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The scenario of the PhD thesis 

The huge increase of dementia cases has led the European Government to undertake several actions 

in support of the patients, funding a series of projects to find innovative methods for early diagnosis 

and possible treatments. Among the forms of dementia stands out Alzheimer’s disease (AD). The 

aim of the institutions is to ensure dignity and autonomy for people that live with dementia, to 

improve their lives, change society’s perceptions, and dismiss this stigma. My thesis work was 

integrated into this scenario, indeed it was part of the European SensApp project “Super-sensitive 

detection of Alzheimer’s disease biomarkers in plasma by an innovative droplet split-and stack 

approach” (SensApp), a FET-open project funded by the Horizon 2020, the funding program of the 

European Commission. This project was the sum of shared efforts by a consortium of 6 European 

partners, which include Consiglio Nazionale delle Ricerche - Istituto di Scienze Applicate e Sistemi 

Intelligenti (CNR-ISASI) and IRCCS Centro Neurolesi “Bonino Pulejo”, both from Italy; Vrije 

University of Brussels (VUB) from Belgium; University of Linz (JKU) from Austria; Technical 

Research Centre of Finland (VTT) and Ginolis OY (GIN) from Finland.  

The project aim was to develop an innovative biosensor with a high sensitivity, to detect low 

abundant protein biomarkers in small volumes of blood (<1mL), pushing the sensitivity well below 

1 pg/mL, thus overcoming the current standard limits. Current clinical diagnostic criteria for AD 

require a patient to have clear symptoms of dementia which are excluded from other brain disorders, 

such as memory loss and confusion, inability to learn new things, difficulty with language and so on. 

Currently, the main bodily fluid used in the detection of AD biomarkers is the cerebrospinal fluid 

(CSF). The biomarkers total tau, phosphorylated tau (p‑tau181 and p‑tau231) and β‑amyloid1–42 

have high diagnostic accuracy in it. The CSF is in direct contact with the extracellular space of the 

brain and can reflect biochemical changes that occur in pathological progress. Therefore, it is the 

optimal source of AD biomarkers, but its limit is related to the invasiveness of sample collection. In 

fact, collecting the cerebrospinal fluid is necessary to make the lumbar puncture procedure, with 

hospitalization of the patient, already mentally fragile. For all these reasons the use of blood as a 

sample could overcome these difficulties, having a friendlier withdrawal. On the other hand, the 

current limit of the use of this fluid is due to the extremely low concentration (50-100 pg/mL) of the 

AD biomarkers in peripheral blood. Numerous non-core approaches have been proposed in the 

scientific literature to improve this sensitivity, such as Surface Plasmon Resonance (SPR); biological 

barcode analysis; Plasmonic ELISA; Digital ELISA; MALDI-TOF mass spectrometry1. Although 

they showed a noticeable improvement in sensitivity, they all have limited success in routine clinical 

practice, in the example, their common denominator was the use of highly expensive technologies, 

often based on laser ionization, thin coatings, magnetic or specific nanoparticles, or nano-well 
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platforms, accessible only to highly specialized laboratories. Moreover, they all require time-

consuming and crucial sample preparation that moves away from routine practice, thus adding errors 

to the assay and the need for highly qualified personnel. On the other hand, these procedures required 

sample volumes of at least tens of μL, thus limiting applications with very small volumes. All of 

these criticisms hinder mass production and accessibility to routine clinical trials.  

In this framework the project SensApp aims at developing an innovative technology called 

“droplet split and stack” (DSS), able to accumulate low abundant biomolecules and thus pushing the 

limit of detection down to sub-picogram levels. The DSS makes use of a novel technique based on 

pyro-electro-hydrodynamic (p-jet) dispensing. The implementation of a high sensitive biosensor 

based on the DSS technology will open the route to a non-invasive early diagnosis through peripheral 

body fluids and, as a consequence, to a highly efficient screening programs among patients. The 

envisaged super-sensor could also offer an easy clinical instrument for rapid and efficient early 

diagnosis of different serious diseases, often difficult to diagnose for the obsolete method used, 

through a simple blood test to be engaged in routine practice, useful for population screening 

programs as well as for follow-up programs during therapies. The first tests were performed for AD 

biomarkers but the research activity will continue in case of other severe diseases that require the 

quantification of low abundant analytes in bodily fluids.  

In general, this approach was able to accumulate low abundant biomolecules, of various types, by 

depositing tiny droplets of the target solution onto a micrometre-scale binding site of a functionalized 

glass slide. This allowed the antigen-antibody reaction to occur in sub-microliter volumes, avoiding 

the diffusion phenomena usually occurring in standard procedures, and significant improving of the 

fluorescence (FL) signal per unit area, reducing the limit of detection (LOD). After the biomarkers’ 

deposition with this approach, to quantify the biomolecules, the analytes were involved in an 

immunoassay with a secondary antibody labelled with a fluorophore, this allowed for detecting the 

molecules and quantifying the signal intensity (Fig. 1).  
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Figure 1. Schematic view of the immunoassay steps to detect biomolecules. 

 

The immunoassay took advantage of affinity binding between antibodies and the corresponding 

antigens that allowed the detection of one of these, even if it was present at very low concentrations 

and in complex biological matrices such as whole blood, serum, and other biological fluids. The 

antigen-antibodies binding was specific, and the recognition of the antibodies with the biomarkers 

was conformation-dependent, indeed protein aggregation could have limited this phenomenon. 

Moreover, the AD biomarkers aggregation and precipitation are the features that led to the toxicity. 

My thesis work was focused on the development of an immunoassay protocol for detecting the 

AD biomarkers compatible with the DSS technology implemented during the SensApp project 

mentioned above. Considering the impact of the aggregation biomarkers on the immunoreaction 

protocol and in general on the toxicity of the protein involved in the AD, my work included the 

definition of a non-destructive and simple method to investigate the effects of protein agglomeration 

on the immunoreaction protocol and rheological properties of the samples under test. It was evaluated 

the variation of the interfacial tension (IFT) of the Amyloid b 1-42 for 30 days. The synthetic 

biomarkers were tested for immunoassay in parallel with the IFT measurement, to correlate the 

variation of the protein structure with the loss of the antigen-antibody bond specificity  
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Chapter 1 general introduction 

1.1 Alzheimer’s Disease  
There are more and more new cases of dementia every year, AD emerges as the most common form 

of late-life mental failure in humans. It is well known that AD is a serious disease currently very 

widespread in the world population. The World Health Organization Report reports alarming growth 

estimates of dementia: 35.6 million cases in 2010 that will double in 2030 and triple in 2050 with 7.7 

million new cases per year2. The major risk factors include genetic correlation with apolipoprotein E4 

and family history, traumatic brain injury, hypercholesterolemia, obesity, hypertension, diabetes, and 

low education level3. AD is a complex progressive condition with neuropathological cascades that 

interact sequentially. This pathological condition was unclear until the 1960s when electron 

microscopy helped Michael Kidd in England and Robert Terry in the United States to understand the 

two classical lesions: senile or neuritic plaques and neurofibrillary tangles4. These produce several 

pathogenic mechanisms as well as neurovascular dysfunctions, inflammatory processes, oxidative 

stress, and mitochondrial dysfunctions, until to degeneration of neurons and synapses5; these 

damages lead to an irreversible loss of brain tissue6. In figure 2 it is possible to appreciate the 

significative differences between the healthy control versus a pathological magnetic resonance 

imaging.  

 
Figure2. Typical Alzheimer’s disease brain atrophy compared to healthy control in magnetic 
resonance imaging. L = left. R = right. A = anterior. P = posterior. 
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A serious loss of the hippocampal volume is found in the AD subjects compared with the controls7. 

The typical AD group is included in the abnormal medial temporal atrophy (MTA) in conjunction 

with either an abnormal posterior atrophy (PA) or global cortical atrophy-frontal (GCA-F), or an 

abnormal MTA in conjunction with both an abnormal PA and GCA-F6.	Moreover, the clinical 

manifestations of AD are not only associated with regional grey matter deterioration, but also with 

pathological integration between cortical brain regions8. As already mentioned, among the major 

features of this distressing disease are the growth of the neuritic of β-amyloid peptides. Fibrillar 

Amyloid b protein (Ab) can activate microglia, leading to the production of toxic and inflammatory 

mediators like hydrogen peroxide, nitric oxide, and cytokines. The neuritic plaques are microscopic 

extracellular amyloid deposition in the brain, associated with axonal and dendritic injury, often found 

in large numbers in the limbic and association cortices. These are composed of aggregates of Ab9. 

The time employed to develop the plaque is unknown, but these lesions probably evolve very 

gradually over months or years. Their diameter in microscopic brain sections has a wide variety. The 

exact mechanism of Amyloid b protein formation in AD is not well clear. Based on data accumulated 

so far, the plaques are composed of Amyloid b ending predominantly with amino acid 42 (Ab 1-42) 

and, a smaller amount, with amino acid 40 (Ab 1-40). Both are enzymatically released from the 

Amyloid Precursor Protein (APP)10. Recent studies highlight the importance of the Ab 1-40/1-42 

ratio, an important factor for AD progression and disease severity11. Human APP belongs to a highly 

conserved family of type 1 transmembrane glycoproteins(Fig.3A). APP influences neurogenesis with 

its domains: the soluble secreted APPs and the APP intracellular domain. The first protects neuron 

cells and promotes neurogenesis, whereas the second modulates neurogenesis negatively 12. The 

balance of APP metabolism is fundamental, interruption of this disrupts downstream balances and 

finally contributes to AD. APP can undergo amyloidogenic or non-amyloidogenic processing via 

cleavage by different secretases. In fact, the Amyloid-beta peptides derived by APP through 

sequential proteolytic processing of b and g secretases: APP is first processed by the b-secretase 

obtaining sAPPb. The last 99 amino acids of the APP C-terminus remain in the membrane. 

Subsequently, it is cleaved by g secretases in 38–43 amino acids from the N-terminus leading to the 

generation of Ab peptides, a third fragment after g-secretase cleavage is released into the cytoplasm 

(Fig.3B)13. 
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Figure3. A) APP 3D structure14; B) APP processing thanks to b and g secretases, which leads to 
Ab plaques. 

 

The mutations in APP are responsible only for a small proportion of AD cases. Indeed, most cases 

seem to suggest that there must be other causes of the disease, still not fully understood. Interesting 

studies have identified possible cause also in mutation on the presenilin protein, which enhances the 

processing of APP to form amyloidogenic Ab15. The toxicity of the amyloid peptides is dependent 

upon their propensity to aggregation state16,17. Proteins can aggregate in the native state, through the 

formation of chemical bonds or self-assembling, or as unfolded intermediate conformations when 

are mutated, intervening a series of complex factors that lead to the fibrillar aggregates, the amyloid 

fibrils18. Indeed, non-native proteins lost functions and are particularly prone to aggregation. Through 

computational study on the competition between folding and aggregation of proteins, V. Bianco et 

A 

B 
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all demonstrated a correlation between concentration, the complete loss of the folded structures and 

the formation of protein aggregates(Figure 4)19. 

