


 





 





 





 







ABBREVIATIONS 
 

III 
 

International Abbreviations of Amino Acids 
 

Amino Acid Three letter code One letter code 
   

Alanine Ala A 

Arginine Arg R 

Asparagine Asn N 

Aspartic Acid Asp D 

Cysteine Cys C 

Glutamic Acid Glu E 

Glutamine Gln Q 

Glycine Gly G 

Hystidine His H 

Isoleucine Ile I 

Leucine Leu L 

Lysine Lys K 

Methionine Met M 

Phenylalanine Phe F 

Proline Pro P 

Serine Ser S 

Threonine Thr T 

Tryptophan Trp W 

Tyrosine Tyr Y 

Valine Val V 
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Specifically, these secondary processes involve: the fragmentation of the amyloid fibril, to 

whose extremities the soluble amyloid proteins can attach; the monomer-dependent 

secondary nucleation, in which already existing aggregates catalyze the formation of new 

nuclei(9). The introduction of the monomer-dependent secondary nucleation has helped 

explaining the, albeit often stochastic(24), length of the lag phase of the NP mechanism. This 

theory has served more precise and modern mathematical models to fit experimental kinetics 

of amyloid aggregation, compared to those stemming from the original and classical NP 

model(25). 

 

 
Fig.1.1.3. Kinetics of the aggregation of a protein into amyloid fibrils. (a) Experimental kinetics 

of amyloid aggregations for different initial monomer concentrations. (b) Schematic representation of the 

processes of primary nucleation, fibril fragmentation, and secondary nucleation. The fits in (a) use 

mathematical models where the prevalent mechanisms are primary nucleation, fragmentation, and 

secondary nucleation, respectively. The agreement between experimental and numerical model for the 

secondary nucleation mechanism is highlighted. Figure adapted from Knowles et al, 2014(9), with the 

permission from Nature Publishing Group. 
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of the disadvantages existing with SPR sensors such as the thick sensing region that can 

decrease the sensitivity. In the case of a BSW-based sensor, the active part is the last layer of 

the 1D photonic crystal which generates the surface wave. In particular, the surface wave can 

be guided in order to enhance the sensitivity of the sensor(30). The sensing scheme adopted 

in this work is described in details in the following section.  

 

  





























OBJECTIVES AND STRATEGY 
 

46 
 

33. Descrovi E, Giorgis F, Dominici L, & Michelotti F (2008) Experimental observation of optical 
bandgaps for surface electromagnetic waves in a periodically corrugated one-dimensional silicon 
nitride photonic crystal. Opt Lett 33(3):243-245. 

34. Jamois C, Li C, Orobtchouk R, & Benyattou T (2010) Slow Bloch surface wave devices on porous 
silicon for sensing applications. Photonics and Nanostructures - Fundamentals and Applications 
8(2):72-77. 

35. Qiao H, Guan B, Gooding JJ, & Reece PJ (2010) Protease detection using a porous silicon based Bloch 
surface wave optical biosensor. Opt. Express 18(14):15174-15182. 

36. Barnes WL, Dereux A, & Ebbesen TW (2003) Surface plasmon subwavelength optics. Nature 
424(6950):824-830. 

37. Giorgis F, Descrovi E, Summonte C, Dominici L, & Michelotti F (2010) Experimental determination 
of the sensitivity of Bloch surface waves based sensors. Opt Express 18(8):8087-8093. 

38. Sinibaldi A, Danz N, Descrovi E, Munzert P, Schulz U, Sonntag F, Dominici L, & Michelotti F (2012) 
Direct comparison of the performance of Bloch surface wave and surface plasmon polariton sensors. 
Sensors and Actuators B: Chemical 174(0):292-298. 

39. Bashkatov AN & Genina EA (2003) Water refractive index in dependence on temperature and 
wavelength: a simple approximation. pp 393-395. 

