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ABSTRACT

This PhD thesis reports the use the emerging surface-sensitive optical technique of localized surface plasmon
resonance (LSPR) to characterize the interaction of relevant classes of biomolecules, e.g. peptides, proteins,
lipids and DNA strands, at solid-liquid interfaces, with an emphasis on deciphering kinetics and pathways of
dynamic adsorption processes.

LSPR-based biosensor exploits the high sensitivity of the plasmon frequency to refractive index changes
confined to 5-30 nanometers around the metal nanoparticles deposited on the sensor surface to monitor in
situ and in real time the interaction of unlabeled biological molecules skipping the misleading contribution
from the bulk of solution affecting conventional optical technique, e.g. SPR and OWLS.

In the present dissertation the advantages of applying this powerful technique are thoroughly demonstrated by
investigating four case studies concerning relevant aspects for the biointerfaces science. The case of study 1
will involve the adsorption kinetics of single and binary solution of proteins onto model hydrophilic and
hydrophobic surfaces. The analysis of the adsorption kinetics reveals that competitive adsorption occurs, at
physiological pH 7.4 and relatively high ionic strength (NaCl 0.1 M), favoring the heavier protein (fibronectin, in
our case), which is shown to adsorb faster and in larger amount than the lighter one (human serum albumin, in
our case). The case of study 2 will discuss the DNA hybridization process for binary solutions of respectively
perfectly matching (PM) and single base mismatching (MM) 93-mer ssDNA from KRAS codon 12, with a surface
tethered probe complementary to the PM sequence. Sensitivity down to obtaining down to 10 nM and 13 nM,
respectively for PM and MM were obtained, showing that the hybridization process occurs at a lower rate for
MM with respect to PM target. The competitive hybridization was accounted for by an inhibition model, where
the non-complementary sequences kinetically hinder the hybridization of the perfect matching sequences,
owing to their above mentioned affinity constant differences for the same probe. The case of study 3 will cover
the kinetics of phospholipid vesicle adsorption on silicon oxide surfaces as function of pH. Two different
regimes have been observed for acidic and basic conditions. At low pH, vesicles adsorption showed one-step
exponential kinetics. Moreover, no significantly variation of the adsorption rate was observed over the
investigated pH range 3-6, suggesting the process is controlled by Van der Waals interactions and steric forces.
At high pH, vesicles adsorb showing two-step kinetic. Furthermore, it was observed that the rate of the first
step slows down linearly with the increasing of pH, suggesting that the process is primarily driven by vesicle-
surface electrostatic repulsion. The case of study 4 will report preliminary results from the study of pH stimuli-
responsive smart surfaces, formed by gold nanodisks array of an LSPR sensor chip decorated with Trichogin GA
IV and two of its positively-charged analogs, i.e. Lipo-Lys and L20, in which four and eight Lysines positive
charged residues have been introduced respectively. The surface-bound peptides exhibit reversible and rapid
switching between conformations and can withstand several cycles of swelling and collapsing with no
significant loss from the surfaces.

Overall, the results here reported demonstrated the great potential of LSPR technique as a unique tool to
monitor specific and non-specific biomolecular interactions at interfaces in application fields ranging from
biosensing to materials science.
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INTRODUCTION

Motivation and Aim of the thesis

Adsorption of molecules from solution is one of the most fundamental processes in soft matter
physics/surface chemistry [1]. All amphiphilic molecules — surfactants, polar lipids, surface active
polymers — have a tendency to adsorb at surfaces [2].

There is a broad range of applications where adsorption of a biological relevant macromolecules at a
solid surface is a key event [3], such as solid-phase immunoassay for medical diagnostic tests [4],
prediction and preventing unfavourable consequences of blood coagulation caused by artificial
implants [5], or biofilms used on contact lenses [6], and oil-in-water emulsions in food industry
stabilized by sodium caseinate [7].

Monitoring the adsorption process is not easy [8]. Adsorption is a reversible and often highly dynamic
process and the adsorbed layer is usually very thin, just a monolayer [9]. Therefore, detailed
characterization of adsorbed layers and efficient monitoring of adsorption processes require very high
surface-sensitivity analytical techniques able to follow interfacial interactions in situ and in real time
[10]. Another highly desirable quality of these techniques is the ability to monitor biomolecules-
surface interactions avoiding any step of labeling which is tedious, and often occupies the active sites
of the biomolecules [11].

During recent years nanoplasmonic biosensing platforms have emerged as a powerful tool to
investigate interfacial phenomena, taking the advance of optical phenomena such as extraordinary
optical transmission and localized surface plasmon resonance (LSPR) for high-sensitivity
measurements [12]. The main advantages of the LSPR technique consists of a relatively short
penetration depth (about 10-20 nm compared to, e.g., 100-600 nm and around 250 nm for
conventional SPR and quartz crystal microbalance (QCM), respectively) [13]. The LSPR penetration
depth is comparable to the length scale of most of relevant biomacromolecules, and so offers a better
resolution in the detection of these analytes [14]. Nevertheless LSPR technique has great potential for
label-free, in situ tracking of biomolecules adsorption kinetic, up to now most publication concern
with lipid vesicles adsorption kinetics [15].

The aim of this dissertation is to demonstrated the general applicability of the LSPR technique for
investigating adsorption kinetics of relevant class of biomolecules, e.g. peptides, proteins, lipids and
DNA, onto solid surfaces. This approach enabled us to gain new insights into the underlying
mechanisms of softmatter interactions with solid surfaces.



Thesis outline

A brief summary of the chapters is provided below.

Chapter 1:”Nanoplasmonic based refractive index sensors”. This chapter introduces fundamentals of
localized surface plasmon resonance (LSPR) phenomenon, its physical modeling and relevant
parameters. It is followed by a review of experimental setup for LSPR measurements with emphasis
on wavelength-shift detection method and its sensing performance.

Chapter 2:” Kinetics Study of Adsorption Competition at hydrophobic and hydrophilic surfaces”. This
chapter describes the use of silica coated gold nanodisks array as a sensor for monitoring the
adsorption of proteins with specific biological interest, i.e. fibronectin and albumin, on hydrophilic
and hydrophobic model surfaces obtained by functionalizing the LSPR sensor chips. The amount and
rate of protein adsorbed on the tested surfaces are monitored in real time from both single and
binary protein solutions. The results shows that Fibronectin adsorption is more efficient than albumin
one during both transport phase and surface affinity driven step.

Chapter 3:” Kinetic Discrimination of DNA single-base mutations by LSPR”. This chapter describes the
use of gold nanodisks array to reveals surface hybridization reactions. The gold nanodisks are
functionalized with thiol modified ssDNA probe, followed by a real-time measurement monitoring the
binding interactions of perfect match (PM) and single base mismatch (MM) ssDNA from both pure
and binary mixture target solution. Limits of detection of 10 nM and 13 nM respectively for PM and
MM were determined. The presented biosensor was not only useful for DNA quantification purposes,
but also to reveal the binding kinetics occurring at the sensor surface. The observed kinetics for
competitive hybridization are modeled for by an inhibition model, where the non-complementary
sequences kinetically hinder the hybridization of the perfect matching sequences owing to their
above mentioned affinity constant differences for the same probe.

Chapter 4:”Influence of pH on Kinetics of Phospholipid Vesicles Adsorption”. In this chapter presents
the study of the adsorption of small unilamellar vesicles (SUV) of palmitoyloleoylphosphatidylcholine
(POPC) on silicon dioxide surfaces as a function of pH buffer. The results show that the kinetic
pathway of the transformation of spherically closed lipid bilayers to supported lipid bilayers changes
according to the ionization state of the substrate and phospholipid molecules.

Chapter 5:"”Preliminary study on pH-induced reversible stretching-contracting modes in stimuli-
responsive peptabiotics”. The pH-induced swelling and collapse of the gold nanodisks surface-bound
peptides bearing ionizable groups in lateral chain were quantified in real time by in situ LSPR
measurement in liquid environment. Switching between peptide conformations at pH values of 3 and
11 is rapid and reversible, and it is characterized by swelling factors (difference maximum thickness-
minimum thickness) that increase as the number of ionizable group introduced in the peptide
backbone.



Chapter 6: “Conclusions”. The experiments conducted to achieve the project aim of this thesis are
summarized and the major conclusions are drawn.

Appendix 1:” Complementary experimental techniques”. This chapter presents the complementary
techniques used within this thesis and the principles relating to their application. The relevant
theoretical background, data treatment and interpretation are outlined.
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CHAPTER 1.
NANOPLASMONIC BASED REFRACTIVE INDEX SENSORS

1.1 Introduction to physics of nanoplasmonics

Nanoplasmonics is the study of optical phenomena in nanoscale vicinity of metal surfaces [1]. At first
look, this definition may be counterintuitive because, accordingly with the well-known concept of
diffraction limit, an optical field associated with visible light cannot be confined or localized to a
region whose size is less than half the light wavelength. [2]. However, because the nanoparticles
dimensions are less than the metal’s skin depth, i.e. how deeply the optical radiation penetrates the
metal, corresponding to the smaller electromagnetic length scale, it is the size of nanoparticles that
defines the spatial scale of the optical energy localization [3]. Since the skin depth is roughly 25 nm for
coinage metals, copper, and alkaline metals over the whole optical and most of IR region, this size
represent the upper limit for the observation of light confinement on the nanoscale [2]. On the other
end, the nanoparticles should not be smaller than the so-called nonlocality length I, i.e. the distance
that an electron with Fermi velocity v¢ ~2x10° m/s moves during one optical oscillation [4]. Since an
half a period is about a femtosecond, that nonlocality length is 2 nm. Thus nanoplasmonic
phenomena unfold on a characteristic length scale between 2 and 20 nm [2].

To first approssimation, the conduction electrons of the metal nanoparticle can be modeled as a
Drude’s gas, they move freely and, driven by external light’s dielectric field, are periodically displaced
with respect to the fixed ionic cores [5]. The displacement creates charges at opposite surfaces.
Because those charges attract each other, there also exists a restoring force, allowing for a resonance
to occur at a specific frequency, i.e. the particle dipole plasmon frequency, where the response of the
electrons shows a /2 phase lag with respect to the driving field [6] The quantum of this charge
density oscillation is called a localized surface plasmon polariton (LSPP) [6]. Thus, a resonantly
enhanced field builds up inside the particle, which in the small particle limit is homogeneous
throughout its volume, producing a dipolar field outside the particle. This leads to enhanced
absorption and scattering cross sections for electromagnetic waves, as well as to a strongly enhanced
near field in the immediate vicinity of the particle surface [7].



1.1.1 Mie theory for light scattering by a spherical particle

In the early 20th century, Gustav Mie developed an analytical solution to Maxwell’s equations that
describes the scattering and absorption of light by spherical particles. For very small particles (d <<A),
Mie scattering agrees with the more familiar Rayleigh scattering [8]. Finding the scattered fields
produced by a plane wave incident on a homogeneous conducting sphere results in the following
total scattering, extinction, and absorption cross-sections [9]:

0., =S L+ 1o, +[5,]}) Eq 1
‘k‘ =1
_ 2S00 1)R (g, +b, )] Eq.2
|k| =

Oy =0y +0,, Egq.3

where k is the incoming wavevector and L are integers representing the dipole, quadrupole, and
higher multipoles of the scattering. In the above expressions, a, and b, are the following parameters,
composed of the Riccati-Bessel functions ¢ and y, [10]:
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Here, m=7n/n, where n =n,+in, is the complex refractive index of the metal, and nj, is the real

it
refractive index of the surrounding medium. Also, x = k,,r, where r is the radius of the particle.

If the nanoparticle is assumed to be very small as compared to the wavelength, x << A. In this case,
accordingly to approssimation by Bohren and Hoffmann [9], the Riccati-Bessel functions can be
approximated by power series:
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and the higher order a, and b, are zero (again, only when keeping terms up to x°). To find the real part
of a; as required in Eq. 2, substitute m = (nR +in,)/nm into Eq. 6:

N 32 2 .
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z Eq.8
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Next, switch to the complex metal dielectric function € = & +i&, with the following relations:

£ =n,—n; Eq.9
&, =2n,n, Eq.10

and switch to the medium’s dielectric function: ¢, = n_

m*

These substitutions lead to:

2x° —ig’ —ig,e, +3€,€, —i€; +i2€,
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Eq.11

Substitution of Eq. 11 into Eg. 2 and taking the dipole term only yields the widely quoted expression
for nanoparticle plasmon resonances:

o - 1876V &, (/12) : Eq.12
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According to Eq. 13, the extinction cross-section will be maximized when the condition

g1 = - 2gp, is fulfilled. This explains the dependence of the LSPR extinction peak on the surrounding
dielectric environment.
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1.1.2 Gans theory for light scattering by non-spherical particle

In cases of nonspherical nanoparticles, the extension of the Mie theory, that is, the Gans theory, is
applicable. This theory provides the scattering characteristics for both oblate and prolate spheroidal
nanoparticles describing the absorption cross-section for a prolate spheroid as [11]

a
O-abs =5 gmz VZ
3c ;

where j represents the three dimensions of the particle and P; includes P,, Pg, and Pc, termed
depolarization factors, for each axis of the prolate spheroid particle.

The depolarization factors anisotropically alter the values of €; and &,, and the resulting LSPR peak
frequencies are represented as

1-e*| 1 l+e
P, = —In| — |-1 Eq. 15
4 e’ {Ze {l—ej } 1

Py=P. =—4 Eq.16

G AT

The extinction spectrum resulting from Eqg.14 has two peaks, one corresponding to the transverse
plasmon peak from the contributions of the x- and y-axes to the sum, and the other corresponding to
the longitudinal plasmon peak from the z-axis contribution. Equation 14 also provides an intuitive
understanding of the effects of aspect ratio on LSPR peak wavelength. Factor g, which is 2 for

1-P

J

spherical particles, is [ ], a quantity that increases with aspect ratio and can be much greater

j
than 2. This leads to a red shift of the plasmon peak with increasing aspect ratio, as well as increased
sensitivity to the dielectric constant of the surrounding medium [13].

11



1.1.3 Local Refractive Index Dependence of Plasmon Resonance Spectra

To find the functional form of the LSPR peak wavelength’s dependence on the dielectric function of
the medium, one can use the analytical, frequency-dependent form for £; from the Drude model of
the electronic structure of metals [14]:

w;
@ +y

g =1- Eq.18

where wy is the plasma frequency and y is the damping parameter of the bulk metal.
For visible and near infrared frequencies, y << w, so the above can be simplified to:

(02

&=1-""% Eq.19

Using this expression for £; and setting €; = -2¢,, (the resonance condition), one obtains the following:

(1))
w =—t— Eq.20

e 2e, +1

Where wmax is the LSPR peak frequency. Converting from frequency to wavelength via A = 2nc/w, and
then from dielectric constant to index of refraction via €, = n’, the Eq. 20 becomes:

A = Ap[20 +1 Eq.21

where Amax is the LSPR peak wavelength and A, is the wavelength corresponding to the plasma
frequency of the bulk metal. Note that neither the LSPR peak frequency/energy nor wavelength is
strictly linear with refractive index, but both are approximately linear over small ranges of n.

1.2 Parameters affecting nanoparticles plasmonic properties

In general, the spectral position, damping, and strength of the dipole as well as of the higher-order
plasmon resonances of metal nanoparticles depend on the particle material, size, geometry, and the
dielectric function of the surrounding host [15]. This section introduces several of these fundamental
relationships and explain how these can impact nanoparticles optical properties.
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1.2.1 Size Effect

The nanoparticle size has two different impacts on the plasmon, (i) if the nanoparticle is small enough
(less than 20 nm for gold), the intrinsic effect of the particle directly affect the metal permittivity

8((0,R)[16]; (i) if the particle is not small enough (larger than 25 nm for gold), the extrinsic effect is

enabled, where the extinction coefficient is dependent on the size r [17]. Figure 1 shows the intrinsic
and extrinsic effects for gold spherical nanoparticles.
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Figure 1. Size effect on the plasmon bandwidth of spherical gold nanoparticles [17].

The reason for the dipole plasmon wavelength changes with the size of nanoparticles can be found in
the damping constant in the Drude model in Eg. 18 that is dependent on the particle size [18]:

Av,

Eq.22

where y; is the bulk damping constant, vr is the velocity of the electrons at the Fermi energy, and A is
a theory-dependent parameter that includes details of the scattering process (e.g., isotropic or diffuse
scattering). Accordingly to this, when the size of the nanoparticles increase, the free electrons
redistributes between the particle surface and bulk phase, leading to the plasmon wavelength red-
shifts, the resonant peak broadens and extinction efficiency increases [19].

Figures 2 (a) and (b) show extinction spectrum of a nanospheres in vacuum for two different sizes of
30 and 60 nm, respectively, calculated using Mie theory [20]. For smaller nanospheres, only one peak
is observed which is due to the dipole surface plasmon resonance. However, larger nanospheres
present two peaks in the plasmon resonance where the first one, which occurs in the UV range, is due
to the quadrupole plasmon resonance.
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Figure 2. Extinction efficiency for a silver sphere of diameter (a)30 nm and (b) 60 nm [20]

1.2.2 Aspect Ratio Effect

500

Nanoparticles’ aspect ratio increase results in a red shift of extinction spectra due to an greater

charge separation, whereas increased symmetry results in increases in LSPR signal intensity [21]. Since
the number of modes in which a given nanoparticle can be polarized determines the resonance
absorption peaks, thus, nonspherical nanoparticles tend to exhibit multiple red-shifted peaks

compared to nanospheres.
Deviations in aspect ratio are more influential on the spectral shift of the LSPR signal than are changes
in size. For example, changing the size from 10 to 100 nm for nanospheres results in a red shift of 47
nm; in contrast, changing the aspect ratio from 2 to 3 for nanorods results in a red shift of 92 nm for a
longitudinal peak [22] (see Figure 3). This example shows that changes in aspect ratio correlate with
much smaller changes in the overall size of the nanoparticles.

Figure 3. Experimental spectra for (A) Au spheres with different diameters, (B) Au nanorods with different aspect ratio

[22].
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Furthermore, the effects of the aspect ratio increasing on plasmon peak wavelength depends on the
orientation of nanoparticle major axis with respect to the polarization direction. Finite-difference
time-domain (FDTD) modeling of an elongated rhombus in Figure 4(A) for fixed minor axis diameter of
b = 100nm, particle thickness of h = 50 nm, and various major axis diameter of a = 100-200nm,
demonstrates that dipolar plasmons are enhanced by increasing the aspect ratio when the particle
elongation is along the polarization direction. However, Figure 4(B) shows that quadrupole extinction
cross sections become more important by increasing the aspect ratio when the particle elongation is
normal to the polarization direction. This is valid for particles with similar major axis diameter and
particle thickness but larger minor axis of b =200 nm [23].
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Figure 4. The effect of aspect ratio on dipolar and quadrupolar extinction cross section for elongated nanorhombuses (A)
along the polarization direction, (B) normal to the polarization direction [23].

1.2.3 Material Effect

The most common metals used in LSPR applications are gold (Au) and silver (Ag) [24]. Gold is often
chosen because of its chemical stability and resistance to oxidation [25], but silver has sharper
resonances and higher refractive index sensitivity [26]. A comparison of gold and silver nanoparticles
of similar size and shape highlights this fact. For example, for spheres 50-60 nm in diameter, the
refractive index sensitivity is 60 nm/ RIU for a plasmon resonance at ~ 530 nm for gold [27] and 160
nm/RIU for a plasmon resonance at ~ 435 nm for silver [28]. As another example, for nanocubes 30-
50 nm in size, the refractive index sensitivity is 83nm/RIU for a plasmon resonance at 538 nm for gold
[29] and 146 nm/RIU for a plasmon resonance at 510 nm for silver [30].

The reason for the differences in plasmon resonance frequency and refractive index sensitivity lies in
the dielectric functions of the two metals [31]. In particular, the resonance frequency depends on the
real part of the permittivity, and resonance line width or spectrum flatness on its imaginary part.
Thus, the smaller the real part of the permittivity is, the higher the plasmon frequency becomes and
the higher the interband threshold is, the sharper the spectrum becomes, leading to a higher
refractive index sensitivity [31]. Indeed, the real dielectric function of silver varies with wavelength
more than that of gold over the visible light region, especially in the 400-600 nm region where the
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plasmon resonance lies for reasonable values of the dielectric constant of the medium (Figure 5A).
Moreover, the imaginary part of the dielectric function of silver is less than that of gold across the
visible region, less plasmon damping occurs, resulting in higher scattering efficiency and narrower
plasmon linewidths (Figure 5B).

n

L
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 5. Real and imaginary parts of the complex dielectric functions for silver (A) and gold (B) [32].

Therefore, the use of silver nanoparticles offers a significant advantage in practical sensing
applications. For example, for silver and gold nanoparticles with similar refractive index sensitivities,
the silver particles are more desirable because they provide a stronger and sharper plasmon
resonance curve whose peak wavelength can be more accurately determined.

1.2.4 Interparticle distance effect for nanoparticles’ array

In nanoparticles’ arrays, each nanoparticle with a diameter much smaller than the wavelength of the
exciting light acts as an electric dipole [7]. Thus, two types of electromagnetic interactions between
the particles can be distinguished, depending on the spacing d between adjacent nanoparticles. For
particle spacings on the order of the exciting wavelength far-field dipolar interactions with a d™*
dependence dominate. Figures 6 shows an example of the dependence of both extinction peak
position and width on the grating constant d for a regular square array of 150-nm-diameter Au
nanoparticles [33]. Such variations can be explained by assuming far-field dipolar interactions—the
ensemble acts effectively as a grating, leading to increased radiation damping of the collective
resonances for grating constants where grating orders change from evanescent to radiative in
character [34].
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Figure 6. Measured extinction spectrum for regular two dimensional (2D) square arrays of Au nanoparticles for different
interparticle distances [33].

For particle spacings much smaller than the wavelength of light, near-field dipolar interactions
between adjacent particles with a distance dependence of d* dominate [35]. These strongly distance-
dependent interactions lead to a splitting of the plasmon dipolar peak for regular one-dimensional
arrays of metal nanoparticles as seen in Figure 7 for ordered arrays of 50-nm Au particles [33].
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Figure 7. Measured spectral position of the collective plasmon resonances of one dimensional arrays of closely spaced Au
nanoparticles for longitudinal (L)and transverse polarizations (T) [33].

Localized plasmon excitations mediated by particle interactions also occur in randomly
nanostructured metallic surfaces but, in this case, for average spacing larger than 200 nm, no inter-
particle coupling between neighboring nanoparticles was observed [36].
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1.2.5 Substrate effects

Nanoparticles are often produced on surfaces, so it is important to understand how their interaction
with the substrate influences their plasmon resonance properties [20]. Moreover, experimental
findings demonstrate that LSPR frequency depends not only on the dielectric properties of the local
environment that surrounds the nanoparticles but also on the substrate, on which the particles are
supported [37].

Figure 9 displays a collection of extinction spectra for Ag nanoparticles fabricated with aspect ratio 4:1
(width: height) on the following substrates: fused silica (n =1.46), borosilicate glass (n =1.52), mica (n
=1.6), and SF-10 (n=1.73). In Figure 8, Amax Systematically shifts to the red from 611 nm for
nanoparticles on fused silica, the substrate with the lowest refractive index, to 634 nm for
nanoparticles on SF-10, the substrate with the highest refractive index [38].

Extinction

0.00 T ' 1 ' 1 ' )
400 500 600 700 800
Wavelength (nm)

Figure 8. UV-vis extinction spectra of Ag nanoparticles on various substrates in a N, environment. All nanoparticles were
fabricated using D = 400 nm nanospheres and d,, = 25 nm. (A) Fused silica (n =1.46); Amax = 611 nm. (B) Borosilicate optical
glass (n = 1.52); Ayax =616 nm. (C) Mica (n =1.6); Ayax = 622 nm. (D) SF-10 (n =1.73); A =635 nm [38].

Furthermore, it has been demonstrated that the substrate also affects the sensing performance of the
LSPR sensor, leading to a significantly decrease of bulk sensitivity with respect to the unsupported
nanoparticles [39]. However no systematic correlation between the measured sensitivity factor and
Nsubstrate NAs been observed [38]. In this regard, Figure 9 shows a plot of extinction peak shift, AAnax =
Amax(solvent) - Anax(N2) versus negemas for each of the above mentioned Ag nanospheres on four
different substrates.
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Figure 9. Figure 6. LSPR peak shift from Nj, AAnax = Amax(solvent) - Anax(N3) versus the refractive index of the solvent,
Nexternal, fOr €ach of the four substrates [38].

In order to quantitatively evaluate the effect of the substrate on the refractive index sensitivity
Discrete Dipole Approximation (DDA) calculation has been performed for a 10 nm sphere surrounded
by a mica shell simulating the substrate (Figure 10). The results showed that as the sphere becomes
more imbedded, the LSPR wavelength shifts to the red approximately linear with exposed area.
Therefore, it has been concluded that the decrease of sensitivity for supported nanoparticles
compared with unsupported ones can be attributed to the lower fraction of the surface area is

exposed to solvent than to the substrate [38].
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Figure 10. DDA results showing LSPR wavelength as a function of particle area in contact with substrate. The DDA
calculations are for a Ag core of radius 10 nm and a partial mica shell of radius 30 nm. Degree of embedding is changed by
truncating the mica shell at z =-5, 0, and 5 nm, along an axis where the origin is the center of the sphere, as depicted [38].
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1.3 Hardware setup of LSPR

1.3.1 Preparation of nanostructures

Nanostructured substrates employed in the nanoplasmonic biosensors can be divided in those based
on top-down or bottom up fabrication methodologies [40]. While the former group relies on
lithographical patterning techniques, the latter one is based on chemically synthesized colloidal
nanoparticles that are further deposited on substrates.

Both fabrication principles have advantages and disadvantages. In the case of wet chemistry methods,
precise geometrical nanoparticle engineering is readily achievable leading to a fine tuning of LSPR
wavelength [41], however the main drawbacks are with respect to polydispersity and reproducibility
[42]. On the other side, lithographic techniques allowing uniformity in size and shape of metal
nanostructures, are usually slow and high-cost, and despite high levels of resolution, typically limit the
patterning area to only a few um? [43].

A different approach for large-scale and low-cost creation of plasmonic nanostructures is offered by
colloidal lithography techniques, such as nanospheres lithography (NSL) [44], or hole-mask colloidal
lithography (HCL) [45]. Herein, we only point out the basics of the latter one fabrication method.

The basic steps of hole mask lithography are shown in Figure 11 [46].

A PS particles B Au deposition C
PMMA
substrate
02 etch D E metal deposition F
G

Figure 11. The steps involved in fabrication of HCL samples [46].
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First a sacrificial layer of poly methyl methacrylate (PMMA) is spin coated on the surface of a piranha
cleaned glass slide. Figure 11 A. The substrate is then soft-baked for 10 minutes in the oven at 180 °C.
The resulting layer of PMMA depends on the weight percent and the spin speed. The substrate is then
oxygen etched for 5s (plasma batch top) to decrease the hydrophobicity of the PMMA surface and
allow for wetting with water. Negatively charged poly-(diallyldimethyammonium) chloride (PDDA), is
applied on the surface in order to attract the positively charged polystyrene particles (PS). The final
size of the nanostructure is defined by the PS particles. As shown in Figure 11 B-F, after the colloid
particles have been adsorbed on the surface, a 10 nm layer of metal is evaporated on the PS covered
surface to form a mask. The metal covered PS particles are then removed by tape stripping. The
subsequent O, plasma etching will create holes in the PMMA. The metal nanostructures are formed
through metal deposition inside the hole. In the simplest case of materials evaporation normal to the
surface, the described procedure results in a surface structured with circular nanodisks. The HCL
substrate is completed by dissolving the sacrificial layer in the final liftoff process, Figure 11 B-F. The
O, plasma etching creates undercuts in the PMMA layers so that the liftoff step can remove the whole
resist layer with ease.

