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Abstract 

In this project, optical sensing surfaces based on EpoCore and SU-8 thin-film 

depositions over a Si wafer have been tested and compared for the immunoassay pair 

TAU protein/anti-TAU antibody. Sensing surfaces are flat interferometers that work by 

the alteration of their reflectance spectra upon the deposition of a biolayer on top of 

them. Both EpoCore and SU-8 surfaces were successfully biofunctionalized by direct 

incubation of TAU and anti-TAU containing samples after low-pressure RF O2 plasma 

exposure. The biofunctionalized-surfaces recognition capacities were studied, finding 

that they can detect the incubation of TAU samples when functionalized with anti-TAU 

(direct immunoassay) and vice-versa (indirect immunoassay). This was done for SU-8 

sensing surfaces fabricated in this project, for EpoCore surfaces sent by the Iberian 

Nanotechnology Laboratory (INL), and for prefabricated 65 SU-8 cell chips at the 

Group of Optics, Photonics, and Biophotonics (GOFB). The interrogation (readout) 

methods employed the reflectance spectra of sensing surfaces to measure their 

wavenumber shift spectral displacements (∆𝑘) in an FT-Vis-NIR (FTIR) spectrometer 

or their increase-in-relative-optical-power increments (ΔIROP)s in a MOX, a device 

used at the GOFB for massive optical detection assays. The second part of the work 

focused on the synthesis, biofunctionalization, and application of Protein G (PG) 

biofunctionalized gold nanoparticles (AuNPs) to amplify the detection signals of the 

TAU/anti-TAU assays. These particles were used in indirect immunoassays, where the 

sensing surface was initially biofunctionalized with TAU, then recognized with anti-

TAU, and lastly, incubated with PG biofunctionalized AuNPs. The PG 

biofunctionalized AuNPs showed a specific recognition for surfaces with anti-TAU, 

since the PG is an immunoglobulin agent that can bind with antibodies, increasing the 

size of the biofilm and amplifying the detection signal. A modification to Haiss’s 

Formula 3 resulted in a novel UV-Vis self-consistent method to calculate the diameter, 

particle density, and colloidal gold concentration out of a dissolution of AuNPs 

characterized by UV-Vis spectrophotometry. The main contributions of this work are 

the confirmation that EpoCore is suited for biofunctionalization and optical detection 

assays and that PG biofunctionalized AuNPs have been found to amplify selectively the 

optical detection of the pair TAU/anti-TAU. 
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Resumen 

En este proyecto se han considerado las superficies sensoras basadas en deposiciones de 

lámina delgada de EpoCore y SU-8 sobre sustratos de Si para estudiar sus propiedades 

de biofuncionalización y de detección del par proteína TAU y anticuerpo anti-TAU. 

Estas superficies sensoras actúan como interferómetros planos cuyo principio de 

detección está basado en el cambio del espectro de reflectancia cuando una capa de 

material biológico se deposita sobre ellas. Las superficies basadas en EpoCore y SU-8 

se han biofuncionalizado exitosamente tanto con TAU como con anti-TAU tras una 

incubación posterior a exposición a plasma de baja presión RF de O2.  La capacidad de 

detección de estas superficies se ha estudiado, demostrando que podían de reconocer la 

presencia de muestras con TAU cuando eran biofuncionalizadas con anti-TAU 

(inmunoensayo directo) y viceversa (inmunoensayo indirecto). Esto se ha comprobado 

para las superficies de SU-8 fabricadas en este proyecto, para las superficies de 

EpoCore enviadas por el International Iberian Nanotechnology Laboratory (INL), y 

para las superficies sensoras con 65 celdas de SU-8 prefabricadas en el Grupo de 

Óptica, Fotónica y Biofotónica (GOFB). Se han utilizado dos técnicas de interrogación 

de superficies sensoras. La primera ha consistido en el desplazamiento en números de 

onda de los espectros de reflectancia (∆𝑘) mediante el uso de un espectrómetro FT-Vis-

NIR (FTIR). La segunda ha consistido en los incrementos de increase-in-relative-

optical-power (ΔIROPs) medidos en un MOX, un dispositivo usado en el GOFB para la 

realización masiva de ensayos de detección óptica. La segunda parte del trabajo se ha 

centrado en la síntesis, biofuncionalización, y aplicación de nanopartículas de oro 

(AuNPs) biofuncionalizadas con Proteína G (PG) para la amplificación de señales de 

detección del par TAU/anti-TAU. Estas AuNPs se han utilizado en inmunoensayos 

indirectos, donde la superficie sensora se encontraba funcionalziada con TAU, se 

reconocía con anti-TAU, y por último se usaban las AuNPs biofuncionalizadas con PG. 

Las AuNPs mostraron un comportamiento selectivo hacia las superficies con anti-TAU 

debido a que la PG es un agente que se une con los anticuerpos, incrementando el 

tamaño de la capa biológica y amplificando las señales de detección. Finalmente, una 

variación de la Haiss’s Formula 3 ha sido integrada en un nuevo método de tipo auto-

consistente para determinar el diámetro, la densidad de partículas, y la concentración de 

oro coloidal de una disolución de AuNPs caracterizada por espectrofotometría UV-Vis. 

Las principales contribuciones de este trabajo son dos, la confirmación de que el 



Evaluation of New Materials for Optical Biosensors 

Carlos Gómez Rodellar   5 

EpoCore es susceptible de ser biofuncionalizado para su uso en ensayos de detección 

óptica, y la comprobación de que las AuNPs biofuncionalizadas con PG pueden ser 

utilizadas como agentes de amplificación de señal selectiva en la detección óptica del 

par TAU/anti-TAU. 
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1 Introduction  

1.1 Context of the Project and Motivation 

Point-of-Care (PoC) diagnostics refers to a collection of scientific, technological, and 

legislative measures and techniques that aim to decentralize clinical tests away from 

laboratories, bringing them as close as possible to the point of extraction of the sample 

(patients, waterbodies such as rivers and lakes, food, etc.). While well-known examples 

of PoC diagnostics include portable glucometers for diabetic patients and paper strip 

assay-pregnancy-tests, this concept goes far beyond, including smartphone modules for 

colorimetric measurements or “lab-on-a-drone” architectures for remote diagnostics 

with military or humanitarian purposes [1]. Under this PoC framework, at the Group of 

Optics, Photonics, and Biophotonics (GOFB) [2], belonging to the Center for 

Biomedical Technology (CTB) at Universidad Politécnica de Madrid (UPM) [3], an 

effort is being made to obtain reliable and cost-effective optical analyte detection, which 

aims to simplify the detection of various diseases such as dry-eye [4] and rotavirus [5], 

SARS-COV2’s immunoglobulins [6], food allergies [7], or even contaminants in water 

[8]. 

The detection of biomolecules is done by a biosensor, which is a device capable of 

detecting specific biological species, or more generally, chemical compounds [5]. In a 

general way, a sensor converts a physical magnitude altered by the presence of a target 

analyte to an electrical signal (transduction) which can be converted to be read by a 

user. This transducing process serves to categorize the detectors into optical, 

mechanical, electrical/electrochemical, thermometric, or mass-change-induced 

(piezoelectric) [9]. The addition of bio into biosensor implies the presence of biological 

receptors such as antibodies, enzymes, antigens, DNA/RNA (oligonucleotides), 

aptamers or cell receptors, which will recognize selectively targeted biological species, 

allowing the recognition of antibodies, hormones, proteins, bacteria, viruses, 

oligonucleotides, or other chemical agents [10]. 

An immunoassay is the recognition reaction (binding) between an antigen and its 

specific antibody, forming an immunocomplex. Most immunoassays are based on the 

competitive binding between labeled and unlabeled antigens to an antibody. 

Conventionally, this complex is separated from the reaction medium by chemical or 

physical techniques and then the labeled activity is measured (radiation, fluorescence, 
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enzymatic activity, etc.). The repetition of this process varying the proportions of 

labeled to unlabeled antigens permits the obtention of a standard calibration curve 

which can be used to determine unknown analyte concentrations in samples. Although 

this standard method has a high performance (ELISA-type assay), it requires additional 

treatment septs which ideally to be avoided for a more direct measure [11]. Label-free 

optical biosensors work without additional tags or chemical amplification and are based 

on a range of working principles: surface plasmon resonance (SPR) [12], Mach-Zehnder 

Interferometers [13], slot waveguides [14], and BICELLs [15], among others [16]. 

Generally, these label-free optical biosensors are based on photonic architectures which 

produce resonant or interferometric optical modes, enhancing the sensing signal of the 

analyte detected. The immobilization of a bioreceptor (Eg. an antibody) on the surface 

of the photonic architecture will cause a change in the optical properties upon 

recognition of the target biomolecule, thus leading to changes in the optical resonances 

when the surface is interrogated with a source of light [5]. The simplest optical 

architecture is a single thin-film of biofunctionalized polymer whose working principle 

is that of a flat interferometer and is described in section {1.4.2}.  

Alzheimer’s disease is a brain-affecting disease with slow-developing symptoms. Its 

three main physiological characteristics are [17]: 

• Beta-amyloid plaques: namely, clumps of amyloid peptides, brain cells, and 

nerve cells between the brain cells. 

• Neurofibrillary tangles: built-up of hyperphosphorylated non-soluble isoforms of 

TAU, a microtube-building protein which otherwise is normally soluble [18]. 

• Synapse loss between brain cells. 

These signs are being exploited to indicate the presence or absence of Alzheimer’s 

disease. Specifically, the levels of beta-amyloid or TAU in cerebrospinal fluid and 

blood can be measured as potential biomarkers of Alzheimer’s disease [17]. In 

particular, the label-free optical detection of TAU by its antibody recognition (anti-TAU 

or a-TAU) using optical sensing surfaces has been studied in this project. For this 

purpose, the already thoroughly studied SU-8 surfaces on Si wafers were used for TAU 

recognition. In addition to this, under a collaboration with the International Iberian 

Nanotechnology Institute (INL) [19] an alternative thin-film polymer, the EpoCore, has 

been tested to study its potential biofunctionalization with biological species for the 

development of sensing optical photonic structures. 
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Finally, gold nanoparticles (AuNPs for gold ones and more generally NPs) have been 

studied as a potential way of amplifying the detection signal of the TAU/anti-TAU 

assay on the optical sensing surfaces. AuNPs are known for their low cytotoxicity, 

simple synthesis, easy functionalization, and their SPR effect due to their nanoscale size 

[20]. Using a series of conjugation reactions, it is possible to link antibodies to AuNPs, 

thus leading to very interesting assay species [21] which can be tailored to recognize 

specific biomolecular/chemical targets. Due to the distinct optical properties of AuNPs, 

their combination with optical sensing surfaces promises to deliver strong output signals 

even for little concentrations of TAU protein. The principal idea behind this is discussed 

in section {1.5.1}. 

In summary, label-free optical sensors based on thin-film depositions of SU-8 and 

EpoCore have been biofunctionalized both with TAU and a-TAU and performed 

recognition assays of their complementary molecules. This was done to check if the 

EpoCore surfaces were susceptible to biofunctionalization while keeping a benchmark 

of results with the already studied SU-8 surfaces by the GOFB. On the other hand, the 

synthesis, functionalization, and biofunctionalization of AuNPs have been done, 

applying them on the sensing surfaces to study their signal-amplifying properties. 

Indeed, this project is a PoC-like effort to make the diagnosis of Alzheimer’s disease 

more available for the public, testing new materials and amplification techniques to 

identify the presence of protein TAU in samples, which is a vital task when dealing with 

earlier stages of the disease. 

1.2 Objectives 

The main objectives of this project can be summarized by the following sentence: 

To test a new optical sensing surface based on EpoCore and apply biofunctionalized 

gold nanoparticles to enhance the optical biosensing detection results of the 

antigen/antibody pair TAU/anti-TAU.  

This sentence can be broken down into two main branches with several tasks: 

1. Test new EpoCore-based optical sensing surfaces: 

1.1. Characterize the EpoCore samples fabricated at the INL. 

1.2. Test the biofunctionalization capacity of the EpoCore surfaces with both TAU 

and anti-TAU. Compare the results with SU-8-based surfaces fabricated in this 

project and extensively studied at the GOFB. 
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1.3. Test the recognition capabilities of the TAU/anti-TAU pair by the 

biofunctionalized EpoCore surfaces in antigen/antibody assays. Use the SU-8 

surfaces to check the recognition steps done. 

2. Apply PG biofunctionalized AuNPs for detection amplification: 

2.1. Synthesize AuNPs cores/seeds and grow them by the Turkevitch Method. 

2.2. Functionalize the AuNPs with thiol-containing molecules. 

2.3. Biofunctionalize the AuNPs with PG and/or antibodies (anti-TAU). 

2.4. Test the biofunctionalized AuNPs as signal amplifiers in the TAU/anti-TAU 

assays for EpoCore and SU-8 based surfaces. 

1.3 Neurological Dementia, Alzheimer’s Disease, TAU and Anti-TAU 

Alzheimer’s disease is named after Dr. Alois Alzheimer, a German physician who in 

1906 described the case of a woman who had died of an unusual mental disorder that 

included memory loss, speech impairment, and unpredictable behavior. Upon autopsy, 

the physician noted an anomalous disposition of the brain tissue [17]. The prevalence of 

Alzheimer’s disease in Europe was estimated to be around 11.08 per 1000 person-years 

in 2016, with a higher prevalence among women than men [22]. Furthermore, in the 

US, it is estimated that nearly two-thirds of people with Alzheimer’s disease are 

women, partly because of their longer life expectancy since women and men are equally 

likely to get this disease at the same age [23]. One out of every 5 people above 65 has 

some form of mild cognitive impairment (MCI), however, not everyone with this 

condition will develop dementia. Alzheimer’s disease is the most common cause of 

dementia for people above 65 years including symptoms such as memory problems, 

question repetition, disorientation, failure to follow indications, people and 

spatiotemporal confusion, and negligence on basic personal-preservation activities like 

safety, hygiene, and nutrition [24]. 

While a healthy brain has billions of nerve cells with connections between each other 

(synapses), Alzheimer’s disease causes these cells to die and synapses to stop working 

[23] eventually causing the death of individuals usually by aspiration pneumonia – the 

incapability to swallow or ingest food properly which ends up going to the lungs instead 

of the stomach – in a period which ranges from 3 to 9 years [25]. The rate of affection 

of Alzheimer’s disease is a non-linear process that varies from person to person 

structured into three stages [17]: 
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1. Preclinical Alzheimer’s disease: changes in the brain may begin up to 20 years 

before any other noticeable symptoms are present.  

2. Mild cognitive impairment: apparition of MCI, with limited impact in other 

cognitive functions. Although the physiological changes in the brain are 

advanced, the brain itself compensates for the changes minimizing their impact. 

3. Alzheimer’s disease dementia: this stage shows loss of memory, thinking, and 

behavioral symptoms which impair the daily life of the patient. Eventually leads 

to death. 

Symptoms start manifesting in the second stage when the degradation process is 

moderately advanced. Therefore, the early diagnosis of the disease is of vital 

importance. Here is where the biomarkers TAU and beta-amyloid as well as for other 

biological footprints are exploited as potential indicators for early diagnosis of 

Alzheimer’s disease [26]. In affected nerve cells, the cytoskeleton shows alterations, the 

most common one being neurofibrillary tangles, which are filamentous inclusions in the 

cell bodies made up of phosphorylated isoforms of the TAU protein which is a 

microtubule-binding protein normally soluble in water [18]. For this reason, in this 

project, the detection of TAU protein by label-free optical biosensors was studied. This 

was done by performing antigen-antibody assays between the pair TAU and anti-TAU 

(its recognizing antibody), tracking the changes with the aforementioned optical 

biosensors. 

While some genetic factors are responsible for Alzheimer’s’ disease, other lifestyle 

factors may be to blame for higher incidence. Smoking, diabetes, obesity, high 

cholesterol, and high blood pressure are relevant risk factors. While there is not a clear 

answer for how to prevent the disease, early diagnosis and healthy lifestyle factors like a 

heart-healthy diet (“Mediterranean diet”), physical, mental, and social activity as well as 

for the consumption of vitamins E, C, B, and coenzyme Q, have been linked to lower 

risks [17]. 

1.4 Optical Biosensors 

1.4.1 Biosensor Metrics 

A biosensor is an analytical device that includes biological molecules such as antibodies 

for the detection of biological or chemical components in samples by measuring the 

change of a physical magnitude upon analyte-bioreceptor recognition (Fig. 1). 
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Fig. 1 Scheme of the main components of a biosensor. The recognition of the analytes (blue-balls) by the 

baroreceptors will cause a quantifiable change of a physical property that can be related to the amount 

of recognized species. 
Table 1. Main metrics of a biosensor 

Selectivity 

The ability of a biosensor to detect a specific analyte in a 

sample containing other species without contamination 

of the signal. 

Reproducibility 
The ability to generate identical responses for repeated 

experimental set-ups. 

Stability 
Degree of susceptibility to ambient disturbances around 

the biosensing system. 

Sensitivity 

The minimum amount of analyte that can be detected by 

a biosensor, defined by the limit of detection (LOD). 

The LOD is calculated as the standard deviation of the 

response (𝑆𝑦) and the slope of the calibration curve (𝑚) 

multiplied by a coverture factor of 3 (𝐿𝑂𝐷 = 3 ∗ 𝑆𝑦/𝑚). 

Linearity 

Accuracy of the measured response to a straight line 

(𝑦 =  𝑚𝑐) where 𝑐 is the concentration of analyte, 𝑦 is 

the readout signal and 𝑚 is the slope of the standard 

calibration curve of the sensor. 

 

As depicted in Fig. 1, there are four main components. First, a bioreceptor, a molecule 

that specifically recognizes the target analyte (biorecognition). Upon recognition, there 

is a signal generated in the form of light, heat, pH, mass change, optical property 

change, etc. Second, the transducer, an element that converts a form of energy into 

another, its role is to convert the biorecognition into a measurable signal. Third, the 

electronics, part of a biosensor that detects and processes the transduced signal. Lastly, 

the display, interpretation system that outputs the signal in a numeric, graphic, or 
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tabular way.  The setup described is for a typical biosensor, but other architectures are 

possible like the paper strip ones which may not offer numerical results. Ideally, this 

biosensor should be fast, direct, highly sensitive, and work with low sample volumes. 

The principal metrics for a biosensor [10] were previously shown in Table 1.  

1.4.2 Optical Sensing Surfaces and Principle of Detection 

The sensing surfaces used in this project consist of polymer depositions on Si wafers 

which act as a simple thin-film interferometer. A surface represents a change in the 

materials of the architecture; therefore, it also presents a discontinuity of the optical 

properties of the medium where light propagates (like the refraction index 𝑛, which 

describes the speed of light in that medium, or the 𝑘 index which describes the 

absorption of light). This causes an apparition of optical effects such as reflection and 

transmission. The energetic balance of an incident beam of light radiation (𝐼𝑖𝑛𝑐) onto a 

single layer of material is: 

𝐼𝑖𝑛𝑐 =  𝐼𝑅 + 𝐼𝐴 + 𝐼𝑇 = 𝐼𝑖𝑛𝑐 ∗ 𝑅 +  𝐼𝑖𝑛𝑐 ∗ 𝐴𝑏𝑠 +  𝐼𝑖𝑛𝑐 ∗ 𝑇𝑟𝑎𝑛𝑠  Eq. 1 

Where 𝐼𝑅, 𝐼𝐴, and 𝐼𝑇 are the reflected, absorbed, and transmitted parts of the radiation 

modulated by the reflectance/reflectivity (𝑅), the absorbance (𝐴𝑏𝑠), and the 

transmittance (𝑇𝑟𝑎𝑛𝑠). However, if another layer is present on top of this material 

reflections will appear for each new interface in the multi-layer architecture, acting as 

an interferometer. The interferences between the reflected parts of the light will lead to 

distinct reflection interference patterns depending on the optical constants of the 

materials and their thickness (Fig. 2), a fact which can be used for their characterization 

as done by Filmetrics (section {2.2.1}). 

 
Fig. 2 Multi-reflections for a 2 material photonic architecture and interference reflectance signal. 

Reflectance interference pattern calculated as seen in annex 1, section {7.1}. 
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The addition of additional layers will alter the reflectance patterns obtained from the 

structure, the principle used for the detection of biomolecules. To predict the presence 

of a biofilm on top of any multilayer system, the Fresnel equations are used to give the 

ratios of the electric field phasors of the incident, reflected, and transmitted light waves 

at each interface for both 𝑝 and 𝑠 polarizations. The expressions only for the reflected 

parts from a beam traveling from a medium 𝑎 to a medium 𝑏 are: 

 
𝑟𝑠

𝑎𝑏 =  
𝑛𝑎 cos 𝜃𝑎 − 𝑛𝑏 cos 𝜃𝑏

𝑛𝑎 cos 𝜃𝑎 − 𝑛𝑏 cos 𝜃𝑏
  Eq. 2 

 
𝑟𝑎𝑏𝑝

=  
𝑛𝑎 cos 𝜃𝑏 − 𝑛𝑏 cos 𝜃𝑎

𝑛𝑎 cos 𝜃𝑏 + 𝑛𝑏 cos 𝜃𝑎
  Eq. 3 

Where 𝜃𝑎 is the incident angle from medium 𝑎 and 𝜃𝑏 is the refracted angle as 

determined by Snell’s law. The total reflectivity of a multilayer system considering all 

the reflections can be determined deriving from Maxwell’s equations and the boundary 

conditions by a complex-number transfer matrix method [27]. For a system of two 

layers (1 and 2) on top of a wafer (3), in a surrounding medium (0), the total reflected 

radiation is calculated with the following set of equations: 

 𝑟𝑠|𝑝
𝑡𝑜𝑡𝑎𝑙 =

𝑟𝑠|𝑝
01 + 𝑟𝑠|𝑝

123 exp(𝑖 ∗ 2 ∗ 𝛾1)

1 + 𝑟𝑠|𝑝
01𝑟𝑠|𝑝

123 exp(𝑖 ∗ 2 ∗ 𝛾1)
 Eq. 4 

 𝑟𝑠|𝑝
123 =

𝑟𝑠|𝑝
12 + 𝑟𝑠|𝑝

23 exp(𝑖 ∗ 2 ∗ 𝛾2)

1 + 𝑟𝑠|𝑝
12𝑟𝑠|𝑝

23 exp(𝑖 ∗ 2 ∗ 𝛾2)
 Eq. 5 

 𝛾𝑛 =
2 𝜋

𝜆
∗ 𝑛𝑛 ∗ 𝑑𝑛 ∗ cos 𝜃𝑛 Eq. 6 

Where 𝑛𝑛 is the refractive index of a material,  𝑑𝑛 is the thickness of that layer, 𝜃𝑛 the 

angle of the incident radiation with respect to the normal, 𝜆 is the wavelength of the 

incoming radiation, and 𝑟𝑠|𝑝
𝑎𝑏 denotes the reflectivity either for 𝑝 or 𝑠 polarizations 

determined with Eq. 2 or Eq. 3. 

These equations can be used to model and predict the presence of a biological layer on 

top of a thin-film polymer deposition by its reflection spectrum. This is the architecture 

used for the optical biosensors used in this project (Fig. 3 A)). The Si wafer acts as 

reflective support, the polymer layer acts as an interferometer to cause an interference 

pattern with the incident light and as anchoring support for the antibodies which act as 

bioreceptors. While these bioreceptors act as a biolayer by themselves, upon recognition 

of the antigens and formation of the immunocomplex, the “thickness” of the biolayer 

will increase, altering the reflectance pattern. For small sizes of biolayer compared to 
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the polymer and the wafer, the biolayer increase implies a displacement of the peaks 

and valleys of the interference pattern which can be measured and quantified to 

correlate with the amount of target bioanalyte to detect (Fig. 3 B)). The presence of a 

bioreceptor (antibody) will cause an increase in the biolayer only if the corresponding 

antigen is present, thus leading to selective sensing of the target analyte (selective 

behavior). This is true for the contrary, for an antigen functionalized surface only the 

incubation of recognizing antibodies will lead to selective growth of the biolayer 

shifting the reflectance spectrum. 

