C.  

2.3 Electrochemical impedance spectroscopy measurements 

EIS measurements were performed after each step of the procedures. Before the 

measurements, the chips were rinsed with either PB or Milli-Q water (according to the specific 

methodology for each step, described in Subchapters 2.4 and 2.5) and the surrounding parts of the 

electrodes were gently dried with small pieces of paper. The measurements included a bare electrode 

reading at the beginning, before the electrode was first incubated with the cross-linker.  

The electrodes were covered in the ferri-/ferrocyanide solution and the chip was inserted into 

the connector (Figure 2.1). EIS measurements were then performed under a bias potential of 0.125 V, 

with a frequency range of 0.1-100000 Hz and an alternating current amplitude of 5 mV. Afterwards, 

the electrodes were rinsed with Milli-Q water and dried under an N2 stream. 

 

2.4 Functionalization of electrodes  

2.4.1 Covalent cross-linker immobilization 

After rinsing the electrodes with isopropanol (IPA) and Milli-Q water and drying with N2, the 

working electrode was immobilized with 10 mg mL-1 of Sulfo‐LC-SPDP. This was accomplished by 

covering the electrode with enough volume of the suspension for 20 minutes and keeping it at room 

temperature in dark and humid atmosphere. At the end of the incubation period, the excess of solution 

was then rinsed off with PB, before proceeding to the EIS measurements protocol. Other incubation 

times for Sulfo-LC-SPDP were tested, namely 40 and 60 minutes. The effects of cross-linker 

concentration and solution freshness were also analysed. The optimization results are described in 

Section 3.1.2. 

2.4.2 Antibody Immobilization 

The working electrode surface was then covered with a suspension of 0.25 mg mL-1 of 

anti-TNFα and incubated at room temperature in humid atmosphere for 2 hours. The unbound 

antibody was rinsed with PB. Other incubation options (as exposed in Section 2.4.2) were studied for 

the antibody immobilization, namely an overnight incubation in humid atmosphere at 4º C. 

2.4.3 Blocking of non-specific binding sites 

After functionalization, the available surface of the working electrode was blocked using 

1% BSA for 1 hour at room temperature and in humid atmosphere, after which the excess of BSA 

solution was rinsed off with PB. 



 

16 
 

2.5 Electrode calibration 

Calibration curves for the measurement of cytokine concentration were obtained by 

sequentially incubating increasing concentrations of TNFα cytokine solution for 90 minutes each, in 

humid atmosphere and at room temperature. The excess was rinsed using Milli-Q water. The 

concentrations used, in multiple combinations, were 1, 2.5, 5, 10, 25, 50, 100, 150, 200 and 

250 pg mL-1 of TNFα, while building the calibration curves and testing electrode sensitivity. Different 

times for incubation of the cytokines were tested during protocol optimization, as described in 

section 3.1.5, namely 20, 45, 60 and 90 minutes. 

2.6 Specificity analysis  

The negative controls for determining biosensor selectivity were performed with IL-10, IL-4 

and IFN-γ cytokine suspensions, using the same protocol as for TNFα. The concentrations used for all 

three cytokine suspensions were 10, 25, 50 and 100 pg mL-1. 

2.7 Cross-reactivity tests 

The cross-reactivity of the sensor was tested using cytokine cocktails in media other than DI 

water. The cocktails tested were diluted in either DMEM-10%FBS or 0.9% NaCl solution to test the 

usability in different scenarios like research or clinical sample measurement. The DMEM-10%FBS is 

the medium in which the microglia cells are cultivated and 0.9% NaCl is a saline solution for mimicking 

lacrimal fluid. Different combinations of the four cytokines were made for cross-reactivity and 

interference testing and these are detailed in Table 2.1.  

 

Table 2.1: Composition of the cytokine cocktail samples used in cross-reactivity and interference tests for the biosensor 
and in cross-validation with ELISA (only the 0.9% NaCl cocktails). 

Medium Cytokine cocktail samples 

DMEM-10%FBS 

Blank 

100 pg mL-1 TNFα 

100 pg mL-1 TNFα + 100 pg mL-1 IFN-γ 

100 pg mL-1 TNFα + 100 pg mL-1 IFN-γ + 100 pg mL-1 IL-10 

1000 pg mL-1 TNFα 

1000 pg mL-1 TNFα (diluted x10) 

0.9% NaCl 

Blank 

25 pg mL-1 TNFα 

25 pg mL-1 TNFα + 25 pg mL-1 IFN-γ + 25 pg mL-1 IL-4 

25 pg mL-1 TNFα +25 pg mL-1 IFN-γ + 25 pg mL-1 IL-4 + 25 pg mL-1 IL-10 

 

2.8 Cross-validation with reference method (ELISA) 

The cross-validation of the results obtained on the tests described in the previous subchapter 

was made with ELISA as the reference method. The assays were run parallel to the aforementioned 

tests and performed with material and reagents from the Affymetrix Human TNFα ELISA 
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Ready-SET-Go! Kits, using the experimental procedure protocol provided in the kit.106 The same 

0.9% NaCL cytokine cocktails used in the biosensor tests (Table 2.1) were used as samples in these 

assays, and each sample was assayed in triplicate. 

2.9 Electrochemical INL microfabricated sensors 

Initially, functionalization and calibration of biosensors was made in parallel on electrochemical 

chips fabricated at INL. These chips, seen in Figure 2.3 (a), contained 8 sensors each, with a thin gold 

surface of 100 nm (including the reference electrode), and with a working electrode diameter of 1 mm. 

Their structure is described in Figure 2.3 (b). These chips were connected to the potentiostat by a 

home-made connector also developed at INL, shown in Figure 2.4, which could measure the signal 

from each sensor or from all the sensors at once. 

 

(a) 

 

(b) 

 

Figure 2.3: INL microfabricated chips with eight gold electrodes, on a silicon substrate: a photo of the chip (a) and the 
structure materials (b). 