Colloidal lithography, such as HCL described above, can produce homogenous substrates in cm? size
with up to 40 % surface coverage [47]. The HCL structures are short range ordered and relies only on
the colloidal particle charge repulsion for self-assembly. Therefore the surface interparticle distance is
relatively fixed [48]. By introducing ions to screen the particle-particle charge repulsion, the
interparticle distance can be slightly reduced [46].

The biggest disadvantage of HCL, or any other colloidal lithography technique, is the limited range of
nanostructure shapes that can be produced. The shapes of the nanostructures are defined by the size
and shape of the colloidal particle, which have spherical shape. However, playing with angled
evaporations, angled etching, or using various shadow effects created by the mask, it is possible to
produce ellipsoids, cones, crescent, rings, triangles and dimers etc [47].
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1.3.2 Instrumental setup for LSPR spectroscopy

The most common optical geometries that are employed within LSPR sensors are transmission [49]

and reflecti

on [50]. These optical geometries are illustrated in Figure 12 [51].
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Figure 12. Diagrams of transmission (A) and reflection (B) geometries for LSPR spectroscopy measurement [51].

However, t

he trasmission-mode spectroscopy offers the following practical advantages:

Instrumental requirement are small consisting of three major parts: an halogen lamp as
light source exiting LSPR of the nanostructures, a measurement chamber (equipped with
compatible microfluidics for measurements in liquid) holding the nanostructured
substrate and spectrometer collecting the transmitted light, are all that is needed [52].
Simple optical configuration i.e. no bulky optics are required allowing the miniaturization
of the sensor devices, an aspects that expand the possibilities of LSPR-based devices to
become truly integrated LOC platforms [53].

The collinear setup rules out issues related with sample misalignment or tilt compared
with reflection geometry. Furthermore, since the nanoparticles can be excited from
virtually any angle, no special geometry are required [54].

The plasmon peaks in reflection transmission are narrower and with a higher intensity than
the corresponding reflection spectra, increasing the accuracy in peak determination [55].

1.4 Localized Surface Plasmon Resonance Sensing

Whereas the above section is focused on the instrumental setup necessary to perform LSPR

experiments, the present one briefly discuss the principle of the most common LSPR sensing mode i.e.
the wavelength-shift measurement, in which the change in the maximum of the LSPR trasmission

spectra is monitored as a function of changes in the local dielectric environment caused by analyte

adsorption
biosensors

[56]. Furthermore, we discuss about the sensing performance of refractometric LSPR
and how signal analysis methods can improve the sensitivity of the techniques.
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1.4.1 Localized Surface Plasmon Resonance Wavelength-Shift Sensing

LSPR refractometric sensing is based on Rl changes, caused by analyte adsorption in the vicinity of the
plasmonic metal particle. The sensitivity to the environment is provided by the evanescent nature of
the plasmon electric field, extending from the metal particle into the surrounding medium [57]. For RI
changes to produce a measurable shift in the resonance, they must occur in a region of appreciable
field intensity [58]. To a good approximation the plasmon field decays exponentially with the distance
from the particle’s surface, and hence effective sensing is limited to a typical range of tens of
nanometers, a region termed the sensing volume [59]. The common case of sensing of adsorbed
analyte layers on plasmonic particles is effectively a core-shell system (metal core-dielectric shell).
While a rigorous core-shell approach is more accurate, it was found that the response of an LSPR
transducer to layer adsorption can be described by a simple phenomenological equation [58]

d

Al g =mAn| 1—e Eq.23

where A/, is the plasmon peak shift, m is the refractive index sensitivity (RIS), a parameter

characteristic of the specific transducer, An is the difference in the Rl between the adsorbed layer and
the medium it displaced (e.g., air, water), d is the layer thickness, and /, is the plasmon decay length,
also a parameter characteristic of the specific transducer. The RIS can be easily determined by
measuring the LSPR spectrum in bulk solvents of different Rl values [60]; accordingly with the
effectively infinite layer thickness approximation over a short range of Rl Eq.23 can be simplifies to

the linear relation A/, ,, =mAn, and m is easily extracted as the slope of A4, ,,versus An curve [28].

It is to note that over wide Rl range, the response to bulk Rl change often displays a clear nonlinearity
as discussed in the section 2.1.3.

An LSPR transducer is commonly coated with a recognition interface, a layer which selectively
adsorbs a desired analyte, to afford specificity; the equation for this case is then [61]:

d, d,

Ad g =mAne '"|1—e " Eq.24

where d; and d, are the thicknesses of the recognition interface and analyte layer, respectively, and
An is assumed to be the same for both layers. Equation 24 implies that no single value of Iy will
produce a maximal response but that its value must be selected based on the thicknesses d; and d..
For effective sensing, the plasmon field must encompass a large enough volume to include the region
of space where analyte binding takes place. However, for a relatively large field and thin analyte,
adsorption of the analyte will effect an Rl change in only a small fraction of the sensing volume.
Because the particle’s LSPR is sensitive to the Rl of the entire sensing volume, this will result in only a
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small change in the resonance [61]. Therefore for optimal performance, a transducer with
appropriate decay length for a given application must be selected.

1.4.2 Performance quantification for refractometric LSPR biosensors

The ability with which metal nanostructures can detect Rl changes is generally expressed in terms of
their bulk sensitivity m that is, the linear dependence of resonance wavelength A spron the
homogeneous bulk Rl changes of the dielectric environment as discussed above. Next to m, a second
property that strongly influences the sensing performance is the ability with which these spectral
shifts can be discriminated, something that is normally taken into account by considering the full-
width-half-maximum (/") of the resonance peak. Both quantities are often combined in a generalized
performance-assessing figure-of-merit (FOM) parameter, defined as [62]:

FOM:% Eq.25

Since both m and FOM depend critically on the spectral features of the metal nanoparticles employed
as sensing elements, thus all the parameters affecting nanoparticles optical properties (see section
2.2), also influence the sensing performance of the LSPR sensor. In particular, in recent years, several
works have focused on the effects of particle shape on the sensitivity of nanoplasmonic particles
showing that nanostructures with a higher aspect ratio provide higher FOMs [63]. This effect has been
demonstrated to be due to red shift of plasmon resonance frequency for elongated nanoparticles
with respect to spherical ones [63]. Indeed, the gold nanospheres shows a strongly blue shifted LSPR
(ALspr < 600 nm) resulting in a spectral overlap with the interband transition of gold [64]. Therefore,
the corresponding LSPR peak is wider than 100 nm leading to a low value of FOM [64]. In contrast, a
much better sensing performance is obtained when rod-shaped nanostructures are considered [12].
For these particles, red-shifting of their plasmon resonance distances their LSPR from the interband
transitions of the employed plasmonic material leading to narrower peak [12]. The resulting FOM for
nanorods is of about an order of magnitude larger than those corresponding to nanospheres [65].

1.4.3 Improving the instrumental resolution of LSPR technique by

using spectral data analysis algorithms

In the previous section, the sensitivity of LSPR has been presented as proportional to the magnitude
of plasmon peak shift upon variations in bulk or interfacial Rl variation. However, equally important is
the ability to precisely and accurately measure the spectral shift that results from the sample.
Therefore, it is necessary to introduce the another sensitivity parameter, i.e. called sensor resolution,
which characterizes the smallest possible spectral shift that can be accurately measured [66]. This
term takes into account the spectral resolution of the system and a number of noise parameters. Both
guantity depends critically by the methodology used for the measuring the spectral shift in response
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to a sample [67]. One simple method to monitor the spectral shift is to track the position of the
extremum (i.e., minimum or maximum, depending on the measurement configuration) [67]. The total
sensor response is the spectral difference between the final and initial extrema, as illustrated in Figure
13.

lo9)

A

sensitivity

Measured opt. intensity
Mode spectral shift

Wavelength RI change
Figure 13. (A). Optical Rl sensors typically utilize an optical resonance that has a resonant wavelength dependent upon the

Rl of the sample. When the sample Rl changes, the mode shifts spectrally. (B). The Rl sensitivity is determined by
measuring the spectral shift of the resonant mode for known changes in sample RI.

Spectrophotometers with double-beam configuration provides high-wavelength resolution (~0.5 nm)
[68] good compensation for variations in light source intensity, and typical noise levels in extinction of
~1 x 10" Abs; however, the data acquisition in terms of full spectra is slow (minutes for the visible
region) [69]. Hence, this mode of analysis does not allow temporal variations in the peak position to
be followed when recording rapid binding kinetics and is, thus, limited to temporal variations in
extinction in a narrow wavelength region. In contrast, pixel array spectrophotometers with fixed
gratings can easily provide full-spectrum acquisition in the millisecond range [70], but they suffer,
instead, from poorer wavelength resolution (~¥4 nm) and generally significantly higher noise in the
individual pixel values [70]. However, wavelength accuracy is of less concern when recording relative
temporal variations, and since the complete spectrum is generated simultaneously in pixel array
detectors, they provide the possibility of using averaging and curve-fitting procedures to reduce noise
[71]. In the following, a simple and fast tracking algorithms yielding a peak position precision of <5 x
10" nm and an extinction noise level of <5 x 10 absorbance units (Abs) is briefly illustrated according
to the literature [72]. This, in order to demonstrated that LSPR technique is readily able to achieve a
S/N of ~2000 (equivalent to a detection limit of <0.1 ng/cm?) for typical protein binding reactions
[73].
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Peak position tracking algorithm is based on calculating the centroid (center of mass) of the peak, it is
evaluated on either discrete spectral data € (A, t) or on a high-degree polynomial fit to the data [72],

€ (4.1)= ipiﬂﬂ’i Eq.26
i=0

where n is the degree of the polynomial and p is a vector containing the parameters defining the
polynomial. With a value of n = 20, 1 - R was < 10 and was not improved by higher-degree
polynomials.

Furthermore, it was found that the centroid method providing the lowest noise was a variant of the
interpolated tracking centroid algorithm [74], in which a constant wavelength span (S) defines the
region of the peak to be included in each centroid calculation. In the presented method, the
wavelength span, S, is fitted to g(A) by solving the equation &, (1)—¢,(4+S)=0, providing the

left point (A;) of an interval of length S, thus defining the region of the spectrum used to estimate the
center of mass. Knowing A;, the baseline value (gpsse) is determined from
Epuse = E (/Iv):gﬁt (A, +S)=0. Finally, the centroid (Acntroid) is defined and calculated from the

polynomial expression [74]

AtS

J’ﬂ(é‘ﬁt (/1,1)—8,)“‘?6 )d/i Zn:{le ((/Iv + S)i+2 " ﬂsm ):l —M@ﬂs n S)

Ao ()= _mlit2 2 Eq27
centroid A+S n p +1 i " CI
J.(Sﬁ[ (/Iat)_gbase )dﬂ' Z|: ll+ o) ((ﬂ’s + S) + /i’s ):| _gbaseS

b i=0

Since LSPR peaks are often asymmetric, there will be an offset between the centroid value and the
actual peak position [74]. However, a detailed comparison between changes in Acentroid(t) and changes
in the actual peak shift AAyeak, defined by the sign change of the derivative of the polynomial) revealed
that these parameters are seemingly perfectly linearly related with a proportionality constant always
close to 1 [74].
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CHAPTER 2.

KINETICS STUDY OF ADSORPTION COMPETITION

AT HYDROPHOBIC AND HYDROPHILIC SURFACES

2.1 Introduction

2.1.1 Protein structure and function

Proteins are large biological heteropolymers (i.e. their molecular masses range from a few thousand
to several hundred thousand kDa) composed by a number of amino acids [1]. Amino acids consist of
three parts; an amino group (-NH,), a carboxyl acid group (-COOH), and a side group (-R). A large
variety of side groups exist, and the characteristics of an amino acid depend to a large extent on the
side group. Due to the great variety of physical and chemical properties among the amino acids,
including charge, hydrophobicity, and acid/base character, proteins obviously also exhibit great
variation in physical and chemical characteristics [2]. Furthermore, the environment in which the
amino acid is present plays a key role [3]. In particular the pH is an important parameter. For low
values of the pH, that is high concentrations of H* ions, the amino group will acquire an extra H ion,
resulting in an -NH"; group. On the other hand, at high values of pH the -COOH group will lose an H*
ion becoming —COO'". At intermediate pH values, the amino acid will typically undergo both of the
above-mentioned processes, making the molecule zwitterionic. It should be noted that this process is
in fact counterproductive when it comes to binding a number of amino acids together and form a
protein [4]. To accomplish the latter, a C-O and a N-H bond must be broken, resulting in water as a by-
product of the polymerization, since an -OH group will leave the C-atom from the carboxyl group and
an H-atom the amino group. It turns out that to hold the protein together, the n-bond between the
carbon atom and the last oxygen atom will be shared by the oxygen atom and the nitrogen atom from
the amino group. This bond is known as an amide bond. An important consequence is the fact that
the carbon, oxygen and nitrogen atoms must lie in the same plane (the amide plane), imposing a
rather severe restriction on the spatial arrangement of the amino acids with respect to one another
[5]. A protein can be characterized at various levels of complexity. First, the particular sequence of
amino acids determines the primary structure of the protein. Second, even though the rotational
freedom is reduced due to the constraint mentioned above, the bonds between the nitrogen and its
other carbon neighbor as well as the bond between this and the next carbon are o-bonds permitting a
large degree of rotational freedom [6]. The structure determined by this flexibility in the chain is
called the secondary structure. Two famous secondary structures are the a-helix and the B-sheet [7].
These are held together by hydrogen bonds. Another important secondary structure is the random

coil. Third, the three-dimensional arrangement of the secondary structure is known as the tertiary
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structure. An example would be domains of fi-helices connected by random coil structures [8]. Fourth,
if several different tertiary structures are bound together, e.g. several globular domains [9] and
random coil structures [10], one speaks of a quarternary structure [11]. Unlike simple homopolymers,
which usually have a random coil shape with a size determined by the solvent [12], proteins have a
single, distinct three dimensional structure (tertiary or quarternary) at physiological conditions, that
is, at a pH close to 7.4 and a temperature about 37 °C. This shape is called the native state, and is
controlled by the non-covalent interactions along the chain [13]. Going sufficiently far beyond
physiological conditions, the protein will change its shape from the well-defined native state to a
denatured state [14], the latter being more like a random coil. This process will drastically alter the
function of the protein [15]. While different proteins exhibit many different shapes in the native state,
a simple division between water soluble and water insoluble proteins proves useful. Usually water
soluble proteins take a globular shape and their amino acid composition is characterized by less
regularity [16]. An important example is serum albumin, while a prominent exception is fibrinogen.
Proteins which are not soluble in water usually have a more complex three-dimensional structure,
typically a fibrous structure, and a more regular amino acid composition, an example is collagen [17].
As was the case for amino acids, the pH value is important for the properties of the protein. The pH at
which the protein is uncharged is called the isoelectric point, denoted pl [18]. At pH values below the
pl the protein is positively charged, and opposite for pH values above the pl. The ion concentration in
the solution in which the protein is present (the ionic strength) is also important in determining the
protein properties due to the impact additional ions will have on the electrostatic interactions [19].

2.1.2 Protein-surface interactions and factors controlling protein adsorption

A good perspective for protein adsorption studies is that most of the proteins adsorb to almost all
surfaces [20]. It is rarely a problem to achieve the adsorption of a protein, but rather how to prevent
it [21]. This observation reflects the fact that the free energy for the protein-surface system will be at
a minimum when the protein is adsorbed. Therefore, the knowledge of the protein-surface
interactions would be of value in order to understanding and eventually controlling the factors
relevant for protein adsorption [22].
The interactions between proteins, and between proteins and solid surfaces are mostly non covalent
[23], such as hydrogen-bonding, hydrophobic, Coulomb and Van der Waals interactions.

- Hydrogen bonds.
Most of the H-bonds in proteins are between amide and carbonyl groups of the polypeptide
backbone. They are short ranged (<< 0.1 nm) and have an effect on the stability of protein structure
[24]. Formation of H-bonds appears not to be the main driving force for protein adsorption [25].
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- Hydrophobic interaction.
This is a strong attraction between nonpolar (hydrophobic) molecules and surfaces in water [26]. For
proteins the dehydration of nonpolar parts of the polypeptide in water is favorable because it leads to
a decrease of the Gibbs energy of the system. This hydrophobic dehydration is considered to be the
primary driving force for the folding process [27].

- Coulomb interaction.
The pure electrostatic forces between charges. Since most of the charged amino-acid residues in a
protein molecule are located at the aqueous periphery, this leads to a strong electrostatic interaction
with charged surfaces [28]. Usually, the protein surface is not homogeneously charged. Close to the
protein isoelectric point (pl) the interaction between proteins is attractive and repulsive when remote
from pl [29]. By varying the pH of the solution the charges of the surface and protein can be changed.
The electrostatic interaction is an important driving force for the protein adsorption process, as
indicated by many studies [30].

- Lifshitz-Van der Waals interaction.
The Lifshitz-Van der Waals (LW) interaction is a result of interactions between induced dipoles [31].
The Van der Waals force for macrobodies is long range attractive, and relatively weak. One of the
most widely used models, often applied to calculate the non-covalent interaction between biological
colloids in terms of Gibbs energy, is Derjaguin-Landau-VerweyOverbeek (DLVO) theory [32]. This
theory has been applied to the study of protein adsorption based on the assumptions that the
particles are rigid, spherical, charged objects and their interactions with each other and with the
surface (electrostatic, Van der Waals and solvation forces) are pairwise and additive [33]. The
assumption of rigidity is justified if the native structure of the protein is not significantly changed
upon protein-surface interaction. It is not surprising that the interaction of "hard" globular protein
such lysozyme with solid surfaces can be reasonable well described by the DLVO model [34], which is
far less suitable for "soft" nonspherical proteins like albumin and fibrinogen [33].
Adsorption of proteins onto inorganic surfaces represents unspecific binding; in contrast to specific
binding, where some sites are preferable for binding and some are not, the inorganic surface
represents a continuum of possible binding sites [35]. Once on the surface, the protein can undergo
several processes. Surface diffusion is a particular important process [36]. Desorption can also occur,
however very often protein adsorption is in fact irreversible [37]. Relaxation processes, where the
protein increases its number of bonds to the surface, typically leading to a much larger area occupied
by one protein, is often observed. The adsorption may even lead to denaturation of the protein [21].
According to this framework of interactions, the main factors ruling protein adsorption can be
classified as external, i.e. solution parameters and surface parameters, and internal, i.e. proteins
properties.
Solution parameters are basically temperature, pH, ionic strength and buffer composition [38].
Temperature has an effect on both, the equilibrium state and the kinetics of protein adsorption [39].
The major driving force of protein adsorption is an entropy gain arising from the release of surface
adsorbed water molecules and salt ions and from structural rearrangements inside the protein [40].
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The amount of surface adsorbed proteins therefore generally increases at elevated temperatures
[39].
The pH determines the electrostatic state of proteins. Electrostatic protein—protein repulsions are
minimized at the isoelectric point allowing higher packing densities on the surface [41]. Adsorption
rates are high when protein and substrate bear opposite charges since electrostatic attractions
accelerate the migration towards the surface [42]. However, the total mass load is generally observed
to be maximized at the isoelectric point [43].
Another parameter controlling protein adsorption processes is the concentration of dissolved ions
expressed by the term ionic strength. The ionic strength basically determines the Debye length
correlating with the damping distance of the electric potential of a fixed charge in an electrolyte [44].
That means the higher the ionic strength the shorter are electrostatic interactions between charged
entities. The efficient screening of the electric potential of proteins reduces lateral interactions which
are usually of electrostatic nature [44]. This in turn may initiate an increase in packing density, a
suspension of cooperative effects, or protein— protein repulsions [43].
For more than a century it has been known that high salt concentrations promote the precipitation of
colloidal substances which is known as the ‘salting out’ effect due to water absorption by salt ions.
lons that promote protein precipitation are called kosmotropes (e.g. SO4 > F, Mg2+ and Ca2+) ions
that decelerate protein precipitation are called chaotropes (e.g. CIO*, SCN™ and NH*") [45]. It was
suggested that this effect correlates with the ability to stabilize (kosmotropic effect) or destabilize
(chaotropic effect) the native conformation of proteins which would influence their adsorption
tendency [45].
Important surface properties that have to be considered in the study of protein adsorption include
surface energy, polarity, charge, adhesion and morphology [46].
Parameters, such as surface energy, charge, and polarity can be easily tuned by choosing the
appropriate chemical functionalities by surface modifications methods [46]. Regarding to surface
chemistry effect on protein adsorption, it is well-known that proteins tend to adhere more strongly to
nonpolar than to polar, to high surface tension than to low surface tension and to charged then to
uncharged substrates. It is reported in literature [47] that non-polar surfaces destabilize proteins and
thereby facilitate conformational reorientations leading to strong inter protein and protein—surface
interactions. This explains the rather general experimental finding that in most cases the affinity of
proteins to surfaces increases on hydrophobic substrates and decreases on hydrophilic substrates
[48].
A classification of proteins with respect to their interfacial behavior can be achieved by considering
properties like size, structural stability and composition [49]. To this end small and rigid proteins like
Lysozyme, B-Lactoglobulin, or a-Chymotrypsin are referred to as ‘hard’ proteins suggesting a generally
little tendency for structural alterations upon surface adsorption [50, 51, 52]. Intermediate size
proteins such as the majority of the abundant (>1 mg/ mL) plasma proteins like Aloumin, Transferrin,
Immunoglobulins, etc. are usually able to undergo conformational reorientations upon surface
contact [53]. The class of high molecular weight proteins includes polymer-like lipoproteins and
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glycoproteins whose behavior is essentially dominated by the content of lipids or glycans.
Lipoproteins are structurally labile and therefore show a strong affinity to hydrophobic surfaces
including significant conformational reorientations [54]. By contrast, adsorption of glycoproteins on
hydrophobic surfaces is hindered due to a high content of hydrophilic glycan [55].

2.1.3 Modeling protein adsorption

Generally, adsorption processes can be divided into two classes, reversible and irreversible. The first
class includes adsorption processes in which relaxation mechanisms such as desorption and diffusion
are present. Equilibrium statistical mechanics is capable of describing the process, and the physical
systems belonging to this class are typically adsorption of smaller molecules. The most well-known
isotherm belonging to this class is the Langmuir isotherm [56]. In the second class, the adsorption
proceeds without the above relaxation mechanisms. Large molecules adsorbing onto a substrate
typically belong to this class, since their interaction energies in the adsorption process are often larger
than the thermal energy [57]. A theoretical description is more complicated because equilibrium
statistical mechanics is no longer sufficient [57].

The simplest concept in an adsorption process is the fraction of the surface area covered with
molecules, denoted I, or the surface density, denoted I (e.g. in ng/cm?). It is easy to relate & to the
surface density I, the latter being the quantity one measures; I' = Gﬂ, where m is the protein mass

a

and a is the area one protein covers, often referred to as the footprint. While m has a well-defined
value (reflecting that the proteins adsorb as one entity), a may be different from the dimensions of
the protein in the liquid, since a protein often increases its footprint in order to obtain a more
favorable adsorbed state on the surface [58]. Sometimes the number of adsorbed particles per area,

. L . [
v, is used. It is simply given as v =—.
a

A model for adsorption will typically describe the temporal evolution of I through a differential
equation having the following general form [56]:

ar_ k,c®(0)-k,60 Eq.28

dt

In Eqg. 28, k,and ky are the adsorption and desorption rates, respectively, c is the bulk concentration
of proteins, and @ is a function giving the ratio of the available surface area for adsorption to the total
area of the substrate. Note, that often protein adsorption can be regarded as an irreversible process,
which is equivalent to neglecting desorption, that is k; = 0 [57]. @ is known as the available area
function, and obviously @ is a function of the already covered fraction of the area, 8. Depending on
model, the functional relationship ranges from simple to complicated. Often the coverage at
saturation is the quantity one is most interested in. In the simplest case where the footprint is exactly
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equal to the area of the one site on the substrate, it is possible to have a surface coverage of one.
Considering the more realistic case where the area of the adsorbing particles does play a role, the
maximal coverage for spherical particles will be 0.91, corresponding to a hexagonal close packed
lattice [59]. This limit is rather artificial too, because protein adsorption often proceeds far from
equilibrium, thus no relaxation mechanisms, such as desorption or surface diffusion, are present to
create an equilibrium structure. Instead, lower coverages at saturation are to be expected. This limit is
known as the jamming limit. The value of the jamming limit is dependent on the adsorption algorithm
as well as on the shape of the adsorbing particles (spherical, ellipsoidal, triangular etc.) [60].

2.1.3.1 Diffusion limited adsorption

The simplest model for adsorption is diffusion limited adsorption. In this model the transport towards
the surface is purely diffusive, and this transport is the limiting factor. If a particle reaches the surface
it will adsorb irreversibly with probability one. Hence no reference to the surface properties is present
in the expression for the surface density. The surface density evolves in time as [61],

I'(¢)=2c, /2 Eq.29
w

where c is the bulk protein concentration, and D is the diffusion constant for the protein. Normally,
the adsorption process will be diffusion limited in the early stages only [62]. At later times, the
process becomes kinetically limited, meaning that the limiting factor is no longer transport to the
surface, but the fact that the adsorption does not take place with probability one even if the protein is
at the surface [27]. It is also important to note how the concentration enters Eq. 29; going to higher
concentrations will increase the adsorption rate.
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2.1.3.2 The Langmuir model

Another very simple model for adsorption is the above mentioned Langmuir model [56]. Particles are
assumed non-interacting, and only monolayers are permitted. Adsorption and desorption are both
incorporated with rates k, and kg, respectively. Furthermore, all non-covered area is available to

adsorption resulting in the following form of the available area function; CD(@)=1—6’. The differential

equation for 8 (Eq. 28) becomes;

% =k, c®(0)-k,60 Eq.30

Using the fact that 9 = i1“, Eqg. 30 can be solved ;
m

m  ck, . ef((kd +ek, )%t]

I't)=—
) a k, +ck,

Eq.31

Using a as a fitting parameter, the average protein footprint can be found. The adsorption and
desorption constants, k, and kg, are typically fitting parameters too. The Langmuir model describes
reversible adsorption, and it is often used in the case of deposition of atoms or small molecules. It
should be used with care when large molecules are concerned, since these often adsorb irreversibly.
If an irreversible version of the Langmuir model is considered, a maximum relative coverage of one
can be attained (set kq= 0, and ¢ —> o). Often this is not physically meaningful, because on average
the adsorbing particles, especially large ones, will exclude more area than their actual size. This means
that the relative saturation surface density should be less than one.

2.1.3.3 The Random Sequential Adsorption model

As an improvement over the Langmuir model the Random Sequential Adsorption (RSA) model
provides a useful framework for analyzing and interpreting measurements of protein adsorption
when geometrical effects play a role [63]. Again only monolayers are permitted, and the only
interaction between the particles is a hard sphere repulsion. Deposition proceeds according to the
following rule: (i) A position in the substrate plane is chosen at random. (ii) A particle with a certain
size and shape will adsorb irreversibly provided there is sufficient space around the position. (iii) If
there is not enough space, a new adsorption attempt is made somewhere else. The model describes
irreversible adsorption where geometrical blocking plays a key role. For hard spheres several results
exist. The jamming limit is given as 6; = 0.547 [63] for adsorbing in two substrate dimensions (2+1
dimensions), and for low coverages (6 <0.3—0.4) the function @ has the following form [64]:
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Eq. 32 is to be understood in the following way: For a low coverage, the available area is close to one.
However, as the substrate starts to fill, the corrections become more and more pronounced. These
corrections are embodied in the higher order powers. At some point the substrate cannot
accommodate more particles, even though some non-covered area exist, and the process has reached
the jamming limit. Note that even for low degrees of coverage the Langmuir result is not retrieved, a
factor of 4 is present in front of the first order term, in contrast to the Langmuir model.

