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Abstract

Sensitive surfaces imply responsive elements lodged onto a carrier which
eventually allows for reaction, recognition and detention. Interfaces require fine
tuning for response performance optimization. Observation needs to be focused on the
two media common boundary. Currently, dextran based polymers are still a major
class of tunable materials for surface modifications. To simply and simultaneously
work as biocompatible spacer, antifouling agent, passivation means, and flexible
surface chemistry tailor, they require covalent binding to the support. Besides the well
defined chemical methods, photochemical procedures provide straightforward and non
invasive protocols to generate reactive intermediates. The latter quickly and
indistinctively interact with both the surface and the target, establishing definitive ties.
Among photochemical methods, photobonding technology (arrayon Biotechnology,
Switzerland) still remains an outstanding procedure for sample immobilization on
inert material surfaces by light-induced processes. Actinic dextrans (like OptoDex ®)
are used as photolinker polymers. The generated intermediate is a carbene, a highly
reactive organic molecule with a divalent carbon atom which basically interposes
itself into an existing bond. The insertion generally does not affect the 3D structure
holding the “docking” point. OptoDex ® functionalized platforms are a specific
product issue of this technology, intended for bioarray applications. They are plain
glass platforms that become appropriate for biomolecule patterning (micropipetting,
nanodispensing) after OptoDex ® conditioning. The technology proved successful for

a large protein portfolio immobilization and motivated the progress of investigation in
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two directions. First, a deeper characterization of the photolinker behavior at interface
was judged worthy of a physico-chemical characterization. One should note that the
chemical functionalities were already well-established by the supplier quality control
procedures (arrayon Biotechnology proprietary). A spectroscopic method (molecular-
level, label free) could uphold routine analytical methods and functional screening
using indirect detection (like fluorescence labeling). Second, the search for a new
cutting-edge application which might also fulfill a new market spot, led to the
extension of such technology to the domain of glycomics (carbohydrates decorated
biomolecules interaction screening and monitoring via middle-high density throughput

layout).

Attenuated Total Reflection Infrared (ATR-IR) spectroscopy is a powerful method to
investigate liquid-solid interfaces. Simplifying, it can be considered an adaptation of
the classical IR spectroscopy in transmission (appropriate for solutions) to investigate
reactions at the solid-liquid interfaces. The molecular fingerprint is retained, the
sensitivity is higher, and quantification is accessible. The characteristics of this
surface-sensitive spectroscopy are useful for examining the interface properties of
dextran based photolinker polymers. These characteristics are: a penetration depth of
evanescent wavelength beam up to 1 pum, and the chemical detectable entities of
interest C-H bonds and —OH groups. The effects of the photoreaction at the interface
and the physico-chemical characteristics of the adlayer have been explored and
defined on a molecular basis (orientation, kinetic evaluations, film thickness
determination). Particular attention was paid to physisorbtion of dextran polymers
structurally similar to OptoDex ®. Results differ if chemical immobilization is
performed allowing previous spontaneous physisorption. This study defined the role

of the physisorption intermediate step and elucidated the role of charge as well. To
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further explore the potential of the photoinduced immobilization, 2 nm monodispersed
gold nanoparticles were nestled onto the dextran adlayer and covalently grafted to the
surface by OptoDex ®. ATR-IR equipment proved a powerful tool to detect organic

shell capping gold cores down to a small scale.

The application of the photobonding technology in the field of glycomics resulted in
the design and optimization of carbohydrate micro arrays. OptoDex ® A mediated
immobilization of low and high molecular weight sugar moieties (glycoproteins and
exopolisaccharides, respectively) was achieved while evidencing retained bioactivity
by fluorescence labeled probes (lectins, namely specific sugar tether binding proteins).
Flexibility of the method was demonstrated permuting the probe/target pair: lectins
were microprinted in array format, immobilized onto the surface, and probed by
fluorescent labeled sugar moieties (glycoproteins). Such a portfolio of detectable
interactions and binding tests in miniaturized format allowed monitoring of the
glycoexpression related to the evolution of two different cell lines. Carbohydrate
microarrays were manufactured and the relative protocols for glycoprofiling