 

Due to non-homogeneity of the fabrication process, only some preliminary tests were 

performed using these electrodes. The functionalization and calibration protocol had a variation from 

the ones used from DropSens, so it corresponds in its majority to the original protocol, which is 

described in the second paragraph of Subchapter 3.1 (the specific protocol used in the calibration of 

the INL sensor presented in this thesis is detailed in Subchapter 3.6). 

 

 
Figure 2.4: Connector used to read INL electrodes. 
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3 Results and Discussion 

3.1 Functionalization protocol optimization 

First, the electrodes were cleaned with acetone, IPA and Milli-Q water and dried with N2. Then 

10 mg mL-1 of Sulfo-LCSPDP were immobilized on the working electrode for 1 h at room temperature, 

followed by a rinse with PB and Milli-Q water, and drying with N2. Afterwards, the biosensor was 

coated with antibody (0.25 mg mL-1) for 2 h at room temperature, before adding the blocking solution 

(BSA 2%) for 1 h at room temperature, and doing the same rinse and dry procedure. Finally each 

cytokine standards solution was added for 1 h at room temperature followed by rinsing with Milli-Q 

water and drying.  

This procedure was optimized over the course of this thesis’ experimental work. The goals 

were to have more accurate and precise measurements and reproducibility among electrodes, as well 

as minimizing the time each assay took to run. Incubation times and other parameters were tested, as 

problems and hypothesis revealed themselves during sensor calibration and control testing.   

3.1.1 INL sensors: cleaning procedure 

The first step of the protocol to be optimized was the cleaning of the electrodes on the INL 

chips. The method of rinsing the electrodes with Acetone/IPA/Milli-Q water led to high bare Ret values, 

which prompted the conclusion that the cleaning was not enough, considering the Ret corresponds to 

the resistance of electron transfer between the electrolyte solution and the surface of the electrode. 

Other techniques were tested, such as ultraviolet ozone cleaning and ultrasounds in acetone, but 

these resulted in an electrode surface too hydrophilic for cross-linker immobilization. To overcome the 

high hydrophilicity, Polydimethylsiloxane (PDMS) rings were used to define an adequate 

immobilization area, as can be seen in Figure 3.1. The INL sensors were then cleaned with air 

plasma, and stored for 2 days in order to reduce the hydrophilicity associated with the process. 

Glycerol was also added to the Sulfo-LC-SPDP solution at 5% to promote the maintenance of a drop 

of solution on hydrophilic surfaces, aiding in the immobilization of this molecule.  

 

 
 

Figure 3.1: Strategies to deal with surface hydrophilicity: PDMS rings to aid the placement of a drop of solution only on 
top of the working electrodes. 
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3.1.2 Effect of incubation time, concentration and freshness of solution on Sulfo-LC-SPDP 

immobilization 

Different times for Sulfo-LC-SPDP immobilization were tested. It was important for the 

cross-linker solution to be in contact with the surface for enough time for Sulfo-LC-SPDP to form a 

self-assembled monolayer across the entire gold surface. The effect of the age of the aliquots was 

also compared against a freshly made solution to see if the results were distinct. Different 

concentrations of Sulfo-LC-SPDP, 1 and 10 mg mL-1 were likewise tested to determine whether the 

high concentration could be excessive. The results of this experiment can be seen in Figure 3.2, 

where Ret,1 is the Ret of Sulfo-LC-SPDP immobilization and Ret,0 is the bare measurement. 

 

   
Figure 3.2: Comparison of normalized Ret measured after Sulfo-LC-SPDP over the incubation times, at different 

concentrations (1 and 10 mg mL-1 solution), and for fresh or aliquoted samples. Error bars represent the standard 
deviation. 

 

The difference between the two concentrations for the aliquoted solution is very significant. 

The incubation with the aliquoted solution of 10 mg mL-1 results in higher Ret value, which increases 

with the incubation time. On the other hand, the solution of 1 mg mL-1 shows lower Ret values with a 

slight increase between 20 and 40 minutes of incubation, but stagnation after 40 minutes. These 

results suggest that, for 1 mg mL-1, after 40 minutes of incubation, all the surface of the electrode 

would have the assembled Sulfo-LC-SPDP monolayer, and no more cross-linker would bind with 

longer incubations. As such, the continued increase in resistance observed for the 10 mg mL-1 

solution, even after 60 min, could mean that higher concentrations would promote the cross-linker to 

bind unspecifically. 

The freshly prepared solution showed slightly higher Ret values for the 10 mg mL-1 

concentration than the 1 mg mL-1, and a very narrow increase with incubation time. The fresh 

1 mg mL-1 solution behaved similarly to the aliquoted one with the same concentration.  

A comparison of the Ret after the immobilization Sulfo-LC-SPDP and after the antibody 

immobilization was made using both the aliquoted solution and the freshly made solution, with a 

concentration of 10 mg mL-1 and with an incubation period of 20 minutes. The results, illustrated in 
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Figure 3.3, show the normalized Ret after Sulfo-LC-SPDP immobilization (a), where Ret,1 is the Ret after 

Sulfo-LC-SPDP immobilization and Ret,0 is the bare measurement; and the normalized Ret after 

antibody incubation (b), where Ret,1 is the Ret after antibody immobilization and Ret,0 is the Ret after 

Sulfo-LC-SPDP.  

 

  
Figure 3.3: Comparison of normalized Ret for aliquoted and fresh sulfo-LC-SPDP solutions: (a) after Sulfo-LC-SPDP 

immobilization and (b) after antibody immobilization. Error bars represent the standard deviation. 
 

The results show that, despite the difference in resistance between the aliquoted and fresh 

solutions, in Figure 3.3 (a), the response after antibody immobilization was similar for both (b), which 

means that the same percentage of antibody was bound to the electrode in both cases.   