2.1.3.4 Comparing data models

The Langmuir and RSA models outlined above represent the simplest and most useful models for
interpretation of protein adsorption data. However, to ensure an unbiased interpretation of

experimental data, one should first plot %versus I [65].
t

If the curve follows a straight line, the kinetics can be assumed to follow Langmuir kinetics to a good
approximation [66]. On the other hand if the data deviates from a straight line, Langmuir kinetics can
be definitely excluded, and this is typically the case for most proteins, although going to low
concentrations or low ionic strengths can make the kinetics Langmuir-like for some proteins [67]. The
explanation for this behavior is the fact that in these particular cases the adsorption allows sufficient
reorganization or clustering on the surface, resulting in basically all non-covered area being available
for adsorption, which in turn implies in ®(@) =1—6. The available area functions for the RSA and the

Langmuir model are illustrated in Figure 20.

Langmuir

094 = RSA

0,8
0,7 4
0,6 -
0,5
04
0,3
0,2

0,14

0,0

0,0 0,1 0,2 0,3 04 0,5 0,6 0,7 08 09 1,0

0

Figure 14. The available area vs. covered area for the Langmuir model and the RSA model [65].
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If the curve deviates from a straight line, one should try to make a fit with Eq. 32. It is important to
stress the fact that even though a reasonable fit can be obtained, this does not mean that the RSA
model is the correct description.

Another aspect to be aware of is the particular form of the adsorbing particles [60]. The jamming limit
of 0.547 and the expression for the available area function, Eq. 32 apply only to spherical particles. A
way of obtaining information about the form of the adsorbing particles is to plot the quantity
I, —T'(r) versus time.

Using the following as a fitting function:

1
. d
I —T(r)=kt Eq.33
in the case d=2 the result for spherical particles can be applied. However, most importantly the
jamming limit will change to a slightly lower value, about 0.535 for ellipsoidal objects with an aspect
ratio about 7:1 [60].

2.1.4 Label-free detection methods for protein adsorption

at solid-liquid interface

Due to its very complex nature, the study of adsorption of plasma proteins to solid surfaces has been
mostly focused either on the quantitative aspects of adsorption of single proteins, or the
reorganization events responsible for the biofunctionality of the adsorbed proteins [68]. Both these
aspects of the protein adsorption processes are indeed very important, but it seems obvious that the
adsorption processes are strongly conditioned by the inherent kinetics aspects of the whole
adsorption process. Thus, important facts such as adsorption selectivity or the adoption of a specific
conformation of the adsorbed proteins must be discussed in terms of the previous transport of
proteins from the bulk of solution to the solid-liquid interface as well as the kinetics of their binding to
the surface, clearly involving also the range and relative strength of the relevant acting surface-
molecule interactions [69], and the kinetics of the protein relaxation mode after adsorption [70].

In the last 15 years essentially acoustic and optical detection techniques have been used to monitor
the adsorption processes at interfaces [71]. All these techniques have specific strengths and
weaknesses regarding, e.g., use of molecule labeling, ease of use, type of information gained, degree
of transducer complexity, detection limits and how quantitative the obtained data is [72]. In this
context, one of the most used techniques has been the quartz crystal microbalance with dissipation
monitoring (QCM-D) allowing to investigate in real time the quantitative and viscoelastic aspects of
the protein adsorption [73]. However, a major drawback of the techniques has been shown to
concern the determined mass, as it has been shown to include significant and unpredictable amounts
of water molecules associated with the adsorbed protein layer and adsorbent surfaces, i.e., the so

called “wet mass” [74], thus yielding a basic uncertainty in the interpretation of the data, especially
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when the matter of interest is the study of protein adsorption on substrates with different
hydrophobicity [75].

At variance of this, conventional optical techniques (e.g. surface plasmon resonance (SPR),
spectroscopic ellipsometry (SE), optical waveguide lightmode spectroscopy (OWLS)), based on the
analysis of refractive index changes produced by the protein adsorption events and being insensitive
to the solvent trapped in the protein adlayer [76], allowed the direct measurement of the real
amount of protein molecules in the adsorbed layer, indicated as “dry mass”. Nevertheless, the decay
length of the evanescent wave associated with these techniques is at least one or two order of
magnitude bigger than the protein layer thickness, limiting the depth resolution of such techniques
and making the data critically influenced by bulk refractive index changes [77].

Recently, a new surface sensitive technique, i.e., localized surface plasmon resonance (LSPR), has
been developed, based on the sensing properties of evanescent waves propagating just for a few
nanometers from the sensing surface (5-30 nm) [78]. The LSPR technique has proved to be
particularly suitable for studies aimed to determine the real adsorbed masses of biomolecule in
ultrathin layers, whatever the nature of the substrate [79]. The present paper reports on the use of
LSPR to determine the real kinetics, i.e., skipping the perturbing effect of different hydration
contribution to the adsorbed protein mass, of single and competitive adsorption processes from
protein solutions.

In particular, we report the adsorption kinetics of Human Serum Albumin (HSA) and Human Plasma
Fibronectin (Fn) from single and binary solutions onto hydrophilic and hydrophobic model surfaces,
obtained by functionalization of nanostructured LSPR sensor chips.

2.2 Materials and Methods

2. 2.1 Chemicals

Human serum albumin (HSA, Catalog No A3782) and plasma fibronectin (FN, Catalog No F2006) were
purchased from Sigma-Aldrich and used as supplied without further purification step. A solution of
HSA was prepared in phosphate buffer (PBS) at concentration 0.1 mg/mL (1.5 x10® M) and FN
solution was prepared at a concentration of 0.1 mg/mL (2.3x10” M). Monoclonal antibody of albumin
(anti-HSA) was obtained from Sigma-Aldrich (code A6684) reacts specifically against denatured and
reduced human albumin. It was employed as a solution in phosphate buffer at a final concentration
of 3.0 x10° M. Polyclonal rabbit antifibronectin (anti-Fn) was obtained from Sigma-Aldrich (code
F3648) and was employed as a solution in phosphate buffer at a final concentration of 3.3x10> M. The
employed anti-Fn belongs to the IgG; subclass and interacts by its Fc portions with the *F* -°F*
segments within Fn.

Phosphate buffer solution (PBS) was prepared by dissolving 1 tablet (from Sigma-Aldrich) in 200 mL of
ultrapure water (processed by a Millipore system with 18.2 M Q resistivity), resulting in a solution
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ionic strength of 102 M for the phosphate salts, 2.7x10 M for potassium chloride, and 0.137 M for
sodium chloride (pH 7.4 at 25°C). The same buffer was used for all of the adsorption experiments.

2.2.2 Sensing surfaces

For the LSPR measurement the sensing surface consists of a glass slide decorated nanodisks with a
random arrangement as prepared by a hole-mask colloidal lithography [80]. On top of the gold
nanodisks a 3 nm chromium layer was deposited. The latter served as an adhesion layer for the
subsequent deposition step of a 10 nm thick layer of SiO, obtained by PECVD. The schematic
description of the sensor section is sketched in Figure 15 A.

The surface of the sensor chip has been characterized by Digital Image AFM in tapping mode. A
Pointprobe NCH-50 silicon probe from Nanosensors is used as AFM tip.

The individual SiO,-coated gold nanodisks has an average height and diameter of 255 nm and 15015
nm respectively (see Figures 15 B and 15 C). The average interparticle pitch is estimated to be
approximately 330 + 25 nm. The root square roughness (Rq) is 6.2+0.2 nm. A glass slide contains
deposited nanodisks with a random arrangement and with surface coverage of 7%.
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Figure 15. (A) Schematic description of LSPR sensor structure. (B) AFM image of LSPR sensor chip surface and
corresponding section analysis of individual nanodisks (C).

The hydrophilic surfaces were prepared by treating the LSPR sensor surface in an UV-Os discharge
(BioForce Nanoscience, Ames, USA) for 15 min, then rinsed with Millipore water and dried under a
nitrogen flow (these samples will be henceforth indicated as Hyl-SiO,). The hydrophobic surfaces
were prepared by depositing Octadecyltrichlorosilane (henceforth indicated as OTS) on the surface of
the SiO,-coated LSPR sensor accordingly to the following procedure. The sensor surface were treated
with UV-0O3 for 8 min, then rinsed with water and ethanol, and thoroughly dried under nitrogen
stream. Subsequently, they were dipped into a 4x10* M OTS solution in hexadecane/chloroform
(5/15 v/v) for 1 h at the temperature of 40 °C. The excess of OTS was removed from the sensor
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surface by rinsing with mixture of hexadecane /chloroform and ethanol. Finally, the surfaces were
dried with nitrogen gas.

After the deposition, the hydrophobized sensor surface was characterized by AFM (data not shown).
No significant change was observed either in surface topography or R, values with respect to
untreated SiO; surface suggesting that the deposited OTS layer is uniform. Furthermore, the thickness
of the deposited OTS layer was determined by using LSPR technique. In details, we measured the
adsorption spectra of SiO, — coated gold nanodisk array (henceforth indicated as plasmon peak) on
the surface of LSPR sensor chip before and after the OTS deposition (see Figure 16). Assuming that the
deposited layer was an uniform, the plasmon peak shift (0.4 + 0.02 nm) can be converted in optical
thickness [81] according to the following equation:

AL = 5{1 - e_L}(nOTS — 1) Eq.34

Where S = 72 nm/RIU is the bulk refractive sensitivity of the LSPR sensor, L = 27.2 nm the decay length
of the LSPR evanescent wave according to sensor specification, t is the adsorbed protein layer
thickness, nors=1.55 and nar =1.00 are respectively the bulk refractive index for the a uniform OTS
layer [82] and the air medium.

The calculated thickness (2.8+0.1 nm) is in good agreement with the value reported in literature for a
OTS monolayer [83] (The reported values is the mean of three independent depositions +/- standard
deviation).
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Figure 16. Adsorption spectra of SiO, — coated gold nanodisk array on the surface of LSPR sensor chip before and after the
OTS deposition.
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2.3 Result and discussion

The real-time adsorption of the protein “dry” mass was detected by means of an Insplorion XNano
instrument (Insplorion AB, Goteborg, Sweden), providing the plasmonic peak shift (AA) as a function
of adsorbed matter and time.

Fig. 17 reports the LSPR response for the adsorption of HSA and Fn, respectively, onto Hyl-SiO, and
OTS substrates at 25°C from a 100 pg/ml protein solution prepared in 0.01 M phosphate buffer (PBS),
pH 7.4.

Assuming that each adsorbed protein, at the steady state, forms an uniform adlayer on both surfaces,
the LSPR response can be converted in optical thickness using Eq.34. However, in this case, we
substituted the refractive index of OTS layer and air medium with the corresponding value for a
uniform proteinaceous layer (nprotein=1.456) [84] and the buffer solution(npuster=1.335) as shown below

Aﬂ“ = S|:1 - ez:l(nprotein - nbu_/fer ) Eq 35

The protein adlayer thickness has been further converted in dry mass (M) according to the De Feijter’s
equation [85],

n lin_nu”er
M = proteinbufer. Eq.36
n

dc

Where dn/dc is the refractive index increment for a concentration change assumed to be nearly
constant for protein solutions, at a value of 0.18 cm3/g [69].
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Figure 17. Single protein adsorption curves by LSPR respectively for HSA and Fn solutions (100 pg/ml, buffer PBS 0.01 M,
pH = 7.4, T= 25.0 °C).
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Figure 17 reports the shift of the plasmon wavelength for the HSA and Fn adsorption processes,
which, converted in effective thickness by using Eq.35, shows that, for both surfaces, the adsorbed
amount of Fn is higher than the one of HSA. Furthermore, while the amount of adsorbed HSA is
slightly higher for OTS surfaces (with an effective thickness of the adsorbed layer t = 2.2 nm), than for
Hyl-SiO; (t = 1.5 nm), Fn adsorption follows an opposite trend, with a higher adsorption onto Hyl-SiO,
(t = 7.8 nm) than onto OTS ( t = 5.9 nm). It is to note that the measured thickness of the adsorbed
protein layers is lower than the protein native dimension both for HSA (4x4x14 nm®) and Fn (16.5 x
9.6 x 2.5 nm°®). According to well-established literature, globular HSA predominantly undergoes a
drastic denaturation process and Fn is adsorbed in a random/non-oriented fashion yielding the
thickness reported above is intermediate between the two molecular shorter axes, i.e., 9.6 and 2.5
nm. In overall, these findings are in nice agreement with previous reports for albumin and fibronectin
[86-89].

LSPR experiments suggest that the kinetics adsorption paths for the two proteins and the two
surfaces can be simply analyzed in terms of a two-step model, including a first, an almost linear and
fast step corresponding to a simple diffusion-controlled kinetic model [90], followed by a second slow
adsorption step, corresponding to a simple random sequential adsorption (RSA) model [91]. In
particular, the first step can be fitted in the framework of the above mentioned diffusion-controlled
model by using the following equation [90]:

DL
MZZCM/—Z‘2 Eq.37
T

where M is the adsorbed mass, C, is the protein concentration in the bulk solution and D is the
diffusion coefficient of the protein from the solution to the adsorbent surfaces. According to the
equation, we obtained that the very early rising adsorption steps are fitted with straight lines, one
characterized by a peculiar value of the diffusion coefficient D for each protein, corresponding to the
different slope of the adsorption process respectively for HSA and Fn (see Figure 18 A).
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Figure 18. (A) Protein adsorbed mass (ng/cm?) vs. square root of time (s¥?). The straight line fit of the 1° adsorption steps

is shown for each curve. (B) Rate of adsorption as a function of deposited mass density for HSA and Fn solution
(100 pg/ml, buffer PBS 0.01 M, pH = 7.4, T= 25.0 °C).
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It can be seen that, counterintuitively, the heavier Fn molecules adsorb with a faster diffusion-
controlled kinetics, with respect to the slower kinetics of HSA adsorption. A minor effect can be seen
to discriminate a slightly higher D value for HSA adsorption onto OTS, while as above indicated, Fn
appears to diffuse faster to Hyl-SiO, surfaces.

The data of adsorbed mass at saturation and estimated diffusion coefficient are summarized in Table
1. It is to mention that, for both hydrophilic and hydrophobic surfaces, the measured D are about two
or three order of magnitude lower than the bulk solution values reported, in similar conditions of pH
(7.2), buffer and ionic force, for HSA (Dpui= 6.4 X107 cm?/s) [92] On the contrary, the measured D
values for Fn are of the same order of the values reported in literature for this protein (Dpux =
2.11x107 cm?%/s) [93].

Table 1. Adsorbed mass, Diffusion coefficients (D) and RSA affinity constant (k,) for single and protein mixture on Hyl-
SiO, and OTS surfaces by LSPR.

Protein Surface Mass D ks
(ng/cm?) (cm?/s) (cm/s)
HSA Hyl-SiO, 85+5° (4.0+0.2°)x10™%° (1.7+0.2°x10°®
oTS 12045 (3.6+0.1)x107° (6.2+0.1)x10°®
Fn Hyl-SiO, 43045 (4.1+0.2)x10” (6.6+0.3)x10™
OTS 33045 (9.1+40.3)x10°® (2.1+0.1)x10™
HSA + Fn Hyl-SiO, 45045 (4.5+0.4)x10°® (1.1+0.1)x10™
oTS 37045 (7.2+0.5)x10° (3.9+0.2)x10°

®Mean + Standard deviation; experiment was performed in triplicate;
®Standard error of the linear regression slope; R2>90%;
“Standard error of the Fit as derived from Nonlinear Least-square Fitting with Equation 38;

We suggest that the observed difference for HSA diffusion coefficient can be related with repulsive
protein —surface interactions strongly reduce to the D values for the protein [94]. Indeed it should be
pointed out that D represents an “effective” diffusion coefficient, reproducing the success of
adsorption events, critically depending on the peculiar chemical and structural features of the
adsorbent surfaces.
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The second step of adsorption has been analysed according to the random sequential adsorption
model (RSA) [91], based on the relationship between protein adsorption rate (dM/dt) and the protein
adsorbed mass (M) shown below (see Figure 18 B):

2 3 3
‘Z—Aj = mkaCb[1+0.812 Ma +O.4258( Ma J +0.0716( Ma J x(l— Ma ] ] Eq.38
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where m is the protein molecular weight, k, is the adsorption rate constant, C, is the protein
concentration in the bulk solution and 08..=0.547 is the maximum coverage in the simplest hard
spherical particle approximation, assuming a cubic packing [59].

The RSA analysis confirms the surprisingly higher efficiency of the Fn adsorption events, well
represented by k, values (in the range of 10™ cmz/s) which are about two order of magnitude higher
than the ones estimated for HSA (in the range of 10° cm?/s).

As the k, term in the RSA model represents the effective interaction success, we may argue that the
adsorption rate is controlled by the surface/protein interactions in the adopted experimental
conditions. In particular, at the pH 7.4, both HSA and Fn are negatively charged, their isoelectric
points being 4.7 and 5.5 [95] respectively, as well as SiO, and OTS surfaces at the same pH [83]. In this
framework, the high ionic strength condition employed in the present experiments (0.1 M NaCl),
determines an estimated Debye length lower than 0.8 nm [83], suggesting that for the smaller (and
lighter) Albumin, electrostatic repulsion is significantly higher than for the larger (and heavier) Fn.
Further minor differences in k, value are seen both for HSA adsorbed on OTS and Hyl-SiO, and for Fn
onto Hyl-SiO, OTS (see Table 1), reflecting the fact that a detailed balance must be taken into account
for the interaction of each protein with hydrophobic and hydrophilic surfaces.

In overall, D for the first step and k, for the second can be assumed as the probability factors that any
given protein-to-surface collision will result in an adsorption event, thus providing a “measure” of the
adsorption efficiency. Moreover, for both surfaces, the affinity constants are homogeneously higher
than the corresponding effective diffusion coefficient confirming that, in the present experimental
conditions, the adsorption process occurs in a diffusion limited regime.

The above discussed higher efficiency of the Fn sticking process with respect to HSA suggests that this
effect can be used to promote selective adsorption from complex protein mixture. Accordingly, the
behaviour of a binary protein solution (HSA+Fn, 200 pg/ml) on both Hyl-SiO, and OTS has been
studied, employing the very same experimental conditions employed for single protein solutions. As
shown in Figure 19, it has been found that the protein binary solution essentially behaves as the pure
Fn solution, with the heavier Fn preferentially adsorbing on both surfaces (see Table 1), also if, for
both surfaces, the adsorption kinetic of Fn for the mixture is slower than the one measured for the
single component solution (Figure 20), and reflected from the decrease of D and ks (about a factor of
10).
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Figure 19. Competitive protein adsorption curves by LSPR for a binary solution of HSA + Fn (200 ug/ml, buffer PBS 0.01
M, pH = 7.4, T= 25.0 °C).
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Figure 20. (A) Protein adsorbed mass (ng/cmz) vs. square root of time (sl/z) for the HSA and Fn mixture. The straight line fit
of the 1% adsorption steps is shown for each curve. (B) Rate of adsorption as a function of deposited mass density for HSA

and Fn mixture (200 ug/ml, buffer PBS 0.01 M, pH = 7.4, T= 25.0 °C).

Anyhow, the occurrence of the preferential fibronectin adsorption was further confirmed by testing
the adsorbed protein layer with specific antibody conjugation. The results are reported in Figure 19,
where a solution of specific HSA-antibody (Anti-HSA) is injected after the interaction of protein
mixture with SiO, surface reaches saturation. In fact, no detectable increase of the LSPR signal is
observed after the Anti-HSA addition, suggesting that is not present on Hyl-SiO, surfaces, while, on
OTS surfaces a small response was measured after Anti-HSA injection, being completely removed
during the rinsing step with buffer, suggesting that a mere unspecific adsorption occurred for the
antibody molecules for hydrophobic surfaces. On the contrary, when the Fn antibody (Anti-Fn)
solution was injected, a relevant adsorption step is measured on both surfaces, and no desorption
was found after the buffer rinsing, suggesting that the Anti-Fn molecules are specifically conjugated.
These effect suggests that a small amount of coadsorbed albumin may slow down the adsorption of

Fn.
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2.4 Conclusions

In summary, the dynamics of albumin and fibronectin “dry mass” adsorption from single and binary
protein solutions, studied by taking profit of the capability of LSPR technique of providing the “real”
protein adsorbed mass, show that surprisingly, i.e., in spite of its much higher molecular weight,
fibronectin adsorbs faster and in larger amount than albumin on both hydrophilic and hydrophobic
surfaces. According to the reported results, we surmise that this non-Vroman behaviour is driven by
electrostatic factors, enhanced in the peculiar experimental conditions we used, i.e., pH 7.4 and
relatively high ionic strength (NaCl 0.1M), disfavouring the adsorption of the smaller proteins, if the
Debye length, in the peculiar conditions of the solution, is close to their radius of gyration, i.e.,
increasing the efficiency of the repulsive forces with surfaces of the same charge. Moreover, it turns
out that the dynamics of competitive protein adsorption is in agreement with the hypothesis that the
diffusion coefficients and the affinity constants obtained for single protein adsorption, remain also
valid for binary solutions, i.e., there is no interfering effect of proteins in solutions, such as clustering
or association.

In conclusion, the obtained results pave the way to the understanding of the behaviour of complex

solutions onto hydrophilic/hydrophobic weakly charged surfaces.
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CHAPTER 3.
KINETIC DISCRIMINATION OF DNA SINGLE-BASE MUTATIONS

3.1 Introduction

3.1.1 Single base mutation in DNA: clinical relevance and detection methods

The diploid human genome including twenty three pairs of chromosomes is composed of 20-25
thousand genes; haploid set is estimated to be 3.2*10° base pairs [1]. One member of each
chromosome is received from the father, and the other member of the pair is transmitted through
maternal lineage. DNA is made up of four base pairs adenine, thymine, cytosine and guanine
abbreviated as A, T, C, and G, respectively. Genes consisting of DNA base pairs are located on
chromosomes. A gene is a sequence of base pairs that produces a functional product including a RNA
molecule or subsequently a peptide. An allele is positioned on a locus, the specific location of a gene
or DNA sequence on a chromosome; so the diploid genome contains two alleles of each gene.
Chromosomes 1 to 22 are called autosomes and the twenty-third pair is the sex chromosomes, i.e. X
andY [2].

Steps in the transmission of genetic information include replication (DNA makes DNA), transcription
(DNA makes RNA), RNA processing (capping, splicing, tailing and RNA translocation to cytoplasm),
translation (RNA makes protein), and protein processing, folding, transport and incorporation [3]. If
the DNA sequence is mutated and the alteration is not repaired by the cell, subsequent replications
reproduce the mutation. A variety of mechanisms can cause mutations ranging from a single
nucleotide alteration to the loss, duplication or rearrangement of chromosomes [4].

Among these, single base alteration are the most common form of human sequence variation and
occur approximately once every 300-1000 nucleotides [5]. If the frequency of one of these variations
is lower than one percent, the variation is usually called mutation, if higher it can be classified as
polymorphism [6]. It is common to refer to polymorphism as a variation in the DNA sequence that
generally does not cause debilitating diseases but could underlie differences in our susceptibility to a
disease [7]. A polymorphism involving only one nucleotide in the gene sequence is called single
nucleotide polymorphism (SNP) and its detection in a real sample is one of the most challenging and
impressive results in clinical diagnostics, being SNPs involved in many diseases and in biological
metabolisms [8]. In many cases specific SNPs can be related to drug response and toxicity: if the
involved gene codes for an enzyme or a transporter then the activity of the protein can be adjusted or
inhibited by the variation [9]. This can turn both into a reduced capacity of the involved biological
process to absorb the drug, lowering its pharmacological effect on the patient or, counter, into a too
rapid metabolization of the drug leading to a loss of its efficacy [10]. For drug response, the most
common SNP is found in glutathione S-transferase P1 or xereoderma pigmentosum group D enzymes
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for the activity of oxaliplatin [11]. Some other SNPs are related to responses to anticancer drugs
activity, as for point mutation in the Kirsten Rat Sarcoma viral oncogene homologous (KRAS) gene
codon 12, 13, and 61 that has been demonstrated to be associated with the development of certain
pancreatic and lung cancers [12] and their detection is critical for the selection of the appropriate
type of treatment [13]. Therefore, the screening of patients' genome coupled to the mapping of
specific SNPs is a target of relevance for theranostic approach aiming to the development of a
personalized medicine also with tailored therapies.

Until today the most used technologies designed to reveal SNPs are based on the principle of
allele-specific hybridization, relying on the ability of oligonucleotide probes to bind selectively to DNA
target sequences [14]. DNA microarrays via surface are based on oligonucleotide probes immobilized
on the chip surface. Typically, the DNA chips require expensive fabrication processes [15, 16].
However, the most notable limitations are associated with the employed detection method. Indeed,
the highly sensitive nature of hybridization assays with single base discriminatory capabilities requires
a comparably sensitive detection method to reveal the small changes in analytical signal produced by
a single nucleotide mismatch, which produces difference of melting temperature (T,,), less than 3 °C
[17]. DNA hybridization was conducted on sensing systems based on unnatural probes having lower
binding affinity during hybridization resulting in a decline of Tm up to 15°C and inducing a high
sequence specificity [18]. The discrimination of one or more mismatches was generally accomplished
by adjusting the hybridization conditions such as temperature, ionic strength, formamide
concentration, or other dissociation conditions of the probe and target duplex [19]. Despite significant
developments obtained by using various nanomaterials-based SNP assays coupled with a number of
different readout strategies, the more important limitation for SNP analysis remains the
quantification of extremely low abundance SNPs in an overwhelming background of wild-type genes
in clinical settings [20]. Moreover, numerous statistical models have been created to evaluate the
hybridization of nucleic acid targets using end-point analysis [21]. Additionally, several authors have
proposed mechanistic models of single-component hybridization combining mass transport of target
and chemical interactions on the surface of the array [22]. Their efforts resulted in an emerging
consensus theoretical approach, which addresses the effects of three-dimensional and two-
dimensional (surface-bound) mass transport, and surface chemistry, i.e., probe interactions, probe
density, and steric hindrances by introducing efficient (or apparent) rate constants or more
complicated rate functional parameters. However, all of these studies use a single analyte case for
building the models, which limits their applicability in interpreting multi-component mixture, while
only a few reports deal with the discrimination problems in mixed DNA targets solutions [23].

In this respect, many conventional SPR-based methods have been developed for SNP sensing, aiming
to set direct, label-free detection strategies [24], i.e. avoiding the use of additional biomolecules (i.e.
proteins, enzyme, etc.), nanoparticles or intercalating agents to discriminate single base mismatch
target. This in view of skipping the drawbacks due to enzyme and protein interference with DNA
hybridization [25] or with NPs possible aggregation on the sensing surfaces, thus preventing the
further use of the sensor [26].
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In the last year, sensors based on localized surface plasmon resonance (LSPR), recently have been
subjected to a great scientific interest as an alternative technique to the conventional optical SPR
[27]. Indeed LSPR technique allows to take profit from two peculiar features of the sensor structure.
In particular, at first one may take advantage from the peculiar configuration of LSPR sensors,
consisting in an array of gold nanostructures deposited on a glass substrate, allowing to overcome the
critical problem, affecting both SPR and OWLS technique, of the long range sensitivity to the changes
in the refractive index extending far away into the solution. In fact, the gold nanostructure employed
in the LSPR experiment allows to confine the sensitivity to the medium refractive index changes to 5-
30 nanometers into the solution. This enhances in a peculiar way the sensitivity to the refractive index
changes at the very interface between nanodisks and solution [28].