 

 











































CHAPTER 4 

67 
 

  
Fig.4.1.2. Surface functionalization chemistry scheme. The silicon nitride surface is represented 

by hydroxyl functions in the top layer. The sensing surface was treated via subsequent reaction steps: 

(a) aminosilanization with APTES; (b) attachment of the acetal-NHS linker via amide bond formation; (c) 

linker deprotection: conversion of the acetal to the aldehyde function; (d) ligand coupling via Schiff -base 

formation and reduction to stable C-N single bond (see sections 4.2 and 4.3); (e) end-capping of unreacted 

linker. Buffer A was 100 mM NaCl, 50 mM NaH2PO4, pH 7.5. Steps (b), (c), (d), (e) were adapted from 

the literature(20). See Chapter 8 for details. 

 

All the surface modification reaction steps in Fig.4.1.2 were performed by immersion, 

either vertically positioning the dielectric multilayers in the reaction bath, or placing them at 

the bottom of it, with the dielectric layers oriented upwards. After each reaction step, the 

multilayers were extensively rinsed with water or with the organic solvent used in the reaction 

bath, and then dried with a gentle N2 flux. This procedure was essential to avoid the staining 

of the substrates.  

As a preliminary step, the silicon nitride surface was treated with a piranha solution (3:1 

H2SO4:H2O2). Piranha is a potent oxidizing agent, which removes unwanted organic 

contaminants and generates silanols functions Si-OH able to react with APTES(21). For the 

aminosilanization with APTES (Fig.4.1.2 (a)), 5% of water was added to the toluene bath to 

(a) (b)

(c)

(d)

(e)
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induce APTES surface condensation(16), as previously explained. The following step 

consisted in binding the bi-functional linker 1 to the free amine groups of the APTES-

modified surface, as presented in Fig.4.1.2 (b). The acetal group of 2 was subsequently 

deprotected with mild acid, thus creating the aldehyde 3 (Fig.4.1.2 (c)). Finally, 3 was 

connected to the free amino group of the ligand via Schiff -base formation. The consecutive 

in situ reduction resulted in the stable compounds 4a and 4b (Fig.4.1.2 (d)). As a final 

step(20), we end-capped the unreacted activated linker 3 via the use of ethanol amine 

(Fig.4.1.2 (e)). For further details on the functionalization strategy, see Chapter 8. 
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ordered fibrillization occurs at pH values above the protein isoelectric point (4.8) and at a low 

concentration regime(31). In the view of these findings, we selected the BSA protein as a 

suitable candidate to perform a real-time BSW-based monitoring. The purpose of these 

experiments was dual: Provided the properties of this peptide to be adsorbed onto hydrophilic 

surfaces and to aggregate in controlled conditions, we employed it as a control test for the 

PEGylation coating effectiveness, and, in a second series of experiments, as a model for 

studying the kinetics of aggregation. 

To prove the capability of PEG to prevent non-specific protein interactions with the 

multilayer surface, we separately incubated two identical BSA sample solutions in the 

presence of a bare and of a PEGylated multilayer. The signal obtained from the real-time 

monitoring of the refractive index variation of these samples, as sensed by the BSW, is shown 

in Fig.4.2.2 and in Fig.4.2.3. Note that, for the set of BSW-assisted monitorings presented in 

this section only, the d.i. water pixel value prior to the BSA incubation was set to zero. 

 

 
Fig.4.2.2. Real-time monitoring of the refractive index shift of incubating BSA protein with a 

bare multilayer. The BSA sample (initial monomer concentration 0.56 mg/mL, in 0.1 M PBS, pH 8.9) 

was incubated at 57 °C in contact with a bare multilayer. Inset: enlargement of the sensogram obtained 

upon the injection of the BSA sample, following the calibration with PBS at 57 °C. The d.i. water pixel 

value prior to the BSA aggregation monitoring was arbitrarily set to zero. 
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As shown in Fig.4.2.2, the incubation of BSA with a bare multilayer was performed with 

an initial protein concentration of 0.56 mg/mL in PBS at 57 °C. PBS which was also used to 

calibrate the BSW response before the incubation of the protein, as presented in the inset. 