  Further tests such as fluorescence microscopy for optical evaluation or XPS could, in the 

future, be performed to understand the behaviour of a fresh solution in comparison to an aliquoted 

one.  

Ultimately, it was decided to continue to use the aliquoted solution of 10 mg mL-1 with an 

incubation time of 20 minutes. The reduced incubation time had the advantage of avoiding the drying 

of the Sulfo-LC-SPDP solution drop during the immobilization and decrease the time required for the 

functionalization. 

3.1.3 Incubation time for anti-TNF  antibody 

For optimization of antibody incubation, it was taken into consideration that the antibody was 

incubated overnight in ELISA at 4º C.106 The test compared the effect of overnight incubation at 4º C, 

against the 2 hours incubation at room temperature. The results are reproduced in Figure 3.4, where it 

is possible to see the normalized Ret for antibody immobilization (a), where Ret,1 is the Ret after 

antibody immobilization and Ret,0 is the Ret after Sulfo-LC-SPDP; and the normalized Ret following BSA 

incubation (b), where Ret,1 is the Ret after BSA immobilization and Ret,0 is the Ret after antibody 

immobilization. 

The increase of Ret over the cross-linker incubation step is very similar for both periods of 

incubation. Likewise, the response after blocking was also very alike in both cases, this suggests that 
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2 hours are enough for the antibody to bind to all the available cross-linker and, therefore, the 2 hour 

incubation period at room temperature was maintained for the antibody. 

 

 

  
Figure 3.4: Comparison of normalized Ret for antibody incubations of 2 hours and overnight: (a) after antibody 

immobilization and (b) after BSA immobilization. Error bars represent the standard deviation. 
 

3.1.4 Effect of BSA concentration 

The BSA concentration was lowered from 2% to 1%, after the first assay, when the 

impedimetric measurements revealed high values in Ret after blocking. The results for this first assay 

and the one after lowering the blocking concentration can be seen in Figure 3.5. These charts show 

the normalized Ret for BSA immobilization (a), where Ret,1 is the Ret after BSA immobilization and Ret,0 

is the Ret after antibody; and the normalized Ret for 5 pg mL-1 TNFα incubation (b), where Ret,1 is the 

Ret after cytokine incubation and Ret,0 is the Ret after BSA immobilization.  

When the BSA concentration was 2%, the Ret greatly increased so that the Ret was similar to 

the Ret of the first cytokine binding event. The lower increase in resistance brought by the new BSA 

concentration was reflected in an appreciable change in Ret after cytokine incubation. As such, the 

BSA concentration used throughout the near entire experimental work was 1%. 
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Figure 3.5: Comparison of normalized Ret for incubations with BSA at 2% and 1%: (a) after BSA immobilization and 
(b) after 5 pg mL-1 TNFα incubation. Error bars represent the standard deviation. 

 

3.1.5 TNFα binding time optimization  

Different binding times (20, 40, 60 and 90 minutes) were considered and tested. This allowed 

to find the point in time after which the Ret from the same concentration of cytokine would stabilize. 

Gathered in Figure 3.6 are the results for all the assays run on this optimization. The tests were run 

with the same protocol and using the same cytokine concentration, 50 pg mL-1 of TNFα, on the last 

step, the only difference being the time during which the functionalized electrodes were incubated with 

this solution. In this figure, the normalized Ret for cytokine incubation has Ret,1 as the Ret after 

50 pg mL-1 TNFα incubation and Ret,0 as the Ret after blocking with BSA. 

 Analysing the graph, it is clear that 20 and 40 minutes of cytokine incubation were not enough 

to consistently bind the TNFα in the amount correlating to the concentration. Comparing the data, a 

slight tendency can be observed where 90 minutes of incubation yield higher increases in Ret than 

those from 60 minutes of incubation. For this reason, the selected incubation time for TNFα was 

90 minutes. 

The difference between the increases in Ret for 60 and 90 minutes was not very severe and it 

is admissible to believe that 120 minutes of incubation would not result in a much different response. 
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Figure 3.6: Comparison of normalized Ret after TNFα incubation for different incubation times. The error bars represent 

the standard deviation. 
 

3.1.6 Precision of the functionalization method 

The final protocol, detailed in Subchapters 2.4 and 2.5, was then the result of the previously 

described optimization process. Table 3.1 gathers the average Ret values measured after each step in 

the functionalization, normalized to the bare measurement, of the electrodes that were used to 

generate the calibration curve, as explained in Subchapter 3.2. The variations and not the Ret values 

themselves are used to account for the heterogeneity between electrodes. This way, the precision of 

the protocol is assessed over the variations each incubation brings on the bare Ret of the electrode, 

and these should be the same across electrodes, if their surface behaves the same way. The standard 

deviation and the coefficient of variation are also presented. This was calculated for a 95% confidence 

level by multiplying the critical value by the standard deviation and dividing the average. The critical 

value is the two-tailed Student t-value obtained with the following parameters: degrees of freedom 

df=N-1, where n is the number of replicates, and the critical probability p*=1-α/2, where 

α=1-confidence level/100). In this case, with 11 replicates, the critical value is 2.23.  

 

Table 3.1: Average of Ret measured after each step in the functionalization process normalized over the bare reading, 
for the 11 electrodes on which the calibration was made. Also shown are the standard deviation for each step, the range 
of values, the coefficient of variation and precision limit for 95% confidence level. 
  

Functionalization step Average Standard Deviation Coefficient of Variation (95%) 

ΔRet_Sulfo-LC-SPDP 0.762 0.138 40.5% 

ΔRet_Antibody 3.71 0.618 37.2% 

ΔRet_BSA 7.36 1.42 43.0% 
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The coefficients of variation are not very significant, with values close to 40% of the average, 

meaning that the functionalization protocol on the DropSens electrodes is fairly precise and 

reproducible. The existing variation could be due to random errors such as problems in keeping the 

humidity inside the chamber while incubating the solutions and also possible ineffective rinsing of the 

electrodes after incubation.  