 
Fig. 3 A) Sensing surface disposition and principle of detection. The Si wafer acts as a substrate, the 

polymer layer is partly responsible for the interferometric behavior of the architecture and acts as an 

anchor for the biological species that build up the biological layer. When the antigens arrive at the 

surface, they are recognized by the antibody, forming an immunocomplex and increasing the thickness of 

the biological layer, changing the reflectance spectrum of the surface, and shifting it towards higher 

wavelengths – lower wavenumbers – (Fig. 3 B)). The reverse is also true, the surface can be 

functionalized with antigens and recognized with antibodies, leading to changes in the reflections which 

can be used to quantify the biological species. B) Wavelength shift predicted from implementing 

equations Eq. 3, Eq. 4 and Eq. 5 in Python 3.9 [28] for a bilayer & substrate architecture (annex 1 

section {7.1}). This shift towards higher wavelengths (lower wavenumbers) is used to estimate the 

amount of biomaterial on top of the surface which is the sensing principle of these architectures. Note 

that d = 0 nm implies the absence of a biofilm, corresponds only to the interference  SU-8/Si wafer. 
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The interrogation (readout) of a multilayer (scheme of Fig. 3 A)) means irradiating it 

with a source of light and then measuring the reflection response. This was done in this 

project both by FTIR {section 2.6.1} and MOX {section 2.6.2} readout methods. Note 

that the pattern seen in Fig. 3 B) is calculated for normal incidence (𝜃𝑖𝑛𝑐 = 90º) which 

simplifies the angle-depending term in Eq. 6, experimentally, measurements are 

typically done at this incidence.  

1.5 Gold Nanoparticles 

1.5.1 Gold Nanoparticles as Signal Amplifiers for Sensing Surfaces 

AuNPs are extensively used for bioimaging, drug and gene delivery, and other 

diagnostic and therapeutic applications. Each of these applications requires a specific 

function performed by the particles, therefore, they need to be functionalized, by the 

conjugation (linking) with specific chemical structures, giving specific physicochemical 

properties. In Table 2 a summary of functionalization agents for AuNPs is shown. 

Table 2 Potential functionalization agents for AuNPs 

Functionalization Functional Group 
Ligands/Carrier 

Molecule 
Application 

1 
Polyethylene Glycol 

(PEG) 

Dyes attached through 

thiol groups 

Cellular targeting and 

biodistribution studies 

2 Amine Groups PEG RNAi technology 

3 Carboxyl Groups Proteins 

Wide range depending on 

the protein. E.g., HIV 

intracellular path tracing 

4 Peptides 
Cell surface receptors, 

antibodies, 

Bioimaging of cancer 

cells, cellular and 

intracellular targeting. 

5 DNA 
Aptamers, Thiolated 

DNA, oligonucleotides 

Bioimaging, gene 

delivery, regulation of 

gene expression, detection 

of genes and microbes. 

6 RNA RNA-Gold conjugates 
Gene expression 

regulation, RNAi 

7 Antibodies Action against pathogens 

Immunoassays, treatment 

and diagnosis, toxin 

regulation 

While the functionalization from Table 2 could be applied to any metallic nanoparticle 

(Ag, Fe, etc.), AuNPs are extensively applied in biomedicine due to their limited 

toxicity, their well elucidated shape-controlled synthesis routes, and their SPR 
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resonance properties which makes them ideal candidates for bioimaging and detection 

[20]. The use of AuNPs in biomedicine is broadly extended since their functionalization 

allows to generate species that will perform very specific functions – like recognition of 

biomolecules if antibodies are attached – and at the same time show very characteristic 

optical properties which make them a powerful imaging and detection tools. For the 

case at the matter, biosensors based on sensing surfaces, the recognition assay can be 

adapted to employ functionalized AuNPs as a final step, which promises to deliver 

strong signal outputs with little concentration of biomarkers. 

The assay described in Fig. 3 A) can be modified to include AuNPs as seen in Fig. 4. In 

this new case, the sensing surface is functionalized with the antigen to detect (TAU 

protein), and then, over them, the antibodies (anti-TAU) are incubated to recognize the 

immobilized antigen. This will give out a displacement of the peaks by the formation of 

a biolayer in a similar way to what was shown in Fig. 3 A) and Fig. 3 B). Now, 

biofunctionalized AuNPs with an antibody linking protein – called Protein G (PG) – are 

added so that they would attach to the antibodies on the surface. In this new situation, 

when the readout of the surface takes place, the AuNPs will interact with the incoming 

radiation (forming an additional layer on top of the biolayer). Their distinct optical 

resonance properties make them extremely interesting tags for amplifying detection 

signals. 

 
Fig. 4 Disposition of an assay for a sensing surface to employ AuNPs as signal amplifying agents. The 

recognition of an antigen by an antibody and its subsequent linking to an AuNP will lead to the 

formation of a new layer with new reflections and the possibility to measure the SPR properties of the 

particles as detection tags. This is only one application; other possibilities include competitive 

immunoassay type detections with functionalized AuNPs. 
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1.5.2 Optical Properties of Gold Nanoparticles: Surface Plasmon Resonance 

One of the foundational aspects of nanoscience is that matter displays unique optical, 

magnetic, mechanical, and electronic properties when nanostructured compared to their 

macroscopic bulk structuration due to their area-to-volume ratio. Nanoparticles are no 

exception to this, with noble metal (Au, Ag) nanoparticles displaying a particular SPR 

resonance effect. When a metal particle is exposed to light, a collective coherent 

oscillation of free conduction electrons is induced, causing a charge separation from the 

ionic lattice forming dipole oscillations that follow the direction of the electric field. 

When the amplitude of oscillation becomes maximum, the SPR condition is reached, 

showing a strong absorption of the incident electromagnetic radiation, with noble metals 

showing a more exacerbated effect than other metals. In addition to this, the SPR’s band 

shape and intensity are affected by the electron density on the surface of the 

nanoparticle, particle size, shape, composition, structure, and dielectric constant of the 

surrounding medium [29].  

The mathematical description of the SPR dependence with the experimental conditions 

can be described by Mie’s theory, which is a mathematical-physical theory of the 

scattering of electromagnetic radiation relying upon the exact solution of Maxwell’s 

equations with the scattered fields represented as an infinite series of spherical 

multipoles. A more formal approach was developed later by Stratton which is the theory 

used nowadays [30].   

1.5.3 Gold Nanoparticles Synthesis Overview 

AuNPs synthesis is widely categorized into two approaches, the “bottom-up” or the 

“top-down” methods: 

• Bottom-up: nanosphere lithography, chemical, photochemical, electrochemical, 

templating, sonochemical, and thermal reduction techniques. The main idea 

behind these methods is to assemble atoms into nanostructures by reducing Au 

ions.  

• Top-down: Photolithography and electron beam lithography, which aim to 

remove matter from bulk materials to generate nanostructures [31]. 

Each group has its advantages and drawbacks, for bottom-up methods the 

monodispersity of particles may be high while for top-down the waste of material is 

elevated [32].  
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Among the bottom-up techniques, the Turkevitch method is widely employed for the 

synthesis of colloidal gold suspensions. 

Turkevich Method: A classical choice for AuNPs synthesis based on the reduction of an 

HAuCl4 (chloroauric acid) dissolution by citrate (C6H5O7
3-) in water. This method was 

developed in 1951 and consists of boiling the HAuCl4 dissolution in water with the 

addition of a dissolution of trisodium citrate under vigorous stirring [33], [34]. In this 

method, the citrate ions are used both as a reductant and a stabilizing agent, obtaining 

particles of up to 20 nm in diameter. After the initial synthesis, a second growth phase 

with hydroxylamine can be used to generate particles up to 150 nm in diameter [35]. 

This method was employed for AuNPs synthesis, and therefore, it will be described step 

by step in the methods {sections 2.3.1 and 2.3.2}.  

Other bottom-up techniques found in the literature include: Brust-Schiffrin method [36], 

[37], electrochemical methods [35], [38], biological methods [32], ionic liquid methods 

[39], Digestive ripening [40], Solvothermal methods [41], and Photochemical reduction 

[42], among others [35].  

1.5.4 Gold Nanoparticle Functionalization Chemistry: Linkers, Spacers, and 

Directors 

Unfortunately, to conjugate the AuNPs with the desired functional groups is not always 

trivial and requires intermediate steps. The raw interactions between AuNPs and 

proteins are; the electronic attraction between the negatively charged particles and 

positively charged proteins, adsorption phenomena by hydrophobic pockets in the 

protein, or by covalent bonding to free sulfhydryl groups. In addition to this, the 

conjugation particle-protein could thus alter the tertiary structure of the proteins, 

fundamentally modifying their biological interactions. The low specificity of the 

protein-particle interactions may lead to unconjugation processes or cramped 

positioning on the surface of the particle, requiring the assistance of linkers, directors, 

and spacers. These, are additional molecules that bridge between the surface of the 

particle and the protein, with linkers connecting structures, spacers avoiding 

aggrupation of bulky structures, and directors favoring distinct linking spatial directions 

[21].  
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1.5.5 Gold Nanoparticle Functionalization Chemistry: Thiol-Linking Groups 

Molecules that contain thiol groups (-SH) are known to interact with metal ions and 

surfaces, generating dative bonds that are considered weaker than a true covalent 

linkage Fig. 5 A). These bonds may be subject to oxidation by exposition to oxygen and 

aqueous dissolutions, displacement by other thiol-containing molecules, or by atoms 

with lone-pair electrons. This situation can be improved by using multi-dented covalent 

molecules  (Fig. 5 C)) instead of the mono-dented type (Fig. 5 B)) [43].  

 

Fig. 5 A) Reaction between an AuNP and a thiol-containing group to form a dative covalent bond, B) 11-

Mercapto Undecanoic Acid (MUA), the linker used in this project, C) Cystamine, a bidentate linker 

The use of thiol-containing molecules has been extensively applied to AuNPs as a first 

linker between the surface of the particle and other structures. These linkers may have 

other terminal groups like carboxylates or amines whose chemistry is exploited to then 

conjugate them to proteins. Consequently, acting as a link in the chain between the 

nanoparticle and the protein. 

In this project the linker 11-Mercapto Undecanoic Acid (MUA, Fig. 5 B)) was used as a 

linker. In addition to this, a thiolated version of polyethylene glycol, the O-(2-

Mercaptoethyl)-O-methyl-polyethylene glycol (PEG, thiolated-PEG, or t-PEG) was 

used as a spacer between linker molecules so that subsequent conjugation reactions 

would not be affected by the steric effects between bulky biological molecules. 

1.5.6 Gold Nanoparticle Functionalization Chemistry: EDC and S-NHS for Protein-

Gold Conjugation 

Once a linker has been conjugated to the gold particle, the next step is to conjugate a 

protein to the linker functional groups. At this point, what is being performed is a 
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biofunctionalization, since the conjugation is being done with biological molecules like 

proteins or DNA, examples previously seen in Table 2. 

In this project, conjugation with carboxylic linkers was used. The thiol linker bonded to 

the surface of the particle had another carboxylic group along its chain (MUA). 

Consequently, the bioconjugation took place by exploiting the related chemistry with 

this carboxylic group through the addition of 1-ethyl-3-(3-dymethylaminopropyl)-

carbodiimide hydrochloride (EDC) and sulfo-N-hydroxysulfosuccinimide (S-

NHS/Sulfo-NHS). The sequential addition of these two reactants generates a reaction 

intermediate (S-NHS ester) which can react with primary amine-containing molecules (-

NH2/-NH3
+), generating an amide bond and other bi-products. Proteins and peptides are 

formed by varying length chains made up of amino acids which contain primary amines 

and, therefore, they are susceptible to bioconjugation with a carboxylic group via the 

EDC and S-NHS chemistry as depicted in Fig. 6 [44]. 

 

Fig. 6 Bioconjugation reaction EDC/S-NHS mediated between a carboxylic group (MUA) and a 

primary amine-containing molecule (PG). The addition of S-NHS increases the conjugation yield 20 

times compared to EDC alone. The pH needs to be around 6.0 to avoid hydrolyzation of the 

intermediate esters and the precipitation of the conjugates. This is the reason why these reactions take 

place in the MES buffer, which stabilizes the dissolutions. Reaction from Bioconjugate Techniques 

page 220 [44]. 

The chemical reaction described (Fig. 6) works the same for the non-sulfonated version 

of the S-NHS, the NHS. However, the addition of the negatively charged sulfonate 

group aids the water solubility of this compound, often eliminating the need for organic 

solvents. However, S-NHS esters and their analogs have half-lives of hydrolysis of 

hours, hence complicating their storage and preparation [45]. The EDC/S-NHS coupled 

reactions have high efficiency and increase the yield of conjugation compared to just 
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applying a primary-amine-containing molecule to the intermediate formed when adding 

the EDC [44]. These reactions take place adding MES buffer, based on 

morpholinoehtanesulfonic acid, a chemical structure with a slightly acid behavior 

(𝑝𝐾𝑎 = 6.5), extremely stable to temperature, minimal saline and chelating effects and 

high solubility in water. 

 

Fig. 7 Nanoparticle conjugation structure scheme: AuNPs-(MUA|t-PEG)-PG-anti-TAU. All the 

structures conjugated to the AuNPs can be observed. From the linker between the PG and the AuNP 

(MUA) to the spacer (thiolated-PEG), the blocking agent of the free carboxylic MUA (Ethanolamine) to 

the antibody (anti-TAU) and the antigens (TAU) with their disposition for the performed assays. 

The protein bioconjugated by the reaction seen in Fig. 6 is not directly the antibody 

whose antigen wants to be detected, but rather an immunoglobulin with biotin tags 

denominated PG. The PG immunoglobulin is used as an assay and director agent, 

binding to antibodies IgG with a specific orientation in space. Therefore, after the 

EDC/S-NHS bioconjugation of the AuNPs-(MUA|t-PEG) with PG, this structure can be 

exposed to the antibody of interest (anti-TAU), for either an assay experiment if the 

immunocomplex is on a sensing surface, or to create a final particle which is 

bioconjugated to the antibody via the linker and the PG (Fig. 7). It is important to state 

the use of a spacer (the t-PEG) to ensure that there are no steric impediments between 

proteins – which tend to be highly bulky structures due to the spatial folding of 

aminoacids – both for PG and for the antibodies of interest (anti-TAU). Finally, 

ethanolamine (HO-C2H4-NH2) was applied to add an organic fragment without a 

significative reactivity blocking the free reactive free carboxylic sites of the linker 

(MUA) that have not reacted. Ethanolamine – a primary amine molecule – reacts with 

the S-NHS ester formed in the same fashion as a protein by the reaction seen in Fig. 6 

and with raw carboxylic groups. The specific protocols based on EDC/S-NHS 

chemistry are covered in sections {2.3.3} and {2.3.4}. 
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2 Materials and Methods 

The references for all the reactants employed are shown in annex 2, section {7.2}. 

2.1 Fabrication of Sensing Surfaces 

2.1.1 Photolithography and Spin Coating 

Lithography was invented in 1796 by Alloys Senefelder as a way to transfer designed 

patterns onto a base substrate. Since then, the microelectronics industry has developed 

this technique to mass manufacture miniatured devices like integrated circuits or nano-

electromechanical systems. Optical lithographies are used in the industry for mass 

manufacturing due to the high reproducibility of the results, while more sophisticated 

techniques are used for prototyping: extreme UV, ion lithography, X-ray lithography, 

and electron lithography among others. 

A typical photolithographic fabrication process starts with the deposition of a film of a 

resist on a substrate. A resist generally is a dissolved polymer that will become less 

soluble (negative) or more soluble (positive) when facing a revelation-solvent 

(developer) after being exposed to light. In this way, after exposure to light, the 

revelation-solvent exposition will only eliminate certain zones which can be controlled 

by the exposition to light, leaving patterned shapes on top of a substrate [46].  

Spin-coating is one of the most popular techniques for resist deposition on a substrate 

wafer. The resist is added in the center of the substrate, which is inserted into a spinner, 

a device that locks the substrate in place and makes it spin at a certain angular velocity. 

This rotation exerts a centrifugal force onto the resist which spreads along the surface of 

the substrate, leaving a layer whose final width is determined by the angular velocity of 

rotation (measured in revolutions per minute RPM) and the viscosity of the resist. Using 

this method, one can obtain reasonably homogeneous layers with well-defined average 

resist thickness.  After the deposition of the resist onto the substrate, a series of post-

bakes – exposure to high temperatures to eliminate part of the resist’s solvent – are 

applied before and after the lithography. The importance and time exposure of the bake 

depends on the formulation and characteristics of the resist [47]. 

In this project, photolithography and spin-coating have been used to generate SU-8 

depositions according to the protocol shown in Table 3. 
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Table 3 Photolithography and spin-coating protocol to fabricate SU-8 sensing surfaces on Si 

1 – Clean the Si wafer, apply strong attacks like 

piranha dissolution to remove the outer layers of 

oxide. Once dry, blow with compressed air to 

eliminate the dust. 

6 – SU-8 Film characterization by Filmetrics. 

Results in section {3.1.1} 

2 – Insert Si wafer into spinner centered, locking it 

with a vacuum pump. 

7 – Soft Photolithography with light exposure at 

365 nm for 60 s. Mask with 3 patterned cells of 

200 µm in diameter. Mask aligner used MA-6 

from Süss MicroTec GmbH. 

3 – Add 1 mL of SU-8 2002, a negative resist, in the 

center of the substrate (section {2.1.2}). 

8 – Hard Bake at 115º for 4 minutes 

4- Spin at 3000 RPM for 30 s, acceleration set to 

1000 RPM/s. 

9 – SU-8 Developer Application. Non exposed 

zones become soluble and are removed, while 

cells 

5 – Soft Bake the wafer at 115 ºC for 30 s 10 – Cut the Si wafer to obtain chips, each with 3 

cells (SU-8 depositions) per chip (Fig. 8). 

 

 

 
Fig. 8 Cutting scheme and 

obtention of the SU-8 sensing 

surfaces chips. Each SU-8 

sensing chip has 3 SU-8 

depositions which are used as 

sensing surface cells. 

2.1.2 SU-8 Resist 

SU-8 has been used for microfabrication since 1997 when the first publication used it as 

a microfabrication negative photoresist for the structuration of thick layers and 

manufacturing of high aspect-ratio components [47]. This negative epoxy-based 

photoresist is popular for microfabrication of microfluidic and optic devices, having a 

low absorption coefficient for wavelengths above 300 nm, allowing fabrication with 

high aspect ratios in a single step of photolithography. In addition, it shows high 

chemical resistance, biocompatibility, and structural stability which make it a favorite 

choice for polymer microfabrication. 

The main components of the SU-8 resist are SU-8 monomers (Fig. 9 A)), an organic 

solvent, and a photo-acid generator (PAG). Generally, the deposition of the resist (by 

spin-coating or other techniques, E.g. blade-coating or dip-coating) follows a soft-bake 

to remove part of the solvent. Exposure to UV light decomposes the PAG 

(triarylsulfonium hexafluoroantimonate salt), generating a strong acid. This photo-

generated acid – photoacid – diffuses to the SU-8 monomers, opening their sterically 

constrained epoxy rings.  During this opening stage, the epoxy rings may be 
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nucleophilically attacked by other epoxy rings, forming a hydroxy group (-OH) and 

covalently bonding to other monomers thus giving polymerization and crosslinking 

(Fig. 9 B)) [48]. The high number of epoxy groups per monomer of SU-8 (eight groups 

per molecule) promotes covalent bonding driven cross-linking. The UV light exposure 

is followed by a post-bake, exposing the film to temperatures between 80ºC and 100ºC 

which promotes the diffusion of photoacid and monomers, further improving the 

crosslinking of the resist. These factors cause an extremely fast polymerization which 

prevents the photoacid from escaping into non-UV exposed areas, thus giving a high 

resolution of the produced structures. Finally, the remaining non-cross-linked resist is 

removed by applying an organic revelation solvent, this phase is called development 

and does not affect the UV-exposed areas since the polymerization makes them virtually 

unsusceptible to dissolution [49].  

 

Fig. 9 A) SU-8 molecular monomer formula. These monomers become interlinked when their epoxy rings 

open due to the action of acids, bases, or an O2 plasma exposure. B) SU-8 Polymerization Reaction 

Mechanism Mediated by Acids. This is a simplified mechanism and is more orientative than an actual 

representation of the polymerization reaction. Note that nucleophilic attacks on epoxide rings tend to 

target the most substituted carbon due to the better stabilization of charge, however, here this is not the 

case, probably due to the steric effects of the bulky SU-8 monomers. 

2.1.3 EpoCore EpoClad Resist 

EpoCore is an epoxy-based photopatternable negative-resist material, commercialized 

together with the EpoClad resist by the company Micro Resist Technology GmbH, 

Germany [50], [51]. These resists have been employed for waveguide construction, with 

EpoCore being optimized for core construction and EpoClad optimized for the cladding 

part of the waveguide, [52] and are being investigated as an alternative to SU-8 
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fabrication. The optical transmission stability of an EpoCore/EpoClad waveguide seems 

to be far better than the one of SU-8. While SU-8 degrades and shows a loss from 0.4 

dB cm-1 to 30 dB cm-1 in a month, waveguides comprise of EpoCore/EpoClad do not 

show transmission degradation over four months [53]. In addition to this, 

EpoCore/EpoClad presents higher adhesion to various substrates compared to SU-8, as 

well as higher strain/endurance values [54]. Their Young modulus is comparable to the 

one of SU-8, however, their maximum strain is far superior. Both EpoCore/EpoClad 

and SU-8 are stable, both chemically and mechanically, and considered thermosets 

since their covalent-bonding cross-linking will cause them to burn before any meltdown 

takes place [55].  

These materials have been investigated for optogenetics – the excitation and light-

driven control of cells in neuroscience – and were shown to degrade when in contact 

with saline dissolutions, losing flexibility and causing brittleness when aged in PBS. 

Therefore, their chemical stability could be compromised when compared to SU-8.  

Furthermore, their overall biocompatibility still needs to be investigated [52], while they 

have been proven to be hemocompatible [56].  

Finally, there is not an available formulation of the EpoCore/EpoClad resists, which 

should limit to some extent the interpretation of results, especially regarding their 

biofunctionalization. However, since they are epoxy-based, their behavior should 

resemble somewhat the one of SU-8.  

2.2 Sensing Surface Characterization Methods 

2.2.1 Sensing Surface Characterization Method: FILMETRICS 

Filmetrics is composed of a software-hardware setup that allows for advanced 

reflectometry and thin-film optical characterization [57], [58]. When a thin-film is on 

top of another material, the top and bottom of that film reflect light due to differences in 

the refractive index (𝑛) and the extinction coefficient (𝑘) in the optical path of the light. 