BSA concentration, buffer and incubation temperature were chosen according to the 

literature(31), where they have been reported to promote a steady amyloid-like aggregation 

process within few hours. After more than 20 hours of incubation, no significant change of 

the refractive index as sensed by the BSW could be correlated to BSA aggregation or 

secondary structure variation process. The scattering signal after 30 hours of incubation has 

to be best regarded as the effect of temperature fluctuations, rather than as the monitoring of 

BSA aggregation. As expected, the initial monitoring of the BSA sample revealed an abrupt 

positive pixel shift. As seen in Chapter 3, this signal is related to a strong adsorption of the 

protein onto the bare surface of the sensor. A significant local increase of the refractive index 

is therefore observed. Highlighted by the inset in Fig.4.2.2, the signal resulting from the first 

hour of monitoring was increasing with a steady but intermittent trend. The BSW, at this 

specific monitoring stage, was reasonably sensing both the BSA aggregation occurring in the 

bulk and the unspecific BSA protein adhesion onto the surface. We propose that the 

undulating trend of the refractive index, as sensed by the BSW, was the result of those two 

concomitant processes. 

Finally, PBS was employed to extensively wash the fluidic cell and then incubated 

without varying the temperature of the system, as presented in the inset of Fig.4.2.2. The 

signal resulting from the monitoring of PBS in this condition was not constant and did not 

reach the initial pixel value exhibited before the BSA incubation. A reasonable explanation 

can be that the multilayer surface was steadily coated by surface-adsorbed BSA proteins. The 

consequent shielding of the BSW sensitivity could be the reason for the absence of refractive 

index variations of the solution, as sensed by the BSW, for long incubation time. 

To verify the correlation between the positive pixel shift and the BSA surface adsorption 

process we performed the same experiment with a PEGylated multilayer, and the result of the 

monitoring is presented in Fig.4.2.3, where the real-time monitoring of the proteic sample 

refractive index variation, incubated at 57 °C, is shown. As explained before, the goal of this 

test was to provide a proof for the effectiveness of the PEG coating, which should avoid any 

non-specific protein-multilayer interactions throughout a real-time BSW-assisted 

measurement. 
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Hence, we performed a second series of experiments with the purpose of investigating 

the capability of the BSW-based sensing approach to detect different BSA aggregation 

dynamics. The result of this study is presented in Fig.4.2.4 and Fig.4.2.5, and it stems from 

the choice of thermally inducing the BSA protein fibrillization at different temperatures, as 

suggested by the work published by Vetri et al(31). We selected to carry out the BSW-based 

monitoring at 57 °C, as already presented in Fig.4.2.3, and at 67 °C, as presented in Fig.4.2.4. 

The aggregation at the higher temperature has been reported to be the most rapid. At this 

condition, the authors described the BSA aggregation to occur without a lag-phase and to 

reach an abundant fibril extent within few hours, as confirmed by other studies(30, 32). 

Within this temperature range and at 632.8 nm, the refractive index of aqueous solutions 

varies linearly(33), as explained in Chapter 2. 

 

 
Fig.4.2.4. Real-time monitoring of the refractive index shift of incubating BSA protein with a 

PEGylated multilayer  at 67 °C. The BSA sample (initial monomer concentration: 0.52 mg/mL, in 0.1 M 

PBS, pH 8.9) was incubated at 67 °C in contact with a PEGylated multilayer surface. Inset: enlargement of 

the sensogram obtained upon the injection of PBS before the BSA sample incubation, and after the system 

calibration with d.i. water, at 67 °C. The d.i. water pixel value prior to the BSA aggregation monitoring 

was arbitrarily set to zero. 
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as the source only the light scattered by the analyte should be recovered by the detector. 

Moreover, with BSW, the strong field enhancement and surface confinement of the 

evanescent wave should help boosting the signal(20, 21), similarly to what has been described 

in the literature for REDLS(16). We thus implemented a second experimental setup for 

scattering measurement, which is shown in Fig.6.2.3. The aim was to study the phenomenon 

of light scattering induced by BSW prior to modifying the experimental setup for the real-

time monitoring. The setup in Fig.6.2.3 is thus a preliminary and simplified implementation 

of a BEDLS platform. Being a prototype, it does not allow for a time-related signal intensity 

monitoring, as explained in the following. Therefore, we named this intermediary technique 

BILSI: BSW Induced Light Scattering Imaging.  

 

 
Fig.6.2.3. Schematics of the experimental setup for BILSI . PMF: polarization maintaining fiber; 

OM: optical microscope; HS: high sensitivity. A 20X microscope objective was used to collect the light. 