3.1.7 Functionalization protocol time and analysis time 

The final protocol time for functionalizing one electrode is 200 minutes, the sum of the 

incubation times for each step (20 + 120 + 60). This is significantly lower than the assay time for 

ELISA, which needs 2-3 days106. The sample incubation time is 90 minutes for the biosensor, which is 

also a notable improvement over the overnight incubation necessary in ELISA (Table 1.2)106. The time 

of analysis for the biosensors is around 10 minutes while for ELISA is approximately 20 minutes106. 

 

3.2 Calibration and sensor sensitivity 

As explained in the previous section, the heterogeneity between the electrodes can be 

attenuated by using normalized Ret instead of the real Ret values. Setting the Ret measured after 

blocking as the base value, the normalized Ret of each concentration level were used to build more 

rigorous calibration curves, based on the variations in the Ret observed.  

The calibration curve of TNFα by ELISA106 has a top standard concentration of 500 pg mL-1  

and successive 2-fold dilutions as the following concentration levels until approximately 4 pg mL-1  as 

the lowest point. Considering this, a high range calibration was first estimated for the biosensor using 

the TNFα concentrations in the interval [25; 50; 100; 150; 200; 250] pg mL-1. These are six points and 

would cover the high-mid range of the ELISA calibration curve. Four electrodes were functionalized 

and successively incubated with increasing concentrations of the TNFα standards. The resulting 

curve, correlating the concentrations with the normalized  Ret after each incubation (the base value 

being the one read after BSA immobilization, Ret,0, and Ret,1 being the Ret for each cytokine 

concentration), is displayed in Figure 3.7. 

As it is possible to observe in Figure 3.7, a curve with two linear ranges, one with a sharper 

slope existing for the points with concentrations below 50 pg mL-1 and another between 50 pg mL-1 

and 200 pg mL-1 with a smaller slope is observed. This smaller slope range appears to reach 

stagnation of the Ret variation, due to electrode saturation. In this case, a cytokine concentration is 

reached where most of the antibodies functionalized on the sensor are bound to TNFα, and increasing 

concentrations have no significant effect on the Ret.  
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Figure 3.7: Variation of normalized Ret with TNFα concentration, for the range of concentrations [25; 50; 100; 150; 200; 

250] pg mL-1, with associated standard deviations. 
 

To explore the more distinct slope observed below 50 pg mL-1, a lower range of 

concentrations was tested, down to 1 pg mL-1 of TNFα. This range included the concentrations at 

which the slope was steeper on the previous curve and two concentrations below 4 pg mL-1, the 

reference limit of detection for the ELISA kit used on the  cross-validation assay106 (Subchapter 3.5). 

The resulting curve that correlates the various concentrations with the normalized Ret, is shown in 

Figure 3.8. 

 

 
Figure 3.8: Variation of normalized Ret with TNFα concentration, for the range of concentrations [1; 2.5; 5; 10; 25; 50] pg 

mL-1, with associated standard deviations. 
 

By the analysis of Figure 3.8, it is perceptible that the first two concentration levels yield 

negative normalized Ret, with similar values for 1 and 2.5 pg mL-1. A high standard deviation is also 

present for the first level. As the number of concentrations of TNFα tested on the same electrodes 
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increases, the consecutive incubation steps increase the variability of the results, as shown in Figure 

3.7. However, the first incubation should give a fairly precise result. The negative variation and the 

standard deviation suggest that one or both of these concentrations may be below the limit of 

detection for the sensor. 

Taking into consideration the results from the curves of both ranges of concentrations, a third 

calibration curve was built on a “mid-range” interval of concentrations: [2.5; 5; 10; 25; 50; 100] pg mL-1 

of TNFα. The variation of normalized Ret with TNFα concentration can be observed in Figure 3.9. It is 

shown, as well, the linear range for which the linear regression was calculated: 2.5 to 25 pg mL-1. The 

normalized Ret values for these concentration levels are displayed in Table 3.2 along with the standard 

deviation associated to each. The calibration curve, with the respective interval of confidence at a 

95% confidence level, is Equation 3.1, with a value of r-squared of 0.9497.  

 

 
Figure 3.9: Variation of normalized Ret with TNFα concentration, for the final range of concentrations: [2.5; 5; 10; 25; 50; 

100] pg mL-1, with associated standard deviations. Linear regression representing the calibration curve over the lower 
range of the concentration levels. 

 

 

 

The confidence interval for a calibration is the critical value times the standard deviation over 

the square root of the number of replicates. The critical value is the two-tailed Student t-value obtained 

with the following parameters: degrees of freedom df=M-2, where M is the number of calibration 

levels, and the critical probability p*=1-α/2, where α=1-confidence level/100). In this case, with 

4 levels, the critical value is 4.30. 
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Table 3.2: Values used for the linear regression that estimates the calibration curve: TNFα concentrations and the 
average normalized Ret for each, including the standard deviations. 

 

[TNFα] (pg mL-1) Average ΔRet_TNFα Standard Deviation 

2.5 0.0728 0.0346 

5 0.137 0.0397 

10 0.231 0.0585 

25 0.364 0.0338 

 

The LOD for the calibration curve generated corresponds to the lowest concentration of TNFα 

that can be detected by a sensor with this calibration. It is defined as 3 times the standard deviation for 

the measurement of a solution with a low concentration of TNFα, which in this case corresponds to the 

values after incubating the 2.5 pg mL-1 TNFα solution, the lowest on the calibration curve.107 This 

value is then interpolated to yield a concentration. For this calibration curve, the limit of detection is 

2.67 pg mL-1, which confirms the interpretation that the 1 and 2.5 pg mL-1 concentration levels were 

below or at the LOD. The value is slightly higher than the lowest point in the calibration curve reflecting 

the difficulty the sensor has in distinguishing noise from the signal of cytokine binding at 

concentrations this low. This is a lower value than the LOD for the ELISA (4 pg mL-1)106, which 

confirms that this biosensor, at this point in the optimization process, can detect lower concentrations 

of TNFα than ELISA. 