Furthermore, due to the wavelike nature of light, the reflections from each interface may 

add constructively or cancel each other depending on their phase. A simplified equation 

that describes qualitatively this behavior is: 

 
𝑅 ≈ 𝐴 + 𝐵 cos (

4 𝜋

𝜆
𝑛𝑑) Eq. 7 
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Where 𝑅 is the reflectance of the material, 𝐴 and 𝐵 are parameters, 𝜆 is the wavelength 

of the light, 𝑛𝑖𝑛𝑡 is an integer that accounts for the solution to the boundary conditions 

between films (harmonics), and 𝑑 is the thickness of the film. This expression indicates 

a periodical variation of the reflectance with 1/wavelength and a higher number of 

oscillations of the reflectance with increasing thickness of the thin-film. Therefore, the 

periodicity and amplitude of the reflectance are determined by the thin-film’s optical 

properties, thickness, and other factors like interface roughness. However, 𝑛 and 𝑘 vary 

with the wavelength of radiation, needing mathematical models for a practical 

description. For dielectrics (no radiation absorption 𝑘(𝜆) = 0), the 𝑛 index can be 

simply described by a Cauchy relationship: 

 
𝑛(𝜆) = 𝐴𝑛 + 

𝐵𝑛

𝜆2
+  

𝐶𝑛

𝜆4
 Eq. 8 

Where 𝐴𝑛, 𝐵𝑛, and 𝐶𝑛 are parameters. For semiconductors, both amorphous and 

crystalline, metals, and others, more complicated models need to be employed such as 

the Kramers-Kronig relationship. In the practice, these mathematical models that 

describe 𝑛 and 𝑘 are fitted based on trial values of thickness, adjusting their parameters 

until the calculated reflectance by Eq. 7 matches the measured reflectance until a 

converged final value of thickness is obtained. This is exactly the purpose of the 

software component of Filmetrics, to process the experimental reflectance data [59], 

[60]. The hardware part of Filmetrics consists of a light source and a spectrometer to 

measure the amount of reflected light from a sample.  

Table 4 Cauchy relationships for SU-8 and EpoCore 

Polymer Cauchy Relationship Reference 

SU-8 𝑛𝑆𝑈−8(𝜆) = 1.566 + 0.00796𝜆−2 + 0.000146𝜆−4  [61] 

EpoCore 𝑛𝐸𝑝𝑜𝐶𝑜𝑟𝑒(𝜆) = 1.572 + 0.0076𝜆−2 + 0.00046𝜆−4  [62] 

In this project, the Filmetrics setup Filmetrics F20-UV thin-film analyzer was 

employed. Its main purpose was to characterize both the SU-8 and EpoCore thin-film 

sensing surface depositions on Si. The Cauchy relationships for both polymers are 

shown in Table 4. 
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2.3 Gold Nanoparticle Synthesis and Functionalization. 

2.3.1 Gold Nanoparticles Synthesis: Phase 1 Turkevitch Method for Colloidal Gold 

Preparation: Synthesis of Particle Cores of up to 20 nm 

The Turkevitch method was employed to chemically synthesize from a bottom-up 

approach AuNPs in this project. It is based on the reduction reaction of AuCl4
- ions into 

atomic Au, forming clusters of atoms which leads to AuNPs growth (Fig. 10) [33].  This 

mechanism is a multistage process, with reactions occurring in parallel and series, 

starting by the oxidation of citrate to yield dicarboxy acetone (C5H6O5). Following, the 

auric salt (AuCl4
-) is reduced into atomic gold Au0 by a second reduction of the aurous 

salt (AuCl) which is assembled on the Au0 forming AuNPs. This method  [63]. The 

actual stabilizing agent of the particles seems to be the dicarboxy acetone generated 

resulting from the oxidation of citrate in its enolic form, not the citrate itself [64]. 

However, in the literature, one can find still the misconception that the citrate itself is 

the stabilizing agent [35]. The AuNPs synthesized from this step are called Seeds or 

Cores. 

 

Fig. 10 Turkevitch reaction for AuNPs core/seed synthesis (Phase 1). This mechanism has been typically 

explained by a reduction reaction followed by a disproportion reaction. Though, this reaction seems to 

take place as two subsequent reduction reactions (Au3+ → Au+ → Au0). Some of the by-products include 

aqueous HCl and CO2 from the central carboxylic loss from the citrate and ketone and others from the 

dicarboxy acetone oxidation in the second gold reduction [63]. 

The Turkevitch method has suffered several improvements and modifications from its 

original conception in 1951. The variation of citrate, gold ion concentration, 

temperature, and mixing order, will alter the monodispersity and the shape-size 

relationship of the synthesized AuNPs. Therefore, the flexibility of the experimental 

conditions allows obtaining a range of different outcomes based on the same reaction.  

[65]. The specific version of the Turkevitch method applied in this project is presented 

in Table 5. 
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Table 5 Turkevitch protocol for preparation of particle cores of up to 20 nm  

(Turkevitch Phase 1) 

Stage Description 

1. Clean all flasks 

and glass 

instruments with 

aqua regia 

Prepare a reasonable amount of aqua regia (HCl:HNO3 in proportion 3:1) and clean all 

instruments which are going to be used. Rinse with distilled water thoroughly to 

remove any remaining impurities. 

2. Dissolution of 

HAuCl4 3H2O 0.25 

mM in 125 mL of 

H2O 

Deposit 125 mL of deionized water and the necessary amount of HAuCl4 3H2O to 

obtain a 0.25 mM dissolution. This is generally achieved by previously preparing a 

stock dissolution of HAuCl4 in water and adding the corresponding volume to the 

reaction flask. Once this is done heat the dissolution until boiling point. The mixture 

passes from transparent to yellow color, leave 5-10 minutes under stirring, and cover 

the container to minimize solvent evaporation. 

3. Dissolution of 

sodium citrate 40 

mM 

Prepare a dissolution of sodium citrate at 40 mM in deionized water. Although the 

minimum amount needed is 12.5 mL, since this dissolution is stable for months a 

generous amount of volume can be prepared for future usage. 

4. Add 12.5 mL of 

the sodium citrate 

40 mM dissolution 

into the reaction 

flask with the 

HAuCl4 

In this step, the reduction reaction takes place. During this time the reaction dissolution 

will pass from yellow to transparent and then it will turn red, indicating that the AuNPs 

cores have been formed.  Leave to cool down under stirring until room temperature is 

achieved. 

5. Storage 
The synthesized AuNPs cores can be stored at room temperature or refrigerated. They 

must be placed in a dark container to avoid citrate-fed bacterial growth. 

2.3.2 Gold Nanoparticles Synthesis: Phase 2 Turkevitch Method for Colloidal Gold 

Preparation: Growth of Particle Cores Through Hydroxylamine Reduction 

The AuNPs cores can be further reduced for further growth with reduction of additional 

HAuCl4 by the action of hydroxylamine (Fig. 11).  

 

Fig. 11 Turkevitch Reaction for AuNPs Core/Seed Growth (Phase 2). The cores synthesized in the 

previous step are grown reducing gold from the Auric Acid (AuCl4
-) into Au0 on top of the pre-existent 

AuNPs. This is possible since hydroxylamine is a nucleation inhibitor, prioritizing the growth of existent 

particles over the synthesis of new cores. 
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Hydroxylamine is a nucleation inhibitor in acid conditions, which can be used to just 

reduce Au ions on top of already existent AuNPs cores instead of forming new nuclei. 

Furthermore, a slightly acid HAuCl4 dissolution with hydroxylamine hydrochloride will 

not produce more colloidal gold growth until a sufficient number of AuNPs are 

introduced. Once these cores are introduced the AuNPs will increase only in size but not 

in number [33]. The specific protocol of growth followed in this project is shown in 

Table 6. 

Table 6 Turkevitch Protocol for Growth of Particle Cores by Hydroxylamine Reduction 

(Turkevitch Phase 2) 

1. Clean all flasks 

and glass 

instruments with 

aqua regia 

Prepare a reasonable amount of aqua regia (HCl:HNO3 in proportion 3:1) and clean all 

instruments which are going to be used. Rinse with distilled water thoroughly to 

remove any remaining impurities.  

2. Dissolution of 

HAuCl4 3H2O 0.25 

mM in 135 mL of 

H2O 

Deposit 135 mL of deionized water and the necessary amount of HAuCl4 to obtain a 

0.25 mM dissolution in a reaction flask. As done before, use the necessary amount 

from a stock dissolution previously prepared. Leave the dissolution under stirring. 

3. Preparation of  

0.2 M 

hydroxylamine 

Dissolve the necessary amount of NH2OH:HCl (hydroxylamine salt) in deionized 

water. 

4. Addition 

hydroxylamine 

0.2M  

Add 1.5 mL of the prepared 0.2 M hydroxylamine dissolution into the reaction flask. 

5. Add the 

previously 

synthesized AuNPs 

cores 

Add the necessary amount of AuNPs cores to have a final concentration of colloidal 

Au of 0.25 mM in 7.5 mL with deionized water. Add this 7.5 mL into the reaction 

flask. 

6. Addition of 

sodium citrate 40 

mM 

Add 0.85 mL of sodium citrate 40 mM (the same one as for the core synthesis step) to 

add stability to the dissolution. The reaction should be completed under stirring almost 

instantly but a margin of 5-10 minutes can be given to the reaction. 

7. Storage 
These grown AuNPs can be stored at room temperature or refrigerated. Leave in a dark 

container to avoid light exposure.  

2.3.3 Gold Nanoparticle Functionalization: MUA and thiolated-PEG 

The biofunctionalization protocol followed in this project can be seen in Table 7. It is 

important to note that the functionalization protocol is always tailored to the size and 

concentration of the AuNPs dissolutions obtained. These are just general guidelines, 

consequently, the amount of reactants for each step is specified along with the results. 

To calculate the number of reactants needed, the area of the particles – determined with 

the diameter obtained from UV-Vis spectrophotometry, section {2.4} – is used to 

calculate the amount of MUA and t-PEG needed considering 2.5 MUA/nm2 and t-5.0 

PEG/nm2. 
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Table 7 Functionalization Protocol for AuNPs with MUA and t-PEG: AuNPS-(MUA|t-PEG) 

1. Adjust the particle’s dissolution pH 

Control the pH of the dissolution. Since the AuNPs are 

synthesized with citrate oxidation into dicarboxy 

acetone, CO2, and hydrochloric acid, the pH of the 

grown particles will be slightly acid (~ 3), corrected to 

more neutral values for functionalization. To avoid 

destabilizing the colloidal dissolution, the pH must not 

reach strong basic values, imposing a limit 

concentration of 5 mMol of carbonate per 20 mL 

2. Preparation of t-PEG and MUA 

functionalization dissolutions 

Preparation of an aqueous dissolution of t-PEG in 

distilled water and a dissolution of MUA in DMSO. 

The amount of needed reactants needs to be determined 

by the size and the concentration of the amount of 

AuNPs which want to be functionalized. For this 

purpose, UV-Vis spectroscopy is used {2.4}. For 

further dilutions, instead of DMSO, water is used. The 

t-PEG water dissolution can be stored in a cooler while 

the MUA dissolution must be kept at room temperature 

(otherwise freezing occurs). 

3. Addition of MUA and t-PEG dissolutions 

A proper amount of MUA and t-PEG are mixed in an 

Eppendorf tube with sonification to ensure a proper 

mix. Immediately, they are mixed with the particles and 

left under stirring overnight at room temperature.  

4. Washing of AuNPs-(MUA|t-PEG) 

The functionalized AuNPs are centrifuged at room 

temperature for 15 minutes at 3500 RPM, discarding 

the supernatant and adding new freshwater. Repeat the 

process 2 additional times adding a final volume of 

water to have a reasonable final concentration.  

2.3.4 Gold Nanoparticle BioFunctionalization: Protein G Through EDC and S-NHS 

The generic protocol for biofunctionalization can be seen in Table 8. Similar to the 

functionalization step, the reactants are calculated for the specific diameter and 

concentration of the AuNPs. The amount of PG and antibodies are determined as the 

ratio of area for all the AuNPs in the dissolution by the projected area of the protein 

(𝐴 = 𝜋 𝑟2) using a simplified hydrodynamic radius (𝑟 =
2

3
 𝑀𝑤

1/3) from the molecular 

weight of the PG (𝑀𝑤 = 32 𝐾𝐷𝑎) and the anti-TAU (𝑀𝑤 = 81 𝐾𝐷𝑎). 

Table 8 BioFunctionalization Protocol for AuNPs with PG: AuNPs-(MUA|t-PEG)-PG 

1. Activation of AuNPs with EDC and S-NHS 

The carboxylic groups belonging to the functionalizing 

MUA-AuNPs are esterified with the subsequent 

addition of EDC and S-NHS (reaction in  Fig. 6). This 

is done by adding previously the necessary amount of 

MES buffer. Leave under stirring for 15 minutes. 

2. Washing of AuNPS-(MUA|t-PEG)-(S-NHS) 

Ester 

Wash the AuNPs. Centrifuge at 3500 RPM and discard 

the supernatant. Resuspend in the necessary amount of 

volume (approx. 500 µL) 

3. PG Incubation 

Add the necessary amount of protein G (PG) to cover 

all AuNPs, even adding an excess to ensure a proper 

biofunctionalization. Leave with agitation overnight. 

 

 

 

 



Evaluation of New Materials for Optical Biosensors 

 

Carlos Gómez Rodellar   35 

4. Ethanolamine Blocking Addition of 20 µL of ethanolamine 0.1M to block all 

the free remaining carboxylic groups of MUA. Leave 

with agitation for 1 hour. The addition of reactant is in 

excess compared to the AuNPs to ensure a total 

blockage. 

5. Antibody Incubation (Optional, results not 

shown in this report) 

Following the ethanolamine blockage, the desired 

antibody (ant-MAPT) is added in the right amount to 

functionalize the surface of AuNPs. The protein G will 

couple with the antibody, functionalizing the particles 

with the structure AuNPs-(MUA|t-PEG)-PG-Antibody. 

6. Washing of AuNPs-(MUA|t-PEG)-PG-

Antibody or AuNPs-(MUA|t-PEG)-PG 

Centrifuge the particles at 3500 RPM for 15 minutes 

resuspending in water or PBS. Repeat two additional 

times and resuspend until a desired final volume. Save 

the biofunctionalized AuNPs in Eppendorf vials 

previously blocked with a BSA dissolution at 3 % wt. 

2.4 Gold Nanoparticle Characterization Methods 

2.4.1 UV-Vis Spectrophotometry 

Shining a sample with electromagnetic radiation with a range of energies will expose 

the insights of its electronic, vibrational, and rotational structures since the absorption of 

the radiation will show what energy states are available for excitation, thus uniquely 

characterizing the sample. Moreover, the attenuation of electromagnetic radiation when 

passing through a sample that absorbs radiation at a given energy is given by Beer-

Lambert’s equation: 

 𝑑𝐼

𝑑𝑥
=  − 𝜎 𝑐 𝐼0 𝑒−𝜎 𝑥 𝑐 Eq. 9 

Where 𝜎 is the absorption cross-section of the light-absorbing species and can be 

expressed in units of cm2-molecule-1 for gasses and L-mol-1-cm-1 for analytes in 

dissolution (then it’s called molar extinction coefficient 𝑄𝑒𝑥𝑡). The term 𝑐 accounts for 

the concentration of the light-absorbing species, 𝐼 is the radiant power, 𝐼0 is the radiant 

power before entering into the sample and attenuating, and 𝑥 is the distance traveled by 

the radiation inside the sample. Equation Eq. 9 is integrated and the definition of 

absorbance (𝐴𝑏𝑠) as the negative logarithm of the transmittance (𝑇𝑟𝑎𝑛𝑠 =  
𝐼

𝐼0
) is 

applied: 

 𝐴𝑏𝑠 =  𝜎 𝑙 𝑐 Eq. 10 

Where 𝑙 is the optical length that accounts for the traveled distance of the light inside a 

sample (analogous to the previously defined 𝑥). This is the common integral form of 
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Beer-Lambert’s law. As one can observe, the apparition of the concentration in Eq. 10 

allows for a quantitative description of a light-absorbing analyte in a sample measuring 

its 𝐴𝑏𝑠 for a fixed optical path and wavelength supposing that it’s 𝜎 is known. In 

conclusion, UV-Vis absorption spectroscopy can be used for spectrophotometry, 

quantifying a sample both quantitatively and qualitatively if applied properly. To make 

this possible a spectrophotometer is mainly composed of an electromagnetic emission 

source, a cell to store the sample, and a photodetector, to detect the transmittance and 

then determine the absorbance [66] as summarized in Fig. 12. In this project, the 

spectrophotometer K-Lab Optizen Alpha (190-1100 nm) was employed to characterize 

the AuNPs dissolutions. A summary of all the results obtained from UV-Vis 

spectroscopy is shown in annex 3, section {7.3}, (Fig. 48). 

 

Fig. 12 Typical Components of a UV-VIS Spectrophotometer. The decay in transmittance from the light 

source to the detector is the absorbance caused by the sample which can serve to characterize 

qualitatively and quantitatively samples. 

The SPR represents a strong absorption region in the UV-Vis spectra of AuNPs and can 

be used to characterize the nanoparticles. This fact was used by Haiss et al. [67] to 

develop a theoretical description, using multipole scattering theory for AuNPs, 

parametrized for aqueous dissolutions. First, the 𝐴𝑏𝑠 for a density of particles per unit 

volume (𝑁) and for an optical path length of 𝑙 with particle radius 𝑅 is: 

 𝐴𝑏𝑠 =  
𝜋 𝑅2𝑄𝑒𝑥𝑡 𝑙 𝑁

2.303
 Eq. 11 

Which is a nanoparticle-specific Beer-Lambert-like expression. Out of this expression, 

several others are developed to obtain the diameter of the AuNPs via UV-Vis 

spectrophotometry. 
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2.4.2 Haiss’s Formula 1: Diameter with Wavelength of SPR Peak 

The diameter (𝑑) of AuNPs ranging from 35 to 100 nm can be calculated from the SPR 

peak wavelength (𝜆𝑠𝑝𝑟): 

 

𝑑 =  
ln (

𝜆𝑠𝑝𝑟 − 𝜆0

𝐿1
)

𝐿2
 Eq. 12 

With 𝜆0 = 520 𝑛𝑚, and fit parameters 𝐿1 = 6.53 and 𝐿2 = 0.0216 for values greater 

than 35 nm. For smaller particles, another formula must be employed since for 

decreasing particle size the absorption at the SPR is damped relative to the  𝐴𝑏𝑠 at other 

wavelengths.  

2.4.3 Haiss’s Formula 2: Diameter with Ratio of Absorbance at SPR to 450 nm 

For particles smaller than 35 nm (Eq. 12) does not predict the diameter of particle 

properly. For this reason, a formula was developed to take into account the ratio of 𝐴𝑏𝑠 

at different wavelengths. Furthermore, the following expression shows an exponential 

dependence on the ratio of 𝐴𝑏𝑠𝑆𝑃𝑅 to the 𝐴𝑏𝑠 at 450 nm (𝐴𝑏𝑠450): 

 
𝑑 = exp (𝐵1

𝐴𝑏𝑠𝑆𝑃𝑅

𝐴450
− 𝐵2) Eq. 13 

With parameters 𝐵1 = 3.55 and 𝐵2 = 3.11 if a theoretical fitting is used, and 𝐵1 =

3.00 and 𝐵2 = 2.20 if experimentally determined parameters are used. 

2.4.4 Haiss’s Formula 3: Diameter with Concentration of colloidal Au 

Lastly, the diameter of the AuNPs in water can be determined if the total concentration 

of colloidal gold in dissolution is known beforehand: 

 
𝑑 = exp (

𝐴𝑏𝑠𝑆𝑃𝑅(5.89 ∗ 10−6)

𝑐𝐴𝑢 exp(𝐶1)
)

1/𝐶2

 Eq. 14 

With parameters 𝐶1 =  −4.70 and  𝐶2 =  0.300 if theoretical values are used and 𝐶1 =

 −4.75 and  𝐶2 =  0.314 if experimental parameters are used. This formula provides a 

precise way to calculate the size of particles in the range between 5 and 50 nm. 

However, this formula does not allow to estimate the diameter values of a concentration 

whose 𝑐𝐴𝑢 is unknown. Nevertheless, a novel, self-consistent method, based on this 

formula was developed to bypass this drawback (shown in results, section {3.5.4}) 
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2.4.5 Haiss’s Nanoparticle Density Formula: Diameter and Abs at 450 nm 

Once the diameter of the AuNPs has been calculated with formulas Eq. 12, Eq. 13, or 

Eq. 14, the 𝑁 density of particles of the dissolution can be found. The 𝑄𝑒𝑥𝑡 of the 

dissolution at 450 nm fits to a Gaussian function over the whole range of particle sizes: 

 

𝑄𝑒𝑥𝑡 =  𝑦0 +  √
2

𝜋
 
𝑃

𝑤
exp [−2 (

𝑅 −  𝑅𝑐

𝑤
)

2

] Eq. 15 

With fit parameters being 𝑦0 =  −0.866, 𝑥𝑐 = 96.81, 𝑤 = 110.6 and 𝑃 = 553. The 

expression for 𝑄𝑒𝑥𝑡 can be plugged into Eq. 11 to obtain an expression for 𝑁 [67]: 

 
𝑁 =  

𝐴𝑏𝑠450 ∗  1014

𝑑2 [−0.295 + 1.36 exp (− (
𝑑 − 96.8

78.2
)

2

)]

 
Eq. 16 

This 𝑁 can be converted into colloidal Au concentration as seen in annex 3 (Fig. 48). 

2.4.6 Gold Concentration Dissolution Calibration 

Moving from Haiss’s formalism, a popular to determine the concentration of Au0 

colloidal gold is to measure the 𝐴𝑏𝑠 at 400 nm by UV-Vis spectrophotometry. A 

standard analytical procedure is to measure the 𝐴𝑏𝑠 of dissolutions with a known 

concentration of analyte and then to create a mathematical model (a standard linear-

least-squares fit) to interpolate further measurements of 𝐴𝑏𝑠 and obtain the 

concentration. However, measurements of AuNPs 𝐴𝑏𝑠 at 400 nm can have an 

uncertainty of 30 % influenced by particle size, surface modifications, oxidation states, 

or the presence of synthesis precursors like HAuCl4 [68]. A calibration curve was done 

for 3 dissolutions of AuNPs seeds, synthesized specifically to have 0.125 mM, 0.250 

mM, and 0.500 mM of colloidal gold. This was done by adjusting the final volume 

according to the initial amounts of HAuCl4 added as a reactant, keeping the proportion 

of citrate constant Fig. 13. This calibration curve can be used to measure the amount of 

unknown colloidal Au from AuNPs solutions. 

Additionally, while working on this project it was stated by the supervisors to assume, 

tentatively, that 0.6 𝐴𝑏𝑠 at 400 nm corresponds to 0.25 mM of colloidal Au in 

dissolution. Therefore, both approaches will be used in {3.5.3} when a study of all the 

methods commented in this section was done for benchmarking purposes. 
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Finally, in the annex of section {7.3}, (Fig. 48) shows all the results combined that UV-

Vis offers using the methods mentioned up until this point and the conversion between 

the concentration of NPs and concentration of colloidal Au for the AuNPs dissolutions. 

 

Fig. 13 Calibration of UV-Vis spectrophotometer with 3 dissolutions of known colloidal gold 

concentration. The line equation shown is used to interpolate the 𝐴𝑏𝑠400 measured for each dissolution 

and guess the amount of colloidal gold in it. The values shown in this figure are: 𝐴𝑏𝑠400 0.125 𝑚𝑀 =
0.275; 𝐴𝑏𝑠400 0.125 𝑚𝑀 = 0.5719; 𝐴𝑏𝑠400 0.125 𝑚𝑀 = 1.1199. 

2.5 Immunoassay Generic Protocol and Plasma Activation 

Optical sensing surfaces based on deposited thin-films of SU-8 and EpoCore were used 

to check the recognition of the pair antigen/antibody TAU/anti-TAU following a 

generic protocol (Fig. 14). However, each experiment has its particularities. Step 1, 

plasma activation aims to leave reactive spots in the surface of the polymers through 

exposure to reactive plasma species of the epoxy rings of the polymers, analogous to a 

strong acid-mediated ring opening. The SU-8 has been biofunctionalized thoroughly 

through plasma activation at the GOFB, while the EpoCore has not yet been tested. 