The dashed line symbolizes the light scattering phenomenon. We thank Dr. N. Descharmes from the Optics 

& Photonics Technology Laboratory, EPFL, for assisting with the setup construction. 

 

The setup consists of an upright optical microscope, used for scattered light collection, 

provided with a high sensitive camera for light detection and sample imaging. A dielectric 

multilayer is used in place of a standard glass microscope-slide. For sample illumination, the 

Kretschman configuration coupling scheme is the same as for the other setups. A He-Ne laser 

is used to excite the BSW via a right-angle glass prism. However, the multilayer is 

horizontally positioned and was designed to work in air (Fig.6.2.3). The multilayer was 
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Fig.6.2.5. Micrograph obtained upon BSW illumination. The sample was 8 mm-far from the 

illumination spot. We thank Dr. E. Barakat from the Optics & Photonics Technology Laboratory, EPFL, 

for the micrographs. 

50µm
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Fig.6.2.6. Micrograph obtained upon BSW illumination. The sample was 6 mm-far from the 

illumination spot. We thank Dr. E. Barakat from the Optics & Photonics Technology Laboratory, EPFL, 

for the micrographs. 

50µm
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Fig.6.2.7. Micrograph obtained upon BSW illumination. The sample was 4 mm-far from the 

illumination spot. We thank Dr. E. Barakat from the Optics & Photonics Technology Laboratory, EPFL, 

for the micrographs. 

 

50µm
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Fig.6.2.8. Micrograph obtained upon BSW illumination. The sample was 4 mm-far from the 

illumination spot. We thank Dr. E. Barakat from the Optics & Photonics Technology Laboratory, EPFL, 

for the micrographs.  

 

The purely qualitative analysis of the results reveals a substantial difference in the image 

and micrographs under the two experimental conditions. In Fig.6.2.4, the light from the 

sample is mainly reflected, due to the illumination condition. The main difference between 

the illumination conditions from Fig.6.2.5 to Fig.6.2.8 was the sample proximity to the laser 

illumination spot through the prism. The BSW propagates on the multilayer surface and the 

intensity decreases with the propagation distance from the source(20). From a qualitative 

analysis, the intensity of the light, as imaged onto the HS camera, was increasing with 

proximity. In Figs.6.2.5, 6.2.6, 6.2.7, and 6.2.8 the light response was different from what 

exhibited in Fig.6.2.4. Under reflected bright-field illumination, particles under and near the 

surface were imaged onto the camera. Under BSW-illumination conditions, only the particles 

at the surface were selectively illuminated, due to the evanescent nature of the BSW. The 

microscope was thereby not collecting the light from the illumination source. As a 

consequence, a qualitatively higher contrast is exhibited by the micrographs in Figs.6.2.5, 

6.2.6, 6.2.7, and 6.2.8, compared to the image in Fig.6.2.4. We tentatively identified the light 

50µm





CHAPTER 6 
 

126 
 

 

 
 

 

 

 

 

 

 

 

 

6.3 Conclusion 

 

This chapter reports on two innovative and original sensing approaches aimed at 

monitoring the DLS signal given by the aggregation of amyloid peptides. In the first, an 

attempt to perform a simultaneous DLS and BSW-based monitoring was carried out. This 

approach did not lead to the expected outcomes in the DLS signal, due to a very low SNR 

mostly related to the illumination scheme. The use of the MMF as the scattered light collector 

was also questionable. A MMF is highly sensitive to external perturbations (such as 

temperature) leading to optical path length fluctuations(22), and thus generating spurious 

signal variation contributing to additional noise. The choice of a MMF as the light collector 

has therefore to be avoided in future studies. Finally, introducing a converging lens positioned 

between the cell back-window and the fiber edge would have improved the light collection. 

The geometry and size of the fluidic cell imposed constraints that made this improvement 

impossible: The small back-window was too small to accommodate a lens. The design was 

limi ted by the Peltier element hole. 

In a second attempt, the methodology was based on the use of a one-dimension photonic 

crystal capable to generate a BSW, which itself was used as the source for light scattering 

induction. With a parallelism to REDLS (Resonance-Enhanced Dynamic Light 

Scattering)(16), where the source for the DLS monitoring are surface plasmons, we 

introduced the BEDLS (Bloch surface wave-Enhanced Dynamic Light Scattering) technique. 