established.
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Chapter 1

Introduction

1.1. Bioengineering using dextran based polymers

The hunt for novel biofunctional materials for miniaturized biosensors,
bioelectronic devices, and medical equipment boosted bioengineering'. One of the
major issues for sensing format performance is the tuning of interface’s chemical and
physical properties. This relates to the flexibility and stability of the interface, while
keeping or even enhancing transducer sensitivity. The boundary layers may host
recognition elements, which interact selectively with analytes and therefore are often
designed to satisfy multiple tasks. In this context, the possibility of tailoring the
interface properties using versatile polymers becomes attractive. In surface
modification for heterogeneous bioassay, the covalent immobilization of biomolecules
while retaining specificity and biological function is a major challenge. In the last
decades, the working and cognitive method drifted from an analytical approach to
large spectrum screening. This favored the optimization of microarray manufacturing
which fulfilled the requirement of increasing information throughput™'?. Initially the
motivation was speeding up (serial analysis done in parallel), economizing (reactants
and supplies), and simplifying the complexity of the operations. This allowed a
broader user base to execute the handling protocol. Later the motivation moved
towards the awareness that, what was little understood using standard methods, could

13, 14
h 2

be specifically made clearer by the microarray approac . Furthermore, this

15, 16

method is implicitly scalable to industrial methods ™ °. The demand for interfaces



appropriate for biochemical interaction excited scientists to explore polysaccharides
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Figure 1-1.  Schematic representation of the aryl(trifluromethyl)diazirine (a) photolysis leading to
molecular nitrogen release and carbens generation (b). These highly reactive entities inset into
almost any existing adjacent chemical bonds (c) establishing covalent links (d) to the surface (*s,
lower part) and the adsorbed molecule (*a4, lower part). The dextran backbone is derived by
thiocarbomoylation of aminodextran with 3-(trifluoromethyl)-3-(m-isothiocyanophenyl) diazirine
(lower part).
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Among the plethora of techniques, both chemica and photochemica

photobonding technology‘“'43

, represents a unique surface engineering method. This
method, which 1s proprietary of arrayon biotechnology (Switzerland,

www.arrayon.com), uses actinic dextran based polymers for covalent surface

modification and simultancous covalent (bio)molecules binding*. In combination
with miniaturized local dispensing, this technique matches with the design of high-
density arrays on conventional material surfaces, economic use of reactants, and
straightforward customization of device platforms. Surface deposited saccharides

(OptoDex®) are modified surfaces containing light sensitive aryldiazirine form



hydrogel-like thin films wupon light exposure. The extent of biomolecule
immobilization depends on the irradiance and the duration of exposure. The
photosensitive dextrans assist in preventing biomolecule denaturation. Moreover,
nonspecific binding is suppressed, thereby enhancing the sensing performance™ * .
OptoDex® mediated co-immobilization of antibodies on polystyrene or optical
waveguide yields a surface density of 1.9 and 4.3 ng antibody per mm?, respectively.
Photobonded enzymes remain catalytically active. The technology fulfills
fundamental requirements for the investigation of biological systems. It is applicable

in genomics, proteomics, functional proteomics, metabolomics, and cellomics. Figure

1-1 shows the principles of photobonding.

1.1.1. Surface glycoengineering

When the carbohydrate tethers are the bio-sites to be probed, one deals with
glycoengineering at the service of glycobiology”’. The active sites contain sugar
featuring molecules such as glycans (simple or complex, low or high molecular
weight) which can be attached to proteins or lipids such as glycoproteins or
glycoplipids*®. The attention recently paid to surface glycoengineering stems from the
importance of the carbohydrate-protein interactions. Oligosaccharides at cell surfaces
regulate bio-recognition, immune response, inflammation, and infection®.
Carbohydrates guided functionality was recently demonstrated in sequencing the
oligosaccharides chain constituting the major blood group antigens®’, in elucidating
the anticoagulant activity of heparin (a glucosaminoglycan)’, and in isolating the
sialic acid as binding site for influenza virus’'. Carbohydrates are known to play a
critical role in the regulation of interactions between cells and with artificial surfaces.
The carbohydrates abundance and availability is counterbalanced by their complexity
which hinders the creation of a unique platform for receptors screening.