However, under an O2 plasma exposure, both polymers increase their content in atomic 

oxygen (Table 9), suggesting that if SU-8 can be functionalized by an O2 treatment, 

EpoCore is susceptible to biofunctionalization as well [69]. The plasma device 

employed was a Diener ATTO low-pressure plasma chamber, operating for 45 s at 40 

W and 40 kHz. Step 2, biofunctionalization, consists of incubating a biomolecule, TAU, 

or anti-TAU on the surface to react and become immobilized on the plasma-exposed 

surface (incubation). Step 3, blocking, aims to leave unreacted active sites on the 

surface linked to ethanolamine, avoiding unselective detection in further steps. Step 4 

consists of incubating the complementary agent to the one that was incubated in step 2, 

this will cause recognition and formation of an immunocomplex, increasing the 
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biolayer. When performing these assays, PDMS layers are attached to the surfaces to 

delimit the area of the cells and avoid mixing of reactants, leaving each sensing surface 

chip of EpoCore or SU-8 with 3 available cells per surface. For the 65 SU-8 cell chip, 

the layer is made from PVC. 

 

Fig. 14 Generic scheme of assays carried out in this project. The specific experimental procedures will 

be covered along with the results since protocols vary between each other with some experiments 

including all steps and others lacking some of them, as well for different readout optical measurements 

(FTIR and/ or MOX). 

Table 9. Variation of atomic O for SU-8 and EpoCore for plasma exposure [69] 

Polymer Atomic O Before Plasma [%] Atomic O After Plasma [%] 

SU-8 18.8 25.4 

EpoCore 17.3 25.5 

The steps described in this point are generic, each experiment has different parameters 

that will be presented along with the results in sections {3.4.1} and {3.4.2}. When the 

biofunctionalization of the surfaces is with the antibody anti-TAU and then TAU is 

detected, the experiment is denominated direct immunoassay. When the surface is 

functionalized with protein TAU and then the recognition is done with anti-TAU, the 

experiment is called indirect immunoassay. Finally, the concentrations employed for the 

assays are in the range of parts per million (ppm, equivalent to µg/mL).  

2.6 Sensing Surface Readout Methods 

2.6.1 Fourier Transform Infra-Red Spectrometry (FTIR) 

The Fourier Transform Infra-Red (FTIR) spectrometer allows measuring the absorption 

or reflectance of samples as a function of the wavelength (typically as wavenumbers). 

Commonly, a spectrometer works by diffracting the light coming from a source by a 

diffraction grating, and then, analyzing step by step the interaction sample-radiation of 

different wavelengths (dispersive analysis). On the other hand, FTIR collects the 

spectral data of all wavelengths in one pass.  
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FTIR works in the Infra-Red (IR) region of the electromagnetic spectrum, the zone 

where molecular roto-vibrations take place, and the range of operation of the sensing 

surfaces used in this project. The FTIR is based on two pillars: a Michaelson 

interferometer and the Fourier Transform mathematical method (Fig. 15). The principle 

is the following: first, a light source generates electromagnetic radiation in the IR 

spectral range. Then, this light is introduced in a Michaelson-type interferometer where 

light is split into two beams. While the first beam reflects against a fixed mirror, the 

second beam reflects against a movable mirror whose position can be adjusted to obtain 

a different pattern of interference when the beam travels back to meet the other beam. 

Then, this pattern of interference is directed towards the sample, where interaction takes 

place, carrying information from the sample in the pos-interaction interferogram. To 

obtain a spectrogram, the Fourier Transform is then applied to the interferogram, 

correcting as well with a background signal to leave just the relevant information from 

the sample.  

This technique can be applied to obtain reflectance data from thin-films on substrates. 

However, the data acquired in this mode needs to be refined by the Kramers-Kronig-

Transformation (KKT) and requires the measurements to be done with almost 

perpendicular incidence with specular reflection. For this, sample preparation is of 

extreme importance, since the dispersion of the incoming light by the sample – like in 

very polydisperse samples – might lead to artifacts in the results.  

 

Fig. 15 FTIR working principle scheme, based on the Michaelson Interferometer. Both Transmission and 

Reflection measurements can be done with high accuracy, making this a very powerful technique. The 

beam from the light source is interfered in a controlled way by the movable mirror. This interfered beam 

is directed towards the sample, where transmission or reflection signals are obtained, characterizing the 

sample. The Fourier Transform is applied to the detected signal to obtain a spectrogram. 
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In this project a FT-VIS-NIR spectrometer (Bruker Vertex 70 adapted to the visible 

range) was used to interrogate (illuminate) the sample and then collect the reflectance of 

the sensing surface, this device is simply referred to as FTIR. This spectrometer allows 

to measure the reflectance spectra of surfaces for a wider wavelength range than just the 

IR – NIR stands for near IR, and Vis for visible – and to estimate the reflectance 

spectral shift (∆𝑘) for the sensing surfaces where the immunoassays are taking place. 

The treatment and automatization of the FTIR results have been done with a MATLAB 

script developed by Doctor Lavin [70]. This script takes the FTIR reflectance spectra, 

indicates a peak to focus on (generally the second peak of reflectance), and then, 

estimates the wavenumber shift with respect to an initial value, offering shift results for 

the formation of biofilms caused by the multiple stages of the assay (E.g., 

antigen/antibody recognition). Si background measurements were done with 2000 scans 

and reflectance spectra were done with 100 scans for 3 to 5 repetitions. 

2.6.2 IROP (%) Signal and MOX Setup 

At the GOFB an effort is being made towards offering reliable PoC sensing for various 

purposes. Regarding the label-free optical biosensing technology, the sensitivity and 

uncertainty in the transducing process are paramount when assessing the quality of 

results. For this reason, an increase-in-relative-optical-power (IROP) has been used as a 

signal for detection purposes. This IROP is based on the quotient of two optical powers 

– an integral of the reflectivity of the sample and the wavenumbers of interrogation 

(𝑤𝑛1, 𝑤𝑛2) – between two interferometers, one which acts as reference (𝐼𝑟𝑒𝑓) and 

another is measured in the sensing region where the molecular interactions take place 

(𝐼𝑠𝑖𝑔𝑛). These two optical powers build up the transducing function (𝑓𝑡𝑟𝑎𝑛𝑠) received 

from a sensing area (Eq. 17).  

 
𝑓𝑡𝑟𝑎𝑛𝑠[𝑤𝑛1, 𝑤𝑛2] =  

𝐼𝑠𝑖𝑔𝑛[𝑤𝑛1, 𝑤𝑛2]

𝐼𝑟𝑒𝑓[𝑤𝑛1, 𝑤𝑛2]
 Eq. 17 

From this signal, the IROP (%) is determined as the complementary value to the unit. In 

other words, the percentage of the integral area lost due to the variation of the 𝐼𝑠𝑖𝑔𝑛 with 

respect to the 𝐼𝑟𝑒𝑓. 

 
𝐼𝑅𝑂𝑃(%) = (𝑓𝑡𝑟𝑎𝑛𝑠 − 1) × 100 =  (

𝐼𝑠𝑖𝑔𝑛

𝐼𝑟𝑒𝑓
− 1) × 100 Eq. 18 
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The reflectance interferometer signal of the reference 𝐼𝑟𝑒𝑓 is tuned to be somewhat out 

of phase with respect to the measured signals of a biological-free sensing surface (Fig. 

16). The apparition of a biological layer on top of the sensing surface will cause a 

displacement of the reflectance interferometric spectrum as it was described in section 

{1.4.2}, causing a displacement of the signal (𝐼𝑠𝑖𝑔𝑛) and reducing the area below the 

curve because it is shifted closer to the  𝐼𝑟𝑒𝑓 (Fig. 16). Since the area below the curve is 

proportional to the optical power, a decrease in the 𝐼𝑠𝑖𝑔𝑛 area implies a proportional 

drop in the IROP (%). As it can be seen, this is another way of measuring the same 

phenomenon as the one described for the sensing surface principle, the shift of the 

reflectance spectrum (∆𝑘) due to the apparition of a biofilm with different optical 

constants on top of a surface. Instead of measuring ∆𝑘, the ∆𝐼𝑅𝑂𝑃(%) is reported, 

accounting for the shift in IROP from a biofilm-free surface and one with for a given 

biofilm thickness [5], [71] (Eq. 19). 

 ∆𝐼𝑅𝑂𝑃(%) = 𝐼𝑅𝑂𝑃 − 𝐼𝑅𝑂𝑃 Eq. 19 

 
Fig. 16 Reflectivity spectra for the 3 interferometers: 𝐼𝑟𝑒𝑓 , 𝐼𝑠𝑖𝑔𝑛 (0 𝑛𝑚) and 𝐼𝑠𝑖𝑔𝑛  (40 𝑛𝑚). The 

integration of the area of each interferometer for the given optical interrogation band is inserted in Eq. 

18 to calculate the IROP of the signal. For thicker biofilm layers, the area of 𝐼𝑠𝑖𝑔𝑛 becomes closer to the 

one of 𝐼𝑟𝑒𝑓 , giving negative IROP changes. This is somewhat the same philosophy of the FTIR reflectance 

measurements but instead of giving a shift, a single “jump” value is reported. However, the tunning of 

𝐼𝑟𝑒𝑓  and the optical interrogation band may affect the quality of the results depending on the phase with 

respect to the measured 𝐼𝑠𝑖𝑔𝑛 . 

These measurements are done at a MOX [72], a device commercialized by the company 

Biod, [73] whose purpose is to perform massive optical reflectance detection assays. 
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This device works with a range of sensing surface architectures. The one employed in 

this project was the 65 SU-8 cells on a Si wafer chip (also named kit). This allows 

performing assays with a high number of repetitions, which allow to perform insightful 

statistical analysis of results and to minimize the damage to the data in case some cells 

should fail (Fig. 17).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17 A) 65 

SU-8 cell chip 

(kit) for massive 

detection assays 

B) MOX setup, 

device that reads 

the 65 SU-8 cell 

chips ΔIROPS 
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3 Results and Discussion 

This chapter presents the results obtained in this project. Due to the wide variety of 

activities put through in this project – fabrication, characterization, biofunctionalization, 

of sensing surfaces, direct/indirect immunoassays, characterization, biofunctionalization 

and application of PG biofunctionalized AuNPs – the results are presented in a 

consistent manner, addressing first everything that relates to sensing surfaces and 

immunoassays. Then, the preparation of PG biofunctionalized AuNPs is shown with 

their posterior application to amplify the detection signals obtained from the 

immunoassays. Consequently, the order of results is: 

• Sensing surface fabrication, characterization, biofunctionalization and 

immunoassays: 

o SU-8 Surface fabrication characterization {3.1}. 

o EpoCore surface characterization {3.2}. 

o Biofunctionalization and direct anti-TAU/TAU immunoassay for 

EpoCore and fabricated SU-8 surfaces {3.3} 

o TAU/anti-TAU indirect immunoassay for EpoCore and SU-8 surfaces 

{3.4}. The use of the EpoCore chips and the fabricated SU-8 surfaces is 

covered in {3.4.1}. For the prefabricated 65 SU-8 cell chips, the results 

are shown in {3.4.2}. 

• AuNPs synthesis, biofunctionalization, and application: 

o Synthesis {3.5.1} and PG biofunctionalization {3.5.2}. 

o Study of the UV-Vis characterization methods {3.5.3}. 

o Modification of Haiss’s Formula 3 to develop a self-consistent UV-Vis 

characterization method of AuNPs {3.5.4} 

o Application of PG biofunctionalized AuNPs to the sensing surface assays 

for EpoCore, fabricated SU-8, and 65 SU-8 cell chips described 

previously {3.6}. 
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3.1 Sensing Surface Initial Characterization: Fabricated SU-8 

3.1.1 SU-8 Deposition by Spin-Coating 

 As mentioned in {2.1.1}, a layer of SU-8 was deposited on a wafer of Si to fabricate a 

series of cells that act as an optical sensing surface. Five points of the deposited SU-8 

layer were sampled by Filmetrics to obtain an average thickness: 

Table 10 Filmetrics measurements of the 

SU-8 film deposited by spin-coating. 

 

Fig. 18 Si wafer with SU-8 film and points where the 

thickness was sampled by Filmetrics. 

Position (Fig. 18) Thickness [nm] 

Center (C) 1516 

Superior (S) 1509 

Inferior (I) 1501 

Right (R) 1507 

Left (L) 1502 

TOTAL Average 1507 ± 5 

3.1.2 SU-8 Cells After Photolithography 

After the exposition to UV light and the completion of the photolithographic process as 

described in {2.1.1}, the remaining SU-8 patterned cells on the sample were 

characterized again to know the specifications of the sensing surfaces obtained: 

Table 11 Filmetrics measurements of SU-8 cells on the Si wafer fabricated by photolithography 

SU-8 Cell Thickness [nm] SU-8 Cell Thickness [nm] 

1 1502 9 1500 

2 1501 10 1490 

3 1498 11 1486 

4 1487 12 1504 

5 1495 13 1502 

6 1510 14 1505 

7 1503 15 1497 

8 1509 TOTAL Average 1499 ± 7 

Which shows a slight decrease in thickness between the spin-coating film and the 

fabricated SU-8 cells. After this characterization, the wafer was fragmented into 

individual chips, each with 3 SU-8 depositions (cells) which were used as sensing 

surfaces for the upcoming assays {3.3}, {3.4}, and {3.6}. A picture of the actual 

fabricated SU-8 chips is shown in the upcoming Fig. 20 A). 
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3.2 Sensing Surface Initial Characterization: EpoCore from INL 

The EpoCore sensing surfaces were fabricated by spin coating at the INL and sent to the 

GOFB for characterization and to study their biofunctionalization properties. Five 

samples prepared by spin-coating at different RPMs were sent by the INL, with each 

sample consisting of 4 separate pieces or chips. Each chip was indexed with A, B, C, D, 

and their EpoCore thickness was measured 4 times, giving a total of 80 measurements 

for the 20 chips (Fig. 19). A picture of the EpoCore surfaces is seen in  Fig. 20 B). Each 

sample is expected to have a different average thickness since for higher RPM values 

spin-coating yields thinner films. 

 

Fig. 19 Nomenclature for the EpoCore chips received from the INL. Note that the indexing is not linear 

and that Sample 2 corresponds to 2500 RPM and not to 3250 RPM. 

 

Fig. 20 Pictures of A) Fabricated SU-8 Chips B) EpoCore Chips. Note that the EpoCore surfaces are not 

patterned and just consist on a thin-film deposition of EpoCore on an Si substrate. 

3.2.1 Measurement Results 

Each thickness measurement for a chip has been labeled as M1, M2, M3, and M4. The 

measurements were done in distributed points along the sample to ensure a 
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homogeneous acquisition of data, avoiding areas with an irregular deposition of 

EpoCore identified by visual inspection. All the measurements done for all the chips are 

reported for each sample in the heatmaps shown in Fig. 21. 

  

  

 

Fig. 21 Heatmaps for the Filmetrics measurements of thickness [nm] of each sample and its chips. The 

neutral color corresponds to the mean thickness of the sample. In the colorbars, the maximum, 

average, and minimum values of each sample are presented. 
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3.2.2 Data Homogeneity of Chips Belonging to The Same Sample 

To study the homogeneity of thickness distribution along chips belonging to the same 

sample, a normal variance analysis (ANOVA) test was done, testing if there are 

significant differences for the average thickness between chips belonging to the same 

sample, assuming that the variances of the chips are normally distributed. The ANOVA 

test relies on the obtention of the mean square errors inside and between the compared 

groups, which are called Sum of Squares due to Treatment (SST) and Sum of Squares of 

Errors (SSE), and to divide them to get an F value which will be compared against a 

Snedecor’s F distribution with certain degrees of freedom. 

Table 12 ANOVA variance analysis values 

Degrees of freedom inside a group N = 16 – 4 = 12 

Degrees of freedom between groups k = 4 – 1 = 3  

Sample Chip 
Average 

Thickness 
Variance SST SSE F Value 

1 

1 A 1793.50 1.00 

17.75 11.38 1.56 
1 B 1789.00 16.67 

1 C 1793.25 26.25 

1 D 1792.75 1.58 

2 

2 A 2337.00 11.33 

12.83 14.04 0.91 
2 B 2340.25 34.92 

2 C 2339.25 2.92 

2 D 2336.50 7.00 

3 

3 A 1997.25 18.25 

17.06 7.98 2.14 
3 B 1999.50 7.00 

3 C 2002.00 3.33 

3 D 2001.00 3.33 

4 

4 A 2184.00 8.00 

41.23 4.06 10.15 
4 B 2185.75 2.25 

4 C 2180.00 2.00 

4 D 2179.00 4.00 

5 

5 A 1892.50 0.33 

14.92 5.25 2.84 
5 B 1892.00 11.33 

5 C 1896.00 8.00 

5 D 1895.00 1.33 

 

Fig. 22 Null hypothesis ANOVA testing for the chips belonging to a sample. To accept the null hypothesis 

of equality 𝐻0, the F values calculated must be lesser than the tabulated Snedecor’s F for (3 and 12) 

degrees of freedom and α = 0.05. 
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In the ANOVA test the null hypothesis of equality 𝐻0 considers that there are no 

significant differences between the average thickness of chips belonging to the same 

sample. To test this hypothesis, the F values determined for each sample (Table 12) are 

compared against a Snedecor’s F distribution for 3 and 12 degrees of freedom and a 2-

tailed 𝛼 = 0.05 (Fig. 22). As appreciated, all the samples except sample 4 pass 𝐻0, 

indicating that the chips belonging to those samples do not have significant differences 

in their thickness and can be considered homogeneous. Rejecting 𝐻0 means that at least 

one chip has a significative different thickness compared to the others inside a sample. 

3.2.3 Sample 4 Homogeneity Analysis 

The ANOVA test indicates discrepancies in the mean thickness of each chip but does 

not tell which of the chips is the one causing that significant difference. To investigate 

which sample is the one responsible for the rejection of the null hypothesis, the Least 

Significance Method for Fisher Intervals (LSD) can be used. This consists of building a 

confidence interval around the average thickness of the chip, if two chips show intervals 

that do not overlap, they immediately fail a t-test, where the null hypothesis is the 

equality between averages. The LSD intervals for chips with the same number of 

measurements are determined as: 

 �̅�𝑖  ∓ 
√2

2
 𝑡𝑙𝑑(𝑒𝑟𝑟𝑜𝑟)

𝛼 √
2 𝑆𝑆𝐸

𝑛
 Eq. 20 

Where �̅�𝑖 is the average thickness for each chip. The term 𝑡𝑙𝑑(𝑒𝑟𝑟𝑜𝑟)
𝛼  corresponds to a 

Student’s T distribution with a certain 𝛼 and degrees of freedom, and 𝑆𝑆𝐸 was 

calculated in Table 12. Since the 4 chips have 4 measurements, the LSD interval 

dispersion will be the same for all of them. The interval for each chip of sample 4 is: 

 

�̅�𝑖  ∓ 
√2

2
 𝑡16−4

0.05/2√
2 

4
4.06 =  �̅�𝑖 ∓ 2.74 Eq. 21 

The numerical values of these intervals are seen in Table 13. 

Table 13 LSD interval limits for chips of sample 4 

Chip Mean Thickness Superior LSD Limit Inferior LSD Limit 

4 A 2184.00 2186,74 2181,26 

4 B 2185.75 2188,49 2183,01 

4 C 2180.00 2182,74 2177,26 

4 D 2179.00 2181,74 2176,26 
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A visual representation of LSD intervals from Table 13 is shown in Fig. 23. 

 

Fig. 23 LSD intervals for chips of sample 4. 

The study of the overlap between intervals is 

equivalent to performing t-tests for the 4 

chips. Chips 4 C and 4 D do not overlap with 

chip 4 B.  When the intervals overlap it 

means that there is not a significant 

difference between the mean thickness of 

chips, without overlap the t-test rejects the 

null hypothesis of equality and therefore 

there is a significant difference between 

average values of chips. 

As seen in Fig. 23, the LSD interval of chip 4 B does not overlap with 4 C and 4 D 

while these two do overlap. This indicates that the average thickness of chip 4B has a 

significant difference from the averages of chips 4 C and 4 D. 

These results indicate that there is no thickness distribution homogeneity among chips 

of sample 4, especially due to chip 4 B. However, since chip 4 A acts as a bridge 

between 4 B and 4 C, 4 D, it is not trivial which chips could be discarded. To avoid 

artifacts due to an arbitrary subtraction of a chip and its subsequent bias in the results, 

all chips of sample 4 will be included in the upcoming analysis. 

3.2.4 Comparison of Results with INL Reference 

All the chip measurements are used to calculate a sample average and shown with the 

values provided by Fernando Gordo from the INL (Table 14). 

Table 14 Mean measured thickness and reference data of EpoCore chips according to their spin-

coating RPM 

RPM Reference [nm] 
Measured Average 

[nm] 

Relative 

Discrepancy 

3500 1777 1792 -0.84 % 

3250 1895 1894 0.05 % 

3000 2013 2000 0.65 % 

2750 2187 2182 0.23 % 

2500 2350 2338 0.51 % 
    

As it can be observed, the measured values, which correspond to the average thickness 

per sample, are in the range of the reference data. Not even one measure surpasses the 

arbitrarily chosen threshold of relative discrepancy of 1%, indicating quite a good 

agreement between reference and measured data. 
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3.2.5 Polynomial Fit of Results 

A 2nd-degree polynomial fit (Polyfit) has been done using the thickness values and the 

number of RPM at which each sample was prepared, obtaining the following 

relationship seen in Fig. 24. 

 

Fig. 24 Polyfit of thickness vs RPM. The average value of each sample is shown next to the 

experimental points; however, all thickness values are employed for the 2nd-degree fit.  

The fit obtained is compared with the one reported by Fernando Gordo from INL, which 

is taken as a reference (Table 15). 

Table 15 Polyfit of measurements and reference 

2 Degree fit: a*x2 + b*x + c 

Coefficient 
Reference 

[µm] 

Calculated 

[µm] 

Calculated 

[nm] 

a [thickness/RPM2] 3.000*10-7 2.112*10-7 2.112*10-4 

b [thickness/RPM] 8.030*10-2 -1.820*10-3 -1.820*100 

c [thickness] 1.687*100 5.572*100 5.572*103 

r2 0.9983 0.9970 0.9970 

The differences between calculated and reference coefficients might be caused by the 

representation and fitting of the data. Whereas in the fit done in (Fig. 24) the data shows 

a decrease in thickness with the increase of RPM, in the case of the data reported by 

Fernando Gordo the data is plotted as an increase of thickness with the decrease of 

RPM. While the two situations reflect the same trend in the data – an inversely 

proportional relationship between the thickness of deposition and RPM – the different 

selection of the origin of the axes of coordinates might be the cause of the disagreement 
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between magnitudes. The interpolation of the fit corresponds to the “c” coefficient, in 

other words, the “c” coefficient marks the intersection point in the ordinates axis when 

the value of the abscises axis is zero. While the fit performed in this report shows 𝑐 =

5.572, the coefficient reported in the reference is 𝑐 = 1.687 indicating that indeed there 

is a difference caused by the selection of the origins in the coordinate system.  

3.2.6 EpoCore Characterization Conclusions 

The average thickness values of each sample seem to be within a reasonable range 

compared to the ones reported from INL (Table 14). 