 

 
Figure 4. Correlation explained in the Bianco et all study19. 

 

It is not deeply understanding all the aggregation mechanism, reported data indicate that the possible 

critical step in protein aggregation is the unfolding of the proteins. Unfold protein are more subject 

to aggregation20–22. This change of configuration characterizes the aggregation and put the protein at 

risk to become cause of disease such as AD23. 

AD is a slowly progressive disorder, with insidious onset and progressive impairment of the brain 

functions. AD pathology can have mild or severe cognitive features related also with the early-onset 

or late-onset. Early-onset is defined when the patients are younger than 65 years of age 24. Many 

differences exist between early-onset and late-onset, even in the causes. Early-onset AD has a 

significant genetic predisposition involving a direct autosomal dominant transmission and a higher 

polygenic susceptibility25. Furthermore, many studies analyse the psychological impact of the risk of 

the genetic predisposition and relative diagnosis of the AD26; in these cases, the genetic test can lead 

to significant anxiety, and depression, especially when psychological stability is not adequate to 

receive positive or inconclusive results26. In addition, the early-onset patients have also a potentially 

more aggressive clinical course and greater risk for mortality 27,28. However, regardless of the onset, 

this disease involves and overwhelms the daily life of the patients. The common symptoms include 

loss of memory, attention, language, reduced perceptual speed, and executive functioning, their loss 

of independence causes a heavy personal toll on the patient and the family 29. In addition, 

neuropsychiatric symptoms such as apathy, depression, aggression, agitation, sleep disruption, and 

psychosis are now recognized as core symptoms of AD that are expressed during the illness 

course30,31.  

 

1.1.1 Current therapies 
Despite the number of patients afflicted by AD is growing, there are currently only five approved 

treatments to mitigate symptoms, temporarily ameliorating memory and thinking problems. All the 
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therapy are only symptomatic therapies, they do not treat the underlying cause of AD and do not 

slow the rate of decline, no one approved drugs is able to prevent, delay, or halt the progression of 

disease. Current treatments can only delay the onset of AD by approximately 2 years32. AD is a 

multifactorial disorder, for this reason often the therapies are combined to be more effective than 

single-agent therapy33. The combination of more drugs targeting different mechanisms and providing 

synergistic effects has shown better results. Cholinesterase inhibitors (ChEIs) such as donepezil, 

galantamine, and rivastigmine are selected for the early stage, while Memantine, an N-methyl-d-

aspartate receptor antagonist, and combination of a ChEI and memantine are indicated for moderate-

to-severe stages34. In phase III trials most tested drugs failed because they do not reach the target 

efficacy, even though there are promising results in the initial studies phase. The complex nature of 

AD is considered as one of the main reasons for the high failure. For the pressure and severity of this 

pathology, global leaders have set a deadline of 2025 for finding an effective way to treat or prevent 

AD35. 

 

1.1.2 AD diagnosis: current approach and main limits 
The accurate and early diagnosis of AD plays a crucial role in the pathologic evolution. The 

awareness of the severity and the progression risks provides for taking preventative measures before 

irreversible brain damages are shaped. A wide range of symptoms appears worst when AD has a late 

diagnosis29. It has been understood that the typical biomarkers, as well as Amyloid b, become 

positive decades before the first symptoms manifest. Therefore, well-validated biomarkers have to 

be processed as soon as possible to improve the design of clinical trials and, in this way, develop 

more effective therapeutics36. Currently, the unequivocal diagnosis is possible only during a post-

mortem biopsy. The most popular techniques used for detecting local brain loss of tissue are nuclear 

Medicine imaging devices: Positron Emission Tomography (PET) and Single Photon Emission 

Computed Tomography (SPECT), and Magnetic Resonance Imaging (MRI) to assess major 

structural changes37. To aid the diagnosis of this serious disease, every field introduce important 

innovation and support, improving the current methods. An innovative enhancement is submit by 

Siqi Liu et all, which introduced an improvement based on features extracted from neuroimaging 

biomarkers, they proposed machine learning methods that conduct AD diagnosis as a multi-class 

classification task, with minimal knowledge dependency of the patient stage38. 

Nowadays the clinical practice is based on the biomarkers quantification in Cerebrospinal fluid 

(CSF). They use a small amount of CSF because of the higher amounts of biomarkers present. 

Unfortunately, CSF collection requires a highly invasive and risky intervention of lumbar puncture 

on the patient, considering also additional health complications in an already precarious clinical 

situation. This procedure is not easily applicable for follow-up of the disease progression during 

therapy, moreover this procedure requires hospitalization of the sick person. The use of bodily fluids 

such as plasma would make diagnosis more accessible with an easier population screening. The use 
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of plasma fluid is not yet used because in this complex matrix, the reproducibility and accuracy in 

the measurements of Amyloid is a challenging task, it is also due to the unstable nature of the peptide 

and the biochemical heterogeneity of the Ab fragments. Until now, with this approach the available 

assay formats and technologies yield insufficient analytic sensitivity. For experimental early disease 

diagnosis, through biomarkers determination in peripheral body fluids, it can be adopted 

immunoassays based on kits for Enzyme-Linked Immuno Sorbent Assay (ELISA), 

chemiluminescence39 or electrochemiluminescence40. In general, the ELISA kits are the gold 

standard of the immunoassay, they are in the market like platforms for diagnostic purposes, such as 

Fujirebio. This approach, even though is easy and common in the clinical field, in this case limit the 

sensibility, in example, the Fujirebio kit, just mentioned, has a LOD of 62.6 pg/mL41, too high to be 

capable of a real early diagnosis compared to the development of symptoms.  

New technologies about proteomics are developing new methods of mass spectrometry-based 

able to identify and quantify proteins from biological samples42. However, these approaches require 

a huge economic, tools, and skills effort, so nowadays it is impossible to transfer these skills to 

routine clinical practice. In a heterogenous solution, the biomarker detection is heavily dependent on 

the correct protein folding and hence the affinity for specific antibodies, which react with particular 

sequences of the analytes43,44. Nevertheless, in the antibody reaction plays a crucial role the 

aggregation status of the protein. If the proteins are misfolding, the antibodies cannot recognize the 

epitopes, the site-specific antibody conjugation. This limits the detection of the biomolecules, 

reducing the intensity of the signal, developing a false negative result.  

 

1.2 Biosensors  
One of the most challenges of the last decades is the rapid detection of some important analytes 

involved in the pathophysiological processes. Nowadays, many assays are proposed to measure 

different kinds of biomarkers: matrix-assisted laser desorption ionization–time of flight (MALDI–

TOF) mass spectrometry, used for protein quantification1, antigen capture ELISA to detect virus45, 

ultrasensitive Simoa technology, that offers important improved analytical sensitivity46. In this 

scenario, the biosensor approach emerges as one of the most promising platforms for this purpose.  

A biosensor is composed of two main correlated elements:  

• an immobilized bioreceptor, that can recognize the analyte of interest, which can be 

antibodies, oligonucleotides, or enzymes, the latter is the most commonly used biosensing 

element in biosensors;  

• a transducer, that is used to convert the interaction of the analytes with the bioreceptor in 

the (bio)chemical or electronic signal. The intensity of the signal is directly or inversely 

proportional to the biomarker concentration47–49.  

The biosensors are devices that are able to estimate the level of various biomarkers like proteins but 

also RNA, DNA, or pathogens 50; according to their use, they can be of various types such as enzyme-
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based, tissue-based, immunosensors, DNA biosensors51–55. The first enzyme-based immunosensor is 

reported in 1967, these biosensors are based on the immobilization of an enzyme which recognizes 

the analytes. Various immobilization strategies can be envisioned: adsorption, covalence, 

entrapment, cross-linking or affinity48,56. Nucleic acids have acquired a relevant role in a wide range 

of biosensors and bioanalytical assays. With these biosensors, the sensing elements are 

oligonucleotides, with a known sequence of DNA or RNA57,58. While the immunosensors have 

immobilized immunological receptors, the antibodies, bind the target analytes, taking advantage of 

the structural complementarity54. Indeed, this approach exploits the extremely specific antibody-

antigen binding, which provides sensitive ways to detect molecules such as bacteria, viruses, proteins 

and so on59. Existing biosensors are limited when the abundant biomarker concentration in biological 

samples is under 10 pg/mL. Additionally, the LOD of the standard techniques often makes useless 

the intense researcher efforts and prevents the use of the biosensors to perform their studies. In this 

scenario, with their flexibility, the biosensors can potentially fulfil the necessity of analytical 

performance for a wide range of applications in many fields namely the food industry, medical field, 

marine sector etc. 

 

1.3 Pyro-Electrohydrodynamic Jet 
The research activity in this thesis is focused on the development of a reliable technique for 

immobilizing and detecting the target proteins in low abundant samples, dispensed through the 

innovative Pyro-Electrohydrodynamic Jet (p-jet) for highly sensitive detection able to overcome the 

current LOD encountered in conventional ELISA-based assays. Pyroelectricity is defined as the 

temperature dependence of the spontaneous polarization (PS) in certain anisotropic solids. Some 

crystals have the property to generate this spontaneous change of polarization, when they are heated 

developing a temporary electric field, this effect is the so-called pyroelectric effect 60. The unit cells 

of pyroelectric materials have a dipole moment, when the temperature is constant each dipole has its 

orientation, and the total electric dipole moment is zero. The temperature increase produces a 

redistribution of charges to compensate for the change and so it is obtained a dipole moment with a 

charge displacement on the material surface, resulting in a current flow.  

Figure5 A shows the schematic side view of the pyroelectric crystal at equilibrium, when the 

spontaneous polarization Ps is completely shielded by the external screening charge, while Fig.5B 

shows the condition occurring when the crystal is stimulated through a temperature variation. In this 

case the magnitude of Ps varies generating a transient surface charge density α=p_(i ) ∆T due to the 

uncompensated charges. A high electric field (ENL 107 V/m) is generated on the surface of the 

crystal. As explained in previous works61–63, the spontaneous polarization Ps changes according to 

DPi a 𝑝!	 DT, where 𝑃!	 is the coefficient of the polarization vector, 𝑝!	 is the pyroelectric coefficient 

and DT is the temperature variation (𝑝!	 = −8.3 × 10#$	𝐶	𝑚#%	°𝐶#& for LN at 25 °C). 
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Figure 5. Side view of a ferroelectric crystal: a) at room temperature; b) under 
a local temperature variation. The red circles indicate the transient 
uncompensated charges that generate a high electric field. 

 

1.3.1 Electrohydrodynamic effect 
The electrohydrodynamic effect is a well-known phenomenon on how the application of an external 

electric field regulates the liquid motion. [Ref: Advanced Materials Interfaces 8, 2000670 (2021)], 

for example forming droplets exiting from nozzles or orifices 64. When the liquid becomes unstable 

under the stimulation, the end develops in an axial jet. This happens because on the interface there is 

a charge reorganization that leads the liquid in the direction of the field, in this way the sample 

generates a typical conical shape: Taylor’s cone53 (Fig.6). It is an equilibrium condition between the 

forces generated by the external force applied and its surface tension force66. EHD inkjet head can 

produce droplets smaller than the size of the nozzle, but it uses external electrodes that are affected 

by possible cross-contaminations and detrimental clogging of the orifice. 