Secondly, the possibility of using uncovered gold nanostructures distributed onto a SiO, surface
enables to take profit of the simple thiol chemistry to bind DNA to the surface. In the case of SiO,
sensing surface of OWLS the surface modification technique are the classical and more complex ones
based on [29] a variety of saccharides (such as dextran, gelatin, heparin, etc.) or biomolecules (biotin,
streptavidin, etc.) via covalent coupling to silanized waveguides, for example. Different terminal
functionalities, such as amine, hydroxyl or carboxyl are also available and allow the further
modification of the sensor surface if required by the application.

Analogous to SPR, LSPR can be exploited for biosensing applications, as the wavelength is highly
dependent on the refractive index of the surrounding media [30]. The binding on the surface of the
nanostructures results in a refractive index change, causing a shift in the extinction peak wavelength,
Amax- However, few reports are found in the literature about the application of LSPR sensors for
nucleic acids detection [29, 31].

In this work, we develop a single nucleotide mismatch detection method, relevant to KRAS-related
pathologies, based on the rapid DNA hybridization process in binary solution. Our approach involves
thiolated single strand oligonucleotides immobilized on the nanostructured LSPR sensors, able to
reveal the refractive index changes following the DNA hybridization processes. In particular, we have
explored the effect of perfect and mismatch target concentration and its time dependence on the
sensing performances in a two-component system. The hybridization rate constants for 93—mer
sequences are determined for PM and a single nucleotide polymorphism (SNP) mismatch, at a well-
defined ionic strength. Additionally, the dynamics of the two-component system versus a single-
component system are analyzed, suggesting that the intensity of the relative LSPR signal at a fixed
time provides an useful metric to quantify the MM strands fraction in PM-MM binary solutions, i.e.,
the possibility of using the time response to reveal the presence of single base polymorphism.

3.1.2. DNA hybridization at surface:
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mechanism of interaction and kinetic models

Hybridization of DNA involves the formation of a doublestranded DNA (dsDNA) complex formed by
two complementary single stranded DNA (ssDNA) molecules [32]. The structural stability of this
complex is a result of hydrogen bonding and base-stacking interactions. Complementary base-pairs
engage in two hydrogen bonds for adenine and thymine contacts, whereas three hydrogen bonds are
involved in the formation of cytosine and guanine contacts. DNA hybridization usually occurs between
an oligonucleotide with a known sequence (probe) and an unknown complementary strand of nucleic
acid from solution (target) [32].

Generally, nucleic acid hybridization can be performed under two major strategies, that is,
hybridization of DNA or RNA targets to surface-tethered oligonucleotide probes (solid-phase
hybridization) [33] and hybridization of the target nucleic acids to randomly distributed probes in
solution (solution-phase hybridization) [34]. Since various technologies rely on measurements of
surface hybridization to sequence DNA, to detect DNA polymorphism, for DNA mapping, and to
detect DNA mutation, it is of fundamental and technological interest to understand the actual
process through which two ssDNA strands hybridize [35]. So far, several attempts have been made to
formulate the behavior of DNA hybridization on the solid surface; nevertheless, a comprehensive
model that demonstrates this behavior has not yet been developed [36].

Classical models that describe the rate of surface hybridization based on a combination of “specific
adsorption” (direct adsorption to immobilized nucleotides) and “nonspecific adsorption” (adsorption
to the surface and subsequent surface transport) have been described [37]. In these models, target
molecules may nonspecifically adsorb to the surface and undergo a two- dimensional search of the
surface for an immobilized complement. Also, the target molecules may adsorb. Within this family,
the Langmuir isotherm [38] is the simplest and the most frequently used. This adsorption model
makes several assumptions:

- The total amount of target oligonucleotides in the hybridization solution is always higher than the
amount of immobilized probes. Thus, the concentration of target is assumed to be constant.

- The hybridization system reaches its equilibrium.

- The adsorbate [target] covers the surface up to complete coverage as a monolayer on the substrate
(adsorbent).

- There are no adsorbate - adsorbate [target-target] interactions on the surface of the host substrate.

- On the substrate all binding sites are equivalent.

Accordingly, the hybridization process can be described as a simple bimolecular binding reaction.
Therefore, the hybridization process can be described by two chemical equations. A free single-
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stranded target in the solution (P) binds to oligonucleotide probe immobilized at the surface (T) with
rate k,, forming the corresponding DNA hybrid (PT) [39]:

P+T—t 5 pPT Eq.39
This DNA hybrid dissociates to initial components with a rate k,[40]:

PT— s p4T Eq.40

Let x be the concentration of RNA target, t the time of the reaction, k, be the rate of forward reaction
of forming the duplex and §(t) be the fraction of sites occupied by probe-target duplexes. Assume:

- (Adsorption) Target DNA attaches to probes at a ratek, (l—@(t)) , proportional to the concentration

of specific target DNA and the fraction of unoccupied probes;
- (Desorption) Target DNA detaches from probes at a rate kdﬁ(t), proportional to the fraction of

occupied probes.

Then,

9O0) e 010) k.00 B 41

with ¢ being the concentration of the target-DNA in solution used in the experiment.
The solution with the initial condition 6(0)= 0 is

k ,
=S [} g hohal] Eq.42
k., +k,
Let y(co,t) be the generic instrumental response assumed proportional to 4(¢), and let y, be the

background signal at zero concentration, then

k. c,b
1) = Py + | — g a0 rha) Eq. 43
y (Co ) Yo ko, A, [ e ] q

where b is the constant of proportionality between y(c,,z) and 6(r).
The equilibrium limit, £ — oo, gives the Langmuir isotherm [41]:
k,c,b

—a0 Eq.44
k.c, +k,

y(co)zyo +

Nevertheless experimental data for hybridization from single (pure) target solution has been
demonstrated to be nicely fitted by the simple Langmuir model [41], real DNA sample, generally,
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consisting of a mixture of targets require a more complex kinetics model. In literature, an expanded
Langmuir model has been proposed to model the kinetics, i.e., the association and dissociation
processes between a single type of probe at the surface and a binary mixed solution of
oligonucleotide targets competing for the same binding sites, however, with different affinities [42].
Assuming the hybridization of two distinct target is simultaneous, it can be described in the following

way: the total surface coverage, Hmt(t), has two components, Gp(t), describing probe sites occupied

by the first target component (labeled p), and Gq(t)describing those occupied by the second

component (labeled q). Then

GO _ ok (1-00))+ cohe (- 00) - k207 () k30 (1) a

with 8“(¢t)=67(t)-6(¢).
The solution of this differential equation is given by

cokd 1= Hetszsensmsl] ik [ — etz

Htm(t): PP q1.9 p>< PLP q91.9 dx
cokl +cik! +k} okl +clk! +k;

Eq.46

9"”(1) is proportional to the instrumental response , y(c{j,c(‘{,t), therefore the result of the kinetic

experiments with a single probe layer and a mixed target solution can be fitted by

Cé)kfb o l_e{—(cgk§+cgkﬁ+k5)f}]+ Cgkjb _ X[l_e{*(c(ﬁ'khcgk%kﬁ)t}] E(]. 47
iy + ik +k] ki ek +h

vl et e)=

where b is assumed to be the constant of proportionality between y (cg,cg,z) and 9"”(t).

3.2 Materials and methods
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3.2.1 Materials

All DNA strands were obtained from Purimex (Grebenstein, Germany) in double HPLC-purified grade.
Synthetic oligonucleotide sequences for probes and targets are listed in Table S1 of the supporting
information. The 5’-thiol-modified probe solutions consisting of a 35-nucleotide long single strand
DNA (ssDNA) sequence (henceforth indicated as probe) (-CTA-) were prepared by diluting to a final
concentration of 300 nM in 0.1 M PBS and stored at 5°C. KRAS target length is chosen to be 93-mer to
mimic the PCR length sequence target and in order to minimize possible secondary structure, which
can lead to inhibited probe-target hybridization and diminished sensitivity of the assay as well as
minimizing possible regions where the probes can bind nonspecifically [43]. The chosen targets are
the perfect match (PM) (-TAG-), and the mismatch, (MM) (-GCT-) presenting the single base mutation
in the central part. The pure target solutions were prepared at various concentrations ranging from 10
nM to 170 nM. The deionized water was purified using a Millipore filtration system and used in all
experiments. All measurements were performed in 0.1M phosphate buffered saline (PBS, pH 7.4) at
room temperature. Target solutions were thermally denatured 2 min and snap cooled 3 min, in order
to obtain single-stranded targets before using for the LSPR experiments.

3.2.2 LSPR instrumentation

LSPR measurements are performed in optical transmission mode by using an Insplorion XNano
instrument (Insplorion AB, Goteborg, Sweden). A detailed description of the operating principle of
LSPR is reported in literature [44].

Briefly, a white light beam entered the measurement chamber, passed through the sensor chip (~4
mm? circular spot), and exited through a quartz glass window. The transmitted light is collected by a
spectrophotometer, and data analysis is performed with the Insplorer software package (Insplorion
AB). The time resolution is 1 Hz. The spectral resolution of the plasmon resonance is determined by
high-order polynomial fitting, and the centroid position is calculated from the fit [45]. In this study
two different types of sensor chip, both purchased from Insplorion AB, have been used. The first type
consists of a glass slide decorated with gold nanodisks, prepared by hole-mask colloidal lithography
[46] (see Figure. 21 A for an AFM image of the sensor surface). This method vyields a partly random
distribution of nanostructures on the substrate, which combined with a large particle-particle
separation, eliminates both far and near field coupling between the particles so that the measured
optical signal reflects the optical (LSPR) response of a single particle [47]. The second type of sensor
has a further silicon oxide film (thickness ~10 nm) deposited on top of gold nanodisks by a plasma
enhanced chemical vapor deposition (PECVD) technique (Insplorion AB).

The individual gold nanodisk has an average height and diameter of 24+2 nm and 1185 nm,
respectively as indicated by the data of section analysis performed by atomic force microscopy (AFM)
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technigue with Nanoscope llla controller (Digital Instrument, Veeco, USA) (see Figure 21 B). The
surface coverage is 9 disks per um? (~7% of total area) and the average particle pitch is 330+30 nm.
The bulk sensitivity of the gold nanodisks is 210+17 nm per refractive index unit based on a series of
measurements performed using water/ethanol mixtures (data not shown). The measured sensitivity is
in line with previous data by other authors [48] it was concluded that the sensitivity is sufficiently high
for biosensing purposes.
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Figure 21. Atomic force microscopy image of LSPR sensor decorated with gold nanodisks acquired in tapping mode (A) and
section analysis (B).

Immediately before experiment, both type of sensors are treated with UV Ozone Procleaner (BioForce
Nanoscience, Ames, USA) for 15 min, then rinsed with Millipore water and dried under a nitrogen
flow.

For the Au and SiO; sensor chips, the LSPR plasmon peak, recorded in PBS buffer solution, are found
respectively at around 670 and 710 nm (data not shown). The baseline LSPR response is recorded in
PBS buffer solution. After stabilization of the signal, the PBS buffer solution is replaced by the one
containing thiolated ssDNA oligonucleotide. During the experiment, the liquid sample is introduced by
peristaltic pump at a constant flow rate of 50 puL/min. After 7 min the pump is shouted down and the
signal is recorded until baseline stabilization is obtained (20 minutes). Then, the PBS solution is again
injected into the measurement cell. Finally, the hybridization process is allowed by exchanging the
buffer solution with the one containing the ssDNA target strands.

3.3 Results and discussion
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In order to evaluate the sensitivity and specificity of the Au nanodisk arrays as a biosensing platform,
hybridization experiments of perfect (PM) and mismatched (MM) oligonucleotides target to the single
stranded DNA probe immobilized onto the surface have been performed.

Therefore, at first thiolated single strands of DNA 35 nt (probe) have been immobilized onto the
nanoplasmonic LSPR sensor, whose length has been chosen to reduce the unwanted nonspecific
interactions [49, 50].

The stability of the immobilized probes has been tested by means of an accurate rinsing process with
buffer. Finally, the respective yield and rate of the hybridization process for PM and MM targets have
been monitored in situ. All data presented in the following paragraphs are the mean of three
independent experiments +/- standard deviation (SD) (unless mentioned otherwise).

3.3.1 Probes immobilization onto LSPR sensor

Typical extinction spectra of ssDNA oligonucleotide-modified Au nanodisk arrays is shown in

Figure 22 A. The specific binding of ssDNA oligonucleotides caused a red shift in the LSPR resonance,
due to the variation of the refractive index from that of PBS buffer (npgs=1.33) to that of the DNA layer
(npna=1.46) bound to the Au nanostructures [51].

The LSPR signal change, monitored in real-time after the ssDNA probe injection (see Figure 22B), can
be used to figure out the probe immobilization kinetic. The ssDNA probe molecules are stably bound
on the Au LSPR sensor surface as indicated by the negligible A\ change measured after the rinsing
step. The anchoring stability can be explained in terms of the synergic effect of the covalently bound
terminal thiol and the sequence of 10 adenines adjacent to the linking group, which, according to
literature, contribute to the enhancement of the strength of interaction between the ssDNA probe
and Au LSPR surface [52].

In order to rule out the possible effect of aspecific interactions, the adsorption of ssDNA probe has
been monitored also on SiO, coated sensor. In this case, no shift is detected within the experimental
error, indicating that the immobilization process is basically driven by the specific formation of
covalent bonds between the ssDNA probe molecules with the Au nanodisks (see Figure 22 B).

Assuming that at the steady state, ssDNA molecules forms an uniform adlayer on surface, the
plasmon peak shift (1.1 + 0.2 nm) can be converted in optical thickness [53] according to the following
equation:
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AA = 5{1 - el}(nm o) Eq.48

Where S = 72 nm/RIU is the bulk refractive sensitivity of the LSPR sensor, L = 27.2 nm the decay length
of the LSPR evanescent wave according to sensor specification, t is the adsorbed protein layer
thickness, npna=1.46 and npuer=1.33 are respectively the bulk refractive index for the a uniform ssDNA
layer and the buffer solution [51].

The calculated thickness has been further converted in adsorbed mass (M) according to the De
Feijter’s equation [54],

(nDNA ~ Myufrer )
%)
dc

Where dn/dc is the refractive index increment for a concentration change assumed to be nearly
constant for protein solutions, at a value of 0.175 cm3/g [55].

In turn, from the adsorbed mass value the ssDNA surface density, normalized for the gold nanodisks’
active area, has been estimated to be of 2.8 + 0.1 x 10" molecules/cm?, which corresponds to ~ 3.5 x
10® molecules for each Au nanodisk.

In our condition the average [effective area]/[probe molecule] is ~35 nm?, i.e., about seven times
higher than the value calculated (~5 nm?) for ssDNA strands of the same length under high ionic force
condition [56]. This rules out the possibility that steric hindrance between DNA strands becomes a
significant barrier to hybridization [57]. Furthermore, the value of association rate constant,
estimated using a simple Langmuir kinetics equation [57], is 1.64 + 0.02 x 10*M™s™ is higher than the
one reported in literature for the immobilization of the same length ssDNA strands onto flat Au
surfaces [58] (5 x 10° M s™Y). This, in fact, suggests that the nanostructures significantly enhance the
rate of DNA immobilization process.

A B s

® Sio

A Au
gy AMAAAMAAM
3 1,0- aaad
s a. ah "
= £ probe A .
g £, A y .
3 0,5 A : rinse step
g After SH-DNA immobilization ﬁ b ] .
z ! /
m Bare Au nangdisks

0,0 acoigide 000000 0000 ® g0 200 %00 g

500 600 700 800 900 1000 0 1000 2000 3000

Wavelength (nm) Time (s)

67



Figure 22. (A) Representative extinction spectra of the bare Au nanodisk arrays and after immobilization with thiolated
ssDNA probe. (B) Plasmon peak shift curves (AA) following the binding of thiolated ssDNA probes, respectively on Au
nanodisks and SiO,-coated LSPR sensors.

3.3.2 Evaluation of sensor performance

Figure 23 reports the calibration curves generated reporting the plasmon peak (Figure 23 A) and
peak shift (Figure 23 B) (measured at saturation) with respect to the concentration of PM and MM
targets in solution. The signal increases with the target concentration reproducing a Langmuir
isotherm behavior for both types of target over a concentration range from 10 nM to 170 nM.

Taking into account the three data points at low concentrations (see inset in in Figure 23 B), we
obtained a regression line showing R? values of 0.964 and 0.941 for PM and MM target respectively.
The detection limit (LOD) of the LSPR DNA sensor was calculated as three times of the standard
deviation of the ordinate intercept divided by the slope of the regression line [59,60]. As a result, we
found that the LOD for PM is about of 10 nmol/L, while for MM is 13 nmol/L (corresponding
respectively to 40 and 52 fmol of target). This sensitivity is in the same range of the ones obtained by
using fluorescence methods and PCR-based sequence recognition [14, 16].
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Figure 23 (A) Representative extinction spectra of the functionalized Au nanodisks after hybridizing with various
concentrations of perfect match complementary DNA (PM) and single base mismatch DNA (MM). (B) Calibration curves
plotting the maximum peak shift at saturation versus DNA concentrations over the full range of concentrations (main plot)
and for the lower concentration point (inset), together with the fitted curves.

3.3.3 Kinetic of probe-target hybridization from single component solution

The comparison of the kinetics of the probe- perfect matching sequence (PM) and probe-single base
mutated sequence (MM), where adenine (A) is replaced by cytosine (C) in the MM sequence, may be
used to determine the dependence of the hybridization process on the base mispairing.

The kinetic curves, obtained exposing the ssDNA layer to a series of MM and PM solutions with
concentration ranging from 10 nM to 170 nM are shown in Figure 24 A and 24 B. The shift of the
plasmon peak gradually increases with time both for the probe-PM and probe-MM hybridization. The
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signal reaches the steady state at shorter time for higher concentrations. In particular, for the highest
concentration (170 nM) is stabilized after about 16 and 27 min respectively for PM and MM.
According to the literature [61, 62], in order to evaluate the hybridization rate constant, k,, the
hybridization process was treated as an adsorption process. Since we performed the hybridization
experiment under an excess of target strands compared to number of probe molecules tethered on
surface, we can assume that the whole process can be treated as a pseudo-first order one [63, 64],
according to the following rate equation [23]:

d(Ad) dB _

D _rcrR-B Eq. 50
PR .C(R,-B) q

Where AA represents the plasmon shift, and it is assumed to be directly proportional to the surface
concentration of bound targets, B. C is the concentration of target in solution and R; is the initial
surface concentration of probes.

In our experimental condition, dissociation rate constants are negligible (no target dissociation is
observed during post-hybridization buffer rinse experiments) and therefore only one variable (k,) is
considered in the fitting analysis for surface kinetic data. Moreover, if the negligibly small dissociation
rate constant was considered as a second fitting parameter, then the resulting k, value obtained from
fitting analysis does not change, although it would have a larger error.

The solution of the previous equation is the following:

B=R[1-e ] Eq.51

Where ks is the apparent rate constant, depending on the target concentration in solution according
to the relationship reported below:

kobs = Cka EC] 52

According to above assumptions, the peak shift as a function of time, AA, is proportional to the
adsorbed mass at surface, i.e., to the surface concentration of bound targets, B. Accordingly, a single
exponential function can be used to fit the experimental data,

A, o< 1—e U] Eq.53
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Figure 24 C reports the Plot of the measured k,,s versus the target concentration in solution, C, for
PM and MM sequences. As one can see, a linear relationship is obtained, as expected from literature
[21], which can be used to determine the intrinsic rate constant k, by a simple linear regression.

In particular, the value of k, is found to be higher for PM sequences, 1.46 + 0.06 x 10* Mts? than the
ko value for MM sequences, 4.5 + 0.2 x 10> M s™. This confirms that the hybridization of fully
complementary strand (PM) is a significantly faster process compared to the one of mismatched
sequences (Figure 24 A e B).
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Figure 24. Kinetic analysis of PM and MM targets interacting with surface bound probe molecules. A,B: Association of PM
(A) and MM (B) ssDNA with surface bound probe strands monitored as change with time in the LSPR peak wavelength (A\)
for different target concentration (10, 40, 80, 120, 170 nM). C: Apparent rate constants k,,; from kinetic curve of AA (t) for
PM (triangle symbols) and MM (square symbols) target versus concentration (10 nM to 170 nM); solid lines are linear fits,
kops = C-k,. Each point is the linear regression slope (+ standard deviation, SD) of three independent experiments, R2>90%;

3.3.4 Competitive PM vs. MM hybridization (binary solutions)

An important consideration for clinical translation is the ability to detect a point mutation (i.e., the
single base defect) in a mixed sample [65], containing both mutant and perfect match DNA. In order
to determine the capability of the present method to detect the mutation point, we investigated
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various binary solutions with different mutant/perfect match molar ratio, maintaining constant the
total concentration at 40 nM.

The kinetic of hybridization for a 40:60, 50:50, 60:40, 70:30 and 80:20 PM/MM target solutions are
shown in Figure 25 A. After injecting the solution, the plasmon peak shift was measured at the same
time for all the binary solutions, corresponding to the average time (20 min) until the equilibrium is
reached between the bulk concentration and the corresponding hybridization steady state for the 40
nM reference PM concentration, taken as reference. After the reference time the experiment was
stopped.

As shown in Figure 25 A, the hybridization from the two-component systems resulted in lower vyield,
with a lower peak shift compared to the one measured for the reference 40 nM solution of pure PM
hybridization. In particular, the rate of hybridization is found to decrease with the increasing fraction
of MM in the binary solution . This suggests that presence of MM target kinetically interferes with the
PM hybridization process, behaving as competitor.
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Figure 25. Kinetic analysis of two-component systems (PM and MM) interacting with surface bound probe molecules as a
function of time for different molar ratio (80:20, 70:30, 60:40, 50:50 and 40:60 PM/MM ratio). Peak shift (A\) measured at
saturation for different molar ratio compared to the PM at 40 nM. (B) Rate constants k., from kinetic curve of AA (t) for
PM pure solution and PM: MM binary solution versus MM target concentration; red solid lines is linear fits. Each point is
the linear regression slope (+ standard deviation, SD) of three independent experiments, R>>90%;

In order to clarify this effect, we have applied the rate equation developed by Bishop [23] to describe
the hybridization rate for mixtures of perfect match/mismatch targets. The binary solution with PM
and a MM target, can be described by a system of equations similar to those used for pure target
solution (see Eqg. 50). The equations have to reflect the consumption of available probe sites due to
both the match and mismatch:
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where C™ corresponds to the concentration of perfectly matched target, cms corresponds to the
concentration of the mismatch target, B” is the bound concentration by the match and B™ is the
bound concentration by the mismatch, with the corresponding hybridization rate constants.

Since LSPR measures the rate of the overall hybridization process, we have to consider the
sum of the Eq.54 and Eq.55 obtaining the following equation:

d tot

dt
where B™! is the sum of the concentration of B™ and B™.
Due to the fact that, in our experimental conditions, the total concentration of the binary mixture is

= (k»c™ + ks \R, - B™) Eq.56

constant (Cp), the Eq.56 can be rearranged as it contains only the concentration term of the mismatch

target:

fot
ddt =[krc, - (k" = k) (R - ™) Eq.57

Where the term lk(:”CO —(k;" —k;”")C’""‘J represents the apparent rate constant (ko) for the
hybridization from binary solution.

In Figure 25 B the ks values obtained by the Langmuir fitting of LSPR curves reported in Figure 25 A,
are plotted as a function of the mismatch target concentration in the mixture. As reference value we
also reported the kyps for pure perfect matched target at 40 nM. A linear equation can fit the
experimental points for two component solutions indicating that the apparent rate constant decrease
linearly with the increasing mismatch target concentration. Moreover, the value of the slope is found
in fair agreement with the above reported difference of hybridization rate constants for perfect
match and mismatch target. Accordingly, in presence of the competing MM sequences, for a given
time, a higher amount of substrate molecules is required to reach half of the AL maximum signal,
with respect to the case of the uninhibited case (Figure 25 A).

On the other hand, from the solid red line in Figure 25 B, representing the apparent rate constant for
the mixture, we may figure out an indication on the presence or not of mutation and we can also
estimate the relative molar ratios. This finding is obviously valid under the assumptions that the two

targets in the mixture adsorb each with its own value of k,, thatis, k" > k" (see Figure 24 C) and that

the measurement of peak shift for the two-component systems reflects the two-components
composition of the solution.
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3.4 Conclusions

In summary, we have investigated the effects of single base mutation on the competitive
hybridization rate between surface-bound DNA probes and DNA target strands in solution.

LSPR sensors, that when compared to other optical techniques, allows the detection of biomolecular
interactions in localized sensing volume skipping the interfering effect of the bulk of solution, were
used to demonstrated at first the efficient probe immobilization on gold nanodisks in a
nondestructive manner and also to detect both perfect matching (PM) and mismatching (MM) targets
hybridization, with a limit of detention in the range of 10 nmole/L.

Furthermore, this allowed to measure the “effective” hybridization kinetics and affinity for the various
systems. Indeed, it has been found a probe-PM target hybridization faster and stronger than the one
of probe-MM target interaction. In turn, the single component isotherms determined for the two DNA
strands enabled the unraveling of the more complex process occurring for binary solution.

Under the assumption that both PM and MM may hybridize with the surface-anchored probes in the
binary solutions, it has been shown that the MM sequences play a clear inhibition role on the
hybridization rate of PM strand.

In summary, the present approach, while keeping comparable sensitivity with techniques as
fluorescence or PCR-based methods, allows the single step and label-free discrimination of subtle
hybridization steps, providing a valuable improvement with respect to the recent literature, either
employing in silico simulations [23], or multistep processes implying manipulation of the samples to
be analyzed [21].

Further studies are in progress in our laboratory to exclude the possible presence of single mutation
sequences (MM) on the sensing surfaces. We feel that the results here presented may provide
significant improvement in view of their application to the DNA array-based technologies.
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CHAPTER 4.
INFLUENCE OF PH ON THE KINETICS OF VESICLES ADSORPTION

4.1 Introduction

4.1.1 Supported phospholipid bilayers as models for cell membrane

Cell membranes are primarily composed of a variety of lipids in the form of two asymmetric leaflets
and functional proteins [1]. The membranes define a cellular boundary and provide a basic platform
for tight regulation of many biological processes, including material transport, signal transduction,
trafficking, pathogenic pathways, intercellular organization and response to the extracellular matrix
[2].

The complexity of biological membranes has motivated the development of a wide variety of simpler
model systems whose size, geometry, and composition can be tailored with great precision [3]. In this
respect, phospholipid vesicle are versatile supramolecular assemblies which has been demonstrated
to be useful as model systems for cell membranes [4]. Their physical properties are similar to those of
native cell membranes in which the cellular interior is isolated from the external environment by lipid
and protein-rich dynamic boundaries. The capacities of lipid vesicles for tuning chemical composition
and embedding and encapsulating various materials have facilitated the use of the vesicles in many
fields, including cell membrane-mimicking materials [5] and drug delivery [6]. Subsequently,
supported lipid bilayers (SLBs) or self-assembled lipid membranes on solid substrates are model
membrane platforms that provides robust artificial cell membranes in a synthetically controllable
manner, recapitulates key membrane functions and allows the study of structural changes and
reactions in membranes on a surface [7].