From the measurements reported here, it seems that the samples are quite homogeneous 

except for the chips belonging to sample 4 (Fig. 22). In this sample, chips 4 C and 4 D 

differ significantly from chip 4 B, indicating a poor homogeneity of the thickness of the 

chips prepared with 2750 RPM. However, since chip 1 A acts as a bridge overlapping 

both with 4B and 4C 4D in the LSD study done (Fig. 23), it is not clear which chips 

should be ignored when reporting the results. It has been preferred to keep all the values 

of all the chips to avoid a possible cherry-picking bias in the results. Moreover, more 

measurements should be effectuated to enhance the results of the statistical analysis 

carried out.  

The 2nd-degree polynomial fit indicates an empirical variation between the thickness of 

EpoCore deposition and the RPM employed in the spin coating deposition (Fig. 24). 

The r2 value indicates a good fit, with fitting coefficients differing from reference data 

most probably due to the difference in the selection of the origin of coordinates.  

3.3 SU-8 and EpoCore Biofunctionalization and anti-TAU/TAU 

Direct Immunoassay 

An O2 plasma treatment of 45 s followed by an incubation of 3 µL of anti-TAU at 50 

µg/mL (50 ppm) was done for both EpoCore and the fabricated SU-8 surfaces to test if 

EpoCore undergoes the same changes in the epoxy rings as in SU-8 that make the 

possible the union antibody-polymer surface. The EpoCore chips used were EpoCore 

1B and EpoCore 1C and the fabricated SU-8 chips were labelled as SU-8 A and SU-8 

B. 

In addition to this, the surface was blocked with ethanolamine and TAU protein was 

incubated to check the direct recognition of the antigen (anti-TAU/TAU direct assay). 
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The blocking of the surface is done to avoid the attachment of TAU directly to a 

surface, which would lead to a non-specific growth of the biolayer and as a consequence 

to a non-specific source of recognition signal. The scheme for the direct protocol of this 

immunoassay is presented in Fig. 25. A picture of the chips with the PDMS layer will 

be seen in the next assay section in Fig. 29 (Note that the cells of EpoCore are delimited 

by the size of the PDMS cell hole). 

 
Fig. 25 Anti-TAU/TAU direct immunoassay protocol scheme for EpoCore (1B, 1C) and fabricated SU-8 

chips (A, B). (1) The 4 chips are activated by an O2 plasma exposure of 45 s. Then (1.1), a PDMS layer is 

attached (1.2) to delimit the sensing cells of the surfaces (3 per chip) and an initial reflectance measurement 

with FTIR is done (1.3). Then (2), 3 µL of anti-TAU at 50 ppm are incubated on the cells 3 hours for SU-8 A 

and EpoCore 1B, for SU-8 B and EpoCore 1C the incubation took place for 20 hours in humid conditions 

and at 38.5ºC (2.1). The chips were cleaned using 40 mL of H2O and blowing with compressed air (2.2) and 

a FTIR measurement was done to measure the biofunctionalization displacements (2.3). A blocking stage (3) 

was done, incubating ethanolamine 0.2 M for 1 hour at 38.5ºC and humid conditions (3.1) to block the free 

reactive sites of the polymer cells, avoiding the union of the TAU with the surface in the recognition step. The 

ethanolamine is washed with 40 mL of H2O and blowing with compressed air (3.2) and a FTIR reflectance 

measurement is done to check the signal blocking of the surfaces (3.3). Finally, the TAU recognition (4) is 

done, incubating 1, 2, 5, 10, 20 and 30 ppm for 30 minutes each (4.1). Between incubations the surface is 

washed with 20 mL of H2O (4.2) and with compressed air and the FTIR reflectance spectra is measured to 

construct an anti-TAU/TAU recognition curve (4.3). This protocol is also presented in recipe form with the 

thickness of each chip in Table 25 of annex 4, section {7.4.1}. 

The incubation of antibodies generates a biolayer on top of the sensing surface which 

displaces the reflectance spectra towards higher wavelengths/lower wavenumbers as it 

was explained in the introduction (Fig. 3 B)). The wavenumber shifts (∆𝑘 cm-1) for just 

the anti-TAU functionalization (2.3 FTIR anti-TAU Functionalization Measurement of 
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the previous Fig. 25) are shown in Fig. 26,. As observed, the negative ∆𝑘 values 

indicates the deposition of antibodies on both the SU-8 and EpoCore since the 

formation of the biolayer displaces the peaks to lower wavenumbers. As it can be seen, 

both surfaces seem to be functionalized successfully just by incubating and adequate 

volume and concentration of antibodies on top of the polymer cells after plasma 

exposure. 

The average 𝛥�̃� displacements for SU-8 A and EpoCore 1B are lower than for SU-8 B 

and EpoCore 1C since the times of incubation of the first is of 3 hours and the latter of 

20 hours (foot of Fig. 26). For higher incubation times and higher concentrations, the 

𝛥𝑘 are expected to be larger since a higher proportion of the biomolecules in the 

incubated samples are able to link with the surface. In addition to this, higher incubation 

times seem to be responsible for more homogeneous 𝛥𝑘 displacement values, as 

evidenced by comparing the chips SU-8 A and SU-8 on one side and EpoCore 1B with 

EpoCore 1C on the other one. 

 

Fig. 26 FTIR reflectance shifts ∆𝑘 for SU-8 and EpoCore chips for the recognition of the direct 

immunoassay anti-TAU/TAU. Note the differences of incubations times. Average values with standard 

deviation [cm-1]:  𝜟�̃�𝑺𝑼−𝟖 𝑨 =  −𝟒𝟏 ∓ 𝟏𝟔, 𝜟�̃�𝑺𝑼−𝟖 𝑩 =  −𝟖𝟒 ∓ 𝟓, 𝜟�̃�𝑬𝒑𝒐𝑪𝒐𝒓𝒆 𝟏𝑩 =  −𝟑𝟑. 𝟓 ∓ 𝟎. 𝟑, 

𝜟�̃�𝑬𝒑𝒐𝑪𝒐𝒓𝒆 𝟏𝑪 =  −𝟔𝟏 ∓ 𝟒.  EpoCore 1B Cell B taken out because the value outscored the other ones 

(𝛥𝑘 =  −318.94 cm-1). The spectral shifts of the reflectance peak at 16000 cm-1 for EpoCore and 15000 

cm-1 for SU-8 were used to calculate the values of ∆𝑘. 

After the antibody incubation, the surfaces were blocked with ethanolamine to avoid 

unspecific recognition of TAU and several recognition points were done (points 3 and 4 
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of Fig. 25). In the recognition points, TAU samples of increasing concentrations are 

incubated. This leads to a sequential growth of the biolayer by the formation of 

immunocomplex in the direct immunoassay anti-TAU/TAU, remaining there after 

washing the surface and shifting the reflectance spectra towards smaller wavenumbers. 

The FTIR recognition curves of this assay (𝛥𝑘 vs TAU concentration) are shown in Fig. 

27. EpoCore 1 C Cell B and SU-8 A Cell A are presented, indicating a curve variation 

of  ∆𝑘 with increasing TAU concentration. For smaller TAU concentrations, the ∆𝑘 

shifts are proportional to the concentration incubated. For higher concentrations, the 

curves seem to saturate as evidenced by the last point at 30 TAU ppm of SU-8 A Cell 

A. While the curve has some points which do not fit completely with the expected 

behavior since they show positive ∆𝑘 values, the overall shape indicates that there is 

selective recognition anti-TAU/TAU. The off-points of the curve could be caused by 

using water as a diluent instead of PBS, a buffer which is involved in biological 

reactions such as the antigen/antibody recognition. 

 

3.4 TAU/anti-TAU Indirect Immunoassay 

3.4.1 SU-8 and EpoCore TAU/anti-TAU Assay 

Once the anti-TAU biofunctionalization of EpoCore has been tested with anti-TAU, the 

next step is to check if the sensing surface can be biofunctionalized with TAU and its 

subsequent recognition with anti-TAU (TAU/anti-TAU indirect immunoassay). 

Additionally, blank chips functionalized with ethanolamine are going to be used to 

check for unspecific sources of signal. Ethanolamine is a molecule that can bond to the 

Fig. 27 FTIR reflectance peak 

displacement Δk for direct 

immunoassays A) EpoCore 1C 

Cell B and B) SU-8 A Cell A. 

Each point has an increasing 

TAU concentration, increasing 

the thickness of the optical layer 

by formation of the 

immunocomplex anti-TAU/TAU. 

The spectral shifts of the peak at 

16000 cm-1 for EpoCore and 

15000 cm-1 for SU-8 were used 

to calculate the values of ∆𝑘 

shifts. 
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reactive unfunctionalized sites of a plasma-exposed polymer surface, but it does not 

have a preferent recognition-interaction with neither the TAU or anti-TAU. 

Consequently, the antibody incubated on top of ethanolamine will not lead to a selective 

growth of the biolayer and therefore the ∆𝑘 blank displacements will be caused by other 

unspecific sources.   This assay will be continued in section {3.6.1} where the 

amplifying properties of the PG biofunctionalized AuNPs are tested following an assay 

as it was depicted in the introduction (Fig. 4). The biofunctionalization and recognition 

protocol followed in this case is presented in Fig. 28. An example image of the SU-8 

and EpoCore chips with the PDMS are shown in Fig. 29. 

 
Fig. 28 TAU/anti-TAU indirect immunoassay protocol scheme for EpoCore (3B, 3C, 3D) and fabricated 

SU-8 (G, H, I) chips. (1) The 6 chips are activated by an O2 plasma exposure of 45 s (1.1). Then, a PDMS 

layer is attached (1.2) to delimit the sensing cells of the surfaces (3 per chip) and an initial reflectance 

measurement with FTIR is done (1.3). Then (2), 3 µL of TAU at 30 ppm are incubated for chips SU-8 G, 

SU-8 H, EpoCore 3B and EpoCore 3C. Chips SU-8 I and EpoCore 3D are incubated with ethanolamine to 

be used as blanks. These incubations are of 3 µL for 2 hours at 38.5ºC and humid conditions (2.1). The 

chips were cleaned using 40 mL of H2O and blowing with compressed air (2.2) and a FTIR measurement 

was done to measure the biofunctionalization displacements (2.3). A blocking stage (3) was done, 

incubating ethanolamine 0.2 M for 1 hour at 38.5ºC and humid conditions (3.1) to block the free reactive 

sites of the polymer cells, avoiding the union of the TAU with the surface in the recognition step. The 

ethanolamine is washed with 40 mL of H2O and blowing with compressed air (3.2) and a FTIR reflectance 

measurement is done to check the signal blocking of the surfaces (3.3). Finally, the anti-TAU recognition 

is done (4), incubating anti-TAU at 5 ppm for SU-8 G and EpoCore 3B and anti-TAU at 20 ppm for SU-8 

H and EpoCore 3C. For the blank chips, SU-8 I and EpoCore 3D, the cells A and B are incubated with 5 

ppm and the Cell B with 20 ppm (4.1). After the incubations, the chips are washed with 20 mL of H2O (4.2) 

and measured with the FTIR, obtaining the reflectance spectra and their shifts (4.3). This protocol is also 

presented in recipe form with the thickness of each chip in Table 26 of annex 4, section {7.4.2}. 
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Fig. 29 Pictures of A) EpoCore and B) SU-8 with PDMS layers attached. Note that while SU-8 has 

patterned cells which are contoured by the PDMS cells, the EpoCore surfaces do not have patterned 

cells. This causes that the size of the sensing surface of EpoCore is the size of the cell on the PDMS layer 

(with approximately 1 mm in diameter). 

 

 

 

 

 

Fig. 30 FTIR reflectance shifts ∆𝑘 cm-1 for EpoCore sensing surfaces EpoCore 3B, 3C, 3D. Blue signals 

correspond to the TAU shift, Orange signals to the blocking stage shift (Block) and green signals to the 

recognition of anti-TAU. Red bars indicate the uncertainty in the measurement. The Cell A of EpoCore 3D 

was discarded since it showed a strong positive recognition signal for a blank. In the left side a summary 

of the functionalization steps is shown. In parenthesis next to the name of the chip the functionalization 

agent can be seen. For blanks the functionalization was done with ethanolamine. Below the names, in the 

bulletpoints, the amount of anti-TAU for recognition is presented. Note that EpoCore 3B and EpoCore 3C 

were recognized with different amount of anti-TAU and therefore the Recon signals present should be 

higher for EpoCore 3C than for EpoCore 3 B (20 ppm vs 5 ppm). Spectral shifts ∆𝑘 calculated from the 

reflectance spectral peak at 17000 cm-1. 
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Fig. 31 FTIR reflectance shifts ∆𝑘 cm-1 for fabricated SU-8 sensing surfaces SU-8 G, H, I. Blue signals 

correspond to the TAU shift, Orange signals to the blocking stage shift (Block) and green signals to the 

recognition by the anti-TAU formation of the immunocomplex.  Red bars indicate the uncertainty in the 

measurement. In the left side a summary of the functionalization steps are shown. In parenthesis next to 

the name of the chip the functionalization agent can be seen. For blanks the functionalization was done 

with ethanolamine. Below the names, in the bulletpoints, the amount of anti-TAU for the recognition step 

is presented. Spectral shifts ∆𝑘 calculated from the reflectance spectral peak at 15000 cm-1. 

From Fig. 30 and Fig. 31 the first thing that can be concluded is that both surfaces, 

EpoCore and SU-8, are suited for biofunctionalization with protein TAU just by looking 

at the functionalization signals (blue bars) since negative displacements are obtained in 

every case. Note that the chips EpoCore 3D and SU-8 I are blanks and were initially 

functionalized with ethanolamine, a blocking agent which should not interact with the 

anti-TAU. In principle, blank chips should show less functionalization displacements 

since ethanolamine is an extremely small molecule compared with protein TAU 

(𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙𝑎𝑚𝑖𝑛𝑒 ≈ 61 𝐷𝑎 vs 𝑀𝑇𝐴𝑈 ≈ 55 − 62 𝐾𝐷𝑎). However, ethanolamine is 

incubated at a concentration (0.2 M ethanolamine 61 Da ≈ 12200 ppm) much higher 

than the TAU one (30 ppm). Consequently, the biofunctionalization signals for blank 

chips and for the ones incubated with TAU are similar.  

For blank chips, the recognition values of anti-TAU are usually smaller – except for 

Cell A EpoCore 3D, reason for which it was discarded – since there is not a preferential 

deposition of biomaterial on the surface due to the antigen-antibody complex formation 

(Fig. 30 discarded cell). Chips EpoCore 3 B and SU-8 G were recognized by anti-TAU 

at 5 ppm, consequently, they should show smaller recognition signals than the chips 

EpoCore 3 C and SU-8 H, which were incubated with anti-TAU at 20 ppm (Fig. 30 and 
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Fig. 31). However, note that for the SU-8 G chip the Cell A and Cell B show positive 

wavenumber displacements, indicating that the recognition, in this case, is extremely 

small or even nonexistent. Lastly, the ethanolamine blocking signals should be small or 

even positive since this step is done to block free reactive sites of the sensing surface 

polymers, this includes washing steps that could subtract material from the biolayer, 

giving positive wavenumber displacements. Note that EpoCore 3 C Cell A and Cell C 

have very positive signals whose values should be taken skeptically and caused 

probably by problems in the measurement rather than reflecting the reality of those 

cells. The average ∆𝑘 of all cells for each chip are presented in Table 16. 

The values shown in Table 16 indicate that TAU/anti-TAU recognition is happening. 

Nevertheless, the number of cells per chip (3) is not enough to perform significant 

statistical tests (like a simple t-test between chips of the same polymer). Still, these 

results indicate several things. First, the TAU biofunctionalization of EpoCore and SU-8 

can be done by plasma exposure confirming the results from previous experiments in 

which the anti-TAU functionalization was tested (recall Fig. 26). Second, the addition 

of blank ethanolamine cells leads to smaller 𝛥𝑘 displacements in the recognition, 

indicating no preferential interaction with the anti-TAU. Third, the incubated anti-TAU 

does recognize the TAU present on the surface, showing higher recognition shifts for 

EpoCore 3 C and SU-8 H (20 ppm) than for EpoCore 3 B and SU-8 G (5 ppm). One 

drawback of the results presented is the high standard deviation mainly due to the 

reduced number cells per chip (3 for both).  

Table 16 FTIR average reflectance and standard deviation wavenumber shift 𝜟𝒌 for EpoCore and 

fabricated  SU-8 TAU/anti-TAU chips assay, (Fig. 30 and Fig. 31 respectively). Recon = anti-TAU 

recognition step. 

Step EpoCore 3B EpoCore 3 C EpoCore 3 D SU-8 G SU-8 H SU-8 I 

Biofunctionali

zation Agent 
TAU 30 ppm 

Ethanolamine 

Blank 
TAU 30 ppm 

Ethanolamine 

Blank 

Recon 

anti-TAU 
 5 ppm  20 ppm 

5 ppm Cell A, 

20 ppm Cell B, 

5 ppm Cell C 

   5 ppm  20 ppm 

5 ppm Cell A, 

20 ppm Cell B, 

5 ppm Cell C 

Biofunctionaliz

ation 𝛥�̃� [cm-1] 
-39 ± 2 -36 ± 6 -38 ± 20 -50 ± 4 -44 ± 9 -29 ± 18 

Block 

 𝛥�̃� [cm-1] 
-12 ± 8 23 ± 28 5 ± 3 3 ± 4 3 ± 2 6 ± 12 

Recon 

anti-TAU  

𝛥�̃� [cm-1] 

-10 ± 11 -57 ± 31 -4 ± 2 -14 ± 26 -40 ± 21 -3 ± 7 
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3.4.2 Chip with 65 SU-8 Cells TAU/anti-TAU Indirect Assay 

At the GOFB sensing surfaces for massive screening are fabricated regularly. One of 

their prefabricated surfaces consists of 65 SU-8 cells on a Si wafer. The readout of these 

chips is fully automatized and optimized by the use of a MOX, a device that reads the 

IROP changes of a sensing surface (section {2.6.2}). This ΔIROP should give negative 

values similarly to the wavenumber displacements of the FTIR signals. An indirect 

immunoassay with TAU biofunctionalization and anti-TAU recognition was done for 

one of these 65 SU-8 cell chip with id 65C6_82_9. The protocol followed is sketched in 

Fig. 32. 

 

Fig. 32 TAU/anti-TAU indirect immunoassay protocol scheme for chip with 65 SU-8 cells 65C6_82_9. 

(1) The SU-8 cells were activated by an O2 plasma exposure of 45 s. Then (1.1), a PVC layer is attached 

to delimit the contour of the 65 sensing cells (1.2) with a MOX measurement of the initial values (1.3). 

(2) The chip was then incubated with 1 µL TAU at 50 ppm (cells 0-33) and ethanolamine 0.2 M (cells 

34-64) for 2 hours, humid atmosphere and 38.5 ºC (2.1).   The chip was cleaned using 40 mL of H2O, 

immersing the chip in water and shaking, changing the PVC layer and blowing with compressed air 

(2.2). A measurement with MOX was done to measure the biofunctionalization ΔIROP values (2.3). 

Finally, the anti-TAU recognition is done (3), incubating 1 µL anti-TAU at 30 ppm for all the cells of the 

chip (0-64) (3.1). The chip was washed with 40 ml H2O, compressed air, shaking under water for 2 

minutes and with a new PVC layer attached (3.2). Then, it was measured (MOX) to obtain the anti-TAU 

recognition ΔIROP values (3.3). This protocol is also presented in recipe form in Table 27 of annex 4, 

section {7.4.3}. 

The ΔIROP signals from the TAU/ethanolamine biofunctionalization are shown in Fig. 

33. The TAU-functionalized cells present higher values than the ethanolamine ones. 

According to the behavior of the sensing surface, ethanolamine should give smaller 
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signal variations since it has a relatively small size compared with the bulky protein 

TAU, thus generating a thinner biofilm on top of the surface.  Indeed, when comparing 

the result of a t-test between both groups, the null hypothesis of equality is rejected, 

indicating that the signals are significantly different (Table 17 TAU and Ethanolamine 

Functionalization). 

 

Fig. 33 MOX ΔIROP for 65 SU-8 cell chip 65C6_82_9. Biofunctionalization step with TAU and 

ethanolamine. Cells 0 to 33 were incubated with TAU while the cells 34 to 64 were incubated with 

ethanolamine (blank). The ethanolamine should not have recognition by the addition of anti-TAU, acting 

as a blank in the assay, accounting for unspecific signal sources. The red bars indicate the uncertainty in 

the measurement. 

Similar behavior to the functionalization case is observed for the anti-TAU recognition 

case (Fig. 34). It can be observed that the variation in ΔIROP is greater for the cells that 

were initially functionalized with TAU than with ethanolamine. When the antibodies 

(anti-TAU) are incubated, they form an immunocomplex with the antigen, increasing 

the size of the biofilm and remaining linked even after washing the SU-8 cells. This is 

not the case for the cells that did not have TAU in the first place, thus leading to smaller 

variations in the IROP signal. Indeed, these results show that there is a good recognition 

of the pair TAU/anti-TAU by the sensing surface with enough samples that significant 

statistical information can be obtained. To confirm these results, in Table 17 the results 

from a t-test for the anti-TAU recognition are presented where the null hypothesis is 

rejected, thus leading to the conclusion that the signal differences between cells initially 

functionalized with TAU and with blank are significantly different from each other. 
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Fig. 34 MOX ΔIROP for 65 SU-8 cell chip 65C6_82_9. Recognition with anti-TAU. Cells 0 to 33 were 

initially incubated with TAU and cells 33 to 64 were incubated with ethanolamine. Therefore, for cells 

without TAU, the immunocomplex will not form, leaving the biological layers on the sensing cells with the 

same thickness and causing minimal a ΔIROP. The cells with TAU will form an immunocomplex and 

greater ΔIROP increments are expected. The red bars indicate the uncertainty in the measurement. 

Table 17 Average and standard deviations ΔIROP for 65C6_82_9 TAU functionalization and anti-TAU 

recognition (Fig. 33 and Fig. 34). 

Stage Figure Assay 

Average ΔIROP (%) 

t-test 

Data 

t-test 

Result 

TAU 

Functionalization 

(CELLS 0 - 33) 

Ethanolamine 

Blank  

(CELLS 

33 - 64) 

TAU  

& Ethanolamine 

Functionalization 

Fig. 33 -321 ± 85 -71 ± 34 

t-score: 

15.534 

t-score > 

t-crit 

t-crit: 1.998 
Reject 

H0 

Anti-TAU 

Recognition 
Fig. 34 -541 ± 106 -98 ± 66 

t-score: 

19.98 

t-score > 

t-crit 

t-crit: 1.998 
Reject 

H0 

Up until this point, it has been shown that surfaces based both on EpoCore and SU-8 

work as sensing surfaces for the pair TAU/anti-TAU. Moreover, one of the main 

objectives of the project has been covered, which is to investigate if the EpoCore-based 

surfaces are susceptible of biofunctionalization with species such as proteins and 

antigens. Now, the project shifts towards the synthesis, biofunctionalization and 

application of AuNPs to study their use as signal amplifiers in assay experiments. This 

last point will be covered in {3.6}. 
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3.5 Gold Nanoparticles: Synthesis, Functionalization, and 

Characterization 

3.5.1 Gold Nanoparticle Synthesis 

AuNPs cores/seeds were synthesized according to the Turkevitch method protocol 

described in section {2.3.1} (Turkevitch Phase 1). Afterwards, these cores were grown 

via hydroxylamine reduction as described in the second part of the Turkevitch method 

{2.3.2} (Turkevitch Phase 2). The results of the UV-Vis characterization of this batch 

(S20210707) are summarized in Table 18. In Fig. 35 A) a picture of the synthesized 

seeds/cores can be seen. Additionally, in Fig. 35 B) the spectra for both cores and 

grown AuNPs are presented, showing the characteristic SPR peak which indicates that 

the AuNPs have been successfully synthesized and that the colloidal Au dissolution is 

stable. Only Haiss’s formula 1 is used to report the diameter of diameter for the grown 

AuNPs since it better predicts the diameter of AuNPs but not for the cores since it only 

works for 𝑑 > 20 𝑛𝑚. This is justified in section {3.5.3} where a comparison between 

the UV-Vis characterization methods is discussed.  