Immobilization methods either via thin film adsorption or covalent attachment are
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complementary. Furthermore, synthetic carbohydrate-based polymers proved a smart
solution in the design of biocompatible and renewable materials for water absorbents,
chromatographic ~ supports, medical devices, and tissue engineering’> .
Oligosaccharide derivatives of photosensitive diazirine have been utilized for direct
covalent attachment of carbohydrates to substrates’ >". In this work we explore the
application of a photoactiveable dextran-coated analytical platform for one-step
irreversible immobilization of a series of bacterial exopolysaccharides, glycans,
glycoconjugated, and lectins in microarray formats. Specific detection of

oligosaccharides on either glyconjugate or lectin arrays, pertains to receptor binding

screening and glycan profiling®”.

1.2. Infrared (IR) spectroscopic investigation of the behavior of

dextran based polymers at interfaces

This study aimed to set up a proper apparatus to observe and eventually
control the dextran based coating of material surface. Ascertaining whether the
intensity of physical adsorption and/or chemical graft would influence the morphology
of the adlayer was a major goal. In this perspective, infrared based spectroscopy was
chosen to investigate the interaction between surface and dextran-based polymers.
Biocompatibility is biased by the spatial organization at the biomaterial interface®.
The vibrational (IR) spectrum of a molecule or polymer adsorbed on a surface
contains detailed information about surface-molecule interaction and intermolecular
interaction within the adsorbate itself. Furthermore the technique allows one to obtain
information about the orientation of molecules or functional groups®'. Quantitative
analysis of infrared spectra yields surface concentration®. The method is fast, which
allows one to study the kinetics of adsorption in situ. The resulting comprehensive

information identifies and defines the adsorbate layer. Thereby, vibrational



spectroscopy, and most prominently Attenuated Total Reflection Infrared (ATR-IR)
spectroscopy, revealed to be a powerful tool to get understanding into the behavior of

polymers at interfaces.
1.3. Attenuated Total Reflection Infrared Spectroscopy

In the early seventeenth century, Newton already reports of the glass’ power
of attracting light rays and recalling them just when striking the crossing edge with the
vacuum in such a way to bring them entirely back. “Resistance of the Absolute
Vacuum” was an unsatisfactory explication. He was aware that, tuning the incident
light angle, allowing the glass to enter in contact with optically thinner media (i.e. of
lower refractive index and transparent), rays were reflected after striking the interface
and going outward slightly beyond the media boundary. The first description of total
internal reflection was given: a wave propagates in an optical thicker medium and
generates an evanescent field in the adjacent optical thinner medium, getting totally
reflected. Although, total internal reflection became a well defined phenomenon, only
in the early twenties Taylor and co-workers used these principles for spectroscopic
purposes”®. Three decades later, Fahrenfort developed internal reflection
spectroscopy for measuring spectra of bulk material, utilizing a single reflection®.
Concurrently Harrick proposed and developed internal reflection spectroscopy
techniques utilizing multiple reflections, for studying surfaces and thin films®’. When
the reflecting surface is placed in contact with an adsorbing medium, the energy is
partially absorbed and then the light beam is attenuated. The name Attenuated Total
Reflection refers to this mechanism®. Among other findings, Harrick pointed out that
the attenuation is greater for parallel polarization than for perpendicular polarization
and that the evanescent field might be used to record spectra of adsorbed molecules

and for at or near surface investigation of the rarer medium. The studies of Harrick



and Fahrenfort present the theoretical support for the widely spread utilization of

ATR-IR spectroscopy today®.
1.3.1. Theory

Infrared spectroscopy is usually performed in transmission mode (TM). This
means that the IR beam passes through the sample and the transmitted IR intensity is
measured according to the Lambert-Beer’s law (Eq. 1-1).