 

 

Figure 6. Charge rearrangement after external electric stimulation. 
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1.3.2 Pyro-electrohydrodynamic jet 
The use of external electrodes in EHD can be avoided by employing the intrinsic property of the 

pyroelectric crystals to develop surface charges when subjected to a thermal gradient. We can call 

this effect “pyro-electro-hydro-dynamics (pyro-EHD)” 67, in analogy with the more traditional EHD 

cited previously. The evolution of the electric field created by a pyroelectric crystal (i.e. Lithium 

Niobate-LiNbO3, LN) called a pyro-electrohydrodynamic jet (p-jet) allows one to deposit separate 

droplets with relatively low volumes62,68. The LN thermally stimulated creates a strong electric field 

that deforms the liquid meniscus into a conical profile which is maintained until a specific threshold 

of the electric potential is reached. Tiny droplets are released from the liquid apex when the surface 

tension of the liquid is overcome (Fig7).  

 

Figure 7. Schematic view of a liquid drop deformation under the action of the electric 
field generated by a pyroelectric crystal.  

 

The overall experimental p-jet set-up is depicted schematically in Figure 8. 
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Figure 8. The sample is accommodated on a hydrophobic support. The deposition slide (DS) 
(used for binding the sample molecules) is mounted onto a conventional tilting clamp. A 
pyroelectric crystal (z-cut LiNbO3, 500 µm thick) is mounted onto a separate three-axis 
translation stage over the DS and drives the EHD-dispensing effect when stimulated by the 
output beam of a CO2 laser (wavelength 10.6 µm and output power of 10 W). The CO2 laser 
output was modulated by a conventional 5V transistor-transistor logic (TTL) signal. An electric 
field is generated across the thermal-stimulated region of the pyroelectric crystal, thus inducing 
the pyro-EHD-dispensing effect as described previously. A high-speed CMOS camera (Motion 
Pro Y3-S1; 10,000 frames per s; pixel size 10.85 x 10.85 µm) captures the dispensing events. 
INSERIRE QUI REF: Nature Communications 5, 5314 (2014). 

 

1.3.2.1 P-jet applications  
The p-jet approach allows different applications. The deposition of small liquid volumes guides the 

accumulation of biomolecules directly onto a restricted area of the deposition slide. Thanks to this 

approach it is possible to obtain an increase in sensitivity since it avoids the diffusion phenomenon 

that generally occurs in conventional methods, significantly increasing the signal-to-noise ratio in 

fluorescence-based assays61–63. The key concept of this type of approach is called “split and stack”69. 

The p-jet system can detect low abundant biomolecules such as collagen63. Collagens are the most 

abundant proteins in mammals70. Abnormal collagen modification and/or degradation occur in 

chronic and other pathological conditions, which can generate potential circulating biomarkers in 

human fluids, useful for an early diagnosis71–73. The ordinary method to quantify markers in body 

fluid is the enzyme-linked immunosorbent assay (ELISA)74,75. The current LOD of the Human Pro-

Collagen I alpha 1, with ELISA assay is 31.2 pg/mL76. Collagen biomarker levels in plasma have 

been associated with survival rates in patients affected by advanced pancreatic cancer77, pulmonary 

arterial hypertension (PAH)78, and glioblastoma, the most common and aggressive primary central 

nervous system tumour 79,80. This work is shown serial dilutions of different concentrations of 

collagen labelled by Alexa Fluor 647. The concentrations of 500 ng/mL, 300, 60, 30, 15 and 3 pg/mL 

are deposited on the deposition slide. In this work, two different approaches to heating the 
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pyroelectric crystal were compared. In both cases, the fluorescent signal is evident, in Figure 9 is 

reported the calibration curves are obtained. 

 

 

Figure 9. Typical scanner image of the collagen spots: (A) with CO2 laser configuration; (B) in case 
of the micro-heater.  Plots of mean fluorescence signal as a function of the solution concentration in 
case of (C) the CO2 laser and of (D) the micro-heater. INSERIRE QUI REF: Sesnors 20, 3567 
(2020). 
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Chapter 2 Preliminary experimental tests 

The first part of thesis work it was implemented an immunoreaction protocol compatible with the 

droplets deposited by the p-jet on the reaction support. The p-jet approach aims at depositing tiny 

droplets of sample solution on a micrometric area, to concentrate the fluorescent intensity of the 

biomarkers obtained after the immunoreaction protocol. It was not straightforward to identify the 

final reaction protocol. Different aspects were implicated in the process. Figure 10 shows 

schematically the main protocol steps. 

 

Figure 10. Schematic view of the main protocol steps. 

 

For the first tests a model sample was used, a pure solution of β Amyloid protein fragment 40 

dissolved in distilled water. For brevity we call it Protein solution (PS) and protein solution (PS2) 

the solution of Ab1-42 dissolved in its appropriate buffer. The PS was chosen for its more stability 

than the PS2. The Ab1-40, the non-toxic APP product offered a simpler way to involve AD 

biomarkers, without the instability and the propensity to aggregate the toxic form Ab1-42. Moreover, 

the Ab1-40 was considered an AD analyte when it was measured in the ratio with the Ab1-42 

produced. In this preparatory protocol test, the steps from the blocking solution to the fluorescence 

reading had fixed conditions, not examined in this preliminary protocol evolution because suggested 

in the products’ datasheets. These fixed steps, called Antibody Reaction Sequence (ARS), were 

composed by: 

• Blocking solution deposition, for saturating non-specific protein-binding sites, improving 

the assay specificity  

• Washing steps, to remove the excess blocking solution 

• Primary Antibody reaction, using a specific antibody for the target proteins 

• Washing steps to clear away the antibodies that did not bind 
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• Secondary Antibody reaction, the antibody conjugated with a fluorophore, to label the 

immune complex 

• Washing steps  

• Reading step  

The following sections illustrate the experimental tests with particular attention on the main issues 

and variable parameters. The Innoscan 710 (Innopsys) microarray scanner was used for detecting the 

FL signal emitted by the spots after the reaction of the target molecule with the specific antibodies. 

We used the MAPIX software associated with the Innoscan 710 for analysing the FL data. For more 

details about the scanner and the software see the Material section. 

 

2.1 Materials tested for protocol optimization  

2.1.1 Choice of the reaction support 
Two main types of commercial reaction supports are suggested in literature for immobilizing proteins 

[Refs]: 

1. ONCYTE® Nitrocellulose Film Slides (Grace Bio-Labs, 705278) 

2. SuperAmine 2 Ultra Low-Density Microarray Substrate Slides (Arrayit® Corporation, 

SMM2) 

Both were tested in this thesis work. ONCYTE has a 3-dimensional structure composed of porous 

nitrocellulose, which immobilizes and captures biomolecules thanks to hydrophobic and van der 

Waals forces. Nitrocellulose films have a long history of use in an immunoassay such as Western, 

Northern, and dot- (immuno-) blots for reliable immobilization and capture of analytes. They have 

also been used in the manufacture of lateral flow immunoassays, in the diagnostic industry. The 

3dimensional structure of it, supplied a considerably higher surface area for biomarkers binding than 

the conventional 2-dimensional surfaces (Fig.11). 

 

Figure 11. A) Scanning electron micrograph (20,000x magnification) showing the 3-dimensional 
structure of ONCYTE films, B) Depiction of the 3-dimensional surface. 

 

A B 
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The related operation manual suggests maintaining the support wet (humid chamber)81. SA had the 

surface functionalized with NH3 amine groups, which brought a positive charge to the surface 

(Fig.12).  

 

Figure 12. Positively charged amine surface. 

The density of the reactive groups is 1x1012 per mm2. Therefore, the proteins in the solution bonded 

on the support by electrostatic interaction. The functionalization of these improved the precision, and 

the slides were used for research in genomic, proteomic, diagnostics and other applications.  This 

support did not require a particular treatment82. Sometimes we needed to create hydrophobic barriers 

on the SA slide to delimit the area of interest, for this purpose we used the Mini PAP Pen (Invitrogen, 

75803198A). 

 

2.1.2 Buffer solutions to stabilize the sample droplets 
Concerning the tests for producing tiny and repeatable droplets by p-jet with PS, it was planned to 

use different mixing buffers for testing the effect of different surface tensions on the droplet 

formation. The buffers investigated were Glycerol, TWEEN 20, TRITON 100x, Dimethyl Sulfoxide 

(DMSO) and the Protein Microarray Reaction buffer, supplied by the ArrayIt. The surfactants such 

as TWEEN20 are often used as stabilizers83. Glycerol, TRITON100x and DMSO were often added 

for the best printing performance84. DMSO was added to the printing sample to reduce evaporation 

of the solution, which had a huge impact on the concentration of the sample during the jetting process. 

Protein Microarray Reaction buffer was an ultra-pure reagent used for buffer formulation to promote 

strong signal intensities and high binding specificity. These buffers were used diluted in dH2O, at 

different concentrations. With the resulting mixed buffers were performed the different dilutions to 

test the PS. 

 

2.1.3 Reagents for the reaction support 
Background fluorescence sometimes referred to as noise, is the “false” fluorescent signal. 

Background fluorescence causes can be separated into two main categories: 
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1. Background fluorescence that is due to the instrument setup and imaging parameters 

2. Background fluorescence that is due to autofluorescence of samples, buffers or slides 

With the aim at reducing the background signal, and hence maximizing the signal-to-noise ratio 

(SNR), we tested two kinds of reagents for the reaction support:  

• A pre-treatment of the slide before droplet deposition by an Activation procedure 

• The use of a different kind of Blocking buffer after droplet deposition  

Protein microarrays such as SuperAmine can be activated before use to improve the protein bond 

and remove unbound molecules from the surface. The buffers involved in the activation steps were: 

• Protein microarray activation buffer (PMAB) 

• Protein microarray wash buffer (PMWB) 

• Protein microarray rinse buffer (PMRB) 

On the other hand, the blocking buffer helped to reduce the non-specific binding of other probe 

molecules. For this reason, before using antibodies to detect proteins the remaining binding surface 

had to be blocked to prevent the wrong binding of the antibodies. Proper blocking was imperative 

for obtaining the best SNR possible from experiments. After different combinations, the blocking 

solutions supplied by the slide company were the best option. 

Test 1 
First, the slides were tested for the ability to mark the protein biomarkers. Before using the p-jet 

method for droplet deposition we performed the very first tests with PS pipetted manually on 

ONCYTE and SA with a relatively large range of concentrations: 

• 2mg/ml,  

• 1mg/ml,  

• 0.8 mg/ml,  

• 0.4 mg/ml,  

• 0.25 mg/ml,  

• 0.1 mg/ml,  

• 0.05 mg/ml 

  

 

These solutions were diluted in dH2O. The reaction support of SA was incubated for 18h at 4°C, 

while the ONCYTE was 3h at 3°C. After the ARS the fluorescent spots were detected by Innoscan, 
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a confocal fluorescence scanner (see in the Material section for more detail), thus demonstrating the 

protocol’s ability to label the protein. Figure 13 shows the typical scanner images. 