Table 18 Results of AuNPs core synthesis and growth by the Turkevitch method. 

Type 

Diameter Concentration NPs Concentration Au [mM] 

Value 

[nm] 
Notes 

Value 

[NPs/uL] 
Notes 

Value 

[mM Au] 
Notes 

AuNPs Cores 17 ± 1 

Total average 

value, excluding 

Haiss’s Formula 1 

(1.9 ± 0.3) 

E9 

Total average 

value, excluding 

Haiss’s Formula 1 

0.477 

±0.013 

Total average, 

value, excluding 

Haiss’s Formula 

1 

AuNPs Grown 66 nm 
Only Haiss’s  

Formula 1 
(5 ± 2) E7 

Total average, 

including all 

methods 

0.28 

± 0.3 

Total average, 

including all 

methods 

 

 

Fig. 35 A) Picture of the AuNPs seeds/cores synthesized (Turkevitch Phase 1). B) UV-Vis spectra for 

AuNPs seeds (Turkevitch Phase 1) and grown AuNPs (Turkevitch Phase 2). The absorbance peak 

corresponds to the characteristic SPR displayed by AuNPs. 
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3.5.2 Gold Nanoparticle Functionalization and Biofunctionalization 

As mentioned previously when the functionalization and biofunctionalization protocols 

were introduced (sections {2.3.3} and {2.3.4}), these protocols require the diameter and 

concentration to AuNPs to determine the amount of reactants needed, varying between 

synthesis and batches of AuNPs. For this reason, in Table 19 the reactants used for each 

biofunctionalization step combined with the UV-Vis characterization of each step are 

shown. The functionalization was done in parallel for two repetitions (MUA 1 and 

MUA 2) which were kept separated along the biofunctionalization (PG1 and PG2, 

PGEtB1, PGEtB2). This biofunctionalization batch is called (B20210707). 

Table 19 AuNPs functionalization and biofunctionalization. Summary of results and reactants employed 

Nanoparticle Seeds/Cores: 17 nm, 1.9 ± 0.3 NPs/µL and 0.477 mM Au 

Grown Nanoparticles: 66 nm, 5 E7 NPs/µL and 0.28 mM Au 

1. Functionalization with MUA and t-PEG (MUA 1 and MUA 2) 

1.1 Nanoparticle Functionalization 

Step ↓ | Group → MUA 1 MUA 2 

Grown NPs Used 40000 µL 40000 µL 

Initial pH 3.26 3.28 

Final pH (after 2 mL 

Carbonate 100 mM) 
6.46 6.51 

Addition of MUA in 

DMSO & H2O (0.141 

mM) 

285.0 µL 285.0 µL 

Addition of Thiolated-

PEG in H2O  

(2.135 mM) 

37.5 µL 37.5 µL 

Left under stirring overnight (20 hours) 

1.2 Nanoparticle Washing and UV-

Vis Measurement 

 
Fig. 36 A) 

Centrifugation at 4000 RPM for 15 min, eliminate 

supernatant and reconstitute. 

Two additional centrifugations at 3500 RPM for 10 min 

and reconstitute at 3 mL. 

UV-Vis Measurements (MUA1 and MUA2) 

 ¼ Conc Stock, used for PG functionalization 

Step ↓ | Group → 

MUA1 MUA2 

Total 

Average 
Total Average 

Concentration NPs 

(NP/µL) 
(2 ± 1) E8 (5 ± 3) E8 

Concentration Au (mM) 0.64 ±0.05 0.94±0.06 

2. Biofunctionalization with PG (PG1 and PG2) 

2.1 Nanoparticle 

Biofunctionalization with PG 

 

 
*Two parallel repetitions with these 

 volumes were used  

(4 in total with  

initial MUA 1500 µL) 

Step ↓ | Group → PG1 PG2 

MUA Nanoparticles Used* 750 µL 750 µL 

Addition of MES (100 

mM) 
83.3 µL 83.3 µL 

Addition of EDC (1.042 

mM) 
16.8 µL 24.6 µL 

Addition of S-NHS(0.543 

mM) 
9.11 µL 13.3 µL 

Stirring for 15 min 

Centrifugate at 3500 RPM 10 min and discard supernatant, 

reconstitute with 500 µL H2O 
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Protein G (500 µg/mL) 15.48 µL 22.63 µL 

Incubation Overnight (20 hours) 

3. Blocking with Ethanolamine (EtB) 

3.1 Nanoparticle Blocking 

Ethanolamine 

Step ↓ | Group → PGEtB1 PGEtB2 

Ethanolamine 0.2 M 

Added 
20 µL 20 µL 

Leave under stirring for 1 hour 

 
Washing: Centrifugation at 3500 RPM 2 times and 

reconstitute with PBS. Save in a  

3.2 PGEtB UV-Vis Measurement 

 
Fig. 36 B) 

UV-Vis Measurements (PGEtB1 and PGEtB2) Stock 

Step ↓ | Group → 

PGEtB1 PGEtB2 

Haiss’s 

Formula 1 

Haiss’s 

Formula 1 

Concentration NPs 

(NP/µL) 
1.68 E7 3.71 E7 

Concentration Au (mM) 0.285 0.5837 

 Samples obtained 4 4 

 Volume per sample (µL) 1000 1500 

 

 

Fig. 36 A) MUA 1 and MUA 2 functionalized AuNPs UV-Vis Spectra. B) PGEtb 1 and PGEtb2 

biofunctionalized AuNPs’s UV-Vis Spectra. Results for biofunctionalization batch B20210707. As it can 

be observed, the blue spectrum corresponds to the least concentrated and the orange one to the most 

concentrated. These are the particles functionalized that will be used to study their signal amplification 

properties. The shown Eppendorf vials were blocked with BSA to avoid agglomerations. 

The functionalization of AuNPs is quite delicate since the stability of the colloidal 

dissolution could be compromised, causing agglomerations and rendering the batch 

unfit for application. UV-Vis spectrophotometry can serve to detect if this has happened 

since agglomerations tend to increase the width of the SPR peak of the spectrum, which 

was not observed in Fig. 36. Nevertheless, UV-Vis spectrophotometry only allows to 

obtain the diameter, concentration and to know dissolution has not agglomerated, but it 

does not give information regarding the success of the functionalization step. Therefore, 

the success of the whole functionalization process cannot be tested until its final 
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application on the assays performed in this project. An alternative is to use Dynamic 

Light Scattering (DLS) and Z-Potential measurements, which have been modestly 

applied punctually to some batches of AuNPs but not to the batch shown in this section 

(B20210707). These techniques can be used to track if the reaction stages have achieved 

what is expected of them through measurements of hydrodynamic radius and the surface 

charge of the AuNPs. 

PBS dissolutions are known to damage AuNPs dissolutions when they do not have any 

functionalization. This has been reported in the scientific community, blaming the 

destabilization of the citrate/dicarboxy acetone stabilizing shell as the responsible for 

the destruction of the colloidal dissolution [74]. Even so, PBS is an essential buffer for 

biological reactions, such as the formation of the antigen/antibody immunocomplex 

reaction or the PG/antibody linking. Therefore, it is vital to test if the AuNPs can be 

suspended in PBS and to check whether they suffer any damage. Fortunately, as seen in 

Fig. 37, the conjugation with MUA and PG protects the AuNPs cores. 

  

3.5.3 Gold Nanoparticle Characterization by UV-Vis: Formula Benchmarking 

Across the repeated synthesis of AuNPs batches, some considerations were raised when 

using the UV-Vis characterization formulas presented in section {2.4}. Since these 

formulas depend on the intensity of absorbance to determine both the diameter and 

concentration of nanoparticles, it is reasonable to consider what would happen if a 

dissolution is measured through several dilutions. In theory, the formulas should predict 

a decreasing concentration of AuNPs and colloidal Au while keeping the diameter of 

Fig. 37 PBS effect on AuNPs. As appreciated, 

for non-conjugated “naked” Grown AuNPs 

after adding PBS the color is lost due to the 

destruction of the colloidal dissolution (circled 

dissolutions). For MUA functionalized and for 

PGEtB AuNPs the color does not change, 

indicating that the functionalization has 

protected these dissolutions from the salts 

present in the PBS. However, PBS is essential 

for biological reactions like PG antibody 

linking or antigen/antibody recognition. 
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the AuNPs unaltered. However, as it was tested experimentally, both the concentration 

and the diameter are altered for several dilutions of a dissolution of AuNPs. 

A dissolution of grown AuNPs of approximately 48 nm and 0.2454 mM was diluted, 

measuring each time the UV-Vis spectrum, and obtaining the values of diameter, 

concentration of particles [NPs/µL] and colloidal Au concentration [mM] (𝑐𝐴𝑢). The 

results are reported in Table 20, showing a variation of diameter for each value for each 

dilution with respect to the reference concentration (Ref. Conc.). This Ref. Conc. was 

estimated by accounting for the amount of water used for the successive dilutions and 

with the stock’s solution concentration. As observed, there is a variation for the 

diameter values with each dilution for Haiss’s Formula 2 and the Self-Consistent 

method, while Haiss’s Formula 1 always predicts a diameter of approximately 54 nm. 

This is because while other methods rely on the values of absorbance, Haiss’s Formula 

1 predicts the diameter through the wavelength position of the SPR peak which remains 

the same when diluting with water.  

This characterization problem is caused by the dependance of the molar extinction 

coefficient 𝑄𝑒𝑥𝑡 and of the 𝐴𝑏𝑠 from Eq. 11 on the size of the particles. Therefore, these 

results are both determined the diameter and density of particles. However, an 𝐴𝑏𝑠 can 

be found by different combinations diameter and density of particles, meaning that a 

highly concentrated dissolution of small particles may be able to absorb the same 

amount of light than a low concentrated dissolution of large AuNPs, thus causing 

absorbance formulas to wrongly predict the diameter of AuNPs when diluted.Therefore, 

Haiss’s Formula 1 should be the preferred method when dealing with diluted 

dissolutions or when concentrating the AuNPs. For non-diluted dissolutions (0.2454 and 

0.1905 mM), all the methods seem to give similar 𝑐𝐴𝑢 values, as indicated by the 𝑐𝐴𝑢 

Err (%) lines which account for the relative error between the 𝑐𝐴𝑢 predicted by a method 

and the Ref. Conc. of that solution. For further dilutions, the values predicted by Haiss’s 

Formula 2 and the Self-Consistent method diverge with respect to the Ref. Conc. 

values. To keep track of the overall performance of a method, the sum of all the 𝑐𝐴𝑢 Err 

(%) fields is shown in the last row (Relative Error Sum (%)), indicating that the method 

that better adjusts to the values of Ref. Conc. throughout the dilutions is Haiss’s 

Formula 1. Note that while the Self-Consistent method generally poorly predicts the 

diameter of the NPs through the dilutions (it should be around 48 nm), it predicts more 

accurately than other methods the concentration of colloidal gold, 𝑐𝐴𝑢. 
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Total

Method Haiss's Formula 1 Haiss's Formula 2 Haiss's Formula 2 Self-Consistent Self-Consistent Average Calibration Line Abs400
Interpolation 0.25 mM 

at 0.6 Abs400
Average Total Average

Ref. Conc. Au [mM] Parameters ---- Theoretical Experimental Theoretical Experimental ----  ---- ---- ---- ----

Diameter (nm) 54,079 34,874 31,113 32,410 32,545 36,553 ---- ---- ---- ----

C Au (mM) 0,223 0,238 0,244 0,242 0,242 0,238 0,283 0,265 0,274 0,248

C Au Err (%) 8,977 2,846 0,704 1,479 1,558 3,113 15,131 7,834 11,483 1,057

Diameter (nm) 54,079 19,521 19,059 16,864 17,434 25,391 ---- ---- ---- ----

C Au (mM) 0,154 0,183 0,184 0,188 0,187 0,179 0,197 0,185 0,191 0,182

C Au Err (%) 18,944 3,794 3,418 1,559 2,055 5,954 3,380 3,106 3,243 4,214

Diameter (nm) 54,079 13,626 14,068 12,489 13,085 21,470 ---- ---- ---- ----

C Au (mM) 0,114 0,142 0,142 0,144 0,143 0,137 0,147 0,137 0,142 0,138

C Au Err (%) 10,451 12,065 11,592 13,317 12,654 7,836 15,356 8,202 11,779 8,962

Diameter (nm) 54,079 7,738 8,723 22,513 22,977 23,206 ---- ---- ----

C Au (mM) 0,089 0,119 0,117 0,103 0,103 0,106 0,116 0,109 0,113 0,108

C Au Err (%) 5,250 40,167 38,577 21,934 21,495 25,484 37,404 28,985 33,195 27,687

Diameter (nm) 54,079 6,031 7,066 24,631 25,038 23,369 ---- ---- ----

C Au (mM) 0,072 0,098 0,097 0,082 0,082 0,086 0,095 0,090 0,092 0,088

C Au Err (%) 13,621 54,611 52,555 29,528 29,140 35,891 50,018 40,945 45,482 38,631

Relative Error Sum (%) 57,242 113,483 106,846 67,817 66,902 78,278 121,290 89,072 105,181 80,552

0,127

0,0847

0,0635

Haiss's Formulas Calculations

0,1905

0,2454

Interpolation Calculations

Table 21 UV-Vis original values for freshly grown AuNPs measured just after synthesis. These values are included to show that there is some variation of the 

results if the dissolution is remeasured sometime after (compare the diameters with the grey cells of Ref. Conc. 0.2454 mM of the previous Table 20. This may be 

caused because part of the reactions still take place even after the synthesis. The 𝑐𝐴𝑢 Err (%) accounts for the relative difference between the calculated 𝑐𝐴𝑢 and 

the Ref. Conc. of 0.2454 mM. Cells higher than 5% are shown in red while for lower ones they are colored green. Haiss’s Formula 1 (Eq. 12), Haiss’s Formula 2 

(Eq. 13), Self-Consistent Method {3.5.4}, Calibration Line Abs400 (Fig. 13), and Interpolation 0.25 at 0.6 Abs400 {2.4.6}. 

 

Table 20 UV-Vis formula benchmarking. An initial dissolution of 0.2454 mM Au was taken and then diluted with H2O, tracking the predictions of concentration of 

colloidal Au and diameter across the dilutions. Then, the values obtained are compared to the Ref. Conc. which is determined with the amount of dilutent added 

and the undiluted concentration. The 𝒄𝑨𝒖 Err (%) is the absolute difference between the concentration of colloidal gold calculated and the Ref. Conc. For 𝒄𝑨𝒖 Err 

(%) greater than 5 % the cells are shown in red, otherwise (lower than 5 %) they are shown in green. The Relative Error Sum (%) row accounts for the sum of 

all the 𝑐𝐴𝑢Err (%) of that method and gives an idea of how accurate a method is globally. Then, a color rule is applied to these cells, with the lowest cells showing 

a green color (Haiss’s Formula 1), the average showing a yellow-orange color (Haiss’s Formulas Calculations Average and Total Average) and the highest ones 

showing a red color (Calibration Line Abs400). The grey diameter cells of Ref. Conc. 0.2454 are used to compare the diameter of a few-weeks old AuNPs with the 

freshly grown as shown in Table 21. Note that the diameter varies with successive dilutions.  Haiss’s Formula 1 (Eq. 12), Haiss’s Formula 2 (Eq. 13), Self-

Consistent Method {3.5.4}, Calibration Line Abs400 (Fig. 13), and Interpolation 0.25 at 0.6 Abs400 {2.4.6} 

Total

Method Haiss's Formula 1 Haiss's Formula 2 Haiss's Formula 2 Self Consistent Self Consistent Average Calibration Line Abs400
Interpolation 0.25 mM 

at 0.6 Abs400
Average Total Average

Parameters ---- Theoretical Experimental Theoretical Experimental ----  ---- ---- ---- ----

Diameter 51,821 49,549 41,858 47,858 47,229 47,663  ---- ---- ---- ----

C Au (mM) 0,236 0,237 0,242 0,238 0,238 0,238 0,293 0,275 0,284 0,251

C Au Err (%) 2,638 2,186 0,211 1,774 1,604 1,683 21,135 13,451 17,293 3,799

Haiss's Formulas Calculations Interpolation Calculations

Freshly Grown NPs  

Ref. Conc.                     

0.2454 mM Au
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Additionally, the UV-Vis spectra of AuNPs varies as time passes from the moment of 

synthesis. In Table 21 The diameter, 𝑐𝐴𝑢, and 𝑐𝐴𝑢 Err (%) for the freshly grown AuNPs 

can be seen. As appreciated in this figure, the diameters compared by every method 

seem to be fairly close. This same dissolution of AuNPs was the one used for the 

dilution experiment of Table 20. Note that for the undiluted case of Table 20 (Ref. 

Conc. 0.2454 mM Au, grey cells) and the freshly grown case of Table 21 there is some 

variation of diameters even when what is being measured is the same dissolution 

separated by a few weeks in time. This could be caused by a continuation of the 

synthesis reactions which still take place after the synthesis has been done, varying the 

properties of the colloidal solutions evidenced by pH changes as reported in the 

literature [63]. 

Lastly, in the initial synthesis stage of AuNPs (Turkevitch Phase 1), the obtained 

particles are too small to be described properly with Haiss’s formula 1, since it is only 

valid for particles with greater diameter of 20 nm as explained in section {2.4.2}. 

Consequently, the other methods are still needed to characterize the cores/seeds 

synthesized. Overall, since Haiss’s formula 1 has the least Relative Error Sum (% ) 

(Table 20), it is the preferred method when reporting growth and biofunctionalization 

results in sections {3.5.1} and {3.5.2}. Additionally, while Haiss’s formula 1 tends to 

underestimate the concentration of Au, the interpolation calibration methods tend to 

overestimate it, leaving the total average value (last column of Table 20) closer to the 

Ref. Conc. and, therefore, making it the preferent choice when reporting the 

concentrations of the characterized AuNPs dissolutions. 

In summary, the most robust method is the one that does not depend on the absorbance 

but on the wavelength of the SPR peak (Haiss’s Formula 1). However, other methods 

are still needed since Haiss’s Formula 1 is only valid for particles of diameter greater 

than 20 nm. Additionally, the average of all the methods seems to be valid to obtain the 

density of NPs and the 𝑐𝐴𝑢. Moreover, having a wider range of methods allows to have 

a more robust understanding of the characterization results compared to just having one 

method despite its higher accuracy compared to the others. 

3.5.4 Self-Consistent Concentration Calculation: A variation to Haiss’s Equation 3 

Haiss’s formula 3 (Eq. 14) predicts the diameter of a dissolution of AuNPs given the 

concentration of colloidal gold present 𝑐𝐴𝑢. However, when an AuNPs dissolution needs 
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to be characterized the 𝑐𝐴𝑢 is not known. A way to bypass this problem is to feed 

Haiss’s Formula 3 with the average gold concentration found with other of Haiss’s 

formulas or calibration interpolations. Recall that the 𝑐𝐴𝑢 value can be calculated from 

Haiss’s methods as pointed out in the annex {7.3}, Fig. 48.  

 

Fig. 38 Self-Consistent Concentration algorithm scheme. The input needed without parameters or guess 

concentrations are 𝐴𝑏𝑠𝑆𝑃𝑅 and 𝐴𝑏𝑠450. The algorithm needs a guess to start with which generally should 

be greater than the concentration of convergence or otherwise the convergence will not take place. The 

algorithm works by first calculating a diameter from Haiss’s Formula 3 (Eq. 14), then determining the 

concentration of NPs from 𝐴𝑏𝑠450 and the diameter, and finally by converting the concentration of NPs 

into a concentration of colloidal gold 𝑐𝐴𝑢 by geometric means considering the mass of gold in the 

volume of the particles. Then, the 𝑐𝐴𝑢 is compared against the initial guess concentration, if the absolute 

difference of both is larger than a threshold this process continues, plugging the calculated 𝑐𝐴𝑢 into 

Haiss’s Formula 3 and obtaining a new diameter. Haiss’s Formula 3 needs two constants 𝐶1, and 𝐶2 

which are experimentally or theoretically found to fit that equation and are taken from the original 

publication of Haiss et. Al. [67]. 

Initially, for Haiss’s Formula 3, the 𝑐𝐴𝑢 used was an average of the other results 

together with 𝐴𝑏𝑠𝑆𝑃𝑅, obtaining a diameter for the AuNPs. This diameter was then 

converted into a concentration of NPs (N) through (Eq. 16).  Finally, these values were 

used to estimate a 𝑐𝐴𝑢 by calculating the total volume of NPs in that solution (with the 

density of particles and the diameter of each particle), and then using this volume to 

estimate the mass and moles of Au using the density and atomic weight of Au. This 

means that out of a trial 𝑐𝐴𝑢 fed to Haiss’s equation 3 another 𝑐𝐴𝑢 is obtained. If the new 

solution found is inserted again into Haiss’s equation 3 it is observed that after a certain 

number of iterations, the 𝑐𝐴𝑢 value tends to converge. This is the idea behind an original 
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self-consistent iterative method developed around Haiss’s formula 3. First, give Eq. 14 a 

trial 𝑐𝐴𝑢
1  guess along with the 𝐴𝑏𝑠𝑆𝑃𝑅, then calculate the concentration of AuNPs with 

the diameter (d) and the 𝐴𝑏𝑠450. Afterwards, use N and d to find a new 𝑐𝐴𝑢
2  and compare 

it with the initial 𝑐𝐴𝑢
1 . Repeat this until a convergence threshold criterion is met (Fig. 

38).  

As it was observed in Fig. 38, the inputs that will alter the result are the constants 𝐶1, 𝐶2 

and the absorbances at 𝐴𝑏𝑠𝑆𝑃𝑅, 𝐴𝑏𝑠450. The value of the trial 𝑐𝐴𝑢
1   is not determinant for 

the result. However, this trial 𝑐𝐴𝑢
1   generally needs to be higher than the final value of 

𝑐𝐴𝑢 convergence as it will be discussed in the following paragraphs. If a higher 

concentration than the convergence one is chosen, in each iteration, the diameter of the 

particle increases while the 𝑐𝐴𝑢  decreases, adjusting until the model meets convergence. 

To understand the underlying process, the variation of the 𝑐𝐴𝑢 inserted and given by the 

method is plotted in Fig. 39 A). The orange point indicates the convergence 

concentration and shows where the input and output values meet, which seems to 

coincide with an inflection point of the function. The presence of the sharp asymptote at 

smaller Cinput values than the convergence point complicates the criteria of the initial 

guess concentration 𝑐𝐴𝑢
1 . If the trial 𝑐𝐴𝑢

1  is chosen at the other side of the asymptote 

(around 0.2 mM in Fig. 39 A)) convergence will never be met. Consequently, this 

imposes the restriction that the initial 𝑐𝐴𝑢
1   generally must be higher than the final 

convergence  𝑐𝐴𝑢 to avoid this problem. This does not impact the method deeply since 

the AuNPs solutions used are always in the range of 0.4-1.2 mM Au. As a rule of 

thumb, the initial trial 𝑐𝐴𝑢
1  value can be chosen to be around 1.5-2.0 ensuring 

convergence for most cases. This will increase the number of iterations needed to meet 

convergence, since the more the 𝑐𝐴𝑢
1  and the converged 𝑐𝐴𝑢 differ, the more iterations 

will be needed to converge. Nonetheless, since the algorithmic implementation is linear, 

it does not suppose any computational challenge. 