I=1,e" 1-1
1, stands for the incoming light intensity, £ for the molar absorption coefficient of the
analyte, ¢ for the concentration of the analyte, and / for the thickness of the sample. If
applied to biological systems, due to the high absorptivity of water, IR samples must
be very thin, usually displaying an optical path of only few micrometers. At the same
time, low water content is a critical condition with respect to biological requirements.
An alternative to transmission mode is offered by the Attenuated Total Reflection
(ATR) technique. As mentioned above, in this technique, the IR beam propagates in
an infrared transparent crystal (IRE, internal reflection element) by total internal
reflection. At the position where the IR beam is internally reflected, an
electromagnetic field penetrates into the optically thinner medium. This field is called
evanescent and the penetration depth is a function of the wavelength of the light,
typically from some hundreds nanometers to 1 micron. Although no energy flux can
be measured in the range of the evanescent field, its nature of electric field remains.
Molecules within this evanescent field can absorb IR light, which leads to an
attenuation of the field. These effects form the basis for the spectroscopic
investigation of phenomena taking place at or close to the interface, reducing the
influence/interference of the bulk (typically the water absorbtion). In order to describe

more quantitatively these effects, it is suitable to have a closer look at the



phenomenon of total internal reflection and later introduce the concepts of penetration
depth and effective thickness, which relate ATR spectroscopy to the more familiar

transmission spectroscopy.

S TTRRmar T

Pl

outlet

Internal Reflection Element

from IR source to detector

Figure 1-2.  Schematic representation of an ATR-IR setup for in situ measurements. Infrared light
beam enters perpendicularly the denser optical medium through the oblique edge of the trapezoidal
Internal Reflection Element (IRE). Incident light crosses firstly the optically denser medium
(refractive index n; > ny, n3) and in the same, it propagates by multiple reflections. In the upper part
of the figure, a blow-up of the interface is presented. When analytes interact with the surface, they
eventually attenuate the intensity of the beam that penetrates slightly in the rarer medium. d,
indicates the penetration depth (typically 1 um).



1.3.1.1. Reflectivity for external and internal reflection

Figure 1-3.  Specular reflection and transmission. The angles of incident (i), reflected (r) and
transmitted (t) beam are denoted by 6;, 6,, 0, respectively. The corresponding electric field
components are denoted by E. They are split into orthogonal portions, one parallel to the plane of
incidence (X, z plane) and the other perpendicular to this plane (parallel to y-axis). Accordingly,
electric fields are referred to as parallel () and perpendicular (1) polarized; ni, n, denote the
refractive indices in the two media.

By considering the boundary conditions for the electric and magnetic field at the
interface between two transparent media with different refractive index, Fresnel
calculated the fraction of a plane wave that is reflected and transmitted. The incident
plane wave consists of parallel and perpendicular polarized electric field components

E;| and E;,, respectively (Figure 1-3). The plane of incidence is defined by the

incident ray’s direction and the normal to the interface. The polarization is called
parallel when the electric field vector lies in the plane of incidence. In the other case,

the polarization is called perpendicular. Fresnel’s equations give the parallel (r|) and

8



perpendicular component (7, ) of the ratio of the reflected and transmitted electric field

amplitude to the initial electric field amplitude. The equations apply for an
electromagnetic radiation incident on a dielectric. This ratio is a function of the angle
of incidence (6#;) and transmission (6,), and of the indices of refraction of the two
media. The corresponding components of the reflected and refracted (transmitted)

electric field are denoted by E, | and E,,, and E, and E;,. Equations 1-2 and 1-3
relate to the parallel (r|) and perpendicular (r,) components of the reflected

amplitude. Analogously the components for transmitted ratio can be obtained by

inserting the corresponding electric field components, E;|| and £, .