For these reasons, phospholipid bilayers have received increasing practical and scientific interest due
to the wide range of biotechnological and medical applications including (1) biochips for medical
diagnostics [7] and drug screening [8], (2) high electrical resistance films for biosensor design [9], (3)
biomimetic photosynthesis platforms [10], and (4) biocompatible, nonfouling surfaces [11]. In order
to realize such applications, which may depend critically on the model membrane’s architecture, an
improved understanding of the processes by which they form and the forces that guide the self-
assembly of these platforms is mandatory [12].
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4.1.2 Mechanisms of SLB formation

There are three general methods for the formation of supported phospholipid bilayers on planar
supports for sensor applications. The first method involves the transfer of a lower leaflet of lipids
from the air—water interface by the Langmuir—Blodgett technique [13] (see Figure 26 A). This is
followed by the transfer of an upper leaflet by the Langmuir—Schaefer procedure, which involves
horizontally dipping the substrate to create the second layer [14] (see Figure 26 B).

A B
Air ;
gULULLLLL : $URUL00RURELEREeRYs
Water ’

Langmuir-Blodgett Langmuir-Schaeffer
Figure 26. Schematic illustration of different modes of Langmuir film deposition: (A) Langmuir-Blodgett vertical method,

(B) Langmuir—Shaefer [15].

A second method of supported bilayer formation is the adsorption and fusion of vesicles from an
aqueous suspension to the substrate surface [16] (see Figure 27).

Substrate

Figure 27. Four step scenario of supported bilayer formation via vesicle fusion comprising (1) vesicle adsorption, (2) fusion
of vesicles at the surface to form larger vesicles, (3) rupture of the fused vesicles resulting in bilayer patches, and finally (4)

merging of the patches [16].
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Also, a combination of the two methods can be employed by first transferring a monolayer via the
Langmuir-Blodgett technique followed by vesicle fusion to form the upper layer (see Figure 28) [17].

(b)

— e b

—————
e
Y

Figure 28. Schematic description of a combination of the Langmuir—Blodgett and vesicle fusion processes for the
formation of supported lipid bilayers [17].

Each of the three deposition methods has its particular advantages and disadvantages.

The transfer of amphiphilic molecules from the air—water interface to a solid substrate is useful for
the formation of asymmetric bilayers [18]; however, it is difficult if not impossible to incorporate
transmembrane proteins into the lipid bilayer with this technique because prior to transfer portions
of the proteins within the monolayer are exposed to air and can become irreversibly denatured [19].
The adsorption and fusion of small unilaminar vesicles (SUVs) is one of the easiest and most versatile
means for forming solid supported phospholipid bilayers. SUVs can be prepared by a plethora of
methods. The simplest involves the extrusion of multilaminar vesicles through porous polycarbonate
membranes at high pressure [20, 21]. Another method is the sonication and ultracentrifugation of
aqueous lipid suspensions [22].

The process of SLB formation begin with the adsorption of intact vesicles from the bulk solution onto
the substrate [16]. As the vesicle surface coverage reach a critical value (henceforward denoted as
critical vesicular coverage) the confinement of neighboring vesicles causes an induced stress on the
vesicle responsible for its rupture [23]. The critical vesicular coverage and so the kinetic of vesicle
rupture depends to several experimental factors including the vesicle composition, size, surface
charge, surface roughness, surface cleanliness, solution pH, ionic strength, and the osmotic pressure
of the vesicles [24, 25]. The main findings related to these subjects that will be briefly reviewed in the
next paragraph.

Once a vesicle has ruptured, the resulting bilayer patch exposes an edge. These edges are
energetically unfavorable and, at least from a thermodynamic perspective, it was demonstrated that
they promote the interaction with adjacent lipid material, such as the rupture of surface-bound
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vesicles or vesicles from solution [12]. Provided the density of adsorbed vesicles is sufficiently high,
such a process can propagate in a cascade of rupture events across several neighboring vesicles and
leads to the formation of extended bilayer patches. Furthermore, adjacent bilayer patches usually
coalesce in order to minimize their edge length [16]. Taken together, these effects increase the size of
individual bilayer patches and the overall bilayer coverage and will, in the ideal case, lead to a
complete SLB. However, it has been previously observed that even after the bilayer formation some
vesicles remain intact near the edge of the bilayer patch suggesting that the edge almost needs to
contact a vesicle to induce its rupture [26]. This finding demonstrates that the efficiency of edge-
induced processes depends critically on the spatial arrangement of vesicles and bilayer patch [27].

4.1.3 Parameters Controlling the Formation of Supported Lipid Bilayers

Which pathway of vesicle deposition will be taken is essentially determined by the interplay of
bilayer-support, interbilayer, and intrabilayer interactions [28]. In principle, the relative contribution
of these interactions will be susceptible to the nature of the support (its surface charge, chemical
composition and roughness), the lipid vesicles (their composition, charge, size, and physical state), as
well as the aqueous environment (its composition, pH and ionic strength). In the following, we will
outline some essential experimental parameters that appear to control SLB formation.

- Electrostatic Interactions

Several studies have pointed out the influence of the charge of support and lipids as well as the ionic
strength of the solution on the adsorption of vesicles [23, 29, 30]. It was observed that it is sufficient
to vary the vesicle charge to change the pathways of vesicle deposition leading to different scenarios
were vesicles do not adsorb, adsorb intact, and rupture spontaneously, respectively [23]. In this
respect, adjustments in the pH or in the ionic strength represent the simplest way to optimize the
formation of SLBs for a given surface and a given lipid composition [31].

- Calcium lons

As a general trend, it was observed that calcium induce stronger vesicle-surface interaction reflecting
in a lower critical coverage for the vesicle-to-bilayer transformation [32]. However, the ions do not
only participate in the screening of charges, thereby modifying the electrostatic interactions, but they
also directly interact, in often subtle ways, with surfaces and lipids, for example inducing different
degrees of deformation of adsorbed vesicles [33]. Particularly strong effects were observed for
phospholipid vesicles adsorbing on mica [34]. Often minor concentrations (mM and below) of the ion
are sufficient to generate significant effects [35].
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- Solid Support

The influence of solid substrate properties on the process of SLB formation is probably the most
difficult parameter to unravel [36]. Several studies pointed out that an higher hydrophilic character is
necessary to observed vesicle rupture and subsequent SLB formation [37]. Consequently, mica and
silicon-based materials, such as glass, SisN4, or silica, has demonstrated to be the best supporting
materials for the preparation of SLBs [31]. Another thoroughly investigated surface parameter
affecting the SLB formation is surface roughness. In this respect, it was observed that although
vesicles generally follow support’s corrugations being able to can form SLBs even on extreme rough or
porous substrates, the kinetics of SLB formation and the quality, i.e. defects, of the final bilayer seem
substantially affected under such conditions [38]. Moreover, it is reported in literature that even the
SLB formation is susceptible to the surface preparation condition, e. g. high temperature baking, basic
solutions exposure, plasma treatment, etc. [39].

4.1.4 Surface sensitive techniques for the study of SLB formation

A multitude of techniques, such as fluorescence microscopy [40], quartz-crystal microbalance with
dissipation monitoring (QCM-D) [41], atomic force microscopy (AFM) [42], surface plasmon resonance
(SPR) [43], and ellipsometry [44] has been used to investigate the SLB-formation process.

In particular, combined approaches with complementary technique allowed considerable advance in
the field. For example, AFM and QCM-D techniques were applied to the analysis of vesicle adsorption
and SLB formation on silica [23] giving access to spatially resolved structural information on the
nanometer scale and overall adsorption and reorganization dynamics, respectively, the combination
of both techniques has enabled the identification and characterization of several different SLB-
formation pathways stressing the importance of electrostatic interactions in the SLB-formation
process. Others have pointed out the complementary aspects between QCM-D and optical surface-
sensitive methods, such as SPR [43] or ellipsometry: while optical methods allow measuring the dry
mass of the adsorbed lipids, QCM-D provides not only the hydrated mass, but also a direct mean (the
dissipation) to distinguish between different phases of the adsorbate-surface bound vesicles or
bilayer patches.

Recently, a new high-surface sensitive technique so called localized surface plasmon resonance
demonstrated has proven useful for tracking the kinetics of phospholipid vesicle adsorption and
rupture on different substrates [45, 46]. On silicon oxide-coated nanostructures, acceleration in the
time-resolved peak shift is observed when adsorbed vesicles fuse and rupture to form a supported
lipid bilayer [47, 48]. This acceleration has been attributed to the fact that lipids in a supported lipid
bilayer are, on average, nearer to the substrate than lipids in an adsorbed vesicle. In this contest, we
used the LSPR technique in combination with QCM-D to investigate how pH affects the kinetics of
interaction between vesicles and silicon oxide surfaces. In particular, in order to focus solely on the
effects of pH, we fixed the other key parameters, including vesicle size, ionic strength, temperature,
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lipid phase, and lipid composition. In this regard, POPC vesicles was selected because phosphocholine
has a gel-fluid phase transition temperature (~-10 °C) well below the experimentally temperature of
25 °C, thereby permitting rule out transition effects [49].

4.2 Materials and Methods

4.2.1 Substrate preparation

LSPR sensor chips (Insplorion AB, Géteborg, Sweden) with silicon oxide coating and QCM-D crystals
(Q-sense AB, Gothenburg, Sweden) with silicon oxide coatings (QSX 303) were used as substrate.
Immediately before any measurement, all sample were UV/ozone treated for 10 minutes followed by
extensive rinsing with Milli-Q water.

4.2.2 Vesicle Preparation

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was purchased from Avanti Polar Lipids
(Alabaster, AL). For vesicle preparation, chloroform solution of POPC (10 mg/ml) was first dried using
a gentle stream of nitrogen gas and subsequently allowed to dry overnight to remove traces of
chloroform. The films were subsequently hydrated with Tris buffer (10 mM Tris, 150 mM NaCl, pH 7.4)
at a nominal lipid concentration of 10 mg mL-1. Hydration was performed by heating the formulation
three times within a 60 °C water bath (3 min) followed by vortex mixing (3 min). To increase size
homogeneity of liposomes of different sizes, the vesicle formulation were extruded at room
temperature with 21 cycles through 100 nm polycarbonate membranes. After extrusion, vesicle
solutions were stored at 4 °C until experiment and used within 48 h.

For all subsequent experiments, the stock solutions were further diluted to a 0.1 mg/mL lipid
concentration in order to follow each step of the SPB formation on a reasonable time scale (around
10 min) [50].

For preparation of the pH buffers used in this study, the original stock buffer was titrated with either
sodium chloride or hydrochloric acid, and the solution pHs were measured before and after
experiment to verify their stability. All aqueous solutions were prepared using high-resistivity (>18.2
MQ cm) deionized water that had been treated with the Milli-Q filtration system (Millipore, Billerica,
MA).
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4.3 Results And Discussion

The formation of phospholipid bilayers were monitored in situ on SiO, surfaces by LSPR and QCM-D
techniques using respectively an Insplorion XNano (Insplorion AB, Goteborg, Sweden) and a Q-Sense
E1 (Q-sense, Goteborg, Sweden) instruments. In short, after docking the LSPR chip or mounting the
QCM crystal, the measurement chamber was filled with buffer at a flow rate of 0.05 mL/min. The flow
was then maintained at the same rate throughout the measurement. When a stable baseline was
obtained, vesicles solution were injected into the measurement chamber. After the adsorption
process approaches to equilibrium, the sensor surfaces were rinsed with buffer. The temperature was
held constant at 25 °C during the experiments.

The efficacy of SLB deposition on SiO, sensor surfaces was assessed by performing ex situ Attenuated
Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) by using an FT-IR
spectrophotometer Tensor 27 (Bruker Daltonics Inc., MA, USA) equipped with a MIRacle Single
Reflection Horizontal ATR Accessory (PIKE Technologies, WI, USA). As reference sample, we
considered the IR transmission spectra of the POPC powder. The IR spectra for POPC adsorbed on
sensor surface and for POPC powder are reported in Figure 29.
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Figure 29. Infrared adsorption spectra for POPC powder (black solid line) and POPC adsorbed on SiO, sensor surface (red
solid line).

The assignments corresponding to POPC included the CH, antisymmetric stretch and the CH,
symmetric stretch at 2923 and 2853 cm™, respectively [51]. The C=O stretching vibration band of
POPC was observed at about 1735 cm™[52]. The wave numbers 1463 and 1231 cm™ were attributed
to CH, scissoring, and the PO, antisymmetric stretch [52]. The 1030-1090 cm™ range included the
PO, symmetric stretch, and the CO-O-CH, symmetric stretch [52].
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The dynamic of POPC vesicle adsorption at different pH as measured by LSPR technique are shows in
Figure 30. The results show that both rate and pathway of vesicle adsorption are significantly affected
by pH. In details, two different adsorption behaviors have been observed. For acidic pH, vesicles
adsorption can be efficiently fitted with a simple exponential kinetic [53]. In this respect, no
significant variation were observed in the corresponding time for the completion of the adsorption or
in signal at saturation over the investigated acidic pH range within the experimental error of the
technique. These results can be explained taking into account that both POPC vesicles and SiO,
surface show low degree of ionization in acidic solution according to the respectively isoelectric point.
So, we can conclude that, according with previous finding by [54], at acidic pH, vesicles adsorption are
mainly driven by Van der Waals and steric forces that can be considered in first approximation as
interaction independent of pH.
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Figure 30. (Main plot) LSPR peak shift vs. time for POPC (0.10 mg/mlL, 25 °C) vesicle adsorption on the SiO, surface as a
function of the pH of the buffer: 3, 5, 6, 7.4, 8, 9, 10. (Inset) Enlarged portion of -1 to 5 minutes range showing the
different adsorption kinetics as function of pH. Each curve is the mean of three independent experiments +/- standard
deviation (SD) (unless mentioned otherwise).

Moving to higher pH, the vesicle adsorption behavior changes showing a two-step kinetic (see the
inset in Figure 30) with an clear visible inflection point corresponding to the vesicle rupture event
leading to the formation of supported lipid bilayer [48]. It is to note that as the pH increase, (between
7.4 and 10) the position of the aforementioned inflection point shifts toward longer time indicating
that the adsorption is progressively slowed down. Moreover, we note that the first part of adsorption
curves, i.e. before the “kink”, the peak shift increases linearly with time, in first approximation we
performed a linearly fit of the adsorption curve in order to quantitative assess the effect of pH
increase over the adsorption rate. Therefore, the slopes of the corresponding fitting line have been
considered as a measurement of the vesicle adsorption rate and further they were plotted against pH
values obtaining a linear dependence between pH values and slope of the fitting curves see Figure 31.
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Figure 31. Peak shift curve slope as a function of pH over 7.4 -10 range for the first step of vesicle adsorption. Error bars
represent standard error of the linear regression slope; R*>90%;

These results indicates that the adsorption is driven by the electrostatic interactions. Furthermore,
since the chosen vesicles are zwitterionic over the investigated pH range, while the SiO, surface zeta
potential (¢ ) decrease linearly with pH [55], over the same pH range, according to our data, surface
zeta potential could be key parameter controlling the vesicle adsorption rate.

In order to verify the result obtained using LSPR, the same adsorption process has been further
investigated using QCM-D technique. The corresponding adsorption curves are reported in Figure 32.
Generally, QCM-D results agreed with once obtained using LSPR technique showing two different
vesicle adsorption kinetic regimes for acidic and basic pH range. For a pH between 3 and 6, vesicle
adsorbs without observation of the critical coverage point. On the contrary, in the case of a pH value
between 7.4 and 10, a minimum in frequency could be visualized corresponding to the coverage at
which adsorbed intact vesicles start to fuse and transform into a bilayer. Furthermore, for all
measurements, the low values of energy dissipation indicate the formation of a stiff adlayer,
suggesting that vesicles adsorption leads to the formation of the bilayer independently of pH
conditions.
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Figure 32. QCM-D frequency and dissipation response vs. time for POPC (0.10 mg/mL, 25 °C) vesicle adsorption on the SiO,
surface as a function of the pH of the buffer: 3,5, 6, 7.4, 8, 9, 10.
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More in details, from the QCM-D traces is not possible to distinguish the first part of adsorption
kinetics, i.e. before vesicle critical coverage is reached, varying the pH over 7.4-10. On the contrary,
the second part of adsorption curves, i.e. as the vesicles fuse to a bilayer, show a clear dependence of
pH with the time to signal reach equilibrium (i.e. 95 % of saturation frequency value) increase linearly
as a function of pH values (see Figure 33).
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Figure 33. Time to reach saturation as a function of pH over 7.4 -10 range for vesicle adsorption measured by QCM-D

Moreover, the increase of depth of frequency minimum following the pH, indicated that an higher
surface coverage is needed to start the vesicle rupture at more basic pH, suggesting that the process
of bilayer formation is progressively less favored confirming the kinetic trend observed using LSPR.

4.4 Conclusions

In summary, LSPR technique in combination with QCM-D allows us to measure in situ changes in the
kinetics of POPC vesicles adsorption onto SiO, surface as a function of pH. Our results clarify previous
findings about the influence of pH onto lipid vesicles adsorption [54]. Two different adsorption
regimes have been observed for acidic and basic conditions. For pH values lower than physiological
limit, vesicles adsorption showed one-step exponential kinetics. Moreover, no significantly variation
of the adsorption rate was observed over the investigated pH range, suggesting that the process is
mainly controlled by Van der Waals interactions and steric forces. On the contrary, for alkaline pH,
vesicles adsorb onto surface showing two-step kinetic consisting of a slow adhesion of intact vesicles
onto surface followed by a fast vesicles rupture and fusion leading to a supported lipid bilayer. In
particular, we observed that the rate of the first step slows down linearly with the increasing of pH,
suggesting that the process is primarily driven by vesicle-surface electrostatic repulsion. The present
findings clearly demonstrated the great potential of LSPR techniques for qualitative and quantitative
investigation of adsorption kinetics useful for deeper understanding of interactions between soft
matter and surfaces.
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CHAPTER 5.
PRELIMINARY EXPERIMENTS ON
PH-INDUCED REVERSIBLE STRETCHING-CONTRACTING MODES IN

STIMULI-RESPONSIVE PEPTABIOTICS.

5.1 Introduction

5.1.1 pH-responsive polymers

Stimuli-responsive polymers are defined as polymers that undergo relatively large and abrupt,
physical or chemical changes in response to small external changes in the environmental conditions
[1]. These polymer systems might recognize a stimulus as a signal, judge the magnitude of this signal,
and then change their chain conformation in direct response [2]. At macromolecular level, polymer
chains can be altered in different ways, including change in hydrophilic-to-hydrophobic balance,
conformation, solubility, degradation, and bond cleavage, and these, in turn, will cause detectable
behavioral changes to self-assembled structures [3]. Generally, the location of responsive moieties or
functional includes, but not are limited to: side chains on one of the blocks, chain end-groups, of
junctions between blocks [4].

There are many different stimuli to modulate the response of polymer systems. These stimuli could
be classified as either physical or chemical stimuli. Physical stimuli (light, temperature, ultrasound,
magnetic, mechanical, electrical) usually modify chain dynamics, i.e. they affect the level of various
energy sources and alter molecular at critical onset points [5]. Chemical stimuli (solvent, ionic
strength, electrochemical, pH) modulate molecular interactions, whether between polymer and
solvent molecules, or between polymer chains [6]. In the following, the most studied class of pH
responsive polymeric system has been briefly reviewed.

Polymers containing ionizable functional groups that respond to change in pH are called pH-sensitive
polymers [7]. By generating the charge along the polymer backbone, the electrostatic repulsion
results in an increase in the hydrodynamic volume of the polymer [8]. Consequently, changes in the
environmental pH thus lead to conformational changes of the soluble polymers and a change in the
swelling behavior of the hydrogels when ionizable groups are linked to the polymer structure [9]. pH-
responsive polymer can be classified in polyacids and polybasic. Polyacids bearing the carboxylic
group with pky’s of around 5-6, are the most representative weak polyacids [10]. Among polyacids,
poly(acrylic acid) (PAAc) [11] and poly(methacrylic acid) (PMAAc) [12] have been most frequently
reported as pH responsive polyacids. Their carboxylic pendant groups accept protons at low pH, while
releasing them at high pH. Therefore, they are transformed into polyelectrolytes at high pH with
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electrostatic repulsion forces between the molecular chains (see Figure 34). Typical polybases are
poly(N,NO-diethyl aminoethyl methacrylate) (PDEAEMA) [13] and Poly(4 or 2-vinylpyridine) (PVP) [14].
PDEAEMA homopolymer undergoes an abrupt precipitation above pH 7.5 due to the deprotonation of
amino groups, followed by hydrophobic molecular interactions between the aliphatic substituents at
the end of the amine group [13] (see Figure 34). Similarly, PVP undergoes a phase transition under pH
5 owing to deprotonation of pyridine groups [14].

A LOW pH HIGH pH
H, OH" H. H
C"'_E<>, = — %CZ—C
poly(acrylic acid)
| n H* | n
COOH CO0
B -
H, H OH Ho H
Cc —C — c —C poly(N,N’'-diethylaminoethyl
I n H* | . methacrylate)
c=—=0 C—0
CHQCHQ&(CH,CHJ), CH,CH,N(CH,CHa)y

H

Figure 34. Example of a weak polyacid (A), that exhibits a collapsed conformation a low pH and an expanded state at high
pH; an example of a weak polybase (B) is also shown when an opposite behavior is observed [15].

Besides synthetic non-biodegradable polymers, such as the ones shown in Figure 34, natural-based
polyelectrolytes especially polysaccharides show pH responsive phase transition. Two examples of
this class of molecules are Alginate and Chitosan. Alginate is an acidic polysaccharide bearing
carboxylic groups, whose pk, is at 3—4 (see Figure 35 A) [16]. Chitosan is the N-deacetylated derivative
of chitin and is shown as a copolymer consisting of 2-acetamido-2-deoxy-b-D-glucopyranose and 2-
amido-2-deoxy-b-D-glucopyranose (see Figure 35 B). The amine groups in chitosan gain protons at
low pH and release them at high pH. Therefore, this biopolymer shows precipitation over pH 6-6.2
due to high hydrogen bonding strength between —OH groups and uncharged amine groups in chitosan
chains [17].
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Figure 35. (A) Sodium alginate and (B) chitosan [18].

Another class of pH-responsive biopolymer frequently investigated are synthetic polypeptides [19].
They are unique among polymeric materials. Their structure is stabilized via hydrogen bond
formation, as well as hydrophobic and electrostatic interactions [20]. Various types of synthetic
proteins with precisely folded three-dimensional structures have been designed and synthesized [21].
In addition, ionizable polypeptides undergo a helix-coil structure transition [22]; this transition may be
useful to aid in the design and synthesis of stimuli-responsive materials [22]. The most used ionizable
pendant group include cysteine (pk,=8.4), aspartic acid (pk,=3.9), glutamic acid (pk,=4.1), histidine
(pka=6.0), lysine (pk,=10.5), or arginine (pk,=12.5) [18].

Adjusting the appropriate critical pH (pH*), at which reversible conformational changes (usually
followed by phase transitions) of polymer chains occur, is an important factor for the pH responsive
polymer-based application [23]. The intrinsic pk, values of an ionizable moiety should be adopted as a
first consideration in the selection of a proper pH-responsive polymer for the desired application [18].
If the ranges of pH sensitivity are focused around physiological pH or below, poly(glutamic acid) and
poly (histidine) are the most available candidates as pH responsive polypeptides [24, 25]. On the
contrary, poly(L-lysine) undergoes a pH-responsive phase transition, its pk, is too high to use in
biomedical applications requiring its transition near physiological pH. However, the conformational
transition, which occurs at pH*, does not exactly occur at the pk, [18]. This transition is indeed
governed by the balance between electrostatic repulsion and hydrophobic interactions [23].
Consequently, the characterization pH-responsive behavior of novel synthetized peptide has to be
investigated experimentally.
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5.1.2 Peptabolids: from antimicrobial agent to novel functional materials

Peptaibols are secondary metabolites with molecular weights in the range of 500 — 2200 Da [26]. They
are composed of five (peptaibolin) to 20 (e.g., atroviridin, alamethicin, suzukacillin, paracelsin,
polysporin) [27] amino acids, and contain non-proteinogenic amino acid residues like a-
aminoisobutyric acid (Aib), occurring in high proportions and representing characteristic building
blocks of the structure. The N-terminal residues of peptaibols are usually acetylated [28], and an
amino alcohol (phenylalaninol, valinol, leucinol, isoleucinol, or tryptophanol) is linked by a peptide
bond at the C-terminal end [29]. The three-dimensional (3D) structure of peptaibols is characterized
predominantly by one type of a helical motif, including a-helix, 3;p-helix, and B-bend ribbon spiral
[30]. The original name ‘peptaibol’ has been constructed from the names of the three characteristic
components: peptide, Aib, and amino alcohol [31].

Peptaibols show interesting physico-chemical properties, including the formation of pores in bilayer
lipid membranes [32], and a wide spectrum of biological activities, including antibacterial [33],
antifungal [34], and antiviral effects [35], immunosuppressive [33] and neuroleptic properties [36], as
well as elicitation of plant-systemic resistance [37]. The beginning of peptaibol research dates back to
the late 1960s, when the first members of this peptide family alamethicin (ALM), have been isolated
from the fungus trichoderma viride [31]. ALM consists of 19 amino acids and 1 amino alcohol [31].
Two native forms occur, the Rf30 form with a Glu residue at position 18 and the R{50 form in which
this Glu is replaced by GIn, making the peptide electrically neutral [38]. The 20 amino acids sequence
for R:30is [39]:

Ac — Aib — L-Pro — Aib — L- Ala — Aib — L-Ala — L-GIn — Aib — L-Val — Aib — L-Gly — L-Leu — Aib — L-Pro — L-
Val — Aib — Aib — L-Glu — L-GIn — L-Phl

Alamethicin contains the non-proteogenic amino acid 1-amino isobutyric acid (Aib, or a-
methylalanina) [40] and the preponderance of this rather unusual amino acid is the reason for the
peptide name [31].

The Aib residues restrict the conformational space so that an a-helical peptide structures is preferred
[40]. Due to the fact that Aib is achiral, left- and right-handed helical conformation are likely, however
the presence of L-amino acids confers preference for the right-handed helices [31]. The central Gly-X-
X-Pro motif forms a molecular hinge between the two a-helical segments to the left and to the right
(see Figure 36) [41].
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Figure 36. Alamethicin [RCSB Protein Data Bank]

Alamethicin is amphiphilic because its hydrophilic group are at the C-terminus or delineate a narrow
longitudinal hydrophilic sector (residues GIn7, GInl1, GIn18, and exposed backbone of Aib10 and
Gly11 because of the kink) [42]. The majority of the amino acid residues, including N-terminus, are of
hydrophobic nature [43].

Peptaibols naturally occur as mixtures of isoforms, and more than 250 sequences are actually known
[28]. They are divided into three subclasses, which are (i) the long sequence peptaibols with 18-20
amino acid residues, e.g. alamethicins, (ii) the short-sequence peptaibols with 11-16 residues
exemplified by harzianins [44] or zervamicins [45], and (iii) the lipopeptaibols [46] with 7 or 11
residues, the N terminus of which is acylated by a short fatty acid chain such as octanoic acid instead
of acetic acid represented by TrichoginA IV.
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Trichogin GA IV (TCG) is an amphipathic peptide that consists of a sequence of 10 amino acid residues
with three nonproteogenic helicogenic a-aminoisobutyric acid (Aib) residues, the 1,2 amino alcohol
leucinol at the C-terminus, and a lipophilic n-octanoyl group at the N-terminus [47].
The primary structure of the N- and C-blocked 10-amino acid peptide trichogin GA IV is as follows
[47]:

1 10
n-Oct-Aib-Gly-Leu-Aib-Gly-Gly-Leu-Aib-Gly-lle-Lol

Like most lipopeptaibols, TCG exhibits remarkably valuable properties, such as well-developed
helicity, amphiphilicity, stability to proteolytic degradation, and short main-chain length [48]. These
properties render them intriguing lead compounds in the search of candidates as novel, potent
antibacterial agents [48].