Figure13. Typical scanner images of PS [0.05 mg/ml]. 

It is important to note that the poor quality of the spots in Fig.13 is due to the manual pipetting 

procedure. In fact, these first tests allowed one just to select which of the two slides produced the 

higher intensity in average, thus attributable to a higher binding efficiency. The results showed that 

the SA slide produced a higher FL intensity on average at a fixed sample concentration and therefore 

was selected for the successive experiments.  

 

Test 2 
To improve the stability and reproducibility of the p-jet spots, different parameters were investigated, 

such as the spot diameter, the intensity of fluorescence and the signal-to-noise ratio (SNR). The PS 

at 50 µg/mL was associated with the buffer mentioned in paragraph 2.1.1, to also investigate their 

effects on the immunoreaction protocol. The incubation of the slide, after deposition, was extended 

to 18 h 4 °C. The final concentration of Ab 1-40 was obtained by diluting the initial solution [2 

mg/ml] with the buffers at different concentrations in dH2O: 

• 1% and 10% Glycerol;  

• 10% and 0.04% Tween 20;  

• 0.5% and 0.04% Tryton 100x;  

• 1% DMSO;  

• 50% PMRB 

The results that were obtained were classified for Diameter, Intensity and SNR, the main parameters 

of interest. The diameter with the p-jet approach was crucial. In fact, to concentrate the biomarkers 

dispersed in very low concentration in the sample solution, depositing the micro-droplets in a micro-

area was the key to improve the FL signal, and, consequently, the SNR. 

 Table1 summarizes the main results obtained. 

 

 

 

SA ONCYTE 
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Table1. Typical Innoscan images and MAPIX data analysis. 

For all mixing buffers, we obtained poor signal intensity, poor spot homogeneity and spot diameter 

larger than 100 μm. Therefore, the PS was prepared simply in distilled water for the successive tests.  

 

Test 3 
To obtain the best diameter and to improve the intensity and the SNR of the p-jet spots, dedicated 

buffers were tested to pre-treat the reaction support before droplet’s deposition. These solutions are 

intended to improve the protein binding on the slide. The activation of the reaction support aims at 

increasing signal strength by reducing the background level and by removing unbound protein 

molecules from the surface. The concentration of PS solution was fixed at [50 mg/ml]. The activation 

steps were performed by incubating the PMAB for 1h at 15°-25°C on a shaker. The slide was then 

washed 5 min with PMWB and 1 s with PMRB at 15°-25°C. Table 2 reports the data obtained by 

MAPIX software and a comparative analysis between activated and not activated support. 

  

Solution <Diameter> 
(µm) 

<Intensity> 
(a.u.) 

<SNR> Innoscan 
image  

Glycerol - No signal - 
 

Tween  - No signal - 
 

Triton  - No signal - 
 

PMRB 2260,92 544,28 1,93 

 

DMSO 806,05 16,871 0,563 

 

dH20 288 544 19,75 
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 Diameter 

(µm) 

Intensity 

(a.u.) 

SNR Image 

A
ct

iv
at

ed
  

380 1187 6 
 

450 743 31  

175 608 6  
N

o-
ac

tiv
at

ed
 100 3092 450  

100 4667 526 
 

90 2054 196  

Table 2. Typical scanner images (last column right) and measurements obtained in test 3 by 

MAPIX tool. 

The best results were obtained in case of  not activated support, where the diameter of the spots was 

shorter, concentrating with more efficient the biomarker’s droplets, and both intensity and SNR were 

higher. Therefore, the successive tests were performed on not activated slides.  

The list below summarizes the protocol conditions fixed after the tests reported above: 

• Slide reaction support adopted was SuperAmine 

• The support did not pre-activated before the jetting 

• The deposition whit p-jet of the PS was performed without mixing the solution with other 

buffers, incubating the biomarker solution 18 h 4°C  

• After the incubation was deposited on the reaction support the blocking solution of the SA 

slide company 

• The washing steps and primary and secondary antibody reaction were performed following 

the datasheet suggestions 

In this way, the protocol was 3 days long:  

 day1 -> deposition 

day 2 -> blocking and primary antibody incubation 

day 3 -> secondary antibody reaction and fluorescence acquisition  

  



pag. 29 
 

 

Test 4 
The above mentioned protocol conditions were then tested for the more complex Ab1-42 protein, 

that we call PS2 for brevity.  

Table 3 reports the typical results obtained by this approach on the following concentrations: 50 

μg/ml, 50 ng/ml and 500 pg/ml. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table3. Results obtained with PS2 adopting the protocol explained in Test 3. 

This purely qualitative test shows how the conditions used for the PS immunoreaction were not 
compatible for the PS2. The Ab 1-42 instability compared with Ab 1-40 brought us to revaluate the 
protocol conditions.  

 

Test 5 
To reduce the duration of the protocol and to check the possibility to improve the SNR shown in the 

previous section, the protein incubation was shortened from 18h at 7°C to 2h at 25°C, keeping the 

concentrations fixed. 

 

 

 

PS2 concentration Diameter 
(μm) 

Intensity 
(a.u.) 

SNR Image of 
one spot 

50 µg/ml 110 8.374 14 

 110 15.880 23 

110 7.572 10 

50ng/ml 110 72 0 

 110 28 0 

110 39 0 

500pg/ml 110 45 0 

 110 17 0 

110 54 0 
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PS2 concentration Diameter 
(μm) 

Intensity 
(a.u.) 

SNR Image of 
one spot 

50 µg/ml 110 23.232 22 

 
110 11.075 15 

110 859 3 

50ng/ml 110 5.288 8 

 
110 991 3 

110 497 3 

500pg/ml 110 1.788 18 

 
110 1.055 8 

110 149 1 

Table 4. Typical scanner images and Mapix outcomes in case of test 5. 

 

These results show qualitatively how the protein incubation has a significant role in the 

immunoreaction protocol. In conclusion, after these preliminary tests, the protocol steps were fixed 

according to the following table 5.  
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Table 5. Summary of the protocol steps.  

 

  

STEP TITLE TIME TEMPERATURE HUMIDITY 

Preparation of the sample   Ambient 
(around 25°C) 

Ambient  
(around 40%) 

Spotting by p-jet on the 
SuperAmine glass reaction 

slide 
 Ambient 

(around 25°C) 
Ambient  

(around 40%) 

Incubation of the protein 120 
min 

Ambient  
(around 25°C) 

Wet chamber  
(around 80%)  

Incubation with blocking 
buffer  

60 
min 

Ambient  
(around 25°C) 

Ambient  
(around 40%) 

Washing on the shaker 3 X 
5min  

Ambient 
(around 25°C) 

Ambient 
(around 40%) 

Incubation with primary 
antibody  18h  Fridge  

(around 7°C)  
Wet chamber  
(around 80%)  

Washing on the shaker 3 X 
5min 

Ambient  
(around 25°C) 

Ambient  
(around 40%) 

Incubation with the 
secondary antibody  60min Ambient  

(around 25°C)  
Wet chamber  
(around 80%) 

Washing on the shaker 3 X 
5min 

Ambient  
(around 25°C) 

Ambient  
(around 40%)  

Reading  - - - 
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Chapter 3 Materials and methods 

3.1 Lithium niobate and the pyroelectric effect  
The p-jet technique used in this thesis work was based on the pyroelectric effect and on the use of 

ferroelectric crystals (i.e. lithium niobate, LN) with pyroelectrically generated electric fields. LN is 

a rhombohedral crystal. Thanks to its unique optical, electronic, and physical properties, LN finds 

applications in different fields such as nonlinear optical devices, compact pyroelectric sources of x-

rays, piezoelectric resonance biosensors, just to cite some. The main obstacle in the way of its 

developing industrial, caused by expensive high-quality mechanical elaboration of LN samples, is 

currently reduced due to implementation of micromachining CNC (Computer Numerically 

Controlled)85 and laser micromachining techniques86. The LN crystals were bought from Crystal 

Technology Inc. in the form of both sides being polished c-cut LN 500µm thick, with a diameter of 

3 inches. A standard diamond saw was used to retrieve 2 x 2 cm2 samples. The spontaneous 

polarization Ps of the LN crystal changes according to ∆Ps=p ∆T, where p is the pyroelectric 

coefficient and ΔT is the temperature variation (p=−8.3 × 10−5 C m−2 K−1 at T=298 K). At equilibrium 

conditions, the spontaneous polarization of the LN crystal is shielded by the external screening 

charge, without the electric field generation (fig. 5a). When the crystal is stimulated through a 

temperature variation, a surface charge density α = p'	∆T	appears locally due to uncompensated 

charges. A high electric field (ENL 107 V/m) is generated on the surface of the LN crystal (fig. 5b). 

Therefore, as well explained in previous works 61–63,  the spontaneous polarization Ps changes 

according to ∆P'αp'∆T, where P' is the coefficient of the polarization vector, p'is the pyroelectric 

coefficient and ∆Tis the temperature variation (p' = −8.3 × 10#$	C	m#%	°C#&for	LN	at	25°C	). 

Taking advantage of this feature, the pyro-electric field applied to a liquid drop can lead to a 

redistribution of the mobile charges in the liquid sample. When sufficiently strong, the electric field 

deforms the sample droplet and forms a conical tip from which tiny droplets are released. 

3.2 Slides 
Because of the preliminary tests shown in the paragraph 2.1.2, in the immunoreaction protocol, the 

reaction support chosen was the slide functionalized with the ammino groups 𝑁𝐻() Arrayit 

SuperAmine 2 Ultra Low Density (Cat. SMM2ULD). The proteins were bound electrostatically on 

the surface with its charged backbone, in this reaction intervened non-covalent bond.  In the case of 

the fluorescent probes used in the tests, we used standard 1 mm thick microscope glass slides. 

3.3 Ab1-42 protein solution for immunoreaction  
The AD biomarker Ab1-42 (Sigma Aldrich, AG912) was bought as white lyophilized powder and 

resuspended in 1% Ammonium hydroxide solution (NH4OH) (Sigma Aldrich, 221228) at a 

concentration of 1 mg/ml according to manufacturer procedures. Afterwards it was sonicated for 30 

s and stored undiluted at -20°C. The serial dilutions were prepared with PBS1X to obtain the final 

concentrations at 100 pg/mL, 20 pg/mL, and 4 pg/mL. 
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3.4 Ab1-42 protein solution for rheological characterization 
The white lyophilized powder of Ab1-42 ((Sigma Aldrich AG912) was resuspended in 2 mM of 

NaOH so that a stock solution was obtained (1 mg/ml) according to datasheet, and then sonicated for 

45 s. The serial dilutions were prepared with PBS1X (Gibco 10010023) to obtain four aliquots of 

each final concentration at 800 µg/mL, 400 µg/ml, and 40 µg/mL. The aliquots were stored at -20°C. 