In Fig. 39 B) various curves keeping 𝐴𝑏𝑠𝑆𝑃𝑅 fixed while variating 𝐴𝑏𝑠450 are shown. 

Each of these curves has a convergence point as well, but for low values of 𝐴𝑏𝑠450 it 

seems that the curves become rather flat. This introduces a major characteristic of the 

method, suggesting that not all the possible combinations of 𝐴𝑏𝑠450 to 𝐴𝑏𝑠𝑆𝑃𝑅 will 

converge. 
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Fig. 39 A) Variation of the concentration obtained from a Loop of the self-consistent concentration 

method and the concentration inserted into Haiss’s Formula 3. As it can be seen, the convergence point 

indicated shows the point of concentrations where x and y meet, giving the same number. This shows the 

need for the initial concentrations to be larger than the converged value since for lower values an 

asymptote avoids the convergence from lower to higher concentrations. B) Variation of the Output and 

Input Concentrations for fixed 𝐴𝑏𝑠𝑆𝑃𝑅 = 1.595, varying 𝐴𝑏𝑠450. It can be appreciated that the lower 

𝐴𝑏𝑠450 the curves seem to become flat, suggesting that convergence is not possible for all combinations 

of 𝐴𝑏𝑠𝑆𝑃𝑅/𝐴𝑏𝑠450. 

In Fig. 40 a colored grid of the converged concentrations with respect to the variation of 

𝐴𝑏𝑠450 and 𝐴𝑏𝑠𝑆𝑃𝑅 are shown. From this map two main things can be concluded. First, 

not all the combinations of 𝐴𝑏𝑠𝑆𝑃𝑅 and 𝐴𝑏𝑠450 are possible, since the non-colored white 

sectors of the map are for non-converging combinations. Only the pairs 𝐴𝑏𝑠𝑆𝑃𝑅 and 

𝐴𝑏𝑠450 with relatively similar values converge successfully with a clear bias for values 

of 𝐴𝑏𝑠𝑆𝑃𝑅 higher than 𝐴𝑏𝑠450 (upper diagonal behavior of the map). Second, the 

converged concentration depends on the individual value of 𝐴𝑏𝑠450 to 𝐴𝑏𝑠𝑆𝑃𝑅 and not 

on their ratio. For example, for 𝐴𝑏𝑠450 = 1.5 and 𝐴𝑏𝑠𝑆𝑃𝑅 = 1.5 the convergence value 

predicted is close to 0.8-1.0 mM of Au, while the points 𝐴𝑏𝑠450 = 3.0 and 𝐴𝑏𝑠𝑆𝑃𝑅 =

3.0 converge to a value of 1.6-1.8 mM as observed in the different colored zones of Fig. 

40. In both cases, the ratio of  𝐴𝑏𝑠450/𝐴𝑏𝑠𝑆𝑃𝑅 is equal to 1, however, the converged 

concentration is different. Consequently, it will predict different concentration values as 

well as for diameter values dissolution diluted several times, suffering from the same 

drawback as Haiss’s Formula 2 and the concentration interpolation methods as 

commented in {3.5.3}. 

This method is an original result of this work. Its benchmark shows that it works well 

for initially synthesized particles of around 0.25 mM. However, it has several problems. 

The first one is that Haiss’s formula 3 is only well for particles below 50 nm in 

diameter. Second, it relies on several parametrizations (Eq. 14 and Eq. 15) and probably 

has a large uncertainty associated with it. Third, the predicted diameter varies for 
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dilutions as shown in the benchmark of section {3.5.3}. Nevertheless, it works as an 

interesting way to introduce the self-consistent methodology, ubiquitous in numerical 

calculations, physics, and theoretical chemistry into the analysis field.  

 

3.6 AuNPs Bioaplication 

3.6.1 AuNPs Assay for EpoCore and Fabricated SU-8 Chips 

After the TAU/anti-TAU indirect immunoassau of {3.4.1} for chips SU-8 G, SU-8 H, 

SU-8 I, EpoCore 3B, EpoCore 3C, and EpoCore 3D, the signal amplifying properties of 

PG biofunctionalized AuNPs were studied for the sensing surface assays. The AuNPs 

from PGEtB 2 (Table 19 point 3.2) were concentrated from 1500 µL to 100 µL, with a 

final concentration of 𝑁 = 5.6 𝐸8 𝑁𝑃𝑠/µ𝐿 and incubated on the aforementioned 

surfaces (Fig. 41). 

 

Fig. 41 Continuation of the TAU/anti-TAU indirect immunoassay using PG biofunctionalized AuNPs for 

EpoCore and fabricated SU-8 chips. After the anti-TAU recognition assay (4) (seen before in Fig. 28 of 

section {3.6.1}) the AuNPs are incubated (5) overnight at 5.6 E8 NPs/µL in humid conditions and 38.5ºC 

(5.1). This is done for SU-8 G, SU-8 H, SU-8 I (blank), EpoCore 3B, EpoCore 3C and EpoCore 3 D 

(blank). Then, the surfaces are washed with 40 mL H2O, shaking for 2 minutes immersed in water and then 

blowing with compressed air (5.2). Lastly, the reflectance spectra of the surfaces are measured at the 

FTIR, checking for the wavenumber spectral displacements ∆𝑘 caused by the AuNPs (5.3). This protocol 

can be seen in annex 4, section {7.4.2} in Table 26. 

Fig. 40 Converged colloidal Au 

balues (Colorbar) in mM for all the 

possible combinations of 𝐴𝑏𝑠𝑆𝑃𝑅 and   

𝐴𝑏𝑠450. As observed, not all 

combinations are possible, leaving a 

large part of the map unconverged. 
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The FTIR reflectance spectra wavenumber shifts (𝛥𝑘) after the incubation of the NPs 

are shown in Fig. 42. The EpoCore displacements (Fig. 42 A)) show a similar trend to 

the one observed for just the anti-TAU recognition (Fig. 30 from {3.4.1}). This is 

expected since the PG of the AuNPs links to the anti-TAU, therefore, the PG 

biofunctionalized AuNPs will tend to link, increase the biofilm, and change the 

reflectance properties of those surfaces with higher presence of anti-TAU. As observed 

in Fig. 42 A) the chip EpoCore 3C shows the greatest ∆𝑘 displacements because it was 

incubated with the highest concentration of anti-TAU (20 ppm) in the previous 

recognition part of this assay, For EpoCore 3B, Cell C is discarded since its recognition 

shift shown previously in Fig. 30 from {3.4.1} was extremely small while showing a 

strong AuNPs-induced shift 𝛥𝑘 in Fig. 42 A). Additionally, recalling again Fig. 30, it 

was presented that the recognition value of anti-TAU was extremely high for EpoCore 

3D Cell A. Since it is a blank chip (it should have not shown any specific recognition of 

anti-TAU), it is discarded in Fig. 42 A) for the AuNPs case.  

 

Fig. 42 FTIR reflectance wavenumber displacements 𝛥𝑘 for PG biofunctionalized AuNPs A) EpoCore 

and B) SU-8 assay chips. Continuation from the assay of {3.4.1}. The yellow bars indicate the uncertainty 

in the measurement. Some cells are discarded due to various reasons. EpoCore 3D Cell A was discarded 

in the previous part of this assay (Fig. 30) due to an extremely large signal in the blank. EpoCore 3B Cell 

C showed a small anti-TAU recognition value in the previous part of this assay (Fig. 30), indicating that 

that the signal in this graph is not selective for that cell. For SU-8 G, Cell A and Cell B originally showed 

a small anti-TAU recognition value (Fig. 31), implying that the signal obtained in this case is not specific 

for the AuNPs. For SU-8 I the displacement of Cell B is too high for a blank, indicating a non-specific 

signal and discarding it. Reflectance peak chosen to calculate the wavenumber shifts 𝛥𝑘 17000 cm-1 for 

EpoCore and 15000 cm-1 for SU-8 cm-1. 

The remaining displacements seen in Fig. 42 A) indicate a selective recognition of 

AuNPs towards surfaces with anti-TAU content. EpoCore 3D is a blank, showing the 

lowest ∆𝑘 shifts. Then, EpoCore 3B was recognized with anti-TAU at 5 ppm and so it 
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shows lower displacements than EpoCore 3C which was recognized with 20 ppm anti-

TAU and shows the highest signals. This proves that the PG AuNPs are specifically 

recognizing the cells with anti-TAU, since the behavior of the results resembles that of 

just TAU/anti-TAU recognition, which is a pair of molecules that specifically recognize 

each other. Additionally, the signal amplifying effect of AuNPs can be appreciated. For 

just anti-TAU recognition, the shifts of EpoCore 3C averaged around (-57 ± 31) cm-1. 

Now, with the addition of PG biofunctionalized AuNPs the shifts obtained are of (-331 

± 77) cm-1 almost achieving 5 times increase of the signal for the same amount of 

TAU/anti-TAU. 

For fabricated SU-8, the reported results in Fig. 42 B) are quite poor. For SU-8 G, cells 

Cell A Cell B, the signal is way too high for the little anti-TAU recognition shift 𝛥𝑘 

presented before (recall Fig. 31) and, therefore, they are discarded. On the other hand, 

for SU-8 I (blank) Cell B shows an extremely high signal compared with Cell A and 

Cell B and it is discarded as well. Finally, the results of SU-8 H (20 ppm anti-TAU) 

have strong measurement uncertainties (yellow lines of Fig. 42 B)). These uncertainties 

are so high that they overtake the ∆𝑘 shifts, putting the results for this chip in doubt. As 

appreciated, the results for SU-8 do not show signal-amplifying specificity (there are no 

preferential higher shifts for chips with more anti-TAU recognition concentrations).  

To better understand the results obtained, the FTIR reflectance spectra used to calculate 

the ∆𝑘 shifts for both EpoCore and SU-8 are shown in (Fig. 43). This figure indicates 

strong spectral reflectance changes for chips which were previously incubated with 

higher anti-TAU concentrations which proves the selective recognition of AuNPs 

towards cells with anti-TAU presence. Indeed, the EpoCore 3D (blank) (Fig. 43 C)) 

barely shows a spectral distortion with EpoCore 3B (5 ppm anti-TAU) (Fig. 43 A)) and 

this one with EpoCore 3C (20 ppm anti-TAU) (Fig. 43 B)). 

Despite the signals obtained for SU-8 (Fig. 42 B)), the reflectance spectra show that 

indeed there might be selective recognition as well. The spectra of SU-8 I (blank) (Fig. 

43 F)) is barely distorted compared to SU-8 G (5 ppm anti-TAU) (Fig. 43 G)) and to 

SU-8 H (20 ppm anti-TAU). The behavior of the spectra, with the highest distortion 

correlating with the highest used concentration of anti-TAU, indicates that the PG 

biofunctionalized AuNPs are acting in a selective way. However, it seems that the 

amplifying effect is so strong that probably the spectral data needs to be processed 

differently to obtain useful numerical results.  
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Fig. 43 FTIR Reflectance Spectra for Non-Discarded EpoCore A), B), C) and SU-8 D), E), F) Chips. The green reflectance 

spectrum corresponds to the anti-TAU recognition, the previous step to the AuNPs section. The brown spectrum corresponds to 

the reflectance spectra after the incubation of AuNPs. 
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Once the selectivity is proven, the amplification effect of AuNPs is discussed again. In 

Table 22, the average shift ∆�̃� for the incubation of PG biofunctionalized AuNPs and 

for the previous anti-TAU recognition step previously reported in Table 16. It can be 

appreciated that the incubation of AuNPs dramatically increases the reflectance shifts 

compared to just the anti-TAU recognition. This is reasonable since AuNPs are quite 

bulky and will lead to stronger reflectance spectral shifts. To recall the same example 

commented before, while the average anti-TAU recognition signal for EpoCore 3 C is (-

57 ± 31) cm-1, the recognition with PG biofunctionalized AuNPs is (-331 ± 77) cm-1, 

showing an almost 5 times increase of the signal. This amplifies the TAU/anti-TAU 

recognition signal since for the same amount of both antigen and bioreceptor the value 

signal obtained is drastically increased. Moreover, for EpoCore 3B (5 ppm anti-TAU) 

the signal increase is about 19 (10/190 cm-1), indicating that the amplifying effect might 

be even more exacerbated for low anti-TAU concentrations. 

Table 22 FTIR average reflectance wavenumber displacements and standard deviations 𝜟�̃� for EpoCore 

and SU-8 TAU/anti-TAU indirect assay for anti-TAU recognition (already reported previously in Table 

16) and for PG biofunctionalized AuNPs (PG-AuNPs) from (Fig. 42 A) and B)). Highlighted in red the 

SU-8 results with AuNPs are seen, these are quite poor and should be taken sceptically. 

Discarded Cells Not Included in the average PG-AuNPs shifts 

Step EpoCore 3B EpoCore 3 C EpoCore 3 D SU-8 G SU-8 H SU-8 I 

Anti-TAU 

Concentration  

(ppm) 
5 20 

Ethanolamine 

Blank 
5 20 

Ethanolamine 

Blank 

anti-TAU 

Recognition 

∆�̃� [cm-1] 

-10 ± 11 -57 ± 31 -4 ± 2 -14 ± 26 -40 ± 21 -3 ± 7 

PG-AuNPs 

Recognition 

∆�̃� [cm-1] 

-190 ± 67 -331 ± 77 -132 ±17 

-196 

(Single 

Value) 

-162 ± 15 -108 ± 2 

       

The AuNPs assay results can be far improved. The optimization of the AuNPs 

biofunctionalization protocol was a large part of this project and still needs to be 

perfected. The quantity of reactants employed could still be varied and further 

characterizations are needed to assure that the AuNPs are successfully functionalized. In 

addition to this, the concentrations of PG biofunctionalized AuNPs used in these assays 

should be optimized to achieve the correct ratio of amplification to selectivity. 

Moreover, the large reflectance spectral distortions of (Fig. 43) indicate that there is a 

need for new spectral-data processing, since the results only based on the spectral shift 

∆𝑘 might be further improved. Lastly, more assays of this type should be repeated to 

obtain more robust statistical data since there were only 3 sensing surface cells per chip. 



Results and Discussion: AuNPs Bioaplication 

Carlos Gómez Rodellar   79 

3.6.2 AuNPs Assay for Chip with 65 SU-8 Cells 

Similarly, as done for EpoCore and the fabricated SU-8 chips, the PG biofunctionalized 

AuNPs were tested on the 65 SU-8 cells chip 65C6_82_9 according to the protocol 

presented in Fig. 44 continuing the work form section {3.4.2}. The AuNPs from PGEtB 

2 (Table 19 point 3.2) were concentrated from 1500 µL to 100 µL, with a final 

concentration of 𝑁 = 5.6 𝐸8 𝑁𝑃𝑠/µ𝐿 and incubated on the 65 SU-8 cell chip. 

 

Fig. 44 Continuation of the TAU/anti-TAU indirect immunoassay using PG biofunctionalized AuNPs for 

the 65 SU-8 cell chip 65C6_82_9.  After the anti-TAU recognition assay (3) (seen before in Fig. 32 of 

section {3.6.2}), the AuNPs are incubated (4) with varying concentration for different cells. Both the 

initially TAU-biofunctionalized and the blank ethanolamine cells have been incubated with the same 

concentrations. The incubations took place for 2 hours at 38.5ºC and in humid conditions (4.1). Then, 

the chips is cleaned with 20 mL H2O followed by shaking submerged in water for 2 minutes and another 

20 mL of H2O finishing by blowing with compressed air and attaching a new PVC layer (4.2). Finally, 

the ΔIROP signals for PG biofunctionalized AuNPs are measured at a MOX (4.3). This protocol can be 

seen in annex 4, section {7.4.3} in Table 27. 

The ΔIROP values shown in Fig. 45 indicate a different behavior from the expected 

one. Ideally, greater negative values should be obtained for the cells initially 

functionalized with TAU, since their subsequent recognition with anti-TAU will lead to 

the formation of an immunocomplex retaining the anti-TAU after the washing steps 

which is susceptible of being linked to by the PG of the AuNPs. Therefore, the AuNPs 

will be retained preferentially for the TAU/anti-TAU cells, not for the blank ones. The 

immobilization of a layer of AuNPs on top of the sensing surface should greatly 

increase the ΔIROP signals, since they dramatically increase the thickness of the 

biolayer modifying the reflectance spectra of the sensing surface. For each TAU 

recognized by an anti-TAU, the linking with an AuNP will lead to a greater increase of 

the biolayer than just by the anti-TAU, thus giving greater shifts for the reflection 

spectra and signal amplification. However, the ΔIROP increments showed a rather 
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symmetric behavior for low AuNPs concentration and then showed positive values for 

TAU-biofunctionalized cells and high AuNPs concentration (cells 27 to 33). 

 

Fig. 45 MOX ΔIROP(%) measurements for the 65 SU-8 cells chip 65C6_89_9 with PG biofunctionalized 

AuNPs. The concentration of AuNPs varies across ranges of cells, with the highest concentration being in 

the centre and decreasing to the sides. The blue area (cells 0-33) corresponds to the initially TAU + anti-

TAU functionalized and recognised cells. The orange area (cells 34-64) correspond to the ethanolamine 

blank cells which should not show a specific signal response for PG biofunctionalized AuNPs as they did 

not previously show a specific response to the anti-TAU recognition as it was seen in Fig. 34 from section 

{3.4.2}. 

The behavior of the particles seems to be selective. As seen in Table 23, for 2.8 E8 

NPs/µL the average ΔIROP signal is higher for the TAU functionalized case than for 

the ethanolamine functionalized one. For the highest concentration case (5.6 E8 

NPs/µL), the average ΔIROP is positive and drastically distinct between the TAU and 

the ethanolamine blank cells, indicating that the selective behavior is present. The 

positive ΔIROP might be obtained as a consequence of the strong amplifying effect of 

the AuNPs. As it was commented before, this raises the need for new reflectance 

spectral data signal processing methods to account properly for the amplifying effects of 

the AuNPs. 
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Table 23 MOX Average and standard deviation of ΔIROP (%) for values of chip 65C6_82_9 with PG 

biofunctionalized AuNPs. 

Cell Number Functionalization Agent 
AuNPs Concentration 

[NPs/µL] 
Average ΔIROP (%) 

0-5 

TAU 

3.8 E7  -699 ± 197 

6-12 7.0 E7  -1372 ± 307 

13-19 1.4 E8  85 ± 1205 

20-26 2.8 E8  -2639 ± 1319 

27-33 5.6 E8  5495 ± 531 

34-41 

Ethanolamine 

Blank 

5.6 E8  -767 ± 3038 

42-47 2.8 E8  -1643 ± 1341 

48-54 1.4 E8  -2056 ± 687 

55-61 7.0 E7  -1407 ± 152 

61-64 3.8 E7  -1087 ± 154 

    

The ΔIROP detection signal is that it only offers a numerical value that represents the 

behavior of the reflection spectra of sensing surfaces. To better understand the AuNPs 

effects on the reflection spectra, the FTIR was used on some SU-8 cells of the 65 SU-8 

cell chip 65C6_82_9 to see what kind of spectral changes take place (Fig. 46). These 

spectra are shown together with the average signal obtained from 5 SU-8 cells measured 

from another prefabricated 65 chip of the same Si wafer as the one used in the assays 

(65C6_82_14). The reflectance spectra are shown for TAU and ethanolamine 

functionalized cells. For cells with a high concentration of AuNPs, the reflectance 

spectra are distinctively affected only if they were initially TAU functionalized (Fig. 46 

C) and D)). For the blank cells, while there is some shift of the spectra, the shape of the 

spectra is conserved (Fig. 46 I) and J)). Indeed, note in Fig. 46 C) and D) the arrows 

which show the drastic displacement of the peaks due to the deformation of the 

reflectance spectra. These results seem to definitely indicate a selective recognition of 

the AuNPs for the sites with TAU/anti-TAU over the blank cells. 

The spectral changes of  Fig. 46 give some insight into the anti-TAU recognition 

abilities of the AuNPs. The strong spectral shifts of TAU functionalized cells exposed 

to high concentration PG biofunctionalized AuNPs suggests that indeed there must be 

selective recognition. Nevertheless, it seems that the selectivity only triggers once an 

AuNPs concentration threshold has been met since the spectra for low concentrations do 

not differ between TAU and ethanolamine functionalized cells Fig. 46 A), B), C) 

compared with Fig. 46 F), G), H)).  
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Fig. 46 FTIR reflectance spectra of cells from the 65 Cell chip 65C6_82_9 (Blue Curves) and average reflectance 

spectrum from a chip of the same Si wafer (Orange Curves, chip 65C6_82_14). A cell from each concentration of 

AuNPs is presented both for the original TAU functionalization (A), B), C), D), E)) and for the ethanolamine blank 

ones (F), G), H), I), J)). The alteration of the reflectance spectra for TAU cells with high AuNPs concentration stands 

out compared to the average spectra (C) Cell 26 and D) Cell 27). However, for the same AuNPs concentration in the 

case of the ethanolamine blank, the spectra are only shifted, not drastically altered, suggesting somewhat selective 

recognition ( F) Cell 37 and G) Cell 47 ). 
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The selective recognition of AuNPs towards TAU/anti-TAU cells confirms that the 

biofunctionalization of AuNPs done in this project is successful since there is evidence 

that the PG of the AuNPs is linking to the anti-TAU which is forming and 

immunocomplex of the TAU immobilized over the sensing surfaces. This implies that 

the second major milestone of this project, the synthesis and biofunctionalization of 

AuNPs, has been achieved. 

While the AuNPs results on the fabricated SU-8 chips of section {3.6.1} showed poor 

AuNPs-amplifying effects, the test performed with the prefabricated 65 SU-8 cell chip 

indicates that SU-8 surfaces are also susceptible to the application of AuNPs as signal 

amplifying agents. 
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4 Conclusions and Future Lines of Work 

4.1 Conclusions   

The main proposed objectives have been covered and assessed; the optical detection of 

the pair TAU/anti-TAU has been tested by the well-known SU-8 sensing surfaces and 

with surfaces based on a novel material, the EpoCore. In addition to this, the signal-

amplifying capabilities of PG biofunctionalized AuNPs have been studied. 

In this project, the biofunctionalization of both EpoCore and SU-8 surfaces has proven 

to be successful by direct incubation of TAU and anti-TAU containing samples on low-

pressure RF O2 plasma activated surfaces. This confirms that EpoCore can be applied 

for waveguides and other photonic biosensing structures under a common project with 

the INL. In addition to this, biofunctionalized EpoCore has been demonstrated to 

behave similarly to SU-8 surfaces regarding their recognition capabilities, selectively 

identifying the antigen TAU when functionalized with anti-TAU (direct immunoassay) 

and vice-versa (indirect immunoassay). This has been proven to work for fabricated SU-

8 surfaces, the EpoCore received surfaces, and the prefabricated 65 SU-8 cell chips 

fabricated at the GOFB.  