In the last years, synthetic peptides are emerging as versatile materials whose function can be
programmed to perform specific tasks via chemical functionalization. In this respect, the preliminary
result here reported, demonstrated that two novel TCG analogs, i.e. Lipoic-[Lys>>®*°]- TCG and Lipoic-
{[ Lys>*®°]-TCG]},-Lol in which, respectively, four and eight Lysines positive charged residues have
been introduced, are able to reversibly switch its conformation between two, well-defined, different
helical conformations in response to pH variations. In particular, it is shown that these peptides can
contract and stretch in response to a short range of pH variation. The peptides were anchored to the
gold surfaces through a N-terminal lipoic acid moiety. The loading and the conformational switching
properties of the surface-bound peptides were investigated in situ in real time by means of Localized
Surface Plasmon Resonance. The result clearly suggested that TCG analogs can be promising
candidate as building blocks for the preparation novel functional materials.

5.2 Materials and Methods

5.2.1 Chemicals and Peptides

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used without further
purification except when mentioned specifically. Lipoic- TCG -OMe, Lipoic-[Lys*>*°]- TCG and

Lipoic-{[ Lys*>®*°]-TCG]},-Lol were provided by Dr. Marta De Zotti (Department of Chemistry,
University of Padua, Italy) (see Figure 37). All peptide sample solution (1 mM) were prepared
dissolving the peptide lyophilized with ethanol. Phosphate buffer stock solution (PBS) was prepared
by dissolving 1 tablet in 200 mL of ultrapure water (processed by a Millipore system with 18.2 M Q
resistivity), resulting in a solution ionic strength of 102 M for the phosphate salts, 2.7x10° M for
potassium chloride, and 0.137 M for sodium chloride (pH 7.4 at 25°C). PBS solutions adjusted to pH 3
or 11 were prepared by titrating aliquots from the same stock (pH 7.4) using 0.1N HCl or NaOH
solutions.
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Figure 37. Structures of the peptides (A) Lip-Tric-OMe, (B) Lip-Lys and (C) L20.

5.2.2 Functionalization of the gold nanoparticle array

LSPR sensor chips (Insplorion AB, Goteborg, Sweden) consisting of a glass slide decorated with gold
nanodisks [49] were used as substrate. Immediately before any measurement, all sample were
UV/ozone treated for 10 minutes followed by extensive rinsing with ethanol. The sensor chip were
immersed for 18 h in a 1 mM ethanol solution of peptide in order to anchor the peptide to the gold
nanodisks surface. After incubation the sensor chip were gently rinsed with ethanol and dried in a
stream of nitrogen.

5.2.3 LSPR measurements

The dry thickness of the grafted peptide layers was measured using an Insplorion XNano instrument
(Insplorion AB, Goteborg, Sweden). A detailed description of the experimental apparatus is reported
elsewhere [50]. In details, we measured the adsorption spectra of gold nanodisk array (henceforth
indicated as plasmon peak) on the surface of LSPR sensor chip before and after the peptide grafting
(see Figure 38).
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Figure 38. Adsorption spectra of gold nanodisk array on the surface of LSPR sensor chip before and after the peptide
grafting.

Assuming that the grafted layer were uniform, the peak shift values (see Table 2) were converted in
optical thickness according to the following equation [51]:

t

AL = S{l - el}(nmde — ) Eq.58

where S = 210 nm/RIU is the bulk refractive sensitivity of the LSPR sensor (previously determined
(ref)), L=27.2 nm the decay length of the LSPR evanescent wave according to sensor specification, t is
the adlayer thickness, Npeptice=1.46 and nar =1.00 are respectively the refractive index used for
proteinaceous layer [52] and the air medium.

Table 2. LSPR peak shift and optical thickness for the peptide grafted on the gold nanodisks surface. (The reported values
is the mean of three independent depositions +/- standard deviation).

Peptide | Peak shift (nm) | Dry Thickness (nm)

Lip-OMe 3.0+0.2 1.3+0.2
Lip-Lys 3.5+0.1 1.8+0.1
L20 6.0+0.1 3.1+0.1

The same LSPR instrument equipped with microfluidic flow cell was then utilized to quantify in real
time and in situ the pH-induced swelling and collapse of the peptide layers. In details, the acid buffer
(pH 3) was infused into the LSPR cell at a constant velocity of 0.05 ml/min for 20 min. Subsequently,
the solution was exchanged to the basic buffer and thereafter back to acidic buffer, completing one
cycle of peptide swelling/collapse. For each type of peptide, up to six cycles were performed. For
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measurements of the swollen thicknesses of the peptide layer the, we measured the plasmon peak
shift following the acid to basic buffer exchange. Then this value was converted in optical thickness
according to Eq. 58. However, in this case, we substituted the refractive index of air medium with the
corresponding value for PBS solution with 50 mM potassium phosphate (npusfer=1.335).

5.3 Result and Discussion

The pH switching behavior of three Trichogin GA IV analogs peptides anchored to the surface of gold
nanodisk array sensor chip was investigated using LSPR technique. In Figure 39 are reported the
spectral position of the plasmon peak wavelength as a function of time and pH of the solution in
contact with the sensor.
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Figure 39. Change in plasmon peak wavelength over time when pH of buffer flow is changed from acidic pH (3) to basic pH
(12).

From Figure 39 it is evident that both peptides bearing Lysine residues, i.e. Lipo —Lys and L20, are pH
sensitive. When they are exposed to basic solution (pH 11), a steep decrease in plasmon peak
wavelength is measured. The peak position returns to almost the same level as the one before basic
solution is injected if the pH 11 buffer is replaced by the pH 3 buffer. Therefore, this indicate that
observe process is totally reversible. Even after many cycles no hysteresis was observed. The response
time of the peptide layers upon changing the pH is fast. The peptide brush reached the equilibrium
swollen/collapsed within 1 min and was stable in the following 20 min. We attribute the fast response
to the peculiar structure of the LSPR sensor consisting in gold nanodisk with an interparticle pitch
larger compared to the nanodisk diameters. So that this structure facilitates the diffusion of H;0" or
(OH’) toward the peptide layer. On the contrary, the LSPR curve for the bare gold nanodisk and for
Lipo-OMe shown to be insensitive to pH changes. This last finding rules out that the observed pH
responsive behavior being due to bulk refractive index changes related with the buffer or linked with
the response of the peptide backbone. Consequently, we interpreted the LSPR curve for Lipo —Lys and
L20 as a collapse of the peptide layer, leading to a decreased refractive index near the gold
nanostructure a subsequent blue shift of the plasmon peak. A similar response has been reported
Poly(acrylic acid) (PAA)polymer brushes collapsing due to exposition to basic pH solution, and it was
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interpreted as mainly a thickness related effect. Here, we see a decrease in the peak shift upon

increase of pH and thus interpret this as mainly a layer thickness effect. Furthermore, it is to note that

for L20, i.e. Trichogin GA IV dimer analog, the peak shift measured exchanging the solution from pH 3
to 11 (2.440.1 nm) is almost twice that for Lipo-Lys, i.e. Trichogin GA IV analogs, (1.1+0.1 nm). These

values converted in thickness are respectively 4.5+0.1 nm and 2.0+0.1 nm, so this suggests that the

response in thickness depend on the number of lysine lateral chain.

From a mechanistic point of view, the pH dependent swelling/collapse behavior observed for the

peptide layers has been interpreted as a consequence of the degree of dissociation of the amino

moieties in the lysine lateral chains. In acidic medium (pH 3), the amino group are fully protonated, so

peptide is forced to assume an extended conformation in order to minimize the electrostatic

repulsion between the positively charged side chains. With the increase in pH, the amino group are

neutral, and therefore the peptide is in a collapsed state (see Figure 40).
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Figure 40. Reversible conformation change of Lipo-Lys (or L20) at different pH. At low pH, primary amine groups are

protonated and the peptide chain are extended (left) because of electrostatic repulsion force. At high pH, the ionizable

groups are deprotonated and the electrostatic repulsion force disappear within the peptide chain. That cause the collapse

of the peptide chain (right).
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5.4 Conclusions

Synthetic polypeptides, consisting of amino acids bearing ionizable pendant groups, behave as pH-
responsive systems offering the possibility of achieving rapid and reversible switching between
conformations, which can be induced locally, making them ideal candidates for miniaturized devices
with fast response times [31]. Here, we reports preliminary result obtained from the study of stimuli-
responsive smart surfaces, formed by gold substrates decorated with trichogin GA IV and two of its
positively-charged analogs, i.e. Lipo-Lys and L20, in which four and eight Lysines positive charged
residues have been introduced respectively. The peptides were anchored to the surfaces gold
nanodisks of an LSPR sensor chip through a N-terminal lipoic acid moiety. The surface-bound peptides
exhibit reversible and rapid switching between conformations and can withstand several cycles of
swelling and collapsing with no significant loss from the surfaces. The swelling factors, i.e. difference
maximum thickness-minimum thickness, determined for the L20 peptide is almost twice than that for
Lipo-Lys, suggesting that it can be tune by varying the number of Lysine residues introduced in the
peptide backbone. Furthermore, LSPR technique was successfully used to follow gold-tethered
peptides conformational changes. Indeed, peptide chains collapsing and extension due to pH caused
clear change in the plasmon peak wavelength. The results shown here clearly demonstrated the
potential of the LSPR technique in the field of stimuli-responsive, smart or switchable interfaces.
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CONCLUSIONS

The research developed in this PhD dissertation shows the versatility and efficiency of the use of
localized surface plasmon resonance (LSPR) spectroscopy to investigate the interaction of relevant
classes of biomolecules, e.g. peptides, proteins, lipids and DNA strands, at solid-liquid interfaces, with
an emphasis on deciphering kinetics and pathways of dynamic adsorption processes.

The main advantages of the LSPR technique consists of an extremely short penetration depth of the
evanescent wave propagating about 5-30 nm into the dielectric medium surrounding the metal
nanoparticles. Consequently, the sensitivity of the plasmon frequency to refractive index changes
ranges over a length scale comparable to the dimensions of most of relevant biomacromolecules,
offering a better resolution in the detection of these analytes at interface skipping interfering effects
from the bulk of solution.

Nevertheless LSPR spectroscopy can address questions such as specificity of an interaction, kinetics,
affinity, and concentrations of selected molecules present in a sample of interest, up to now most
publications in the field concern with lipid vesicles adsorption kinetics.

The results displayed and analyzed in the previous chapters, which are summarized and highlighted in
the following conclusions, expanded our comprehension of relevant aspects for the biointerfaces
science that could pave the way towards the interpretation of the complexity of the biomolecular
adsorption phenomena.

- Kinetics study of competitive protein adsorption at hydrophobic and hydrophilic surfaces

The study of the adsorption kinetics of single and binary solution of Fibronectin and Albumin proteins
onto hydrophilic and hydrophobic silicon oxide surfaces reveals non Vroman behavior at short
adsorption time (i.e. 1 hour) with heavier Fibronectin adsorbing faster and in larger amount than
lighter Albumin on both surfaces. It is suggested that in the peculiar experimental conditions we used,
i.e.,, pH 7.4 and relatively high ionic strength (NaCl 0.1M), the adsorption process is driven by
electrostatic forces disfavoring the adsorption of the smaller proteins having a radius of gyration
comparable to the Debye screening length, i.e., increasing the efficiency of the repulsive forces with
surfaces of the same charge. Moreover, our results shows that the dynamics of competitive protein
adsorption can be envisioned from the diffusion coefficients and the affinity constants obtained for
single protein adsorption. This finding suggests that the binary proteins solution behaves ideal
without protein-protein interactions leading to interfering effect such as clustering or association.
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- Kinetic discrimination of DNA single-base mutations by localized surface plasmon
resonance

The effect of point mutation on the hybridization rate for ssDNA target solution interacting with
surface anchored ssDNA probes was investigated in both competitive (mixture of targets) and non-
competitive (pure target) conditions. It has been found that the presence of a single base mismatch in
a 93-mer sequence is enough for observing significant difference in both hybridization rate and
affinity, as demonstrated by the lower limit of detection determined for the complementary DNA
strand with respect to the mutated one. Moreover, it has been shown that the mismatch sequences
play a clear inhibition role on the hybridization rate of perfect match strand from a binary mixture of
targets. This enables to develop a method for revealing and quantifying the mismatch target in a
mixed sample with perfect match measuring the decrease in the overall hybridization rate.

- Influence of pH on the kinetics of phospholipid vesicles adsorption studied by LSPR
technique

The study of the dynamics for POPC vesicles adsorption on silicon oxide surfaces shown that the
formation of the supported lipid bilayer is strongly affected by buffer pH. In particular, below
physiologic pH, vesicle adsorption has been accounted by a single-exponential function. This finding
according to the literature indicates that the incoming vesicles rupture upon contact with a surface
before a critical surface coverage is reached. Moreover, no significant variation in the adsorption rate
is measured over the investigated range of pH (3- 6), suggesting that the vesicles-surface interaction
is driven by Van der Waals and steric forces. On the contrary, above the physiological pH, vesicles
adsorption follows a two-step mechanism, in which the first step is slow, corresponding to the
adhesion of intact vesicles with surface, and the second one is fast, consisting to the vesicle rupture
following by the fusion of the bilayer patches. Furthermore, it is observed that the rate of first step is
linearly dependent on the pH over the range (7.4-10). Since POPC vesicles are zwitterionic over the
investigated pH range, the observed effect may be due to the increased negative charge of surface,
indicating the process is modulated by electrostatic vesicle-surface repulsion.

- Preliminary experiments on pH-induced reversible stretching-contracting modes in
stimuli-responsive peptabiotics.

Preliminary study on the pH-responsive behavior of Trichogin GA IV analogs bearing lysine groups
reveals that these system are able of rapid and reversible switching between extend and collapsed
conformations. The proposed mechanism for the pH-response was that the peptide assumes an
extended conformation to minimize the electrostatic repulsion forces that arise upon protonation of
lysine group at low pH. Moreover, it has been found that the swelling factor determined for the L20
peptide, i.e. Trichogin dimer, is almost twice with respect to that for the Lipo-Lys peptide, i.e.
Trichogin monomer. This finding suggested the possibility to modulate the swelling factor controlling
the degree of polymerization of the polypeptide. However, in order to verify the results of this
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preliminary study further experiments are in progress in our lab. In this respect, the planned analysis
of novel Trichogin GA IV analogs with an higher degree of polymerization will make possible to
improve our knowledge of the phenomenon and validate some of the hypothesis formulated.

113



114



APPENDIX 1.
COMPLEMENTARY EXPERIMENTAL TECHNIQUES
A.1 Quartz Crystal Microbalance with dissipation monitoring (QCM-D)

A.1.1 Fundamental principles of the QCM-D technique

QCM-D is a well-established technique for the simultaneous monitoring of mass load (in ng/cm’
range) and energy dissipation obtained from change in the resonant frequency and the damping of a
vibrating sensor [1].

The QCM-D setup consists of a thin AT-cut piezoelectric quartz crystal sandwiched between two gold
electrodes evaporated on its two faces [2]. When an AC-voltage is applied over the electrodes, the
crystal can be made to oscillate in a shear mode, i.e. perpendicular to the applied electric field [3].
Resonance will occurs when the thickness of the plate (t;) is an odd integer (n) of half-wavelength of
the induced wave according to the following equation [4]

A
! =n— Eq.59
5 q

The resonant frequency, f, is then given by:

v
f=n—=nf, Eq.60

ZZq
where v is the wave velocity in the quartz plate [5].
Resonance is also observed at so-called overtones of the fundamental resonant frequency, which
respond to changes in mass in a manner similar to the fundamental frequency. Only odd-numbered
overtones can be produced, yielding overtone resonances at, e.g., 15, 25, 35, ... MHz for a 5 MHz
crystal [6].
The width of the crystal resonance is very narrow, which gives an extremely well-defined resonant
frequency and the ability to measure changes in the resonant frequency very precisely [7]. Since the
resonant frequency is determined by the total oscillating mass, which also includes all mass that is
coupled to the surface, it can be used to measure the mass adsorbed on the surface in real time
without need for any labels [8].
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An increase in mass (Am) bound to the quartz surface causes the crystal oscillation frequency to
decrease, obtaining a negative shift in the resonance frequency (-Af) [9]. A good approximation for
the mass adsorbed to the sensor surfaces is the Sauerbrey relation [10]:

Am =—kAf Eq.61

where k is the mass sensitivity of the crystal (~18 ng/(Hz xcm? for a typically used 4.95 MHz crystal
[112]).

The Sauerbrey relation concludes that the change in resonance frequency is proportional to the
change in the adsorbed mass. It holds if the adsorbed layer is rigid, if the added mass is small
compared to the weight of the crystal, if there is no slip in the metal/layer interface, and if the layer is
homogeneously distributed on the surface [12].

An acoustic sensor operated in liquid will lose the mechanical energy stored in the oscillation at a
much higher rate than when operated in gas or vacuum, since molecules in the liquid environment
move with the oscillating surface [13]. The magnitude of these losses depends on the density and
viscosity of the liquid [13]. The extinction depth of the shear wave is given by [14]

5= |1 Eq.62
nrw fp

where n is the viscosity and p the density of the medium.

For a 4.95 MHz crystal in water this yields & ~ 250 nm for the fundamental resonance frequency [15],
and as can be seen form equation 31 the extinction depth will decrease approximately as the inverse
square root of the overtone number, n. (see Figure 41).

Figure 41. QCM shear wave penetration depth [16].
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However, when the adsorbed film is hydrated (and or soft) the Sauerbrey equation is less accurate
and underestimates the deposited hydrated mass per unit area [17]. As a soft film (viscoelastic) does
not completely couple to the oscillation of the quartz crystal and will show a damping or dissipation
effect [17]. Monitoring dissipation enables qualitative analysis of the structural properties of
adsorbed molecular layers [18] (see next paragraph for further details).
Dissipation (D) is defined by [19]

E

stored

where Ej o is the energy lost (dissipated) during one oscillation cycle and Egoreq is the total energy
stored in the oscillator.

The technique to measure the dissipation factor is based on the fact that when the driving power to a
piezoelectric crystal oscillator is switched off, the voltage over the crystal, A(t), decays as an
exponentially damped sinusoidal with time, t [19]

t

At)= Aye* sin(27ft + @) Eq.64

where Aq is the amplitude of oscillation before switching off the driving power, t is the decay time
constant, f the frequency and f is the phase angle. The decay time constant is related to the
dissipation factor [19]:

D:L Eq.65

T

A.1.2 QCM-D data analysis

For a typical biomolecules adsorption experiment, QCM-D data vs. time will shows that the
adsorption causes an initial rapid frequency decrease (mass increase) followed by a slower frequency
decrease as the surface coverage saturates [9]. The D-shifts are positive and display kinetics similar
(but not identical) to the f-shifts (Figure 42) [20]. The frequency (Af) and dissipation shift (AD) plotted
are calculated as the difference between the value at each instant of time and the initial value fg, Dg
acquired when the crystal is surrounding of aqueous solution that contains no adsorbent molecules
[21]. Therefore, the data plotted shows only the changes due to the presence of adsorbed molecules
on the surface and does not consider shift in frequency and dissipation induced by the fluid
surrounding the crystal, such as liquid trapped in cavities or porous of the surface, that increase the
mass value, and the loss of energy induced by the liquid during the oscillation of the crystal [22].
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Figure 42. Frequency and dissipation shift for human serum albumin (HSA) (red curves) and fibrinogen (blue curves)
proteins adsorption. Samples contained 250 ug/mL protein in PBS.[23]

An important consideration is that the device measure a response proportional to the total mass
added on the sensor surface [24]. The total mass is in most cases not proportional to the actual
number of adsorbed molecules, since biomolecules are in aqueous solution, it is possible to have a
significantly increase in weight due to the bond water and, moreover, water trapped between the
adsorbed molecules may be sensed as an additional mass [25]. This obscures the true mass
adsorption kinetics even for simple adsorption processes, but can, when properly understood and
addressed with complementary measurements, lead to greater understanding of the adsorption
process and the properties of adsorbed thin films [26]. Furthermore, the amount of water influences
the viscoelasticity of the adlayer and consequently the dissipation; in particular a high quantity of
water induces a higher loss of energy [27].

Generally, since Af and AD show different time dependencies, a useful and revealing way of exploring
Af -AD relationship is to plot AD vs. Af (called the D-f plots) [28] as shown in Figure 43, where time is
eliminated as an explicit parameter. This plot is useful to evaluate the structural properties of the
adlayer because it relates how much dissipation is caused per unit of frequency change (mass) [29].
Changes via slope suggest structural alterations within the adsorbed layer as the adsorption proceeds
[29]. In other words, this plots gives an estimate of how new mass added affects the structure on the
surface: the higher the AD/Af slope, the higher the dissipation per unit added mass, signaling an
increasing water content in the protein film forming a less rigid protein layer.
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Figure 43. Dissipation vs. frequency plot for bovine serum albumin (BSA) adsorption on positively (hydrogen-terminated)
and negatively (oxygen-terminated) charged diamond surfaces [30].

A.2 Attenuated total reflection (ATR) Fourier transform infrared (FTIR)
spectroscopy

A.2.1 Fundamental principles of ATR-FT-IR

Infrared Spectrum (IR) is mainly used to study molecular structure and composition in substances and
thus is also called molecular spectrum [31]. When the sample is exposed to infrared light with
continuously changing frequency, the molecule absorbs irradiation of certain frequencies and is
subject to vibration or rotation, thus to cause the change of dipole moment. The molecule’s transition
from normal state to excited state weakens the intensity of the corresponding transmitted light in the
absorption region, generating absorption IR spectra [32].

Surface IR spectroscopy was widely used for biosensors, first, to monitor the preparation of
biosensors starting by the very preliminary surface functionalization step, often the formation of self-
assembled monolayers (SAMs), and second, to investigate the attachment of biomolecules or
receptors to the surfaces, and finally, as a transduction technique for biorecognition and binding
events [33].

Various IR spectroscopy modes of operation are used for biosensors, including the simplest
transmission mode [34]. Yet, for the sensitive detection of adsorbed small molecules, the use of
surface-enhancement mechanisms is mandatory [33]. Among these modes, the most commonly used
is: Attenuated Total Reflection InfraRed (ATR-IR) Spectroscopy [35].
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The ATR-IR uses the phenomenon of a complete reflection during the transition of IR radiation from
an optically denser medium (prism) to thinner medium (sample) [35]. A sample is placed on the IR-
transparent prism surface with a refractive index being always higher than that of the sample (Figure
44) [36].

Reflected radiation Incident radiation

Ge crystal

Sample

Evanescent wave

Figure 44. Graphical Representation of ATR phenomenon [36].

The radiation beam is directed by one of the prism wall to the prism-sample interface at angle 6
higher than the limiting. Under these conditions, a complete reflection occurs at the internal prism
side and the beam reflected comes out through the second prism wall, where the beam intensity and
absorption spectrum are recorded. During the total internal reflection in the optically thinner medium
(sample) is formed an electromagnetic wave, so-called evanescent wave that fulfills the condition of
the continuity of electromagnetic field vectors at the interface of media with various wave refractive
indices, n; and n; [36]. The evanescent wave penetration depth (d,) in sample depends on the IR
radiation wavelength (A), incident angle, (), prism refractive index, (n1), and sample refractive index
in relation to the prism (n,,1) and is expressed by the following equation [37]

d = A Eq.66

! [2ﬂn1 [sin2 0—n,’ ];J

Along the path of IR evanescent wave the sample selectively absorbs energy to decrease the intensity

of radiation. The weakened wave returns to the prism and then to an IR detector. There the system
generates an FTIR-ATR absorption spectrum characteristic of the given sample. The FTIR-ATR
absorption spectrum slightly differs from that obtained by the transmission method. The differences
concern the intensity and frequency of absorption peaks characteristic of chemical groups in view of
the phenomenon of reflection, e.g. Goos Hanchen’s displacement [38]. Thus it is necessary to take
corrective action that can be realized automatically [39].
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The penetration depth of IR beam can be controlled within some range by selecting an appropriate
prism (selection of the refractive index) and the incident angle of beam [40]. The commonly used
prisms are made of diamond, germanium, silicon and ZnSe, whose refractive indices are equal to 2.4,
4.0, 3.4 and 2.4, respectively, and the beam penetration depths: 2.03 um, 0.67 um, 0.84 um and 2.03
um, respectively, at v = 1000 cm ™ [41].

During testing sub-micrometric coating, the beam penetrates a higher depth than the coating depth
and also passes to the substrate, on which the coating is deposited. The absorption spectrum then
constitutes a superposition of the spectrum of coating material and substrate. In such cases,
qualitative analysis is carried out, which takes into account the absorption spectrum of substrate [42].

A.2.2 ATR-FTIR information

ATR-FT-IR spectroscopy enables the chemical identification of surface adsorbed species by the
assignment of their diagnostic IR bands [31]. Indeed, wave number position, number of wave peaks of
infrared absorption band and the intensity of absorption band indicate the characteristics of the
molecular structure, and thus can be used to identify the structural composure of the unknown
objects or its chemical groups [32].

Moreover, infrared absorbance measurements performed in ATR-FTIR mode can be used to
determine the thickness of thin film adsorbed adjacent to the ATR crystal according to the following
method [43].

For the individual functional group in the depth direction, the relationship of its concentration profile
C(z) and ATR absorbance A, can be written as [44]

2z

e
A=nZl—EOEIC(z)e[ ) dz Eq.67
cosd <

where A is the integrated absorbance, € is the integrated molar absorptivity (measured by
transmission experiments and using Beer’s law), z is the distance from the IRE surface (cm) and C(z) is
the concentration as a function of distance from the IRE (mol I™%).

In order to resolve C(x) it is necessary to assume a specific function form of C(x). According to the
literature [45], it is convenient to use a step functions as C(x) for modeling the concentration profiles
of the adlayer as shown below

Mx when x<d,
C(x)= Eq.68

N(x—d,) when x>d,

where x is the distance from the outmost surface in the depth direction, dyis defined as the thickness
of even polymer coating; M, N is constant, which is independent of x.
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Adding Eq. 68 to Eq. 67, we obtain,

2d, 2d 2d

Ele( Md 0 ad o 4

A="2208 T prge v —Me T2 _d Ne  + N Eq.69
cosé 2 2 2

Equation 69 is a multiparameter function, which brings some difficulty in calculating and
measurement. Therefore, to obtain a resolvable equation associated with feasible measurement, two
assumptions are proposed as follows:

Assumption 1: being relative to d,, do is so low that it could be ignored when calculating d,/do; that is
2d,

do/do=1, e % =1; asaresult, Eq. 70 is derived from Eq. 69 [46]

2
_ ny Ey€

d
A {NTP —(M+N)d0} Eq.70

cosd

Assumption 2: the coating is completely transparent to the frequency selected for the analysis, that is,
no absorption and therefore M =0. This assumption could be satisfied experimentally, by using a
special group that is only contained in the bulk substrate. This group and one of its characteristic
frequencies are named by us as the reference group (RG) and the reference frequency (RF),
respectively. Ideally, RF should not be overlapped by any part of the absorption frequencies of the
coating. As a result, Eq. 70 could be simplified as Eq. 71 [46]

A= n21E§€ N(dp —2d,)

Eq.71
cos 6@ 2 9
For a blank substrate, dp=0, the adsorption area of RG near RF is named as Ay
E; d
A, = MN_” Eq.72
cos @ 2
Dividing Eg. 71 by Eq.72, we obtain Eq. 73
A 2
—=1-—d, Eq.73
4, d,

In this equation, dg is a constant, and d, could be calculated through Eq. 66 under a given frequency
and incidence angle, while A and Aq are obtained respectively from the spectra at every incidence
angle. When we define 2/d, as x, and A/A as y, a theoretical linear equation could be obtained as
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y =1 - xdo, where the slope is do. Therefore, for a sample, through changing the incidence angle, a
series of A/Ao, associated with d, could be obtained, and if Eq. 73 is tenable, a linear correlation
should be presented after plotting A/A; versus 2/d,. Thus, do as the slope of the line could be
obtained [47].