In Figure 3.10 are represented the calibration curves tested. This figure shows that the 

linearity stages are common to all calibration ranges, with a steep ascent until 50 pg mL-1 and a 

plateau after 50 pg mL-1. When comparing all three calibration curves, it is possible to observe a 

cumulative effect due to the successive additions of TNFα (ascendant calibration) which affects the 

values of the rest of the concentrations. This is especially noticeable for the 25 and 50 pg mL-1 

concentration levels, which are present in all the ranges.  

To decrease the effect of cumulative concentrations of TNFα, the calibration could be done 

using one electrode to each concentration of TNFα. This would result in more accurate calibrations 

with no accumulation effect and independent measurements for each point.  
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Figure 3.10: Juxtaposition of the curves of normalized Ret against concentration of TNFα, with the respective standard 

deviation for each point, for the three concentration ranges: [1-50] pg/mL (green triangles), [2.5-100] pg/mL (red 
squares) and [25-250] pg/mL (blue diamonds). (a) all concentrations tested, (b) inset of concentrations 1 to 50 pg/mL. 

 

 

3.3 Biosensor specificity 

To test the specificity of the biosensor, functionalized electrodes were incubated with 

increasing concentrations of different cytokines. The cytokines tested were IL-4, IFN-γ and IL-10, 

different anti- and pro-inflammatory cytokines that should not be detected by the sensor, as the 

anti-TNFα antibodies should be specific to TNFα. The tests were run with 5 replicates and the tested 

concentrations were 10, 25, 50 and 100 pg mL⁻¹ for each cytokine. This range encompasses some of 

the calibration range for the electrode and higher concentrations to assure that, even if the sensor 

could only detect these control cytokines in high concentrations, this occurrence would still be 

appreciable. In Figure 3.11, Figure 3.12 and Figure 3.13 are the resulting plots of normalized Ret (after 

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200 250 300

(R
e

t,
1

-
R

e
t,

0
) 

/ 
R

e
t,

0

[TNFα] (pg mL-1)

(a)

[1-50] pg mL⁻¹ [2.5-100] pg mL⁻¹ [25-250] pg mL⁻¹

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 10 20 30 40 50 60

(R
e

t,
1

-
R

e
t,

0
) 

/ 
R

e
t,

0

[TNFα] (pg mL-1)

(b)

[1-50] pg mL⁻¹ [2.5-100] pg mL⁻¹ [25-250] pg mL⁻¹



 

30 
 

each consecutive cytokine incubation) versus cytokine concentration, for IL-4, IFN-γ and IL-10, 

respectively. In these figures, Ret,1 is the Ret measured after each cytokine incubation and Ret,0 is the 

value after blocking. 

 

 
Figure 3.11: Variation of normalized Ret with cytokine concentration, with associated standard deviations, for the control 

cytokine IL-4 
 

 
Figure 3.12:  Variation of normalized Ret with cytokine concentration, with associated standard deviations, for the control 

cytokine IFN‐γ. 
 

As shown in Figure 3.11 and Figure 3.12, the normalized Ret for both cytokines (IL-4 and 

IFN-γ) does not increase with successive incubations of higher concentrations. This means the sensor 

is not detecting either IL-4 or IFN-γ, and is thus selective against both of them. 
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Figure 3.13 Variation of normalized Ret with cytokine concentration, with associated standard deviations, for the control 
cytokine IL-10. 

 

In the negative control with IL-10, however, there is an increase in normalized Ret after each 

incubation with this cytokine. This implies that IL-10 is binding to the antibodies or to some other 

element in the biosensor non-specifically, although the measured values for IL-10 are low when 

compared with the signal produced by TNFα, as can be seen in Figure 3.14. Here, Ret,1 is the Ret 

measured after each cytokine incubation and Ret,0 is the value after blocking. 

The biosensor’s measurements could show some interference when IL-10 is present in a 

sample but the sensor will not bind to the other two cytokines, therefore being selective against two of 

the three cytokines tested. Future optical tests, such as fluorescence microscopy, could be performed 

to comprehend to what element IL-10 is binding to and why this specific cytokine causes interference, 

when the sensor is selective against others. 

 
Figure 3.14: Comparison of normalized Ret for the negative control IL-10 cytokine in the tested [10-100] pg mL⁻¹ range 
(blue diamonds) with the final TNFα calibration curve on the range [2.5-100] pg mL⁻¹ (green triangles). Included are also 
the standard deviations for each point. 
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3.4 Cross-reactivity tests 

An important parameter of the biosensor’s performance is its capacity to detect TNFα in 

mixtures or other matrices without the other components causing interferences in the signal. For this, 

cytokine cocktails, as described in Table 2.1 in Subchapter 2.7, were incubated on the functionalized 

sensor and the normalized Ret from the measurements interpolated on the calibration curve. Two 

matrices were tested: DMEM-10%FBS and a solution of 0.9% NaCl. 

The results of the cross-reactivity tests on DMEM-10%FBS cocktails are illustrated in Figure 

3.15. In this figure, Ret,1 is the Ret measured after the cocktail incubation and Ret,0 is the value after 

blocking. 

 

 
Figure 3.15: Normalized Ret and standard deviation for each DMEM-10%FBS cytokine cocktail incubated, including the 

blank, in striped blue. 
 