E,, ncos —n,cosb,
ry o= " t 2 i 1-2
E; ~ nycosd; +n cosb,
. E.,  ncosd; —n,cosb, 13
| = =
E;  ncosO; +n,coso,

Snell‘s law (Eq. 1-4) put in relation the indices of refraction of two media to the
direction of propagation of the incident and transmitted beams according to the

following formula:
n;sin; = n, sin6, 1-4

For internal reflection, the incident medium is the denser one and the angle with the
normal is increased by refraction. The denser medium is commonly called the
“internal” medium. Air with n = [ is usually the surrounding or “external” medium.
Optimal conditions are set placing the sample material in contact with an optically
transparent material of higher refractive index whereby light approaches the interface
at an angle of incidence greater than the critical angle. Therefore the conditions for

total internal reflection can be derived by setting the refracted angle 6, = 90° and

9



calculating the incident angle 8. When 6, reaches 90°, total internal reflection occurs

and 6; is at the critical angle 6, as follows from Snell’s law:

. n,
sin @, =—= =n,, 1-5
n

Above the critical angle according to Snell’s law

sin &.
sin <9t = L > 1-6

sin @
c

and consequently, the corresponding cosine is complex:

cosd, =ting, \/sinz 0, —n3, 1-7

Introducing these criteria in Fresnel’s equations (Eq. 1-2 and 1-3), the relation

between incident and reflected electric field components is described by:

E n2. cos . —iq/sin2 0. —n?
r 21 i i 21 1-8

]/'H = =
Ly, n%l cos6; + i/sin? 0, —n221
[ 2 2
E,. ~ cos®; —iysin” 0, —njy,
]/'J_ = = 1'9

oy

il ) cos O, +iy/sin? 6, —n3,
It 1s evident that:
|y =l =1 1-10

indicating that the reflection is total when n,; is real. The interpretation, due to

Fresnel, of the imaginary angle in Eq. 1-7, is that no energy is transmitted into the
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rarer medium and all of the power is reflected. The percentage of reflected power, i.e.
reflectivity, is the measurable physical property and is given by the square of the
Fresnel’s amplitudes R = 7 for parallel (R |) and perpendicular (R,) component. This

holds for both internal and external reflection. In the former (latter) case the light is
introduced through the optically denser (rarer) medium. Some qualitative

considerations follow from examination of Figure 1-4.
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Figure 1-4. Reflectivity versus angle of incidence for an interface between Germanium (n; = 4) and
water (ny = 1.33) for perpendicular polarized light, R, and parallel polarized light, R, for external
(solid line) and internal reflection (dashed line). 6. is the critical angle, 8z is the Brewster’s angle an
0, is the principal angle defined as 6,= arctan” ny; (internal polarizing angle) and complementary to
0p. The Brewster’s angle is the angle at which the light propagating from the rarer medium (external
polarizing angle) with parallel polarization does not reflect while the intensity of the perpendicularly
polarized light is not zero. The graphic is a reproduction of Fig.2-2 in Internal Reflection
Spectroscopy by N.J. Harrick, 1967%.
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At normal incidence, R is identical for both polarizations and has the same value for
internal or external reflection. Therefore the reflectivity has the same value whether

light strikes the interface from rarer or denser medium and this value is:

(1 -D)”

: 1-11
(n1,+1)

R

For external reflection, when looked at the perpendicular polarization, reflectivity (R,)

rises monotonically until 100% at grazing angle. For parallel polarization, reflectivity
(R|) decreases at first as the angle of incidence increases, and becomes zero at the
Brewster angle (6p). For angles greater than 65, R|| rises sharply and becomes 100% at
grazing incidence. For internal reflection, the reflectivity curves have similar behavior
as for external reflection, but the swept incidence angle range is much smaller. At the

critical angle, both R, and R| reach 100%. R| increases very abruptly from the

principal angle (6,) to the critical angle (6.). These drastic increments result
advantageous for index of refraction measurements, for angle sensing, light
modulation and deflection. Figure 1-4 shows the high efficiency of internal compared
to external reflection. At a glance, it exhibits that, above the critical angle, total
internal reflection is achieved for a wide (non critical) range of incident angles. If the
rarer medium is absorbing, the complex refractive index has to be inserted in the