The principal benefit of ATR sampling comes from the very thin sampling pathlength and depth of
penetration of the IR beam into the sample [48]. The drawback of ATR technique is a relatively low
sensitivity and susceptibility to the effect of environmental conditions, which makes it necessary to
calibrate the IR spectrum [39].

A.3 Atomic Force Microscopy (AFM)

A.3.1 Basic principles of AFM

The AFM is a conceptually simple apparatus [49]. A sharp probing tip is attached to situated at the
apex of a flexible cantilever-type spring that is often a diving board or V-shaped, usually made of
silicon. The AFM utilizes a piezoelectric scanner that moves the sample in 3 dimensions by a sub-
nanometer amount when a voltage is applied (Figure 45). To form an image, the tip is brought close to
the sample and raster-scanned over the surface, causing the cantilever to be deflected due to probe-
sample interactions. A line-by-line image of the sample is taken by scanning digitizing the deflection of
the lever or the z-movement of the scanner as a function of the lateral position x, y, which is itself
detected using laser light reflected off the back surface of the cantilever onto a position-sensitive
photodiode detector [50].

Laser
source

Photodetector

Cantilever
and tip

Sample

Computer and
feedback controller

Piezo tube

Figure 45. Schematic representation of the main components of an atomic force microscope (AFM) [50].

Typical spring constants are between 0.001 to 100 N/m and motions from microns to = 0.1 A are
measured by the deflection sensor [51]. Typical forces between probing tip and sample range from
10™ to 10® N [52]. Therefore, non-destructive imaging is possible with these small forces. Two force
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regimes are distinguished: Contact and non-contact mode. When the microscope is operated in non-
contact mode at tip-sample separations of 10 to 100 nm, forces, such as van der Waals, electrostatic,
magnetic or capillary forces, can be sensed and give information about surface topography,
distributions of charges, magnetic domain wall structure or liquid film distribution [53]. At smaller
separations of the order of A the probing tip is in contact with the sample. In this mode, ionic
repulsion forces allow the surface topography to be traced with high resolution [53]. Under best
conditions atomic resolution is achieved. In addition, frictional forces and elastic or plastic
deformations can be detected under appropriate conditions [54].

A.3.2 Modes of operation

Among the different ways to operate with AFM the results presented in this thesis have been
measured in contact, also called dc-modes, and tapping mode, also called ac-modes [55]. In the static
mode, the cantilever-type spring bends in response to the force F which acts on the probing tip until
the static equilibrium is established. As derived from Hooke’s law, the deflection z; of a cantilever is

proportional to the force F'=c,z, where the proportional constant is the spring constant cz. A beam
with constant cross section has a spring constant which is given by [56]

_3EI

Cp —1—3 Eq 74

where E is the Young’s modulus, / the length and / the moment of inertia. For a rectangular beam of
width b and thickness d the moment of inertia / is given by [57]

_ bd?
12

1

Eq.75

With the dimensions | x 10 x 100 pm? of a rectangular Si-cantilever (E=1.69.10'N/m?) a spring
constant of ¢z = 0.42 N/ m is derived. In the static, mode typical forces between 10*° to 10° N are
measured [52].

While scanning the surface, variation of the deflection are measured by laser beam shift and feed
beck to scanner, whose readjust height of the sample relative to the probing tip to keep deflection
constant. Consequently, the force applied on the sample held constant. This mode is called equiforce
mode, is the most common mode [58].
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In the dynamic mode the lever is oscillating close to its resonance frequency. A distance-dependence
force (F,) shifts the resonance curves. The equation of motion of the rectangular beam is given by [57]

oy +£8‘P2

' B o =F(x,2) Eq.76

where u :? is the mass density. With the Ansatz ¥ =Y(x)7(¢) the differential equation can be

separated. The time dependent part is described by a harmonic equation T+ @’T =0. The n'"
Eigenfrequency is given by [59]

k1) [EI (k1) |
fn:% _:u ‘s Eq.77
22 V. 23z \m
where f, = 27w, and k,, depends on the space dependent part and therefore also depends on the

force acting on the tip.

. . OF .
In first approximation only the force gradient F =8_ influences the resonance frequency. An
z

effective spring constant is defined by [54]

cff=cB—F' Eq.78

€

A repulsive force ( F’ < 0) stabilizes the spring and increases the resonance frequency, whereas an
attractive force destabilizes the spring and lowers the resonance frequency [60]

c, —_F
£, =032,/~L =032,/ Eq.79
m m

In the ac-mode the feedback loop either asserts constant amplitude (slope detection) or keeps the
frequency constant (FM-detection) [57]. Both methods have the same physical content: The

resonance curve is fixed to a certain position during the whole scan and profiles of constant gradient
are measured. In the ac-mode, force gradients between 10®° and 10' N/m are measured. With a

simple force law of the form F(Z)ZCOIZSZXZ_n the corresponding forces at a distance of z = 10 nm
range is between 10" to 107 N [52].
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A.3.3 Information obtained from AFM

Since AFM has been develop in the late eighties, it has been used as high resolution imaging
(nanoscale range), on a variety of substrate and biomolecules including metals, polymers, protein or
even cells [61]. More specifically, in study of adsorption process, force microscopy allows to correlate
the average (i.e. macroscopic) film properties measured by using mean-field biosensor techniques,
e.g. LSPR or QCM-D, to molecular states of the film [62]. However, this technique, has a low time-
resolution, are technically demanding and time-consuming risk influencing the sample by the
interaction with the AFM tip and are limited in probing areas for which statistics are low and
fluctuations could become important [63].
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Clinical application of DNA microarrays used for screening of single nucleotide polymorphisms (SNPs) are
very important for diagnosis of diseases and appropriate treatment of patients. In this paper localized
surface plasmon resonance (LSPR) technique has been used to study the DNA hybridization process for
binary solutions of respectively perfectly matching (PM) and single base mismatching (MM) 93-mer
ssDNA from KRAS codon 12. 5'-thiol modified 35-mer ssDNA has been linked to the Au nanodisks array
as probe with a surface coverage of 2.8 + 0.1 x 10'2/cm?. Probe’s binding properties was investigated in
details, obtaining a sensitivity down to 10 nM and 13 nM, respectively for PM and MM, showing that the
hybridization process occurs at a lower rate for MM with respect to PM target. The competitive hybridiza-
tion is accounted for by an inhibition model, where the non-complementary sequences kinetically hinder
the hybridization of the perfect matching sequences, owing to their above mentioned affinity constant
differences for the same probe. Accordingly, the single nucleotide polymorphisms can therefore be
revealed in a single step and label free mode with high sensitivity and specificity by LSPR measurements.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Single base polymorphisms (SNPs) are the most abundant and
common form of genetic variation [1] and are prevalent in clinical
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issues [2]. For instance, point mutation in the Kirsten Rat Sarcoma
viral oncogene homologous (KRAS) gene codon 12, 13, and 61 are
associated with the development of certain pancreatic and lung
cancers [3] and their detection is critical for the selection of the
appropriate type of treatment [4].

Until today the most used technologies designed to reveal SNPs
are based on the principle of allele-specific hybridization, relying
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on the ability of oligonucleotide probes to bind selectively to DNA
target sequences [5]. DNA microarrays via surface are based on
oligonucleotide probes immobilized on the chip surface. Typically,
the DNA chips require expensive fabrication processes [6,7].
However, the most notable limitations are associated with the
employed detection method. Indeed, the highly sensitive nature
of hybridization assays with single base discriminatory capabilities
requires a comparably sensitive detection method to reveal the
small changes in analytical signal produced by a single nucleotide
mismatch, which produces difference of melting temperature (Ty,),
less than 3 °C [8]. DNA hybridization was conducted on sensing
systems based on unnatural probes having lower binding affinity
during hybridization resulting in a decline of T, up to 15 °C and
inducing a high sequence specificity [9]. The discrimination of
one or more mismatches was generally accomplished by adjusting
the hybridization conditions such as temperature, ionic strength,
formamide concentration, or other dissociation conditions of the
probe and target duplex [10]. Despite significant developments
obtained by using various nanomaterials-based SNP assays cou-
pled with a number of different readout strategies, the more
important limitation for SNP analysis remains the quantification
of extremely low abundance SNPs in an overwhelming background
of wild-type genes in clinical settings [11].

Moreover, numerous statistical models have been created to
evaluate the hybridization of nucleic acid targets using end-point
analysis [12]. Additionally, several authors have proposed mecha-
nistic models of single-component hybridization combining mass
transport of target and chemical interactions on the surface of
the array [13]. Their efforts resulted in an emerging consensus
theoretical approach, which addresses the effects of three-
dimensional and two-dimensional (surface-bound) mass transport,
and surface chemistry, i.e., probe interactions, probe density, and
steric hindrances by introducing efficient (or apparent) rate con-
stants or more complicated rate functional parameters. However,
all of these studies use a single analyte case for building the
models, which limits their applicability in interpreting multi-
component mixture, while only a few reports deal with the dis-
crimination problems in mixed DNA targets solutions [14].

In this respect, many conventional SPR-based methods have
been developed for SNP sensing, aiming to set direct, label-free
detection strategies [15], i.e. avoiding the use of additional biomo-
lecules (i.e. proteins, enzyme, etc.), nanoparticles or intercalating
agents to discriminate single base mismatch target. This in view
of skipping the drawbacks due to enzyme and protein interference
with DNA hybridization [16] or with NPs possible aggregation on
the sensing surfaces, thus preventing the further use of the sensor
[17].

In the last year, sensors based on localized surface plasmon res-
onance (LSPR), recently have been subjected to a great scientific
interest as an alternative technique to the conventional optical
SPR [18]. Indeed LSPR technique allows to take profit from two
peculiar features of the sensor structure. In particular, at first one
may take advantage from the peculiar configuration of LSPR sen-
sors, consisting in an array of gold nanostructures deposited on a
glass substrate, allowing to overcome the critical problem, affect-
ing both SPR and OWLS technique, of the long range sensitivity
to the changes in the refractive index extending far away into
the solution. In fact, the gold nanostructure employed in the LSPR
experiment allows to confine the sensitivity to the medium refrac-
tive index changes to 5-30 nm into the solution. This enhances in a
peculiar way the sensitivity to the refractive index changes at the
very interface between nanodisks and solution [19].

Secondly, the possibility of using uncovered gold nanostruc-
tures distributed onto a SiO, surface enables to take profit of the
simple thiol chemistry to bind DNA to the surface. In the case of
SiO, sensing surface of OWLS the surface modification technique

are the classical and more complex ones based on [20] a variety
of saccharides (such as dextran, gelatin, heparin, etc.) or biomole-
cules (biotin, streptavidin, etc.) via covalent coupling to silanized
waveguides, for example. Different terminal functionalities,
such as amine, hydroxyl or carboxyl are also available and allow
the further modification of the sensor surface if required by the
application.

Analogous to SPR, LSPR can be exploited for biosensing applica-
tions, as the wavelength is highly dependent on the refractive
index of the surrounding media [21]. The binding on the surface
of the nanostructures results in a refractive index change, causing
a shift in the extinction peak wavelength, Ap.x. However, few
reports are found in the literature about the application of LSPR
sensors for nucleic acids detection [18,22].

In this paper, we develop a single nucleotide mismatch detec-
tion method, relevant to KRAS-related pathologies, based on the
rapid DNA hybridization process in binary solution. Our approach
involves thiolated single strand oligonucleotides immobilized on
the nanostructured LSPR sensors, able to reveal the refractive index
changes following the DNA hybridization processes. In particular,
we have explored the effect of perfect and mismatch target con-
centration and its time dependence on the sensing performances
in a two-component system. The hybridization rate constants for
93-mer sequences are determined for PM and a single nucleotide
polymorphism (SNP) mismatch, at a well-defined ionic strength.
Additionally, the dynamics of the two-component system versus
a single-component system are analyzed, suggesting that the
intensity of the relative LSPR signal at a fixed time provides an use-
ful metric to quantify the MM strands fraction in PM-MM binary
solutions, i.e., the possibility of using the time response to reveal
the presence of single base polymorphism.

2. Materials and methods
2.1. Materials

All DNA strands were obtained from Purimex (Ellipsometry,
Germany) in double HPLC-purified grade. Synthetic oligonu-
cleotide sequences for probes and targets are listed in Table S1 of
the supporting information. The 5’-thiol-modified probe solutions
consisting of a 35-nucleotide long single strand DNA (ssDNA)
sequence (henceforth indicated as probe) (-CTA-) were prepared
by diluting to a final concentration of 300 nM in 0.1 M PBS and
stored at 5 °C. KRAS target length is chosen to be 93-mer to mimic
the PCR length sequence target and in order to minimize possible
secondary structure, which can lead to inhibited probe-target
hybridization and diminished sensitivity of the assay as well as
minimizing possible regions where the probes can bind nonspecif-
ically [23]. The chosen targets are the perfect match (PM) (-TAG-),
and the mismatch, (MM) (-GCT-) presenting the single base muta-
tion in the central part. The pure target solutions were prepared at
various concentrations ranging from 10 nM to 170 nM. The deion-
ized water was purified using a Millipore filtration system and
used in all experiments. All measurements were performed in
0.1 M phosphate buffered saline (PBS, pH 7.4) at room tempera-
ture. Target solutions were thermally denatured 2 min and snap
cooled 3 min, in order to obtain single-stranded targets before
using for the LSPR experiments.

2.2. LSPR instrumentation

LSPR measurements are performed in optical transmission
mode by using an Insplorion XNano instrument (Insplorion AB,
Goteborg, Sweden). A detailed description of the operating
principle of LSPR is reported in literature [24].
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Briefly, a white light beam entered the measurement chamber,
passed through the sensor chip (~4 mm? circular spot), and exited
through a quartz glass window. The transmitted light is collected
by a spectrophotometer, and data analysis is performed with the
Insplorer software package (Insplorion AB). The time resolution is
1 Hz. The spectral resolution of the plasmon resonance is deter-
mined by high-order polynomial fitting, and the centroid position
is calculated from the fit [25]. In this study two different types of
sensor chip, both purchased from Insplorion AB, have been used.
The first type consists of a glass slide decorated with gold
nanodisks, prepared by hole-mask colloidal lithography [26] (see
Fig. 1A for an AFM image of the sensor surface). This method yields
a partly random distribution of nanostructures on the substrate,
which combined with a large particle-particle separation, elimi-
nates both far and near field coupling between the particles so that
the measured optical signal reflects the optical (LSPR) response of a
single particle [27]. The second type of sensor has a further silicon
oxide film (thickness ~10 nm) deposited on top of gold nanodisks
by a plasma enhanced chemical vapor deposition (PECVD) tech-
nique (Insplorion AB).

The individual gold nanodisk has an average height and
diameter of 24 +2 nm and 118 + 5 nm, respectively as indicated
by the data of section analysis performed by atomic force micro-
scopy (AFM) technique with Nanoscope Illa controller (Digital
Instrument, Veeco, USA) (see Fig. 1B). The surface coverage is 9
disks per pm? (~7% of total area) and the average particle pitch
is 330 £ 30 nm.

The bulk sensitivity of the gold nanodisks is 210 + 17 nm per
refractive index unit based on a series of measurements performed
using water/ethanol mixtures (see Fig. S2 of SI). The measured
sensitivity is in line with previous data by other authors [28] it
was concluded that the sensitivity is sufficiently high for biosens-
ing purposes.

Immediately before experiment, both type of sensors are
treated with UV Ozone Procleaner (BioForce Nanoscience, Ames,
USA) for 15 min, then rinsed with Millipore water and dried under
a nitrogen flow.

For the Au and SiO, sensor chips, the LSPR plasmon peak,
recorded in PBS buffer solution, are found respectively at around
670 and 710 nm (see, e.g., Fig. S1). The baseline LSPR response is
recorded in PBS buffer solution. After stabilization of the signal,
the PBS buffer solution is replaced by the one containing thiolated
ssDNA oligonucleotide. During the experiment, the liquid sample is
introduced by peristaltic pump at a constant flow rate of
50 pL/min. After 7 min the pump is shouted down and the signal
is recorded until baseline stabilization is obtained (20 min). Then,
the PBS solution is again injected into the measurement cell.
Finally, the hybridization process is allowed by exchanging the
buffer solution with the one containing the ssDNA target strands.
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3. Results and discussion

In order to evaluate the sensitivity and specificity of the Au
nanodisk arrays as a biosensing platform, hybridization experi-
ments of perfect (PM) and mismatched (MM) oligonucleotides
target to the single stranded DNA probe immobilized onto the
surface have been performed.

Therefore, at first thiolated single strands of DNA 35 nt (probe)
have been immobilized onto the nanoplasmonic LSPR sensor,
whose length has been chosen to reduce the unwanted nonspecific
interactions [29,30].

The stability of the immobilized probes has been tested by
means of an accurate rinsing process with buffer. Finally, the
respective yield and rate of the hybridization process for PM
and MM targets have been monitored in situ. All data presented
in the following paragraphs are the mean of three indepen-
dent experiments + standard deviation (SD) (unless mentioned
otherwise).

3.1. Probes immobilization onto LSPR sensor

Typical extinction spectra of ssDNA oligonucleotide-modified
Au nanodisk arrays is shown in Fig. 2A. The specific binding of
ssDNA oligonucleotides caused a red shift in the LSPR resonance,
due to the variation of the refractive index from that of PBS buffer
(npps = 1.33) to that of the DNA layer (npnya = 1.46) bound to the Au
nanostructures [31].

The LSPR signal change, monitored in real-time after the ssDNA
probe injection (see Fig. 2B), can be used to figure out the probe
immobilization kinetic. The ssDNA probe molecules are stably
bound on the Au LSPR sensor surface as indicated by the negligible
Al change measured after the rinsing step. The anchoring stability
can be explained in terms of the synergic effect of the covalently
bound terminal thiol and the sequence of 10 adenines adjacent
to the linking group, which, according to literature, contribute to
the enhancement of the strength of interaction between the ssSDNA
probe and Au LSPR surface [32].

In order to rule out the possible effect of aspecific interactions,
the adsorption of ssDNA probe has been monitored also on SiO,
coated sensor. In this case, no shift is detected within the experi-
mental error, indicating that the immobilization process is basi-
cally driven by the specific formation of covalent bonds between
the ssDNA probe molecules with the Au nanodisks (see Fig. 2B).

Assuming that at the steady state, ssDNA molecules forms an
uniform adlayer on surface, the plasmon peak shift (1.1 + 0.2 nm)
can be converted in optical thickness [33] according to the
following equation:

A= 5[1 - e-i] (Nona — Mpuger) (1)

nm
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Fig. 1. Atomic force microscopy image of LSPR sensor decorated with gold nanodisks acquired in tapping mode (A) and section analysis (B).
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where S =72 nm/RIU is the bulk refractive sensitivity of the LSPR
sensor (see SI for further details), L = 27.2 nm the decay length of
the LSPR evanescent wave according to sensor specification, t is
the adsorbed protein layer thickness, npya = 1.46 and npygrer = 1.33
are respectively the bulk refractive index for the a uniform ssDNA
layer and the buffer solution [31].

The calculated thickness has been further converted in
adsorbed mass (M) according to the De Feijter’s equation [34],

M= t(nDNA - nbujfer) (2)

(@)

where dn/dc is the refractive index increment for a concentration
change assumed to be nearly constant for protein solutions, at a
value of 0.175 cm®/g [35].

In turn, from the adsorbed mass value the ssDNA surface
density, normalized for the gold nanodisks’ active area, has been
estimated to be of 2.8 0.1 x 10!? molecules/cm?, which corre-
sponds to ~3.5 x 10% molecules for each Au nanodisk.

In our condition the average [effective area]/[probe molecule] is
~35nm?, i.e., about seven times higher than the value calculated
(~5 nm?) for ssDNA strands of the same length under high ionic
force condition [36]. This rules out the possibility that steric
hindrance between DNA strands becomes a significant barrier to
hybridization [37]. Furthermore, the value of association rate con-
stant, estimated using a simple Langmuir Kinetics equation [37], is
1.64+0.02 x 10*M~'s7!, is higher than the one reported in
literature for the immobilization of the same length ssDNA strands
onto flat Au surfaces [38] (5 x 10> M~! s~1). This, in fact, suggests
that the nanostructures significantly enhance the rate of DNA
immobilization process.
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3.2. Evaluation of sensor performance

Fig. 3 reports the calibration curves generated reporting the
plasmon peak (Fig. 3A) and peak shift (Fig. 3B) (measured at
saturation) with respect to the concentration of PM and MM tar-
gets in solution. The signal increases with the target concentration
reproducing a Langmuir isotherm behavior for both types of target
over a concentration range from 10 nM to 170 nM.

Taking into account the three data points at low concentrations
(see inset in Fig. 3B), we obtained a regression line showing r? val-
ues of 0.964 and 0.941 for PM and MM target respectively. The
detection limit (LOD) of the LSPR DNA sensor was calculated as
three times of the standard deviation of the ordinate intercept
divided by the slope of the regression line [39,40]. As a result, we
found that the LOD for PM is about of 10 nmol/L, while for MM is
13 nmol/L (corresponding respectively to 40 and 52 fmol of target).
This sensitivity is in the same range of the ones obtained by using
fluorescence methods and PCR-based sequence recognition [5,7].

3.3. Kinetic of probe-target hybridization from single component
solution

The comparison of the kinetics of the probe- perfect matching
sequence (PM) and probe-single base mutated sequence (MM),
where adenine (A) is replaced by cytosine (C) in the MM sequence,
may be used to determine the dependence of the hybridization
process on the base mispairing.

The kinetic curves, obtained exposing the ssDNA layer to a ser-
ies of MM and PM solutions with concentration ranging from
10 nM to 170 nM are shown in Fig. 4A and B. The shift of the plas-
mon peak gradually increases with time both for the probe-PM and

0 60 120 180
C (nM)

Fig. 3. (A) Representative extinction spectra of the functionalized Au nanodisks after hybridizing with various concentrations of perfect match complementary DNA (PM) and
single base mismatch DNA (MM). (B) Calibration curves plotting the maximum peak shift at saturation versus DNA concentrations over the full range of concentrations (main

plot) and for the lower concentration point (inset), together with the fitted curves.
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probe-MM hybridization. The signal reaches the steady state at
shorter time for higher concentrations. In particular, for the highest
concentration (170 nM) is stabilized after about 16 and 27 min
respectively for PM and MM.

According to the literature [41,42], in order to evaluate the
hybridization rate constant, k., the hybridization process was trea-
ted as an adsorption process. Since we performed the hybridization
experiment under an excess of target strands compared to number
of probe molecules tethered on surface, we can assume that the
whole process can be treated as a pseudo-first order one [43,44],
according to the following rate equation [14]:

d(Al) dB

de e
where AL represents the plasmon shift, and it is assumed to be
directly proportional to the surface concentration of bound targets,
B. C is the concentration of target in solution and R, is the initial
surface concentration of probes.

In our experimental condition, dissociation rate constants are
negligible (no target dissociation is observed during post-
hybridization buffer rinse experiments) and therefore only one
variable (k,) is considered in the fitting analysis for surface kinetic
data. Moreover, if the negligibly small dissociation rate constant
was considered as a second fitting parameter, then the resulting
k, value obtained from fitting analysis does not change, although
it would have a larger error.

The solution of the previous equation is the following:

B =Rl

~ k,C(R: — B) 3)

_ e’(kubs[)] (4)

where k,ps is the apparent rate constant, depending on the target
concentration in solution according to the relationship reported
below:

Kobs = Ckq (3)

According to above assumptions, the peak shift as a function of
time, A, is proportional to the adsorbed mass at surface, i.e., to
the surface concentration of bound targets, B. Accordingly, a single
exponential function can be used to fit the experimental data,

Ay o [1 — e~ tkast)] (6)

Fig. 4C reports the Plot of the measured kops versus the target
concentration in solution, C, for PM and MM sequences. As one
can see, a linear relationship is obtained, as expected from
literature [12], which can be used to determine the intrinsic rate
constant k, by a simple linear regression.

In particular, the value of k, is found to be higher for PM
sequences, 1.46 +0.06 x 10* M~ !s~!, than the k, value for MM
sequences, 4.5+0.2 x 103M~'s™!. This confirms that the
hybridization of fully complementary strand (PM) is a significantly
faster process compared to the one of mismatched sequences
(Fig. 4A and B).

3.4. Competitive PM vs MM hybridization (binary solutions)

An important consideration for clinical translation is the ability
to detect a point mutation (i.e., the single base defect) in a mixed
sample [45], containing both mutant and perfect match DNA. In
order to determine the capability of the present method to detect
the mutation point, we investigated various binary solutions with
different mutant/perfect match molar ratio, maintaining constant
the total concentration at 40 nM.

The kinetic of hybridization for a 40:60, 50:50, 60:40, 70:30 and
80:20 PM/MM target solutions are shown in Fig. 5A. After injecting
the solution, the plasmon peak shift was measured at the same
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time for all the binary solutions, corresponding to the average time
(20 min) until the equilibrium is reached between the bulk concen-
tration and the corresponding hybridization steady state for the
40 nM reference PM concentration, taken as reference. After the
reference time the experiment was stopped.

As shown in Fig. 5A, the hybridization from the two-component
systems resulted in lower yield, with a lower peak shift compared
to the one measured for the reference 40 nM solution of pure PM
hybridization. In particular, the rate of hybridization is found to
decrease with the increasing fraction of MM in the binary solution.

This suggests that presence of MM target kinetically interferes
with the PM hybridization process, behaving as competitor.

In order to clarify this effect, we have applied the rate equation
developed by Bishop [14] to describe the hybridization rate for
mixtures of perfect match/mismatch targets.

The binary solution with PM and a MM target, can be described
by a system of equations similar to those used for pure target solu-
tion (see Eq. (1)). The equations have to reflect the consumption of
available probe sites due to both the match and mismatch:

dB™

ke (Rt B Bm“) (7)
mis
dgt _ kzﬂscmis <Rt _B"_ Bmis) (8)

where C™ corresponds to the concentration of perfectly matched
target, C™* corresponds to the concentration of the mismatch
target, B™ is the bound concentration by the match and B™ is the
bound concentration by the mismatch, with the corresponding
hybridization rate constants.

Since LSPR measures the rate of the overall hybridization pro-
cess, we have to consider the sum of the Egs. (5) and (6) obtaining
the following equation:

dB[Ot
dt
where B is the sum of the concentration of B™ and B™.

Due to the fact that, in our experimental conditions, the total
concentration of the binary mixture is constant (Cp), the Eq. (7)
can be rearranged as it contains only the concentration term of
the mismatch target:

dB™
dt

_ (k;ncm + k;niscmis) (Rt o Btor) 9)

- [k;"co — (K™~ kg"‘s)cmﬂ (R, — B (10)

where the term {I{Z"Co - (k;" - Icﬁis)Cmis] represents the apparent
rate constant (k,ps) for the hybridization from binary solution.