The Turkevitch method has been applied, yielding AuNPs of 17 nm in diameter and 

grown until 66 nm by additional gold reduction with hydroxylamine (Turkevitch Phase 

1 and Turkevitch Phase 2). The functionalization with t-PEG and MUA has been proven 

to protect the AuNPs from PBS buffer, indicating that this step was successfully 

achieved. The biofunctionalization with PG yielded samples of 1500 µL and 3.7 E7 

NPs/µL of PG biofunctionalized AuNPs blocked with ethanolamine (PGEtB2). For 

EpoCore chips their results have shown clear signal-amplifying effects caused by the 

biofunctionalized AuNPs, showing a selective recognition for cells with higher 

concentration of anti-TAU as it is expected by PG-antibody linking. For cells with 

lower recognition concentration of anti-TAU (EpoCore 3B 5 ppm) the signal 

amplification has been found to be around 19 times while for cells with higher 

recognition concentration of anti-TAU (EpoCore 3C 20 ppm) it was around 5 times. For 

the fabricated SU-8 chips, the spectral shifts ∆𝑘 caused by the biofunctionalized AuNPs 

were quite poor. However, under inspection of the reflectance spectra, it was clear that 

the action of AuNPs was selective as well, showing greater spectral changes for cells 

with a higher anti-TAU amount. Additionally, an assay with the prefabricated 65 SU-8 
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cells chip 65C6_82_9 proved that the PG biofunctionalized AuNPs were effective 

signal amplifiers. The MOX measurements offered interesting results, showing that for 

high concentration of AuNPs (2.8 E8 NPs/µL) the initially TAU functionalized cells 

displayed positive ΔIROP values. Upon inspection of these cells with the FTIR, the 

reflectance spectra were greatly distorted for non-blank cells, indicating that the AuNPs 

were being selective towards cells with the immunocomplex formed in the indirect 

TAU/anti-TAU assays .The selective behavior of particles not only indicates that they 

can be used as signal-amplifying agents but that the biofunctionalization conjugation 

chemistry done in this project has been successful in linking PG with AuNPs via the use 

of carboxylic linkers such as MUA. The positive ∆IROP and the behavior of the 

reflectance spectra suggest that new signal processing methods are needed to account 

for the signal-amplifying effects of PG biofunctionalized AuNPs. 

Regarding the characterization of AuNPs, the study of the UV-Vis formulas done 

showed that the most robust characterization formula is the one that does not depend on 

the absorbance, but rather on the wavelength of the SPR spectral peak (Haiss’s Formula 

1 (Eq. 12)). Additionally, a modification of Haiss’s Formula 3 yielded a novel self-

consistent method to calculate the particle density, gold concentration, and diameter of 

particles of a dissolution AuNPs (Self-Consistent Concentration Method, section 

{3.5.4}, (Fig. 38)). 

From these paragraphs it is concluded that the proposed objectives for the project have 

been met. The biofunctionalization of EpoCore is feasible by incubating biological 

samples on top of its surface with a previous activation using a low-pressure RF O2 

plasma exposition. The synthesis, biofunctionalization and assay protocol of AuNPs 

seems to be adequate, resulting in a selective response in the assay and leading to 

signal-amplifying effects for the TAU/anti-TAU detection. 

4.2 Future Lines of Work 

The possibility of biofunctionalizing EpoCore surfaces with biological species like 

proteins and antibodies opens a new range of options for the development of biosensors 

and waveguides based on this polymer whose mechanical properties and stability are 

superior compared to SU-8. This is what is being explored under a common project with 

the INL. 
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While the biofunctionalization protocol of the PG AuNPs has proven to be successful, 

an overhaul of the process must be done to assert the success of each functionalization 

step.  This calls for more advanced characterization techniques than the UV-Vis 

spectrophotometry such as DLS, Z-Potential measurements or Electron Transmission 

Microscopies (TEM). Indeed, an interesting task would be to apply machine learning 

“Blob-Recognition” algorithms to obtain both size and concentration information out of 

a TEM picture of a dissolution of AuNPs. Additionally, while the results are not shown 

in this work, the biofunctionalization of AuNPs with anti-TAU was attempted through 

conjugation with PG. However, non-conclusive results were obtained. This may be 

caused by the use of water as a reaction medium instead of PBS buffer which assists in 

biological reactions like PG-antibody linking. 

Finally, the protocols to include AuNPs into the assays needs to be reviewed to obtain a 

correct signal-amplifying effect. Additionally, new ways to process data are needed to 

properly reflect these effects into the FTIR reflectance spectral data and ΔIROP 

measurements done in a MOX. 
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5 Conclusiones y Líneas de Trabajo Futuras 

5.1 Conclusiones 

Los objetivos principales propuestos para el desarrollo de este trabajo se han cubierto, 

alcanzando los resultados deseados. Se ha estudiado la detección óptica del par 

antígeno-anticuerpo TAU/anti-TAU mediante las ya conocidas superficies sensoras 

basadas en el polímero SU-8 y en un nuevo material, el EpoCore. Por otra parte, se ha 

estudiado la amplificación de señales de detección utilizando nanopartículas de oro 

(AuNPs) biofuncionalizadas con Proteína G (PG). 

En este proyecto, se ha estudiado la biofuncionalización de superficies sensoras basadas 

en SU-8 y en EpoCore con TAU y anti-TAU tras la exposición de estas superficies a un 

plasma de baja presión RF de O2. En estos experimentos se ha demostrado que el 

EpoCore puede ser biofuncionalizado con proteínas y anticuerpos, abriendo el camino 

para el potencial desarrollo de estructuras fotónicas más avanzadas para biosensado 

basadas en este polímero en un proyecto en común con el International Iberian 

Nanotechnology Laboratory (INL). Además, se ha demostrado que las superficies de 

EpoCore biofuncionalizadas se comportan de manera similar a las de SU-8. Ambas 

pueden ser usadas como sensores ópticos para detectar el antígeno TAU cuando han 

sido biofuncionalizadas con anti-TAU (inmunoensayo directo) o viceversa 

(inmunoensayo indirecto). Esto se ha comprobado para las superficies de SU-8 

fabricadas en este trabajo, para las superficies de EpoCore enviadas desde el INL, y para 

los chips de 65 celdas de SU-8 prefabricados en el Grupo de Óptica, Fotónica y 

Biofotónica. 

En la segunda del trabajo se ha llevado a cabo la síntesis de AuNPs mediante el método 

de Turkevitch para la generación de disoluciones de oro coloidal, obteniendo núcleos de 

nanopartículas de 17 nm con una segunda fase de crecimiento con hidroxilamina hasta 

alcanzar nanopartículas de oro de 66 nm en diámetro. La biofuncionalización de las 

partículas se ha llevado en dos pasos. En un primer paso de funcionalización con t-PEG 

y MUA se ha demostrado que estas moléculas protegen a los núcleos de las AuNPs de 

la acción del buffer PBS. En un segundo paso de funcionalización con PG se obtuvieron 

muestras de AuNPs biofuncionalizadas de 1500 µL y una densidad de partículas de 3.7 

E7 partículas/µL (PGEtB2).  
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Las AuNPs biofuncionalizadas con PG se han aplicado en un último punto de 

reconocimiento en los inmunoensayos indirectos de las superficies sensoras. En estos 

ensayos, se ha demostrado que las AuNPs biofuncionalizadas con PG eran capaces de 

amplificar las señales de detección del par TAU/anti-TAU de forma selectiva, 

reaccionando de forma diferente a las superficies sensoras con el inmunocomplejo 

TAU/anti-TAU y a aquellas funcionalizadas con etanolamina (blancos). De hecho, para 

el EpoCore, las celdas reconocidas con 5 ppm de anti-TAU (EpoCore 3B) han obtenido 

un incremento de desplazamiento de los picos del espectro de reflectancia mediante 

FTIR (∆𝑘) 19 veces superior gracias a las AuNPs comparado solamente con el 

reconocimiento con anti-TAU.  Para celdas de EpoCore con mayor anti-TAU en el 

reconocimiento (20 ppm EpoCore 3C), se ha obtenido un incremento en ∆𝑘 de 5 veces 

mediante el uso de AuNPs biofuncionalizadas. Para las superficies de SU-8 se han 

obtenido resultados poco fiables los cuales presentaban baja selectividad y una 

amplificación de las señales de detección dudosa. Sin embargo, en la inspección de los 

espectros de reflectancia se ha concluido que la selectividad de las AuNPs 

biofuncionalizadas era igual de válida para las superficies fabricadas de SU-8 como para 

las de EpoCore. Además, en el ensayo con el chip prefabricado de 65 celdas de SU-8 se 

ha podido confirmar la selectividad de las partículas, las cuales solo afectaban a los 

espectros de reflectancia de las celdas con inmunocomplejo TAU/anti-TAU cuando era 

superada una concentración umbral (2.8 E8 NPs/µL). Esto ha sido comprobado en un 

MOX donde los valores de ΔIROP se volvían positivos para las celdas inicialmente 

funcionalizadas con TAU, reconocidas con anti-TAU y finalmente expuestas a 

concentraciones elevadas de AuNPs. La observación de un comportamiento selectivo 

por parte de las AuNPs biofuncionalizadas con PG implica que el protocolo de 

biofuncionalización ha sido adecuado, enlazando exitosamente los núcleos de oro con la 

PG mediante el uso de conectores como el MUA basados en la química del grupo 

carboxilo. El comportamiento de los espectros de reflectancia se ha interpretado como 

una necesidad de buscar nuevas formas de procesar las señales que reflejen la acción 

amplificadora en la detección por parte de las AuNPs. 

Desde el punto de vista de la caracterización de disoluciones de AuNPs, se ha llevado a 

cabo un estudio de las distintas fórmulas usadas, indicando que los métodos más 

robustos y confiables son aquellos que no dependen de los valores de absorbancia sino 

de la longitud de onda de aparición del pico de resonancia superficial de plasmón (SPR) 
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(Haiss’s Formula 1 (Eq. 12)). Además, durante la síntesis de AuNPs se ha desarrollado 

una modificación a la Haiss’s Formula 3 para poder usarla sobre disoluciones de 

concentración de Au desconocida. Esto ha resultado en el desarrollo de un nuevo 

método de tipo autoconsistente que permite determinar la densidad de partículas, la 

concentración de oro coloidal, y el diámetro de las partículas de una disolución de 

AuNPs (Self-Consistent Concentration Method, sección {3.5.4}, algoritmo en Fig. 38). 

De la información expuesta hasta ahora, se concluye que los objetivos del proyecto han 

sido cumplidos. La biofuncionalización de EpoCore se ha estudiado, encontrando que es 

viable activando previamente la superficie mediante exposición a plasma de baja 

presión RF de O2. El protocolo de síntesis, biofuncionalización e integración de las 

AuNPs en los inmunoensayos ha resultado en una biofuncionalización adecuada y en 

una amplificación de señal de detección del par TAU/anti-TAU selectiva. 

5.2 Líneas de Trabajo Futuras  

La comprobación exitosa de la biofuncionalización de las superficies de EpoCore 

permite el desarrollo de una serie de estructuras fotónicas para biosensado y de guías de 

onda con mayor estabilidad y mejores propiedades mecánicas comparadas con las 

basadas en SU-8. Esto va a ser explorado en un proyecto común con el INL. 

La biofuncionalización de AuNPs con PG ha resultado exitosa, sin embargo, el 

protocolo de biofuncionalización puede ser optimizado para asegurarse de que cada 

paso de funcionalización consigue efectivamente obtener las estructuras químicas 

deseadas en las AuNPs. Esto requiere de técnicas de caracterización de AuNPs más 

avanzadas que la caracterización por espectrofotometría UV-Vis. Entre las técnicas más 

prometedoras se encuentran el Dynamic Light Scattering (DLS), medidas de potencial Z 

o técnicas de microscopía electrónica de transmisión (TEM). De hecho, una idea 

interesante sería aplicar metodologías de machine learning denominadas “Blob 

Recognition” a imágenes TEM, las cuales permitirían obtener resultados de tamaño 

medio de partícula y densidad de partículas para una disolución de AuNPs. La 

biofuncionalización de AuNPs con anti-TAU a través de la unión con PG también ha 

sido estudiada en este proyecto. Los resultados, no mostrados en esta memoria, no 

fueron fructuosos probablemente debido a que el medio de reacción utilizado para la 

unión PG-anti-TAU era agua en vez de buffer PBS. Este buffer es un medio esencial 

para ciertas reacciones biológicas como lo es la unión PG-anticuerpo. 
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Finalmente, el protocolo de ensayo de las AuNPs biofuncionlaizadas ha de ser diseñado 

a medida para obtener el grado de selectividad a amplificación adecuado. Además, 

debido a los cambios tan abruptos de las propiedades ópticas de las superficies sensoras 

cuando se usan AuNPs se necesita de nuevas formas de procesar las señales de los 

espectros de reflectancia obtenidos por el FTIR y por las medidas de ΔIROP en un 

MOX. 
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7 Annexes  

7.1 Annex 1: Implementation of the Transfer Matrix Method for a 

Bilayer System on Top of a Substrate in Python 3.9 

 

Fig. 47 Python Implementation of the Transfer Matrix Method for a Bilayer Reflection (Eq. 4, Eq. 5, Eq. 

6) Refractive indexes adapted from “Caracterización de un Sistema de Lectura Óptica para Detección 

In-Vitro”, Beatriz Santamaría Fernández, 2014, Trabajo de Fin de Máster Para La Obtención del Título 

de Máster en Ingeniería Industrial, Director Dr. Miguel Holgado. 
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7.2 Annex2: Reactant Reference Sheet 

Table 24 Main reactants employed in this project 

Reactant Chemical Formula Reference Employed in 

Auric Acid HAuCl4∙3H2O 
520918-1G  

Sigma Aldrich 

AuNPs Core/Seed 

Synthesis and Growth 
Citrate Salt C6H5O7Na3∙2H2O 

71402-250G  

Sigma Aldrich 

Hydroxylamine NH2OH:HCl 
26103  

Thermo Scientific 

Carbonate Na2CO3∙10H2O 
71361 

Sigma Aldrich 

pH correction for 

MUA|t-PEG 

functionalization 

MUA HS(CH2)10CO2H 
674425  

Sigma Aldrich 
AuNPs 

Functionalization 
PEG, thiolated-

PEG or t-PEG 
(SH(OCH2)CH2)nOCH3 

743127-250 MG 

Sigma Aldrich 

MES Buffer C6H13NO4S 
M8250  

Sigma Aldrich 

AuNPs 

Biofunctionalization 

EDC C8H17N3 
E-6383  

Sigma Aldrich 

S-NHS NaSO3C4O2NOH 
24510 

Thermo Scientific 

Protein G (PG) ---- 
P4689-1MG 

Sigma 

Ethanolamine NH2C2H4OH E9508 Sigma Aldrich Blocking Agent 

Protein TAU ---- 

APREST88616-

100µL Sigma Prestige 

Antigens Sensing Surface 

Assay 
Antibody anti-

TAU 
---- 

HPA048895 Sigma 

Prestige Antibodies 

SU-8 Resin 2002 ---- 
Y111029 0500L1GL 

Kayaku AM 
Fabrication of 

Sensing Surfaces 
SU-8 Developer ---- 

Y020100 4000L1PE 

Kayaku AM 

BSA ---- 
A7030-10G Sigma 

Life Sciences 

Eppendorf Blocking 

Agent 
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7.3 Annex 3: UV-Vis Results for AuNPs Guidelines and Conversion Between NPs/µL and Colloidal Au [mM]

Fig. 48 Summary of results obtained from UV-Vis spectrophotometry for AuNPs dissolutions. The methods are separated between Haiss’s formulas-related results 

(Haiss’s Formulas Calculations) and Concentration Interpolations from a calibration curve and an arbitrary interpolation. For Haiss’s formulas, the first step (1) 

is to determine the diameter through Haiss’s Formula 1 (Eq. 12), Haiss’s Formula 2 (Eq. 13) or through the self-consistent developed method {3.5.4} based on 

Haiss’s Formula 3 (Eq. 14). Then (2), the density of NPs (N) is determined with Eq. 16 and the concentration of colloidal gold is determined with the total volume 

of AuNPs determined with the diameter, which is converted into mass via the Au density, then,  this mass is divided between the atomic mass of Au to find the moles 

per liter of Au in solution (3). The concentration Interpolations rely on the 𝐴𝑏𝑠400 to directly find the colloidal gold concentration by the calibration curve of Fig. 

13 or the interpolation of 0.6 Abs to 0.25 mM of colloidal Au {2.4.6} (1). From this concentration, the density of NPs can be estimated by the average diameter 

obtained by Haiss’s Calculations (2). The coloring rules of the row “Discrepancy with Average” are green for values lower than 5 % discrepancy and red 

otherwise to grasp the accuracy of each method. 
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7.4 Annex 4: Assay Protocols 

7.4.1 Assay Protocol for Section {3.3}: Surface Biofunctionalization and Direct anti-

TAU/TAU Immunoassay 

Table 25 Assay protocol for biofunctionalization of EpoCore and fabricated SU-8 sensing surfaces and 

direct immunoassay (anti-TAU/TAU). 

SU-8 A & SU-8 B Chip: 1499 nm  

EpoCore 1B Chip: 1793 nm | EpoCore 1C Chip: 1789 nm 

 

(1) Surface Activation 

(1.1):  O2 Plasma Attack 45 s (Activation) 

(1.2):  PDMS Layer Attachment (3 Cells) 

(1.3):  FTIR Measurement of Initial Values 

(2) Surface Biofunctionalization with 

anti-TAU 

(2.1): Antibody Incubation anti-TAU 3 µL at 50 

ppm and 38.5ºC and humid atmosphere. 

Incubation for SU-8 A and EpoCore 1B for 3 hours. 

Overnight incubation for SU-8 B and EpoCore 1C 

(~20 hours). 

(2.2): Washing: 40 mL H2O + Compressed Air 

(2.3): FTIR Measurement of Functionalization 

Values 

(3) Ethanolamine Blocking of the 

Surface 

(3.1): Ethanolamine Blocking 3 µL 0.2 M for 1 

hour at 38.5 ºC and humid atmosphere 

(3.2): Washing: 40 mL H2O + Compressed Air 

(3.3): FTIR Measurement of Blocked Values 

(4) TAU Recognition Points 
1 ppm 

3 µL TAU humid incubation at 38.5 ºC for 30 min 

(4.1) + washing with 20 mL H2O + Compressed Air 

(4.2) + FTIR measurement of anti-TAU/TAU 

recognition values (4.3). Dilutions were done with 

water. 

2 ppm 

5 ppm 

10 ppm 

20 ppm 

30 ppm 

  

7.4.2 Assay Protocol for Sections {3.4.1} {3.6.1}: EpoCore and Fabricated SU-8 

Indirect Immunoassay and PG Biofunctionalized AuNPs Application 

Table 26 Assay protocol for the TAU/anti-TAU indirect immunoassay employing EpoCore and 

fabricated SU-8 surfaces. Biofunctionalization, recognition, and use of PG biofunctionalized AuNPs. 

SU-8 G, SU-8 H, SU-8 I Chip: 1499 nm  

EpoCore 3B Chip: 2000 nm | EpoCore 3C Chip: 2002 nm | EpoCore 3D Chip: 2001 nm 

1. Biofunctionalization with TAU 

(1) Surface Activation 
1.1:  O2 Plasma Attack 45 s (Activation) 

1.2:  PDMS Layer Attachment 

1.3:  FTIR Measurement of Initial Values 

(2) Incubation of Antigens (TAU) and 

Blank (Ethanolamine) 

2.1: Antigen TAU incubation 3 µL at 30 µg/mL 

(PBS) for SU-8 G, SU-8 H, EpoCore 3B, 

EpoCore 3C. Ethanolamine (Blank) incubation 

for SU-8 I and EpoCore 3D 3 µL at 0.2 M . 

Incubation for 2 hours at 38.5 ºC and humid 

atmosphere 

2.2: Washing: 40 mL H2O + Compressed Air 

2.3: FTIR Measurement of Functionalization 

Values with TAU 
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1.3 Ethanolamine Blocking of the 

Surface 

 

 

3.1: Ethanolamine Blocking 3 µL 0.2 M for 30 

min at 38.5 ºC and humid atmosphere 

3.2: 40 mL H2O + Compressed Air 

3.3: FTIR Measurement of Blocked Values 

(4) Recognition with anti-TAU 

(4.1) Incubation 5 ppm anti-TAU 

3 µL Anti-TAU at 5 ppm (PBS) incubation for 2 

hours at 38.5 ºC and humid atmosphere. Chips 

SU-8 G, SU-8 I CELL A and C, EpoCore 3B, 

EpoCore 3D Cells A and C. 

(4.1) Incubation 20 ppm anti-TAU 

3 µL Anti-TAU at 20 ppm (PBS) incubation for 

2 hours at 38.5 ºC and humid atmosphere. Chips 

SU-8 H, SU-8 I CELL B, EpoCore 3C, EpoCore 

3D Cell B. 

(4.2) Washing 20 mL H2O + Compressed Air. (4.3) FTIR Measurement of Anti-TAU Recon Values 

(5) AuNPs Assay 

Biofunctionalized PG-(MUA|t-PEG)-AuNPs Ethanolamine Blocked: PGEtB 2  
Particle Size: 68 nm, Concentration: 5.6 E8 NPs/µL in PBS 

Continuation of Assay from {3.4.1} 

 AuNPs Assay 

(5.1): 3 µL of PG-AuNPs (PGEtb 2) at 5.57 E8 

NPs/uL for all surfaces and cells: SU-8 G, SU-8 

H, SU-8 I, EpoCore 3B, EpoCore 3C, and 

EpoCore 3D 

Incubation overnight (~20 hours) 

(5.2):  Washing 40 mL H2O + Shaking for 2 

minutes + Compressed Air 

(5.3): FTIR Measurement of AuNPs spectral 

effects  

7.4.3 Assay Protocol for 65 SU-8 Cell Chip {3.4.2}{3.6.2}: Indirect Immunoassay and 

PG Biofunctionalized AuNPs Application 

Table 27 Assay protocol for 65 cell chip 65C6_82_9 

Chip Tag:  65C6_82_9. SU-8 Cell Thickness: 200 nm 

 

(1) Surface Activation 

(1.1):  O2 Plasma Attack 45 s (Activation) 

(1.3):  Vinyl Layer Attachment 

(1.3):  MOX Measurement of Initial Values 

(2) Incubation of Antigens (TAU) and 

Blank (Ethanolamine) 

(2.1): A: Antigen TAU incubation 1 µL at 50 ppm for 

Cells 0-33. Ethanolamine (Blank) 1 µL 0.2 M for 

Cells 33-64. Incubation for 1 hour 30 minutes at 38.5ºC 

and humid atmosphere.  

(2.2): Washing: 20 mL H2O + Shaking + 20 mL H2O + 

New Vinyl Layer + Compressed Air 

(2.3): MOX Measurement of Functionalization 

Values  

(3) Recognition with anti-TAU 

(3.1) Incubation 30 ppm anti-TAU 
1 µL Anti-TAU at 30 ppm incubation for 2 hours at 

38.5 ºC and humid atmosphere  

CELLS 0 to 64 (All of them) 

(3.2) Washing 20 mL H2O + Shaking + 20 mL H2O + New Vinyl Layer + Compressed Air. (3.3) MOX 

Measurement of Anti-TAU Recon Values 
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(4) AuNPs Assay 

Biofunctionalized PG-(MUA|t-PEG)-AuNPs EtB Blocked: PGEtB2  
Particle Size: 68 nm, Stock Concentration: 5.6 E8 NPs/µL in PBS 

Continuation of Assay from {3.4.2} 

AuNPs Assay 

1.1.A: PG-AuNPs (PGEtb 2) 1 µL for Cells: 

Concentration [NPs/µL] Cells 65C6_82_9 

5.6E+08 27-33, 34-41 

2.8E+08 20-26, 42-47 

1.4E+08 13-19, 48-54 

7.0E+07 6-12, 55-61 

3.5E+07 0-5, 62-64 

(4.1):  Incubation for 2 hours at 30.5 ºC and humid 

atmosphere 

(4.2):  Washing 20 mL H2O + H2O submerged shaking for 

2 minutes + 20 mL H2O + compressed Air 

(4.3): MOX Measurement of AuNPs 
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