Fresnel’s equations and in this case one has attenuated total reflection.
1.3.1.2. Penetration depth and effective thickness

The electric field amplitude as shown in Figure 1-5 is obtained when calculating the
behavior of a plane wave at the interface. The electromagnetic field (evanescent field)
in the rarer medium is characterized by an exponential decay of the amplitude with

increasing distance (z) from the interface (Figure 1-5):
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z
T

E e ° 1-12

X,),z = EOX»yaZ

E, 1s the electric field amplitude at the interface, which depends on the angle of
incidence, the refractive index and the polarization of the field. According to this
equation, the penetration depth (d,) is the distance from the interface at which the

electric field amplitude has decayed to //e of its value E, at the interface and is given

by:

d = 4 1-13

p :
27r4/sin? 6, —n3,

where A;- A/m; denotes the wavelength in medium 1 (the denser medium).

Interestingly, d, depends on the wavelength of the probing beam, which results in
higher absorption intensities at lower frequencies. Typically, this distance is in the
order of 1/10 of the probing wavelength, 1.e. between several hundred nanometers and
a micrometer for the mid-IR. For bulk material, Harrick introduced the concept of the
effective thickness. The effective thickness, d., stands for the equivalent path in a ideal
experiment in transmission, that would result in the same absorption signal as
recorded in attenuated total reflection, under identical conditions (Figure 1-6). d, is a
function of the electric field at the interface E,, of the refractive index and of the
incident beam:
Moy Eg d »

d,=—"— 1-14
2cosd
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This forms the basis for quantitative analysis according to the Lambert-Beer law. For
an absorbance signal A, the optical pathway length is replaced by the effective
thickness d., as follows:

1
A=-log(—)=¢cd, 1-15
Ty
where ¢ is the molar extinction coefficient and c the analyte concentration. By
choosing the appropriate IRE material and the angle of the incident beam 01, the
penetration depth can be adjusted to an optimal value with respect to the investigated

interface layer.

™~

Figure 1-5.  An evanescent electromagnetic field penetrates into the optically thinner medium: if
this medium is infrared absorbing, the field is attenuated thus producing a spectrum. a) Schematic
drawing of an IRE (Internal Reflection Element) with 11 internal reflections for ATR. A coordinate
system is fixed to the IRE. E| and E; denote the parallel and perpendicular polarized electric field
components of the light incident to the IRE under the angle ;. E| results in the Ex and E,
components of the evanescent field, while E, results in the E, component. b) Blow—up of IRE
interface with electric field amplitude at both sides of the interface. Evanescent means “tending to
vanish” and describes the exponential decay (rather than sinusoidal) with distance from the interface.

Therefore, ATR-IR spectroscopy is a powerful tool to characterize thin films and/or

events occurring near or at a surface, in situ. The most commonly used IRE materials
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are zinc selenide (ZnSe) and germanium (Ge). Several materials and their properties

are listed in Table 1-1.

777

a) fransmission &) internal reflection, n,< ¥y

Figure 1-6.  Concept of effective thickness d. (Harrick): equivalent path in a transmission
experiment that results in the same absorption signal as the ATR experiment under identical
conditions.

For a Ge internal reflection element (IRE, n; = 4) in contact with water (n, = 1.33) at
an angle of incidence of 6; = 45°, the effective thickness at 1640 cm™ is 0.44 um for
parallel polarized light and 0.22 um for perpendicular polarized light. For a ZnSe IRE

the corresponding values are /.12 and 0.56 um.