In Fig. 5B the ks values obtained by the Langmuir fitting of
LSPR curves reported in Fig. 5A, are plotted as a function of the mis-
match target concentration in the mixture. As reference value we
also reported the ks for pure perfect matched target at 40 nM. A
linear equation can fit the experimental points for two component
solutions indicating that the apparent rate constant decrease
linearly with the increasing mismatch target concentration.
Moreover, the value of the slope is found in fair agreement with
the above reported difference of hybridization rate constants for
perfect match and mismatch target (see Section 3.3).

Accordingly, in presence of the competing MM sequences, for a
given time, a higher amount of substrate molecules is required to
reach half of the AL maximum signal, with respect to the case of
the uninhibited case (Fig. 5A).

On the other hand, from the solid red line in Fig. 5B, represent-
ing the apparent rate constant for the mixture, we may figure out
an indication on the presence or not of mutation and we can also
estimate the relative molar ratios. This finding is obviously valid
under the assumptions that the two targets in the mixture adsorb

each with its own value of k,, that s, kI' > k' (see Fig. 4C) and that
the measurement of peak shift for the two-component systems
reflects the two-components composition of the solution.

4. Conclusions

In summary, we have investigated the effects of single base
mutation on the competitive hybridization rate between surface-
bound DNA probes and DNA target strands in solution.

LSPR sensors, that when compared to other optical techniques,
allows the detection of biomolecular interactions in localized sens-
ing volume skipping the interfering effect of the bulk of solution,
were used to demonstrated at first the efficient probe immobiliza-
tion on gold nanodisks in a nondestructive manner and also to
detect both perfect matching (PM) and mismatching (MM) targets
hybridization, with a limit of detention in the range of 10 nmole/L.

Furthermore, this allowed to measure the “effective” hybridiza-
tion kinetics and affinity for the various systems. Indeed, it has
been found a probe-PM target hybridization faster and stronger than
the one of probe-MM target interaction. In turn, the single compo-
nent isotherms determined for the two DNA strands enabled the
unraveling of the more complex process occurring for binary
solution.

Under the assumption that both PM and MM may hybridize
with the surface-anchored probes in the binary solutions, it has
been shown that the MM sequences play a clear inhibition role
on the hybridization rate of PM strand.
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In summary, the present approach, while keeping comparable
sensitivity with techniques as fluorescence or PCR-based methods,
allows the single step and label-free discrimination of subtle
hybridization steps, providing a valuable improvement with
respect to the recent literature, either employing in silico simula-
tions [14], or multistep processes implying manipulation of the
samples to be analyzed [12].

Further studies are in progress in our laboratory to exclude the
possible presence of single mutation sequences (MM) on the sens-
ing surfaces. We feel that the results here presented may provide
significant improvement in view of their application to the DNA
array-based technologies.
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Table S1. List of probe and target sequences.

Name Sequence (5°—3’)

Probe SH-AAAAAAAAAAGCCTACGCCACTAGCTCCAACTACC

GAC TGA ATA TAA ACT TGT GGT AGT TGG AGC TAG
TGG CGT AGG CAA GAG TGC CTT GAC GAT ACA GCT AAT

Perfect
TGA GAA TCA TTT TGT GGA CGA ATA

match target

GAC TGA ATA TAA ACT TGT GGT AGT TGG AGC TCG TGG
CGT AGG CAA GAG TGC CTT GAC GAT ACA GCT AAT TGA
GAA TCA TTT TGT GGA CGA ATA

Mismatch
target




Bulk refractive index calibration for LSPR sensor

The surface plasmon resonance phenomenon is very sensitive to changes of the refractive
index near the gold surface. Regardless of any surface-binding event, the increase of refractive
index around the nanostructure will induce a red shift of the maximum in the LSPR extinction

signal towards higher wavelengths. This value referred as bulk refractive index sensitivity (S bu,k)

characterizes the refractometric sensing performance of the LSPR system. It is defined by the

following equation

oA
Sbulkz( aspj (S1)
n

where Agp is the wavelength of the plasmon peak maximum and 7 is the refractive index of the
non-interacting medium close to the plasmonic nanostructures.

The bulk refractive index has been measured respectively for bare Au nanodisks array and for
the sensors coated with a 10 nm-thick silicon oxide layer deposited by PECVD (Insplorion AB,
Goteborg, Sweden). In Fig S1 are shown the representative extinction spectra for the bare and

Si0; coated Au nanodisk sensor chips, recorder in PBS buffer.



Bare Au nanodisk
—-SiO2 coated Au nanodisk

Extinction (a.u.)

500 600 700 800 900 1000
Wavelength (nm)

Fig. S1. Representative extinction spectra for the bare and SiO; coated Au nanodisks in PBS
buffer.

Srux has been evaluated according the method reported in literature'.

Water-ethanol mixtures of concentration spanning from 0 to 60% w/w have been prepared
resulting in a refractive index n = 1.33 to 1.37.
The calibration solutions have been injected into the measurement cell of LSPR instrument
followed by the rinsing with Millipore water. Sensitivity has been determined by plotting the
LSPR shift in plasmonic peak maximum wavelength as a function of the measured refractive

index (see Fig. S2).
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Fig. S2. Calibration curves for refractive index for bare Au nanodisks’ array (red circle point)

and Si0;-coated Au nanodisks’ array (blue square point). Solid black lines represent the linear fit

curves for experimental data.

According to literature, a linear relation between 1.33 and 1.37 refraction index units (RIU)
has been observed. Sensitivity (S bk )is the slope obtained from linear fitting.

As expected, the RI sensitivity of the Au nanodisks’ array is 210+17 nm/RIU, about 2.9 times

higher than that measured for SiO;-coated nanodisks (72+5 nm/RIU).
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ABSTRACT Localized Surface Plasmon Resonance (LSPR), taking profit of its capability to
reveal the “dry adsorbed mass”, was used to study the adsorption kinetics of single and binary
solution of proteins onto model hydrophilic and hydrophobic surfaces. The analysis of the
adsorption kinetics, consisting of a two-step process described as sequential diffusion-limited
and RSA processes, showed that competitive adsorption occurs, at physiological pH 7.4 and
relatively high ionic strength (NaCl 0.1 M), favoring the heavier protein (fibronectin, in our
case), which is shown to adsorb faster and in larger amount than the lighter one (human serum
albumin, in our case). This process corresponds, at least in the short term, to a non Vroman
behaviour. The effect is proposed to be driven by protein-protein and protein-surface
electrostatic interaction. In overall, the results provide useful hints to rationalize the behaviour of
complex solutions onto weakly or no charged surfaces.

KEYWORDS Localized surface plasmon resonance (LSPR), proteins, adsorption competition,
adsorption kinetics, Human Serum Albumin, Human Plasma Fibronectin.
Due to its very complex nature, the study of adsorption of plasma proteins to solid

surfaces has been mostly focused either on the quantitative aspects of adsorption of single



proteins, or the reorganization events responsible for the biofunctionality of the adsorbed
proteins [1]. Both these aspects of the protein adsorption processes are indeed very important,
but it seems obvious that the adsorption processes are strongly conditioned by the inherent
kinetics aspects of the whole adsorption process. Thus, important facts such as adsorption
selectivity or the adoption of a specific conformation of the adsorbed proteins must be discussed
in terms of the previous transport of proteins from the bulk of solution to the solid-liquid
interface as well as the kinetics of their binding to the surface, clearly involving also the range
and relative strength of the relevant acting surface-molecule interactions [2], and the kinetics of
the protein relaxation mode after adsorption [3].
In the last 15 years essentially acoustic and optical detection techniques have been used to
monitor the adsorption processes at interfaces [4]. All these techniques have specific strengths
and weaknesses regarding, e.g., use of molecule labeling, ease of use, type of information
gained, degree of transducer complexity, detection limits and how quantitative the obtained data
is [5]. In this context, one of the most used techniques has been the quartz crystal microbalance
with dissipation monitoring (QCM-D) allowing to investigate in real time the quantitative and
viscoelastic aspects of the protein adsorption [6]. However, a major drawback of the techniques
has been shown to concern the determined mass, as it has been shown to include significant and
unpredictable amounts of water molecules associated with the adsorbed protein layer and
adsorbent surfaces, i.e., the so called “wet mass” [7], thus yielding a basic uncertainty in the
interpretation of the data, especially when the matter of interest is the study of protein adsorption
on substrates with different hydrophobicity [8].

At variance of this, conventional optical techniques (e.g. surface plasmon resonance (SPR),

spectroscopic ellipsometry (SE), optical waveguide lightmode spectroscopy (OWLS)), based on



the analysis of refractive index changes produced by the protein adsorption events and being
insensitive to the solvent trapped in the protein adlayer [9], allowed the direct measurement of
the real amount of protein molecules in the adsorbed layer, indicated as “dry mass”.
Nevertheless, the decay length of the evanescent wave associated with these techniques is at least
one or two order of magnitude bigger than the protein layer thickness, limiting the depth
resolution of such techniques and making the data critically influenced by bulk refractive index
changes [10].

Recently, a new surface sensitive technique, i.e., localized surface plasmon resonance (LSPR),
has been developed, based on the sensing properties of evanescent waves propagating just for a
few nanometers from the sensing surface (5-30 nm) [11]. The LSPR technique has proved to be
particularly suitable for studies aimed to determine the real adsorbed masses of biomolecule in
ultrathin layers, whatever the nature of the substrate [12]. The present paper reports on the use of
LSPR to determine the real kinetics, i.e., skipping the perturbing effect of different hydration
contribution to the adsorbed protein mass, of single and competitive adsorption processes from
protein solutions.

In particular, we report the adsorption kinetics of Human Serum Albumin (HSA) and
Human Plasma Fibronectin (Fn) from single and binary solutions onto hydrophilic and
hydrophobic model surfaces, obtained by functionalization of nanostructured LSPR sensor chips
(Insplorion AB, Géteborg, Sweden), consisting of a glass slide decorated with gold nanodisks 25
nm high, with an average diameter of ~120 nm, spaced about 200 nm and coated with a thin
layer of silicon oxide (~10 nm) deposited on the top of gold nanodisks (Insplorion AB). This set

up, indeed, protects the plasmonic sensing elements from the harsh solution environment. The



arrangement of the nanodisks on the sensing surface is shown in the Atomic Force Microscopy
image reported in Fig. S1 of the Supporting Information.

Briefly (see SI for experimental details), the hydrophilic surfaces were prepared by treating
the LSPR sensor surface in an UV-O; discharge (these samples will be henceforth indicated as
Hyl-Si0,). The hydrophobic surfaces were prepared by depositing a monolayer of
Octadecyltrichlorosilane (henceforth indicated as OTS) on the surface of the Si0,-coated LSPR
sensor.

The real-time adsorption of the protein “dry” mass was detected by means of an
Insplorion XNano instrument (Insplorion AB, Goteborg, Sweden) (see SI for a detailed
description of the apparatus), providing the plasmonic peak shift (AL) as a function of adsorbed
matter and time.

Fig. 1 reports the LSPR response for the adsorption of HSA and Fn, respectively, onto Hyl-
SiO; and OTS substrates at 25°C from a 100 pg/ml protein solution prepared in 0.01 M
phosphate buffer (PBS), pH 7.4.

Assuming that each adsorbed protein, at the steady state, forms an uniform adlayer on both
surfaces, the LSPR response can be converted in optical thickness [13] according to the

following equation:

Aﬂ’ = S|:1 - e_z :I(npmtein - nlm/fer) Eq 1

where S=76.4 nm/RIU is the bulk refractive sensitivity of the LSPR sensor, L=27.2 nm the
decay length of the LSPR evanescent wave, ¢ is the adsorbed protein layer thickness,
Nprotein=1.456 and npuse=1.335 are respectively the bulk refractive index for the a uniform

proteinaceous layer and the buffer solution [14].



The protein adlayer thickness ca be further converted in dry mass (M) according to the De

Feijter’s equation [15],

n =N,
dn 4
dc
Where dn/dc is the refractive index increment for a concentration change assumed to be nearly

constant for protein solutions, at a value of 0.18 cm*/g [16].

2,0- __ FnonhyI-Sio,

i AN A B B B B SN s s e s i e o o o
1,54 {;‘-’w Fnon OTS
1

1,04 %

HSA on OTS

Ak, (nm)

-w

0,54
:M HSA on Hyl-SiO,
3

0,04
0 500 1000 1500 2000 2500 3000

Time (s)

Figure 1. Single protein adsorption curves by LSPR respectively for HSA and Fn solutions
(100 pg/ml, buffer PBS 0.01 M, pH = 7.4, T=25.0 °C).

Fig.1 reports the shift of the plasmon wavelength for the HSA and Fn adsorption processes,
which, converted in effective thickness by using equ.2, shows that, for both surfaces, the
adsorbed amount of Fn is higher than the one of HSA. Furthermore, while the amount of
adsorbed HSA is slightly higher for OTS surfaces (with an effective thickness of the adsorbed
layer t = 2.2 nm), than for Hyl-SiO; ( t = 1.5 nm), Fn adsorption follows an opposite trend, with a
higher adsorption onto Hyl-SiO; (t = 7.8 nm) than onto OTS ( t = 5.9 nm). It is to note that the
measured thickness of the adsorbed protein layers is lower than the protein native dimension

both for HSA (4x4x14 nm’) and Fn (16.5 x 9.6 x 2.5 nm’). According to well-established



literature, globular HSA predominantly undergoes a drastic denaturation process Fn is adsorbed
in a random/non-oriented fashion yielding the thickness reported above is intermediate between
the two molecular shorter axes, i.e., 9.6 and 2.5 nm. In overall, these findings are in nice
agreement with previous reports for albumin and fibronectin [17, 18]. LSPR experiments suggest
that the kinetics adsorption paths for the two proteins and the two surfaces can be simply
analyzed in terms of a two-step model, including a first, an almost linear and fast step
corresponding to a simple diffusion-controlled kinetic model [19], followed by a second slow
adsorption step, corresponding to a simple random sequential adsorption (RSA) model [20].

In particular, the first step can be fitted in the framework of the above mentioned diffusion-

controlled model by using the following equation [19]:

DL
M=2Cb"—l‘2 Eq.3
T

where M is the adsorbed mass, Cy is the protein concentration in the bulk solution and D is the
diffusion coefficient of the protein from the solution to the adsorbent surfaces. According to the
equation, we obtained that the very early rising adsorption steps are fitted with straight lines, one
characterized by a peculiar value of the diffusion coefficient D for each protein, corresponding to

the different slope of the adsorption process respectively for HSA and Fn (see Figure 2 A).
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Figure 2. (A) Protein adsorbed mass (ng/cm?) vs. square root of time (s"). The straight line fit of the 1** adsorption
steps is shown for each curve. (B) Rate of adsorption as a function of deposited mass density for HSA and Fn
solution (100 pg/ml, buffer PBS 0.01 M, pH = 7.4, T=25.0 °C).

It can be seen that, counterintuitively, the heavier Fn molecules adsorb with a faster diffusion-
controlled kinetics, with respect to the slower kinetics of HSA adsorption. A minor effect can be
seen to discriminate a slightly higher D value for HSA adsorption onto OTS, while as above
indicated, Fn appears to diffuse faster to Hyl-Si0O, surfaces.

The data of adsorbed mass at saturation and estimated diffusion coefficient are summarized in
Table 1. It is to mention that, for both hydrophilic and hydrophobic surfaces, the measured D are
about two or three order of magnitude lower than the bulk solution values reported, in similar
conditions of pH (7.2), buffer and ionic force, for HSA (Dpy= 6.4 x107 cmz/s) [21] On the
contrary, the measured D values for Fn are of the same order of the values reported in literature
for this protein (Dpux = 2.11x107 cm?/s) [22]. We suggest that the observed difference for HSA
diffusion coefficient can be related with repulsive protein —surface interactions strongly reduce to
the D values for the protein [23]. Indeed it should be pointed out that D represents an “effective”
diffusion coefficient, reproducing the success of adsorption events, critically depending on the

peculiar chemical and structural features of the adsorbent surfaces.



Table 1. Adsorbed mass, Diffusion coefficients (D) and RSA affinity constant (k,) for single and protein mixture on

Hyl-SiO, and OTS surfaces by LSPR.

Protein Surface Mass (ng/cmz) D Kk,
(cm?/s) (cm/s)
HSA Hyl-SiO, 85+5° (4.0+0.2"x10™ | (1.740.29x10°
OTS 120+5 (3.6+0.1)x10” (6.2+0.1)x10°
Fn Hyl-SiO, | 430+5 (4.140.2)x10” (6.6+0.3)x10™
OTS 33045 (9.1+0.3)x10™ (2.140.1)x10™
HSA + Fn Hyl-SiO, | 450+5 (4.5+0.4)x10™ (1.140.1)x10™
OTS 370+5 (7.240.5)x10” (3.910.2)x107

*Mean + Standard deviation; experiment was performed in triplicate;
®Standard error of the linear regression slope; R*>90%;
“Standard error of the Fit as derived from Nonlinear Least-square Fitting with Equation 4;

The second step of adsorption has been analysed according to the random sequential
adsorption model (RSA) [20], based on the relationship between protein adsorption rate (dM/dt)

and the protein adsorbed mass (M) shown below (see Figure 2 B):

2 3 3
d—MzmkaC,,[1+0.812 Ma +0.425{ Ma ] +0.0716{ Ma j ><[1— Ma J ] Eq4

dt mo mo mo mo

o0 00 0 00

where m is the protein molecular weight, k, is the adsorption rate constant, Cy, is the protein
concentration in the bulk solution and 0..=0.547 is the maximum coverage in the simplest hard
spherical particle approximation, assuming a cubic packing [24].

The RSA analysis confirms the surprisingly higher efficiency of the Fn adsorption events, well
represented by k, values (in the range of 10 cm?/s) which are about two order of magnitude
higher than the ones estimated for HSA (in the range of 10 cm?/s).

As the k, term in the RSA model represents the effective interaction success, we may argue
that the adsorption rate is controlled by the surface/protein interactions in the adopted

experimental conditions. In particular, at the pH 7.4, both HSA and Fn are negatively charged,



their isoelectric points being 4.7 and 5.5 [25] respectively, as well as SiO, and OTS surfaces at
the same pH [26]. In this framework, the high ionic strength condition employed in the present
experiments (0.1 M NaCl), determines an estimated Debye length lower than 0.8 nm [26],
suggesting that for the smaller (and lighter) Albumin, electrostatic repulsion is significantly
higher than for the larger (and heavier) Fn.

Further minor differences in k, value are seen both for HSA adsorbed on OTS and Hyl-Si0O,
and for Fn onto Hyl-SiO, OTS (see Table 1), reflecting the fact that a detailed balance must be
taken into account for the interaction of each protein with hydrophobic and hydrophilic surfaces.

In overall, D for the first step and k, for the second can be assumed as the probability factors
that any given protein-to-surface collision will result in an adsorption event, thus providing a
“measure” of the adsorption efficiency. Moreover, for both surfaces, the affinity constants are
homogeneously higher than the corresponding effective diffusion coefficient confirming that, in
the present experimental conditions, the adsorption process occurs in a diffusion limited regime.
The above discussed higher efficiency of the Fn sticking process with respect to HSA suggests
that this effect can be used to promote selective adsorption from complex protein mixture.
Accordingly, the behaviour of a binary protein solution (HSA+Fn, 200 png/ml) on both Hyl-SiO,
and OTS has been studied investigated, employing the very same experimental conditions
employed for single protein solutions. As shown in Fig. 3, it has been found that the protein
binary solution essentially behaves as the pure Fn solution, with the heavier Fn preferentially
adsorbing on both surfaces (see Table 2), also if, for both surfaces, the adsorption kinetic of Fn
for the mixture is slower than the one measured for the single component solution (Fig.4), and

reflected from the decrease of D and ks (about a factor of 10).
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Figure3. Competitive protein adsorption curves by LSPR for a binary solution of HSA + Fn (200 pg/ml, buffer
PBS 0.01 M, pH =7.4, T=25.0 °C).
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Figure 4. (A) Protein adsorbed mass (ng/cm?) vs. square root of time (s"%) for the HSA and Fn mixture. The straight
line fit of the 1* adsorption steps is shown for each curve. (B) Rate of adsorption as a function of deposited mass
density for HSA and Fn mixture (200 pg/ml, buffer PBS 0.01 M, pH = 7.4, T=25.0 °C).

Anyhow, the occurrence of the preferential fibronectin adsorption was further confirmed by
testing the adsorbed protein layer with specific antibody conjugation. The results is reported in
Fig.3, where a solution of specific HSA-antibody (Anti-HSA) is injected after the interaction of
protein mixture with SiO; surface reaches saturation. In fact, no detectable increase of the LSPR
signal is observed after the Anti-HSA addition, suggesting that is not present on Hyl-SiO,

surfaces, while, on OTS surfaces a small response was measured after Anti-HSA injection, being
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completely removed during the rinsing step with buffer, suggesting that a mere unspecific
adsorption occurred for the antibody molecules for hydrophobic surfaces.

On the contrary, when the Fn antibody (Anti-Fn) solution was injected, a relevant adsorption
step is measured on both surfaces, and no desorption was found after the buffer rinsing,
suggesting that the Anti-Fn molecules are specifically conjugated.

These effect suggests that a small amount of coadsorbed albumin may slow down the adsorption
of Fn.

In summary, the dynamics of albumin and fibronectin “dry mass” adsorption from single and
binary protein solutions, studied by taking profit of the capability of LSPR technique of
providing the “real” protein adsorbed mass, show that surprisingly, i.e., in spite of its much
higher molecular weight, Fibronectin adsorbs faster and in larger amount than albumin on both
hydrophilic and hydrophobic surfaces. According to the reported results, we surmise that this
non-Vroman behaviour is driven by electrostatic factors, enhanced in the peculiar experimental
conditions we used, i.e., pH 7.4 and relatively high ionic strength (NaCl 0.1 M), disfavouring the
adsorption of the smaller proteins, if the Debye length, in the peculiar conditions of the solution,
is close to their radius of gyration, i.e., increasing the efficiency of the repulsive forces with
surfaces of the same charge. Moreover, it turns out that the dynamics of competitive protein
adsorption is in agreement with the hypothesis that the diffusion coefficients and the affinity
constants obtained for single protein adsorption, remain also valid for binary solutions, i.e., there
is no interfering effect of proteins in solutions, such as clustering or association.

In conclusion, the obtained results pave the way to the understanding of the behaviour of

complex solutions onto hydrophilic/hydrophobic weakly charged surfaces.
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LSPR instrumentation

LSPR measurements have been performed in optical transmission mode by using an Insplorion
XNano instrument (Insplorion AB, Goteborg, Sweden). A detailed description of the operating
principle of LSPR is reported in literature [1].

Briefly, a white light beam entered the measurement chamber, passed through the sensor chip (~4
mm” circular spot), and exited through a quartz glass window. The transmitted light is collected by a
spectrophotometer, and data analysis is performed with the Insplorer software package (Insplorion
AB). The time resolution is 1 Hz. The spectral resolution of the plasmon resonance is determined by
high-order polynomial fitting, and the centroid position is calculated from the fit [2].

LSPR sensor chips characterization

The LSPR sensor chips have been used in this study, purchased from Insplorion AB, consists of a
glass slide decorated with gold nanodisks, prepared by hole-mask colloidal lithography [3]. This

method yields a partly random distribution of nanostructures on the substrate, which combined with a



large particle-particle separation, eliminates both far and near field coupling between the particles so
that the measured optical signal reflects the optical (LSPR) response of a single particle [4].

On top of gold nanodisks a thin layer of silicon oxide (~10 nm) is deposited by a plasma enhanced
chemical vapor deposition (PECVD) technique (Insplorion AB), in order to protect the plasmonic
sensing elements from the harsh solution environment.

The arrangement of the nanodisks on the surface after completed nanofabrication is shown in the
Atomic Force Microscopy image reported in Fig. S1 a. The individual nanodisk has an average height
and diameter of 25 + 5 nm and 150 £ 5 nm, respectively as indicated by the data of section analysis
performed by AFM technique with Nanoscope Illa controller (Digital Instrument, Veeco, USA) (see
Fig. S1 b). The surface coverage is 9 disks per pm?* (~7% of total area) and the average particle pitch is

330430 nm.

150nm

25nm I 330 nm

GLASS SUBSTRATE

Fig. S1. (A) Schematic description of LSPR sensor structure. (B) AFM image of LSPR sensor chip surface and
corresponding section analysis of individual nanodisks (C).

Surfaces preparation

Si0O,-coated LSPR sensor chips were treated with UV-ozone for 15 min then rinsed with Millipore

water and dried under a nitrogen flow. Following this treatment, LSPR sensor were either used without



further treatment for the adsorption experiments on hydrophilic surface or were coated with a
monolayers of octadecyltrichlorosilane (OTS) for the measurement on the hydrophobic substrate.

The OTS SAM was made by immersing a clean LSPR sensor into a 0.4 mM OTS (Aldrich, >90%
solution in a mixture (3:1) of hexadecane (Sigma, >99%) and chloroform (Sigma-Aldrich, 99.8%) at a
temperature (ca. 40 °C) in an ambient atmosphere for 60 min. The OTS sample was rinsed with a
mixture (3:1) of hexadecane and chloroform, chloroform and methanol. After being dried with a stream
of Ny, the SAM-coated sample was stored in a Petri dish.

Static water contact angle measurements were performed to characterize the two surfaces. The
surface wettability is analyzed by the sessile drop method with Milli-Q water using a half automatic
video-based contact angle meter (OCA30, Data physics). The droplet of 2ul was applied on five
different zones of each sample. The measured values were determined to be respectively 18 + 3° for
Hyl-Si0, surface and 100 + 2° for OTS surface, consistent with previous reported data [5].

Experimental method for protein adsorption measurement

All protein adsorption experiment were conducted according to the following experimental
procedure.

The blank solution (PBS, 0.01 M, pH 7.4) and protein solution (100 ug/mL in PBS, pH 7.4) were
pumped into the flow cell (channel cross-section and length is 1 x 2 and 5 mm, respectively) containing
the sensor chip using a peristaltic pump at a constant flow rate of 50 pL/min . The flow cell was
maintained at 25 °C by the thermoelectric circuit.

Before exposing the sensor chip surface to the protein solution, the surfaces were equilibrated with
the background environment by flushing with the blank PBS solutions. After steady-state was obtained
and a flat baseline indicating equilibrium was established, 200 pL of the protein solution was pumped
into the measurement cell, and it was allowed to adsorb for 60 minutes under static condition. After the

protein solution injection was complete, the adsorption process was monitored until the saturation was



reached. After that, a buffer rinsing for 10 minutes was used to remove reversibly adsorbed molecules
from LSPR sensor chip surface.

For competitive adsorption experiments, after the PBS buffer rinsing, further 200 pL of Monoclonal
antibody of Albumin (Sigma-Aldrich, product code n° A6684) solution (0.2 pg/mL in PBS, pH 7.4)
was introduced, and allowed to adsorb for 40 minutes under static condition in order to ensure it had
equilibrated. PBS buffer was pumped over the protein/antibody layer at a flow rate of 50 pL, until any
weakly bound albumin antibody molecules was removed from the surface. After the second buffer
rinsing, 200 pL of Polyclonal rabbit antifibronectin (Sigma-Aldrich, product code n°® F3648) solution
(0.2 pg/mL in PBS, pH 7.4) was introduced, and allowed to adsorb for 40 minutes under static
condition. Finally, a further PBS rinsing was performed in order to displace any weakly bound
fibronectin antibody molecules.

Identical experiments were carried out at least three times on each specimen to obtain statistical
information and representative data curves at median were reported herein.
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