 

It is clear to see from the chart, that the measurements for the DMEM-10%FBS cocktails 

suffered from significant interferences. This is likely due to the medium itself and its complex matrix full 

of proteins and other compounds, as the interference exhibited by the solution diluted 10 times from 

the 1000 pg mL⁻¹ TNFα concentration is lower than all the others. Considering this development, no 

calculations were made to obtain the concentration of TNFα from the calibration curve, for the cytokine 

cocktails in this medium. 

The results of the cross-reactivity tests on 0.9% NaCl cocktails are shown in Figure 3.16. In 

this chart, Ret,1 is the Ret measured after the cocktail incubation and Ret,0 is the value after blocking. 
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Figure 3.16: Normalized Ret and standard deviation for each 0.9% NaCl cytokine cocktail incubated, including the blank, 

in striped blue. 
 

The 0.9% NaCl cytokine cocktails, however, presented less interference, with the blank itself 

showing decreases from the base but the cocktails having Ret increases that can be used with the 

calibration curve to calculate the concentration of TNFα. These increases are very low, however, due 

to the interference of the medium, as confirmed by the variation seen for the blank. Subtracting the 

normalized Ret for the blank to each of the cocktails’ normalized Ret, and using the calibration curve 

obtained for the biosensor in Equation 3.1, the TNFα concentrations were interpolated for each of the 

0.9% NaCl cocktails. These are presented in Table 3.3, with the respective interval of confidence at a 

95% confidence level*, as well as the standard deviation associated to each.  

The standard deviation for these concentrations takes into account the error of the 

measurements and the calibration curve slope and intercept. It is calculated by Equation 3.2,108 where 

SDy/x is the standard deviation of the regression (obtained from the ANOVA Data Analysis tool on 

MS Word 2010, whose summary of results is presented in Appendix A), m is the slope, N is the 

number of calibration points, M is the number of replicates for each sample, y0 is the measured value 

(in this case, the average of the variations of Ret over the base value for each sample), ̄y is the 

average of the variations of Ret over the base value used to build the calibration curve, xi is each of the 

concentrations used to build the calibration curve and ̄x is the average of these values. 
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 Equation 3.2108 

 

                                                      
* The confidence interval is the critical value times the standard deviation over the square root of the 
number of replicates. The critical value is the same two-tailed Student t-value obtained for the 
calibration curve: 4.30 
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Table 3.3: TNFα concentrations for each 0.9% NaCl cytokine cocktail, interpolated from the calibration curve in 
Equation 3.1, standard deviation and accuracy parameters: bias and relative recovery. 

Cocktails 
Average 

ΔRet_TNFα 

Interpolated 
[TNFα] 

(pg mL⁻¹) 

Standard 
Deviation 
(pg mL⁻¹) 

Accuracy 

Bias 
Relative 

Recovery 

0.9% NaCl + 25 pg mL⁻¹ TNFα 

(- blank) 
0.432 (3.0±0.9)x101 3.77 21%  

0.9% NaCl + 25 pg mL⁻¹ TNFα + 

25 pg mL⁻¹ IFN-γ + 25 pg mL⁻¹ IL-4 

+ 25 pg mL⁻¹ IL-10 (- blank) 

0.419 (2.9±0.9)x101 3.62  -4.4% 

0.9% NaCl + 25 pg mL⁻¹ TNFα + 

25 pg mL⁻¹ IFN-γ + 25 pg mL⁻¹ IL-4 

(- blank) 

0.466 (3.3±1)x101 4.14  11% 

  

The accuracy of these measurements can be quantified by bias and recovery and these 

parameters are also present in Table 3.3.  

The bias measures the discrepancy of the calculated concentration of the solution with just 

TNFα and is a relative to a known value, as the TNFα concentration in the cocktail samples is known. 

For the cocktail with only 25 pg mL⁻¹ of TNFα, the bias is calculated according to Equation 3.3, where 

X̄ is the interpolated concentration and Xref is 25, the concentration used.107  

 

 
(%) =

−
× 100 Equation 3.3107 

 

The results for the other two samples with different cytokines are analysed by the relative 

recovery, which is suitable for determining just the deviation of the measurement of the cytokine of 

interest in cocktails with other cytokines, relative to the solution with only the TNFα. The relative 

recovery is determined using Equation 3.4, where X̄’ is the interpolated concentration of the cocktail, X̄ 

is the interpolated concentration of the solution with just TNFα added and, again, Xref is 25 pg mL⁻¹, 

the concentration used.107 

 

 
(%) =

′ −
× 100 Equation 3.4107 

 

With a bias of 21%, this result shows that the biosensor is quite accurate when determining 

the concentration of TNFα when this cytokine is diluted in a solution of 0.9% NaCl. The small 

divergence that does exist can be justified by the fact that the calibration was made using DI water as 

the medium. If the calibration curve had been obtained using the same solution as the testing 

samples, the measured Ret would take into account the dissolved salt and the resulting interpolation 

would more accurately represent the relation between TNFα concentration and normalized Ret.  
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As for the cocktails with multiple cytokines, these present very minor relative recoveries, 

with -4.4% for the cocktail containing IL-10 and 11% for the cocktail without IL-10, meaning the sensor 

yields accurate results without interference by other cytokines in solution. Although IL-10 is, as 

discussed previously in Subchapter 3.3, a possible cross-reactant for this sensor, as it caused some 

interference in the measurements, it did not seem to affect the biosensor’s performance in this 

context. The similarity of the results between the cocktails might mean that TNFα always binds to the 

antibodies, even when competing with IL-10. This may be specific to the 0.9% NaCl solutions due to 

an effect of the dissolved salt on the cytokine IL-10, or it may occur with any media. Another possibility 

is that both TNFα and IL-10 are equally detected by the biosensor, as they are present in the cocktail 

in the same concentration. To test these likelihoods, different cocktails with the same concentration of 

TNFα and differing amounts of IL-10 should be analysed, as well as re-running the selectivity assays 

on Subchapter 3.3 with the cytokines diluted in 0.9% NaCl to discern any effect of the salt on the 

cytokine IL-10. 