Material Refractive Usable wavelength Critical

index (n)" range [cm™ ] angle (6,)
TnSe 24 20000450 24,6
KRS-5° 237 20000-250 24.,6°
Si 34 10000-1500 15.6°
Ge 4.0 5500-600 14,5°
AMTIR (As/Se/Ge glass) 25 11000-750 23,6°
* At5000 cm .

® Eutectic mixture ofthallium bromide/iodide

Table 1-1. Most common materials used for internal elements (IRE) and their optical properties.
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1.3.2. ATR spectroscopy of thin film

Harrick also derived approximate formulas for thin films between the IRE and
the optically rarer medium. These formulas rely on the assumption that the thin films
are only weakly absorbing and can not be applied in the case of metals, which strongly
absorb infrared radiation. Detailed treatment of the various cases (bulk media and thin

films, weak and strong absorber) if found in literature.
1.3.3. Improvement of the ATR spectroscopy technique

The sensitivity of an ATR experiment can be increased by using multiple
internal reflections. A widely used technique is changing the geometry and size of the
IRE in order to increase the number of total reflections in so called multiple internal
reflection elements (MIRE). The reflectivity (R) changes with N reflections (according
to the Lambert-Beer law):

RN =(1-ad,)" 1-16

where a is the absorption coefficient. In this way, the effective thickness is amplified
with each reflection and the signal to noise (S/N) ratio is increased. Due to low signal
intensities at the surface, improvement of the signal to noise (S/N) ratio is an
important factor. To further improve the signal to noise ratio, a very promising
technique, modulation excitation (ME) spectroscopy and phase-sensitive detection
(PSD), has been presented by Baurecht and Fringeli70. If a system is disturbed by
periodically varying an external parameter such as temperature, pressure or
concentration of a reactant, then all the species in the system, which are affected by
this parameter, will also response periodically at the same frequency as the
stimulation, or at harmonics thereof. At the beginning of the modulation, the system

relaxes to a new quasi steady-state around which it is oscillating at angular frequency
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. As a consequence, it is possible to separate the signals of the response from the
static signals, which are not affected by the periodic perturbation through a phase-
sensitive detection (PSD). The response of the system is followed by recording time-
resolved spectra, which are converted to phase-resolved spectra by a digital PSD
according to the equation 1-177".

pSD 2 T - . PSD
AL (@)= Z [ AW, 1) sin(kor + ¢ dt
Ty 1-17

k=12,...

AW,r) 1s the time dependent absorbance at wave number v, @ is the stimulation

frequency, T is the modulation period and ¢]f SD is the demodulation phase-angle’”.

Stimmilation Signal Sit)
NN | |
Sample 3 Demodulation
q[ ot i)
T(ﬂ 0 100 200 300 400 500 600
Time [ s
Stimulator @

Figure 1-7.  Schematic setup for modulated excitation (ME) spectroscopy. Periodic excitation of
the system is performed with frequency . Detected time-resolved response of the system is
transformed by phase-sensitive detection (PSD) to a phase-resolved spectra where static signals are
suppressed.

In a simple view, PSD applied to data from a spectroscopic ME experiment results in
a kind of difference spectra between excited and non-excited states. PSD is a
narrowband technique, i.e. only noise at frequencies close to the stimulation frequency
w contributes to the spectra’®. Furthermore, if the kinetics of the stimulated process is
in the same range as the excitation period, phase lags and damped amplitudes will

result, that contain information about the kinetics of the process.
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1.3.3.1. Single-Beam-Sample-Reference technique

Another interesting method is changing the spectrometer into a pseudo
double-beam mode, which is achieved by mechanically changing the vertical position
of the IRE by means of a lift mechanism, so that sample and reference can be
measured quasi at the same time. This so called single-beam-sample-reference
(SBSR) technique was extensively used in this thesis. Most Fourier Transform
Infrared (FTIR) spectrometers are working in the single-beam (SB) mode. This
implies a time delay between the measurement of reference and sample which are
used to calculate transmittance or absorbance spectra. This temporal delay favors
instrumental drift, environmental fluctuations and/or sample contaminations in

addition to modifications intrinsically linked to the sample and eventually to the

supporting crystal.
a) ATR SBSR
IR beam |
_E Reference H :E

|| Sample ”
Figure 1-8. a) Single-beam-sample-reference (SBSR) ATR principle. Alternative change from

sample to reference and vice-versa is performed by computer-controlled lifting and lowering of the
IRE holder; b) double chamber flow-through cell.