On the day of use, the aliquots of interest were thawed. To ensure the same frozen-thawed process 

for all solutions measured, on day 0, namely the reconstitution day, an aliquot of 800 µg/mL, 400 

µg/ml, and 40 µg/mL was frozen and thawed before the measurements. 

3.5 Fluorescent probes  
Two kinds of fluorescent probes were used: 1) Alexa Fluor 647 (far-red-fluorescent dye, cat. no. 

A33084, life technologies); 2) secondary antibody conjugated with Alexa Fluor Plus 647 (cat. no. 

A32733, life technologies). The fluorophore was bought as a powder and dissolved in 1X Phosphate 

Buffered Saline (cat. No. 10010023, life technologies), at a concentration of 1.25 mg/ml. The 

solution was mixed gently to ensure the solubilization of the powder. Starting from this solution, 20 

ul, 9.6 ul, and 5 ul were diluted in 2 mL of PBS (Phosphate-buffered saline) 1X, each one, to have 

the final concentrations of 12.5 ug/mL, 6 ug/ml, and 3 ug/mL. The secondary antibody was bought 

as a solution with an initial concentration of 1 mg/mL and diluted in dH2O at the final concentrations 

of 10 pg/mL, 0.1 pg/mL, and 0.01 pg/mL. 

3.6 Immunoreaction protocol  
The immunoreaction protocol was performed by following the steps described in Table 5. The Aβ1-

42 was deposited by using the p-jet technique, afterwards, the slide was incubated in a humid 

chamber for 2 h at 25 °C. For saturating excess protein-binding sites, the slide was covered with 2 

mL of ArrayIt Blocking solution (BlockIt Blocking buffer) for 1 h at 25 °C. The blocking solution 

was used to dilute the antibody solutions. Then the slide was washed by placing it in a Petri dish with 

10 mL of PBS 1X (Gibco 10010023) for 2 min. This washing cycle (WC) was repeated three times. 

A solution of primary antibody (AbI), 2mL of rabbit anti-β-Amyloid 1-42 (Cell Signaling 

Technologies Rabbit, D9A3A) at the dilution of 1:1600 was deposited on the slide and incubated 

overnight at 4°C. The WCs were repeated. Finally, the secondary antibody (AbII) solution (Thermo 

Fisher Scientific anti-Rabbit I, A32733), at the concentration of 0.5 µg/mL, was incubated for 1 h at 

25 °C and the WCs were repeated.  

3.7 Fluorescence acquisition and analysis 
The scanner used in the fluorescence analysis was the InnoScan 710 (see the picture in Fig.14). The 

InnoScan is a confocal fluorescence scanner. The imaging system has two laser sources to excite the 
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chemifluorescent dyes at wavelengths 635 nm and 532 nm. Two detection photomultipliers and very 

high-precision optical filters provide results with enhanced SNR.  

Figure 14. Innoscan 710 image 

We operated at 635 nm wavelength to read our AbII signal. The laser sources had controlled 

temperature and current, to avoid possible imbalances able to  damage the samples. Depending on 

the expected spot size and signal intensity, four main scan parameters can be adjusted: resolution 

(from 3 to 40 µm/pixel), scanning speed (from 10 to 35 lines/s), gain PMT (linear from 0 to 100 %), 

laser power (5 and 10 mW). The TIFF 16-bit images captured by the scanner were evaluated 

quantitatively by MAPIX software. MAPIX is a high-performance and easy-to-use microarray image 

analysis software, which allows one to measure the signal intensity in the selected spot areas. Figure 

15 shows the MAPIX user-interface where the operator can set the scanning parameters.  

Figure 15. Typical MAPIX user interface where the operator selects the scanning parameters. 

3.8 The piezo-driven biospotter 
The performance of the p-jet accumulation was compared to a commercial piezo driven biospotter 

(S3 sciFLEXARRAYER, Scienion AG) using a set of fluorophore samples. S3 is a non-contact 

dispensing system designed to produce small sample spots from ultra-low volumes of biomaterials. 

Samples were dispensed on top of low auto-fluorescence glass microscope slides (Marienfeld, ref. 
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1010200) after a washing procedure, where the slides were first rinsed with acetone and isopropanol, 

and then dried with nitrogen blow (Topgun). Fluorophore samples were prepared by diluting Alexa 

Fluor 647 carboxylic acid tris(triethylammonium) salt (A33084 Invitrogen) in 12 mM PBS (pH7,4) 

to achieve fluorophore concentrations for three ranges: (1) 0.01 pg/ml to 10 pg/ml, (2) 10 ng/ml to 1 

µg/ml and (3) 3 µg/ml to 12.5 µg/ml. The dispensed individual drop size with S3 was 350-372 pl and 

distance between the nozzle and the sample slide was 282-500 µm. Three replicate sample slides 

were prepared for the three concentration ranges. 

 

3.9 The pendant drop tensiometer 
A pendant drop tensiometer (First Ten Angstroms FTA 1000) was used for the surface tension 

measurements (see Fig. 16). It is a modular video drop shape system, composed by the following 

main components: 

• backlight source 

• microscope optics  

• video camera connected to a computer  

• liquid dispense pump 

• support stage 

 

Figure 16. A) Picture of a typical tensiometer FTA100; B) schematic view of the main components 

of the FTA1000. 

The backlight source is a specialized illumination with a 25 mm blue LED, positioned behind the 

drop sample. The image is recorded by a digital camera equipped with a microscope objective (0.7X 

to 4.5X of magnification). The camera is connected to a computer for analyzing the data by using 

the software FTA 32 Video 2.1. 

The dispensing system is composed of a syringe with a volume of 250 µl to 26 nl and a needle from 

which is formed the drop, and an automated pump with a pumping velocity of 0.02 µl /s to 5 µl/s that 

controls the fluid release and the drop formation (see Fig. 17).  

A  B 
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Figure 17. Picture of the dispensing system, with main components indicated by the red arrows 
(needle, syringe, pump).  

 

The surface tension measurements were performed by the Drop Shape Method87. The analysis is 

based on two principal assumptions, the drop is symmetric about a central vertical axis and surface 

tension and gravity are the only forces shaping the drop. Young-Laplace equation allows one to 

establish the surface tension by fitting the shape of the drop (in a captured video image) with the 

relates interfacial tension to drop shape88(Fig.18). The shape of a drop is determined by its radii of 

curvature, R1 and R2.  In the case of a spherical drop, these are the same.  The radii are defined 

according to Adamson et al54.  The relationship between interfacial pressure (the pressure across the 

interface) and these radii of curvature is called the Young-Laplace equation89: 

∆𝑃	 = 	∆	C
1
𝑅1

+
1
𝑅2F

			(1) 

Where DP is the interfacial pressure difference, g is the interfacial tension, R1, R2 are surface’s radii 

of curvature. In a column of fluid of density r and height h, 

ΔP	 = 𝜌𝑔ℎ	 (2) 

and g is the acceleration due to gravity, (9.8m/s2). The software performs these steps automatically. 

Moreover, it is important to note that the drop image has to be recorded with highest focus quality as 

possible, to obtain more accurate measurements. 

 

 

Syringe Pump

Needle
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Figure 18. Typical drop image with central vertical axis overlapped.  

 

3.10 Sample interfacial tension measurements  
The sample interfacial tensions (IFTs, g) were calculated during the time, following the evolution of 

them90. The IFTs of protein solutions were determined by using the tensiometer (First Ten Angstroms 

FTA 1000) equipped with software (FTA 32 Video 2.1). The measurements were performed at room 

temperature (24±1°C) during 2400 s, acquiring the data every 2 s, for each solution in triplicate. The 

protein solutions, dissolved and storage as mentioned, were used in the measurements at different 

times during a period of 30 days after the protein package opening: freshly dissolved protein solution 

(day 0), after one week (day 7), after two weeks (day 14), and after 1 month (day 30). The protein 

solutions of Aβ 1-42 were investigated at three concentrations: 800 µg/mL, 400 µg/mL, and 40 

µg/mL. More details about the solution are included in section 3.4. 

 

3.10.1 Preliminary tests and definition of the measurement protocol 
To perform an accurate measurement, the droplet stability and the volume had to be preserved. In 

case of open space conditions, the data collected appeared to underline a significative correlation 

between a variation of volume with IFT (Fig. 20B). For this reason, a homemade closed system 

(HCS) was implemented to ensure a controlled space, as shown in Figure 19. 
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Figure 19. Picture of the homemade closed system for the pendant drop. 

The HCS was composed by a conventional polystyrene cuvette (Eppendorf® UVette®, Sigma-

Aldrich) sealed by a piece of Parafilm (Parafilm PM996, Sigma-Aldrich). The Parafilm layer was 

perforated before insert the needle connected to the dispensing system. The cuvette appeared a 

convenient way for protecting pendant drops from air currents and, therefore, for reducing the 

evaporation rate. In fact, the cuvette was filled by 500 µl of dH2O, to guarantee an appropriate level 

of humidity such as to have a saturated environment and, therefore, a significant decrease of the 

evaporation rate. The tensiometer provides reliable measurements for drop volumes ≥  10µL87. 

Therefore the pendant drop volume (PndVol) was set at 15 µL. Calibration measurements were 

performed first, to evaluate the role of the cuvette. The PndVols and the IFTs of distilled water were 

measured for 55 min with and without the HCS and the results are reported in Fig. 20. 

 
Figure 20. Calibration tests, with volume variation: A) with HCS; B) without. 

These results demonstrate the reliability of the measurements under HCS conditions. The calibration 

tests were performed comparing the IFTs value of the dH2O reported in literature, 71.99 mN/m at 

25°C with an acceptable error of 0.3% and 0.7% respectively91, with the data obtained. In fact, the 

data showed the IFTs of distilled water of 72.02 mN/m±0.2 without the HCS and 71.85 mN/m±0.3 

with the HCS. The PndVols recorded with the HCS remained constant at a value of 15 µl±0.1. 

Conversely, the test performed in open space, the PndVol decreased with a variation of 81.18%. For 

this reason the HCS was used for the IFTs measurements. 
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3.10.2 Mathematical models 
In the adsorption process of proteins at an air/water interface, the proteins could follow these steps: 

1) diffuse from the bulk towards the interface, 

2) adsorption/penetration at the interface,  

3) molecular rearrangement92–96.  

These steps are shown in Figure 21 97. 

 

Figure 21. Proteins diffusion from the bulk to interface. 