. 

3.5 Cross-validation of results with the reference method ELISA 

The accuracy of the measurements for the cytokine cocktails with the biosensor can also be 

analysed by comparing the results with those obtained from a parallel assay on a reference method. 

The bias could be calculated with the reference value obtained from a reference method, for 

cross-validation. In this work, the same 0.9% NaCl cytokine cocktails were comparatively measured 

with ELISA.  

This involved building a calibration curve with TNFα standards (diluted in DI water), which 

began with a top standard concentration of 500 pg mL-1 and successive 2-fold dilutions as the 

following concentration levels until approximately 4 pg mL-1 as the lowest point. A blank was also 

measured and the resulting absorbance was subtracted from the values from the other concentration 

levels, before building the calibration curve that can be seen in Figure 3.17. The linear regression, with 

the respective interval of confidence at a 95% confidence level†, is the displayed in Equation 3.5. 

 

 Absorbance = (1.07 ± 0.06) × 10 × ](  ) + (0 ± 1) × 10  Equation 3.5 

 

 

                                                      
† The confidence interval for a calibration is the critical value times the standard deviation over the 
square root of the number of replicates. The critical value is the two-tailed Student t-value obtained 
with the following parameters: degrees of freedom df=M-2, where M is the number of calibration 
levels, and the critical probability p*=1-α/2, where α=1-confidence level/100). In this case, with 8 
levels, the critical value is 2.45. 
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Figure 3.17: Calibration curve for the ELISA and linear regression. 

 

 

With this equation, it was possible to interpolate the data from the 0.9% NaCL cytokine 

cocktails. Each solution was assayed in triplicate and the results are exhibited in Table 3.4. In this 

table are featured the averaged absorbance measurements, after subtracting the calibration blank and 

the sample blank (the absorbance read from the solution of 0.9% NaCl without cytokines added) and 

the interpolated TNFα concentration for each, with the respective confidence interval for a 95% 

confidence level‡. Also present in this table are the standard deviation and accuracy parameters, 

which were calculated analogously to the same parameters in the previous section (Subchapter 3.4), 

making use of Equations 3.2 to 3.4. The summary of results for the ANOVA performed on this 

regression can be perused in Appendix B. 

The concentrations interpolated for each cocktail are considerably higher than the expected 

25 pg mL-1, with the solution with just TNFα having a positive bias of 97%. This inaccuracy of the 

concentration suggests that the NaCl interferes with the efficiency of the assay, possibly with the 

antibodies capability of binding cytokines. The bias is positive, which would imply the antibodies are 

binding more protein than they should, perhaps promoted by the ions in the solution. As with the 

cross-reactivity tests from the previous Subchapter, this inaccuracy could be lessened by having the 

calibration curve be built with standards diluted in 0.9% NaCl, instead of DI water, to account for the 

effect of the dissolved salt.   

 

                                                      
‡ The confidence interval is the critical value times the standard deviation over the square root of the 
number of replicates. The critical value is the same two-tailed Student t-value obtained for the 
calibration curve: 2.45 
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Table 3.4: TNFα concentrations for each cytokine cocktail, interpolated from the calibration curve (Equation 3.5), from 
ELISA. Also featured are standard deviation and accuracy parameters: bias and relative recovery. 

Cocktails 

Average 

Absorbance 

(450 nm) 

Interpolated 

[TNFα] 

(pg mL-1) 

Standard 

Deviation 

(pg mL-1) 

Accuracy 

Bias 
Relative 

Recovery 

0.9% NaCl + 25 pg mL-1 TNFα 

(- blank) 
0.053 (5±2)x101 11.2 97%  

0.9% NaCl + 25 pg mL-1 TNFα + 

25 pg mL-1 IFN-γ + 25 pg mL-1 IL-4 

+ 25 pg mL-1 IL-10 (- blank) 

0.062 (6±2)x101 11.1  32% 

0.9% NaCl + 25 pg mL-1 TNFα + 

25 pg mL-1 IFN-γ + 25 pg mL-1 IL-4 

(- blank) 

0.056 (5±2)x101 11.1  10% 

 

The relative recovery measured for the cytokine cocktails that contained more cytokines than 

TNFα is low, with values of 33% and 10%. This suggests that the ELISA, while suffering interferences 

from the NaCl, is still quite selective for TNFα in cocktails with different cytokines.  

The bias between both methods can be calculated, as proposed in the opening paragraph of 

this section. With the interpolated concentration from the NaCl + 25 pg mL-1 TNFα solution being 

(3.0±0.9)x101 pg mL-1 for the biosensor and (5±2)x101 pg mL-1 for the ELISA, the bias is -80%, which 

means the results from the biosensor have a theoretical accuracy deviation of negative 80% from the 

results of ELISA. This means the interference from the 0.9% NaCl solution in the ELISA is, as 

observed throughout this Subchapter, more noticeable than in the biosensor. However, with 

calibrations made with standards diluted in 0.9% NaCl, the inaccuracy for both methods could be 

minimized.   

 

3.6 INL sensors 

The results for the last calibration estimated for the INL electrodes are illustrated in Figure 

3.18. The functionalization protocol followed for this chip was cleaning with Acetone/IPA/Milli-Q water, 

an overnight incubation with 10 mg mL-1 of Sulfo-LC-SPDP, an incubation of 120 minutes with 

0.25 mg mL-1 antibody and 60 minutes with 1% BSA, followed by an overnight incubation in PB at 

4º C. On the next day, the various concentrations of TNFα were incubated successively for 60 minutes 

each, after a first PB incubation for 60 minutes. The concentrations used were 1, 2.5, 5, 10 and 

25 pg mL-1 of TNFα. Figure 3.18 correlates the concentration to the normalized Ret, with Ret,1 as the Ret 

measured after each TNFα concentration incubated and Ret,0 defined as the Ret after the 60 minutes 

PB incubation.  
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Figure 3.18: Variation of normalized Ret with TNFα concentration, for the INL chip. A linear regression denotes the linear 

range . 
 