Due to time restrictions, we did not accomplish the development of a setup (ideally described 

in Chapter 7), which could be demonstrated to be fully operational. We implemented a 

simplified and transitional setup, which allowed for a proof of principle of the feasibility of 

the proposed sensing scheme. We called this method BILSI (BSW Induced Light Scattering 
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A PMF guiding the TE polarized laser beam should be used to excite the BSW. The 

BSW response would be monitored via a CMOS camera tracking the BSW dip displacement 

in real time, as in the setups previously described in this thesis project. The BSW would act 

as the source for light scattering induction, which would be then collected by an objective 

and imaged onto a high sensitivity camera. A 1D or ROI (Region of Interest) integration of 

the image would follow. The system could be provided with an autocorrelator to extrapolate 

scattering intensity fluctuation in time. 

As a further amelioration, the actual fluidic cell could also be replaced by a microfluidic 

cell made of PDMS directly deposited onto the photonic crystal, whose features were 

described in a recent publication by Tonin et al(1). In this article, the authors reported on its 

fabrication and on the possibility to perform high-resolution optical microscopy through it. 

With this microfluidic cell, the sample volume could be scaled down to few µL. The cell 

thickness is reported as little as less than 0.2 mm. This condition is most likely to mimic the 

in vivo condition to perform a more accurate kinetic study of the aggregation process. In 

addition, this upgrade would allow the objective for the collection of scattered light (see 

Fig.7.2.1) to be oil-contacted onto the cell, thus improving light collection. The numerical 

aperture of the oil immersion objective could be as high as 1.49. 

 

7.2.2 Surface patterning for spatial selectivity 
 

A modification of the sensor surface to perform an internal-reference measurement was 

also regarded as a potential improvement of the device. 

The sensing surface could be angularly and spatially separated with the periodical 

deposition of thin-layer stripes of Plasma-Polymerized Styrene (PPST), alternating to a bare 

multilayer surface (see Fig.7.2.2).  

 

 
Fig.7.2.2. Scheme of the PPST surface patterning period. The bare surface is Si3N4. 
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8.3 Surface chemistry 

 

For the multilayer surface chemical treatments, all the reagents and solvents were 

purchased from SIGMA Aldrich and Fluka AG (Buchs, Switzerland), and Honeywell 

(Seelze, Germany). d.i. water was obtained with an AquaFine system (CHRIST, Valencia, 

USA) provided with an UV disinfection system. Each functionalization procedure was carried 

out for 20 multilayers. The multistep strategy was optimized and partially adapted from the 

literature(9), as described in the following. For piranha cleaning, multilayers were soaked in 

a piranha bath (98% H2SO4 and 30% H2O2 in a volume ratio of 3 to 1) at room temperature 

for 30 minutes. After this step, multilayers were carefully and extensively washed in d.i. water 

baths and dried with a gentle N2 flux. For the amino-silanization, we prepared a stirred bath 

of 95% toluene at 80 °C, and we added 10% v/v APTES and 0.5% v/v d.i. water. Multilayers 

were introduced in the bath after 30 minutes from its preparation. This step was important 

when glassware that could react with APTES was used. After 30 minutes, we assumed that 

the silanization of the glassware was terminated. The amino-silanization step was carried out 

by vertically placing the multilayers in a Teflon holder, then in the toluene bath for 2 hours. 

After this step, multilayers were washed twice in a 99% isopropanol bath, then gently dried 

with a N2 flux. When necessary, after this step multilayers were stored in a desiccator. For 

the linker binding, a room-temperature CHCl3 (HPLC purity grade) bath was prepared by 

adding 0.5% v/v TEA and 1 mg/mL acetal-NHS. Multilayers were placed at the bottom of 

the bath, with the dielectric layers oriented upwards for 2 hours. The bath was covered with 

a watch glass. After this time, the multilayers were washed three times in chloroform baths, 

and gently dried with N2 flux. The acetal-NHS linker was deprotected in a 1% m/v citric acid 

bath at room temperature. The multilayers were incubated for 15 minutes by placing them at 
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