 

The first step, related to the diffusion, is described by the Ward-Torday equation98 Click or tap here 

to enter text.: 

𝜋 = 𝛾(𝑡) − 𝛾(0) = 𝐶*𝐾𝑇
𝐷+!,,𝑡
Π

	(3) 

Where 𝜋	is the interfacial pressure at any time, 𝛾(𝑡), 𝛾(0) are the surface tension at any time t and 

at time zero respectively, 𝐶* is the bulk concentration in the aqueous phase, 𝐾	is the Boltzam 

constant, 𝑇	 is the absolute temperature, 𝐷+!,, is the diffusion coefficient, Π is the Pi greco value98 

𝜋 as a function of 𝑡& %-  is possible to obtain the diffusion rate (kdiff) as the slope of the curvature96  

𝑘+!,, =	𝐶*𝐾𝑇 C
𝐷+!,,
Π F

&
%-

	(4) 

 The second and the third steps are described with the Graham and Philips equation99Click or tap 

here to enter text.: 
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𝑙𝑛
V𝜋, − 𝜋.W
V𝜋, − 𝜋*W

= −𝑘!𝑡		(5) 

where 𝜋, , 𝜋.,𝜋* are the surface tension at the end of the adsorption processes, at any time and at t=0, 

respectively. ki is a first-order constant. The application of equation (5) can identify two linear 

regions with two different slopes. The first one is related to proteins adsorption, while the second 

one is related to the rearrangement of the adsorbed proteins. As a result, two different constants (kads 

and kr)92,94–96. 

 

3.11 Determination of the fluorescence intensity 
To compare the molecular rearrangement with the antibody capability to recognize the proteins 

during the 30 days when they had the right conformation, it has been performed the immunoreaction 

protocol on the same concentration tested for the IFTs: 800 µg/ml, 400 µg/ml, and 40 µg/ml. Four 

droplets for each Aβ1-42 solution were deposited with a traditional pipette in the volume of 3 µl on 

the glass slide functionalized with 2D-Amine groups (see section 3.2). The immunoreaction protocol 

was reported in detail in Section 3.6, while the FL signal intensity was evaluated by using the 

Innoscan710 and analysed by MAPIX software, both described in section 3.7. The scanner was set 

with the laser source at 635 nm for exciting the fluorescent molecules, the resolution was set at 10 

µm/pixel, the speed was 35 lines/s, the gain of the PMT was 5% and the laser power was 5 mW. The 

TIFF 16-bit images captured by the scanner were evaluated quantitatively by Mapix software.  

 

3.12 Statistical Analysis 
The kinetic constants Kd, Kads and Kr of the concentrations 40 µg/ml, 400 µg/ml and 800 µg/ml 

were calculated at day0, day7, day14 and day30 through the mathematical models explained in 

section 3.10. In particular, to understand if during the time the kinetic constants were subject to a 

significant changed, statistical analysis was applied to correlate the value obtained in the days. The 

dependent variables were the constant values, while the days were considered the qualitative variable. 

The first steps were assessing the assumption of normality with the Shapiro-Wilk test, the test verified 

the normal distribution of the data, obtaining in each case pvalue > alpha. Therefore, it was adopted 

the parametric test One-Way ANOVA. In this way it was possible to compare the means of the kinetic 

constants during the days. The Fisher's F test obtained reflected the probability corresponding to 

the F value, with Pr>F value that determined the significance of our results. Once ANOVA found 

the significant difference, a post hoc test were selected, the Dunn’s Multiple Comparison test. This 

helped the operator to evaluate the significative differences between which groups have been 

evidenced. The tests were performed by Excel (version XLSTAT 2022 3.1.1338.0)  
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Chapter 4 Results and discussions 

4.1 Reproducibility of the p-jet spots   
The p-jet technique was tested for accumulating diluted biomolecules63,69 and make them detectable 

even down to sub picogram levels of concentrations. In the last years, the possibility of using the 

pyroelectric effect for accumulating micro-droplets and for detecting highly diluted biomolecules 

was demonstrated for the first time. Here, a completely new configuration was presented where a 

more compact and easier-to-use heating system was developed, compared to the CO2 laser head or 

to the µ-heater used in the previous papers. This advanced experimental setup, as well as the thermal 

stimulus for generating the pyroelectric effect, were thoroughly described in Sections 2.3 and 2.5. 

The reproducibility of the spots generated by this new p-jet configuration was evaluated by printing 

around 100 replicates of spots obtained by delivering 1 to 5 droplets and 10 to 50 droplets at each 

position. The successive droplets are indicated here as jets, for brevity. The sample was the Alexa 

fluorescent probe (see Materials and Methods) at a concentration of 6 µg/mL. Soon after the delivery 

of one spot, the target slide by 1 mm with the precision translation stage was translated, then with 

successive spots was proceeded. Figure 22 shows a typical scanner image of the resulting spots, just 

as an example.  

 
Figure 22. Scanner image of the typical p-jet spots obtained by spotting droplets of 

Alexa fluorescent probe. 
 

The recorded scanner images were analysed by Mapix software. The diameter of the spots was on 

average 75 µm with a coefficient of variance of 5% for spots with 1-5 jets and 130 µm with a 

coefficient of variation of 7% for the spots with 10-50 jets. Therefore, the variation of spot diameter 

was negligible with the increasing number of jets in both ranges, and the FS data were analysed 

indifferently through ‘F tot’ or ‘F mean’ in the case of the p-jet spots. In fact, the first represents the 

sum of the gray values of all the pixels in the spot area and the second is F tot divided by the number 

of pixels in the spot area. In other words, the F mean values give information about the optical density 

of the spots. The FS had a variability of around 6% for the different groups of replicates at the same 

number of jets. These results demonstrate the significance of the data and the high repeatability of 

the p-jet spots in terms of both diameter and FS.  
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4.2 Characteristic curves of the p-jet accumulation   
To test the reliability of this new p-jet sensor for tuning the accumulation rate of low abundant 

biomolecules, the behavior of the FS of the spots as a function of the number of droplets (referred to 

as jets) delivered for each spot was evaluated. It is well known that ELISA-based procedures 

represent the gold standard in most clinical diagnoses aimed to detect specific biomarkers in human 

fluids. Detection of Ab1-42 in human cerebrospinal fluid for Alzheimer’s disease diagnosis is 

challenging for ELISA having the LOD of 50 pg/mL, which prevents a reliable detection of these 

biomarkers in peripheral fluids such as blood, where the concentrations are expected to reach only 

sub-picogram levels. Considering the novelty of the technique, this study was performed first for 

three relatively high concentration values in the µg/mL range (12;6;3) and successively for three 

challenging concentrations less than the ELISA LOD mentioned above (10 pg/mL; 0.1 pg/mL; 0.01 

pg/mL).  

The pin with the Alexa probe sample at 12.5 µg/mL was loaded, and five spots were printed, the first 

with one jet and the others by accumulating two jets, three jets, four jets and five jets, respectively. 

Eight replicates for each spot were performed, and the same kind of experiment for the other two 

concentrations at 6 µg/mL and 3 µg/mL was repeated. Figure 23 shows the behavior of the FS as a 

function of the number of accumulated jets for the three concentrations at the µg/mL level. 

 
Figure 23. Fluorescence signal of the p-jet spots as a function of the increasing number of 

jets, for three concentrations of the Alexa probe. The signal values were averaged on eight 

replicates of the spots and the error bars correspond to their standard deviation. The linear 

plots were obtained by least squares fitting. The horizontal dashed lines correspond to the 

background level calculated as three times the standard deviation of the background FS.    

The dashed lines correspond to the background level calculated as three times the standard deviation 

of the background signal. The data on the Y axis corresponds to the average FS over eight replicates 

of the spots calculated as mean gray values per unit area of the spots. These results show that the 
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optical density of the spots increased linearly with an increasing number of accumulated jets for each 

concentration, and the linear regression equations exhibited R2 ³ 0.98.  

After appropriate cleaning of the printing pin, the labeled antibody probe solution (see Materials 

and Methods) at the concentration of 10 pg/mL was loaded and ten spots with an increasing number 

of jets from one to ten were printed. On the same target slide, ten spots were deposited by simply 

touching the slide with the printing pin from one to ten times for each spot. We performed three 

replicates of the spots, and the fluorescence images of the slides by the scanner was recorded. The 

images were analyzed by Mapix and the resulting data were averaged over three replicates. Fig.24(a) 

shows the corresponding graph.  

                         

(a)                                    (b) 

Figure 24. Fluorescence signal of the p-jet spots for an increasing number of jets of the 

labelled antibody sample in case of (a) 10 pg/mL; (b) 0.1 pg/mL. In (a) we also report the 

results in case of 10 pg/mL by contact printing. Error bars represent their standard deviation 

resulting from three replicates of the spots. The linear plots were obtained by least-squares 

fitting. The horizontal dashed lines correspond to the background level calculated as three 

times the standard deviation of the background signal.    

 

The results in Fig.24(a) demonstrate clearly that the contact-based accumulation does not behave 

linearly over the range of 1-10 touches, due to the cross-contamination occurring in successive 

touches of the pin on the same spot location. Moreover, the contact nature of this print method also 

means that during every deposition there is a chance that the pin tip may be damaged, thus worsening 

the repeatability in the deposited volume at each touch58,100. The lack of reliability was evident also 

through the behavior of the FS in the spots obtained with a few touches, where the signal is not 

detectable significantly over the background level. Conversely, the FS of the spots obtained by p-jet 

accumulation at 10 pg/mL is significantly higher than the background level, even for a few jets with 

an average signal/noise ratio (SNR) of 90 at one and two jets. Analogously to the case with the Alexa 

probe, also in this case the data show that the optical density of the spots increased linearly with the 

increasing number of accumulated jets, with linear regression equations exhibiting R2 ³ 0.99.  

The same kind of characterization was performed for 0.1 pg/mL to test the reliability of the p-jet 

accumulation at very challenging levels of concentration. Considering the two and three orders of 

magnitude decrease in concentration the accumulation effect by using a higher number of jets, from 

10 to 50 at a step of 10 was tested. Three replicates of the spots also in this case were performed and 
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the fluorescence images of the slides by the scanner were recorded. The images were analyzed by 

Mapix and the resulting data were averaged over the three replicates (see Fig.24(b)). The SNR ranged 

from 6 to 14 and the spot optical density increased linearly in the whole range of jets. These results 

demonstrate the reliability of the p-jet in tuning linearly the rate of accumulation of biomolecules by 

the number of jets and in detecting fluorescence-labeled Ab2 proteins at challenging concentrations, 

thanks to the significant increase of the optical density.     

 

4.3 Comparison with S3 biospotter dispensed samples 
The performance of the new p-jet sensor was compared to a commercial piezo spotter S3 biospotter.  

S3 was used to dispense eight replicate sample spots with one to five dispensed jets at each position. 

The sample was the Alexa fluorescent probe (see Materials and Methods). The behavior was 

evaluated as a function of the number of jets for different concentration ranges. The first 

concentration range included 12.5µg/mL - 6µg/mL - 3µg/mL, the second 1µg/mL - 0.1µg/mL - 

0.01µg/mL, the third 10pg/mL - 0.1pg/mL - 0.01pg/mL. The FS was measured by the scanner, and 

the images were analyzed by the Mapix software. Figure 25(a,b) shows the typical scanner images 

of the slides with spots at the second and third concentration ranges, respectively. Figure 38a shows 

that the spot diameter increased significantly with the number of jets, on average from 300 µm (1 

jet) to 600 µm (5 jets), and Figure 25b shows the lack of significance of the spots at the challenging 

dilutions. The FS was analyzed here in terms of both F tot and F mean values and Figure 25(c-f) 

show the corresponding results.   