The linear range on this estimation is a well-defined line, with positive normalized Ret values 

even for the lowest concentration levels. This suggests that the biosensors made with INL chips may 

have a lower LOD than the DropSens ones. 
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4 Conclusion and Future Perspectives 

The goal of this thesis was to develop an electrochemical biosensor that could accurately 

detect and quantify the cytokine TNFα, by means of EIS measurements. This sensor could be used 

with samples from laboratory studies or clinical samples, identifying specifically TNFα and providing a 

correct estimation of its concentration in the sample, without interfering signals from other 

components, namely other variants of cytokines. It would be used for academic research and clinical 

diagnosis, to understand how the balance between pro- and anti-inflammatory microglia profiles works 

and how this translates into homeostasis and disease and, ultimately, serve as part of a point-of-care 

diagnostic tool for neuroinflammation. This biosensor would provide precise and accurate measures 

and would have several advantages over the standard method, ELISA, like a lower LOD, a shorter 

time requirement both for sample analysis and running a total assay and a significant reduction on the 

necessary sample volume. 

The biosensor detects and quantifies TNFα, with a linear range from 2.5 to 25 pg mL-1. The 

LOD is 2.6 pg mL-1, lower than the ELISA’s 4 pg mL-1. Future work for increasing the calibration’s 

accuracy includes incubating each electrode with a single concentration level, to avoid accumulation 

issues derived of the multiple incubations made on each electrode. 

Of the three different control cytokines tested, the biosensor was selective against IL-4 and 

IFN-γ, and showed a small interference from IL-10. This does not seem to affect the expected 

accuracy of measurements when assaying cytokine cocktails in 0.9% NaCl. This media caused 

interferences on the measurements, but, once these interferences had been deducted from the 

results, it was possible to interpolate with some accuracy the TNFα concentration on the 0.9% NaCl 

solution, with a bias of just 21%. The biosensor confirms its selectivity with very small relative 

recoveries for the cocktails with different cytokines, even when including IL-10. Future calibrations to 

use in this context should be executed with cytokine standards diluted in 0.9% NaCl to have the 

regression take into account the effect of the dissolved salt. DMEM-10%FBS diluted cytokine cocktails 

were also assayed and returned too much interference on the measurements to be analysed. 

Therefore, tests should be made to understand the origin of the interferences for both media and also 

interpret the interference in the measurements caused by IL-10. 

With a sample incubation time of 90 minutes and a total assay time of 5 hours, the biosensor 

has definite improvements over the ELISA, with its overnight incubation for the samples and 3 days of 

total assay time. The sample volume necessary on these DropSens electrodes is also significantly 

lower than that for ELISA, with 1 μL against 100 μL. 

All in all, the biosensor shows promising results and advantages over the standard method 

ELISA. The optimization of the electrode functionalization and calibration was made on commercially 

available electrodes, which showed some heterogeneity in the behaviour of their surfaces. Ideally, 

future work in this project will be resumed in INL chips, which, with their smoother electrode surface, 

should produce more precise biosensors, and allow the possibility of optimization of the 

microfabrication process, if that reveals itself necessary. Better sensitivity is also likely as the work 

done on the INL chips reveals that these may yield even lower LOD than the commercial electrodes.  
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In the future, a more precise and accurate biosensor should be obtained to test minimally 

invasive body fluids for the presence of cytokines. From that point on, a non-invasive, accurate and 

fast method for the diagnosis of neuroinflammation as a point-of-care device should soon be a reality. 
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5 Scientific Outcomes 

Part of the Introduction for this thesis was adapted from a review article, currently in revision:  

 

Barata, C., Cruz, A. and Mendes Pinto, I.. (2017) Microglial surveillance of the Central 

Nervous System: quantitative analysis of cytokine secretion patterns. Expert Reviews in Molecular 

Medicine (in revision).  
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Appendixes 

A. ANOVA for the linear regression that estimates the calibration 

curve for the biosensor (Subchapter 3.2) 

Regression Statistics 

Multiple R 0.97454 

R Square 0.94972 

Adjusted R Square 0.92458 

Standard Error§ 0.03471 

Observations 4 

ANOVA 

  df SS MS F 

Significance 

F 

Regression 1 0.04551 0.04551 37.777 0.02546 

Residual 2 0.00241 0.00120 

Total 3 0.04792       

  Coefficients Standard Error** t Stat P-value 95% inferior 

95% 

superior 

Intercept 0.07122 0.02734 2.6048 0.12117 -0.04642 0.18885 

X Variable 1 0.01222 0.00199 6.1463 0.02546 0.00367 0.02078 

 

  

                                                      
§ Standard Deviation, as this value is for one only “replicate” (the average). 
** Idem. 
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B. ANOVA for the linear regression that estimates the calibration 

curve for the ELISA assay (Subchapter 3.5) 

Regression Statistics 

Multiple R 0.99866 

R Square 0.99732 

Adjusted R Square 0.99688 

Standard Error†† 0.01455 

Observations 8 

ANOVA 

  df SS MS F 

Significance 

F 

Regression 1 0.04733 0.47334 2236.6 5.9905 x  10-9 

Residual 6 0.00127 0.00021 

Total 7 0.47460       

  Coefficients Standard Error‡‡ t Stat P-value 95% inferior 

95% 

superior 

Intercept 0.00885 0.00648 1.3670 0.22062 -0.00699 0.02470 

X Variable 1 0.00150 0.00003 47.293 

5.99x10-

9 0.00142 0.00158 

 

  

                                                      
†† Standard Deviation, as this value is for one only “replicate” (the average). 
‡‡ Idem. 
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