 

(a)                                                             (b) 
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(c) 

 

(d) 

 

 

(e) 

 

(f) 

Figure 25. Biospotter results. (a,b) Typical scanner images of the slides with the spots at 1ug/mL (A), 0.1 

ug/mL (B), 0.01ug/mL (C), 0.1pg/mL (A’) and 0.01pg/mL (B’); (c,e) F tot as a function of the number of 

jets for the concentrations in the ranges 12.5ug/mL-3ug/mL and 1ug/mL-0.01ug/mL, respectively; (d,f) F 

mean as a function of the number of jets for the concentrations in the ranges 12.5ug/mL-3ug/mL and 
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1ug/mL-0.01ug/mL, respectively. The data in (c-f) were averaged over eight replicates of the spots with 

error bars corresponding to their standard deviation. The linear functions were obtained by weighted least-

square method. The average diameter in (a) is 300 µm for 1 jet and 600 µm for 5 jets. 

Both F tot and F mean increase with the number of jets for all the concentration ranges. However, 

while F tot increases on average by a factor of five and six in the first and second concentration range 

respectively (see Figure 25(c,e)), the F mean increases only by a factor of two in all samples (see 

Figure 25(d,f)). This means that the increase in spot optical density is negligible for increasing jets, 

thus preventing the accumulation effect achieved instead by p-jet. In fact, the spots at challenging 

concentrations have SNR < 1, even up to 100 jets (see Figure 25b). Moreover, linear regressions with 

R2 ³ 0.98 were achieved only for the F tot values at 12.5 µg/mL and 6 µg/mL and for F mean values 

at 12.5 µg/mL, thus demonstrating the lack of linear behavior for all the concentrations below the 

µg/mL level. These results demonstrated that the accumulation rate achievable through the p-jet 

sensor is unique and not reachable through a commercial piezo-driven dispensing biospotter, thus 

launching the p-jet as a new tool for sub-picogram detection of biomolecules.  

 

4.4 Application for immunodetection of Ab1-42 
The p-jet sensor was tested for a real application of immune-detection by using the biomarker Ab1-

42. It belongs to the family of biomarkers object of clinicians’ interest in the diagnosis of AD. This 

study had attention to a set of concentration values falling in the challenging range of pg/mL. Three 

spots were produced with 20 accumulated droplets for each concentration value. The spot images 

were recorded by the scanner and evaluated by Mapix. Figure 26 shows the resulting data averaged 

over three replicates of the spots.  

 

               
 

Figure 26. Mean fluorescence intensity of the p-jet spots of Ab1-42 with 

increasing solution concentration. Error bars represent the standard deviation 

of three replicated spots. The linear plot was obtained by least-square fitting. 

The horizontal dashed line corresponds to the background level calculated as 

three times the standard deviation of the background signal.    
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These results demonstrate the reliability of the p-jet for detecting Ab1-42 onto a solid surface through 

an immunoreaction protocol, with a linear behaviour in the pg/mL range of concentrations, below 

the current limits of traditional ELISA kits. In perspective, this technique would simplify the 

detection of low abundant biomolecules by accumulating them directly onto the reaction slide and 

by using sub-microliter volumes of reaction, with significant advantages in all those cases where 

diagnostic applications must be performed with very small volumes of the analyte. A new p-jet sensor 

with the ability to enhance the fluorescence signal of low abundant biomolecules linearly by 

increasing the number of accumulated jets. This technique provides an easy-to-use procedure that 

can tune the accumulation rate of target molecules in highly diluted solutions. The reliability of the 

technique has been demonstrated for a fluorescent probe with a concentration falling well below the 

current limit of detection using standard ELISA methods, down to a sub-picogram level. Moreover, 

the technique has been demonstrated to be reliable also for a typical case of clinical interest, namely 

for detecting biomarkers of AD through an immunoreaction protocol, with a linear behavior in the 

pg/mL range. In perspective, this p-jet technique can be exploited in a wide range of clinical cases 

where the clinician needs to determine the amount of low abundant biomarker molecules in 

peripheral human fluids to perform an early diagnosis, as in the case of AD biomarkers.   

 

4.5 Surface tension measurements  
The STs (g) of the protein solutions (800 µg/ml, 400 µg/ml, and 40 µg/ml) were evaluated as 

described in Section 3.9. Figure 39 shows that Aβ1-42 solutions 800 µg/ml and 400 µg/ml (day 0), 

had the typical sigmoidal trends common for proteins and emulsifiers96. Specifically, two different 

regions, corresponding to unsaturated and saturated adsorption layers (plateau regions), were 

observed (see Figure 40). In fact, when an aqueous solution is in contact with an air phase, a finite 

time is required for the surface-active species to diffuse, adsorb at the interface, and reach the 

equilibrium value101. The equilibrium values (geq) were determined from the plateau regions and were 

equal to 43±0.6 mNm-1 for 800 µg/mL and 44±0.8 mNm-1 for 400 µg/mL. Whereas the initial surface 

tension (g0) values were 55±1mNm-1 for 800µg/mL and 61±0.4 mNm-1 for 400 µg/mL. In the case 

of Aβ1-42 at the concentration of 40 µg/ml, during the first 3 minutes, no surface tension decrease 

was observed, but the ST remained constant at a value of 71.3±0.2 mNm-1. Besides, it took more 

than 40 minutes for equilibrium to be attained (see Figure 26). On the contrary, for higher 

concentrations (800 µg/mL, 400 µg/mL) the STs quickly decreased as observed for usual surfactants 

and proteins78, and the equilibrium was reached in 20 minutes. The ST for the control solution (0 

µg/mL) was 71±0.2 mNm-1 and remained constant at this value for the 40 minutes considered, 

highlighting that the Aβ1-42 was a surface-active species and, this determined the ST decrease. These 

first considerations were thoroughly investigated by using the mathematical models described in 

section 3.10.2, and by obtaining the graph reported in Figure 28. 
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    Figure 27. STs trends of Aβ1-42 solutions at 800 µg/mL (black square), 400 µg/mL (grey diamond),  
    40 µg/mL (light grey circle), 0 µg/mL (blue x). 
 

 
Figure 28. Temporal evolution of surface pressure, π, of Aβ1-42 at the air/water interface, at 800 µg/mL  
(black square), 400 µg/mL (grey diamond), 40 µg/mL (light grey circle). Data are reported as a function of 
time, t, square root according to Eq. (3). Error bars are not reported to make the figure more readable.  
The standard error was computed over three repetitions and is lower than 10%. 

 
Data arranged according to equation (3) were reported in Figure 28, they have shown that at day 0, 

the lowest concentration (40 µg/ml) was characterized by an initial period where there was no change 

in the interfacial pressure (lag or induction period)68,74. Conversely, for the highest concentrations, 

the interfacial pressure immediately changed. These results agreed with the literature data for 

proteins, it is well-known that the induction period shortens as protein concentration is increased79,80. 

In fact, for the highest concentrations, no lag period was observed but the induction time was found 

to decrease as the bulk concentration was increased. The induction is caused by two factors: first, 

proteins may have a critical surface concentration only above which they can engage in 
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intermolecular cohesive interactions at the interface and cause a greater reduction in surface tension. 

Second, it might be related to the time needed for the adsorbed proteins to unfold at the interface and 

to initiate cohesive interactions78–84. In this second case, the induction period is dependent on the 

protein stability85. Since the 40 µg/mL was quite diluted, the induction period (143 seconds, as 

reported in Table 6) at day 0 could be related to the insufficient adsorption of Ab1-42 to the interface. 

In other words, the amount of adsorbed proteins was not enough, thus, the interactions between them 

were not appreciable and the ST did not change.  Even though on day 0 for the higher concentrations 

(800 and 400 µg/mL), there was no induction period (see Figure 28), it was noteworthy to notice that 

on day 30, the lag period arose for the concentration of 400 µg/mL and it increased for the 40 µg/mL 

(see Figure 29b and Table 8). This was an outstanding result, suggesting that the protein stability was 

changing over time. 

 

 
 
                                                           (a) 

 
 
 
 
 
 
 
 
 
 
 
 
 

                                                                                        (b) 
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                                                                    ( c ) 

Figure 29. STs trends of Aβ1-42 (a) 800 µg/ml at day 0 (blue square), day 7 (orange square), day 14 (grey square), day  
30 (yellow square), (b) 400 µg/ml at day 0 (blue diamond), day 7 (orange diamond), day 14 (grey diamond),  
day 30 (yellow diamond), (c) 40 µg/ml at day 0 (blue circle), day 7 (orange circle), day 14 (grey circle), day 30 (yellow circle). 
 

Additionally, the kinetic constants (Kd, Kads, and Kr) and the lag times were extrapolated as described 

in section 3.10.2 and were summarized in Table 6.  From day 0 to day 30, in the case of 800 µg/ml, 

the results of the ANOVA test (Pr>F=8%) suggested that Kd did not significantly vary as well as the 

Kads. This evidence can be attributed to the fact that 800 µg/ml was a concentration very high, so, the 

solution was extremely crowded in proteins, and these were so close to each other to constrain their 

diffusion and adsorption at the interface. As a result, the processes (diffusion, adsorption) were 

extremely slow, and the corresponding kinetics did not remarkably change over time. Conversely, 

for the lower concentration (40 µg/ml), the Kd decreased significantly over time (Pr>F=0.3%). 

Moreover, the Dunn test highlighted that there was a significant difference in the Kd between day 0 

and day 30 (Pr>Diff=0.001). The same result was obtained in the case of 400 µg/ml, the Kd 

remarkably decreased from day 0 to day 30 (Pr>Diff=0.001). These results suggested that the protein 

on day 30 was diffusing slower than on day 0, probably due to its agglomeration. In fact, as the 

number of proteins as single entities in the volume solution decreased, the number of agglomerates 

increased, and these agglomerates diffused slower. In fact, the agglomerates were bigger than the 

single proteins and their diffusion was hindered. Besides, for 40 µg/ml the Kads did not change over 

time (Pr>F=6%). The solution of 40 µg/ml was too diluted; thus, the adsorbed proteins were not so 

many to see variations in terms of adsorption during the time. Whereas, for 400 µg/ml the proteins 

adsorbed at the interface were sufficient to verify that Kads changed over time (Pr>F=0.01%). 

Specifically, there was a decrease between day 0 and day 30 (Pr>Diff=0.01%). Since there were 

fewer proteins that could diffuse due to the presence of agglomerates, clearly, fewer of them were 

adsorbed at the interface, so Kads decreased. Even though the proteins adsorbed at the interface in the 

case of 40 µg/ml were not sufficient to evaluate a Kads variation over time, one can see in Table 6 

that Kads for the 40 µg/ml was higher than Kads for the 400 and 800 µg/ml. This result was attributed 

to the adsorption process at the interface. In fact, proteins for adsorbing at the interface must expose 
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their hydrophobic part to the interface and their hydrophilic part to the bulk, this structural disposition 

needs time. This time decreases as the protein concentration decreases. In fact, proteins in diluted 

conditions can easier move and find the right disposition at the interface, thus they are faster 

adsorbed. On the contrary, when the concentration was higher the interface was protein crowded and 

it was hard to move and find the right position, hence, to adsorb at the interface.  

40µg/ml 400µg/ml 800µg/ml 
 

tlag 

s 
Kd 

mNm-1s-0.5 
Kads 

10-3, s-1 
Kr 
10-3, 
s-1 

tlag 
s 

Kd 
mNm-1s-0.5 

Kads 
10-3, s-

1 

Kr 
10-3, s-

1 

tlag 
s 

Kd 
mNm-1s-

0.5 

Kads 
10-3, s-1 

Kr 
10-3, 
s-1 

day 0 143 0.4 3 / / 1.5 1.3 3.5 / 0.8 1.1 / 

day 7 498 0.1 5 / / 0.8 1.2 2.9 / 0.5 1.2 / 

day 14 400 0.1 0.7 / 2 1.4 1.5 4.0 / 0.6 1.3 / 

day 30 400 0.1 0.6 / 3.82 0.4 0.5 1.0 / 0.7 1.5 / 

Table 8. Velocity of diffusion (Kd), adsorption (Kads) and rearrangement (Kr) for Aβ1-42 solutions at 40 µg/ml, 400 µg/ml        
and 800 µg/ml, evaluated at day 0, day 7, day 14 and day 40. 

 

Concerning the rearrangement step, for 800 µg/ml was not found (see Table 6) since the proteins 

were so many and so crowded that they cannot do any movement/rearrangement at the interface. For 

40 µg/ml the solution was too diluted that more time would have been needed to see the 

rearrangement. On the other hand, in the case of 400 µg/ml was possible to evaluate a rearrangement 

step (see Table 6). Since the Critical Micellar Concentration (CMC) was reached at 400 µg/ml (see 

Figure 30), this was the optimal condition to have protein movement on the interface. 

 

Figure 30. CMC evaluation, the concentration tested were: (0.4, 4, 40, 120, 200, 400, 800)mg/ml. 

 

4.6 Fluorescence intensity measurements 
To verify the hypothesis about the influence of protein agglomeration on the sensitivity of an AD 

diagnostic test, an immunoreaction protocol was carried out, so the FIs were evaluated. The results 

showed that at day 0 the FIs were equal to (6.21 ± 0.64)E+07 a.u. for 800 µg/ml and 400 µg/ml and 

to (3.59 ± 0.68)E+07 a.u. for 40 µg/ml. In the case of 40 µg/ml, there was no significant difference 
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between groups (Pr>F=6%). This result could be explained considering that the immunoreaction 

protocol was realized by depositing the protein with a traditional pipette, this method was constrained 

by the diffusion effects of the molecules on the reaction slide, which drastically reduced the LOD. 

For instance, the lack of manual deposition of biomolecules was thoroughly described in our previous 

papers61–63,68. As a result, for the lower concentration, the sensitivity was not sufficient to detect a 

change in terms of FI. Whereas for 400µg/ml and 800 µg/ml significant differences (Pr>F=0.01%) 

were found over time. Specifically, it was proved that the FI on day 30 was significantly different 

from the FI on day 0 (Pr>Diff=0.01%). In fact, as shown in Figure 31 the FIs drastically decreased 

on day 30, for 800µg/ml and 400µg/ml. 

 
Figure 31. FIs trends of Aβ1-42 at concentration of 800 µg/ml at day 0 (blue square), day 7 (orange square), day 14 (grey 
square), day 30 (yellow square), of 400 µg/ml at day 0 (blue diamond), day 7 (orange diamond), day 14 (grey diamond), day 30 
(yellow diamond), of 40 µg/ml at day 0 (blue circle), day 7 (orange circle), day 14 (grey circle), day 30 (yellow circle). 
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Chapter 5 Conclusions 

In this thesis work, developed in the framework of the European project “SensApp”, it was proposed 

an innovative approach to detect low abundant AD biomarkers as a potential device that in 

perspective could be introduced in the clinical diagnosis, in all of those cases where highly diluted 

biomarkers have to be detected. Firstly, the thesis focused the attention on a deep study of the 

standard methods applied in the clinical routine, to understand their approach and limits. The AD 

standard methods of diagnosis include invasive procedures applied only when the symptoms are 

clearly exposed, and it just needs a confirmation of the presence of the pathological brain process, as 

well as PER, MRI or lumbar puncture. To dosage the biomarkers in the cerebrospinal fluid it is 

adopted the lumbar puncture procedure, which allows one the collection of a sufficient volume to 

apply the ELISA test, this test takes advantage of the bond biomarker-antibody to quantify the 

concentration of the analytes. The lumbar puncture has high invasiveness, for this reason, the 

diagnosis is often postponed over time, leading to a late diagnosis. On the other hand, some studies 

propose alternative ways to detect the biomarkers in the plasma fluid. The huge limits of these are 

the limit of detection, over the pg/ml. To overcome the ELISA LOD on the plasma fluid, we 

developed an innovative technology “drop-split-and-stack” (DSS) that allows the concentration of 

micro-droplets of the biological sample containing the biomarkers of interest on a very limited area 

of a support dedicated. In other words, our approach was designed as a biosensor able to reduce 

diffusion phenomena of the biomolecules of interest, maximising the concentration of biomolecules, 

in this way it could be obtained a sensitivity under the pg/ml. It exploits the pyroelectric effect in 

lithium niobate crystals. The pyroelectric crystal, functionalized with a thermal source, acts as a 

source of the pyro-electro-hydrodynamic jet, which activates the rapid split of tiny droplets ("split") 

on the same site ("μ-site") on the reaction support. The µ-droplets of fluid containing the biomarkers 

are concentrated on a definite area of the slide support, so we have a higher signal of biomarkers in 

a restricted area. This allows us to overcome the LOD under the pg/ml and open the route to an early 

diagnosis using the plasma fluid. These biomolecules collected at very low concentrations, with this 

approach had to be quantifiable and labelled.  Thus, starting from the literature data, it was developed 

an immunoreaction protocol that improves and overcomes the limit of the standard immunoreaction 

protocol, we performed an ELISA-like. It was tested different process conditions and identified the 

parameters that allow the production of a quantifiable and reproducible result.  

Furthermore, here it was performed a non-destructive method to investigate protein aggregation. 

Considering the nature of the AD biomarkers to aggregate, it could be very interesting to examine 

the stability of their conformations. In fact, the most popular approach includes the loss of the sample 

after the measurements, our technique offered a solution to this inconvenience. It used the surface 

tension analysis associated with the mathematic models to understand protein folding. The change 

of structure conformation modulates the migration and the adsorption of the biomolecules from the 
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bulk to the interface. At the end of this process, it was obtained a different surface tension that showed 

the degree of protein aggregation. 

The initial phase of the project was focused on the choice of biomarkers and the preliminary tests. 

The first AD biomarker tested was Amyloid b 1-40. Its stability preserved us from the protein 

aggregates that could have undermined our reaction regardless of the other variables applied. With 

this approach, changing step by step every component of the protocol reaction, it was demonstrated 

the reliability of the method. Moreover, with the preliminary tests, it was evaluated the choice of the 

different slides as reaction support, the opportunities of mixing the protein sample with other 

solutions to improve the repeatability of the spots, or a pre-treatment of the slide used during the 

immunoreaction, to increase signal strength and reduce background noise. At the same time, different 

experiments were performed to assess the incubation of the various reaction solutions, to improve 

the signal obtained at the lowest concentration. The preliminary analysis led at the conclusion: 

- avoiding the mix of the protein solution with buffer solutions of different chemical nature, 

the proteins in the solution were more stable 

- using the reaction support functionalized with NH3+ ammino groups, it was guaranteed a 

stable bond with the biomarkers 

- activating the reaction support before the spotting of the protein solution there were a worst 

diffusion mechanism  

Starting from these preliminary tests, it was thorough and characterized the p-jet set-up, comparing 

it to a commercial biospotter. Our p-jet sensor showed the ability to enhance the fluorescence signal 

of low abundant biomolecules linearly by increasing the number of accumulated jets. This technique 

provided an easy-to-use procedure that can tune the accumulation rate of target molecules in highly 

diluted solutions. The reliability of the technique has been demonstrated by the linear behaviour of 

the fluorescence signal as a function of the probe concentration. The results of the useful comparative 

study demonstrated the ability of the p-jet sensor to push the sensitivity down to the sub-picogram 

level against the microgram level achieved in the case of the biospotter. The p-jet sensor was proven 

to have a LOD at 0.01 pg/ml. Moreover, the technique was demonstrated to be reliable also for a 

typical case of clinical interest, namely for detecting biomarkers of AD through an immunoreaction 

protocol, with a linear behaviour in the pg/mL range and a LOD of 4 pg/ml. This is a very promising 

result since the typical limit of detection reported for this kind of biomarker through well-established 

ELISA kits available in the market is around 50 pg/ml 102,103.  

For these reasons, in future the p-jet will be tested in a wide range of clinical cases where the 

clinician needs to determine the amount of low abundant biomarker molecules in peripheral human 

fluids to perform an early diagnosis, as in the case of AD biomarkers. Moreover, this approach could 

open the route not only to severe pathological conditions but also to the monitoring of human health. 

In fact, great interest is aroused in biosensors set up in fields such as space medicine. They could be 

useful to evaluate the astronauts’ health during the mission, which compromises human physiological 
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homeostasis. Nowadays, many assays are proposed to measure biomolecules, and the biosensor 

approach emerges as one of the most promising platforms for this purpose. This approach, with its 

proven super-sensibility, offers a solution to all the conditions where is crucial to understand the 

minimal variation of the biochemical or pathological mechanisms.  

Furthermore, interesting results were obtained in the analysis of the protein aggregation 

correlated to the surface tension and the fluorescence signal. It is known that the fluorescence signal 

is correlated to the aggregation of proteins. In fact, the protein misfolding hides the active binding 

site that allows the antibody to recognize its specific biomolecules. Without bond biomarker-

antibody, it is impossible to demonstrate and quantify the concentration of analytes in the solution. 

In the case of the concentration of 800 µg/ml and 400 µg/ml, it was found a reduction in fluorescence 

signal during the time, emphasizing how much important is protein stability in the immunoreaction 

protocol. At the lowest concentration, 40 µg/ml, it did not quantifiable considering the instrument’s 

sensibility. Moreover, about the quantification of the aggregation, at the concentration of 400 µg/ml 

and 40 µg/ml, it was measured the agglomeration state of the proteins. Whereas the biomolecules at 

800 µg/ml did not confirm the trend because of their higher concentration, which limited the 

biomolecules’ diffusion and adsorption at the interface, probably due to the migration time extended 

beyond the analysis time. In conclusion, with the promising results obtained, this approach can be 

considered an innovative and prospective method to evaluate the aggregation of the AD biomarkers 

but also of the disease that are caused by a pathological protein aggregation. 
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