To reduce these annoying factors a new type of ATR attachment has been constructed

whose design is outlined in Figure 1-8. One half of the IRE is then dedicated to the
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sample (S) and the other one to the reference (R). Both sides can be separately
addressed with flow-through cells, allowing distinct treatment by liquid or gas flow. A
computer-controlled lifting mechanism moves the two compartments up and down,
alternatively aligning the sample S or the reference R with the IR beam. Thus
absorbance spectra are calculated from single channel spectra registered quasi-
simultaneously. This implementation is referred to as single-beam-sample-reference
(SBSR) technique and has been introduced by Fringeli’”’. The conventional SB
spectrum reflects the whole history of the sample, whereas the SBSR spectrum
reflects the sample state when compared with a reference with the same history. Thus
the information that can be extracted is different and in both cases valuable. The
SBSR set-up presents clear advantages when looking for signals related to evolving
events on the surface, especially if investigated in situ during long lasting

measurements, as performed, tipically, in this experimental work.
1.3.4. Note on the use of germanium as internal reflection element

The high refractive index, the usable wavelength range (5500-600, cfr. Table
1-1), the available quality of the crystalline structure of the 20 x 50 mm trapeiziodal
element and the reasonable unit price, motivated the choice of Ge as material of
internal reflection element for ATR measurement within the frame of this work. On
the other hand, silicon is the support routinely used for the production of arrayon
bioanalytical platforms, applied in this study for the investigation of proteins—
carbohydrate interaction’s. It must be pointed out that the chemico-physical properties
of germanium are comparable to silicon. The latter, when used as IRE material, has
the disadvantage that the spectral range below 1500 is not accessible. Therefore the
dextran fingerprint region, with strong bands in the 1000-1200 cm™ range, would be

unavailable. Although specifying that all the spectroscopic information collected
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apply to dextran based polymer observed at the water/Ge interface, the information
gathered contribute to the better understanding of the mechanisms associated to the

photobonding technology in general.
1.4. Scope of the thesis

The potential of ATR-IR spectroscopy has been largely explored in the last

78-83 84-86

years in specific domains such as biochirality”™ ", metal surface chirality" ),

73, 8789 photocatalysis90. The application of the technique to the

heterogeneous catalisis
modification of the surface by high molecular weight polymers, seemed to be work
investing. Despite the widely spread use and their “biomimetic” functionality, there is
a lack of molecular level insight on the behavior of dextran based polymers at
interfaces, which prevents a more rational design of surface modification. The former
experience of the candidate in the group of Surface Engineering at CSEM (Centre
Suisse d’Electronique et Microtechnique, Neuchatel, Switzerland) led by Dr. Hans
Sigrist, and the interest in furthering photobonding technology, motivated this work.
Meanwhile the success of the OptoDex® related technology led to the creation of the
company arrayon biotechnology and CSEM strengthened his position in development
of optical biosensor, interface design and imaging. Another aim of this work was to

blend together highly specific competences in polymer science, surface modification

and surface engineering and stress their complementarity.
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Chapter 2

Attenuated Total Reflection (ATR) Infrared spectroscopy for
dextran based polymer characterization

2.1. Physisorption of dextran based polymers at interfaces

From the growing demand for natural polymers for liquid/solid and gas/solid
interfaces conditioning, stems the interest in polysaccharides, which are copiously
available. They combine unique structural and molecular features such as high
molecular weight, well-defined molecular structure, and strong intra- and
intermolecular bonding'. In the past, biocompatibility applied to the property of
degrading under the action of specific microorganisms™ >, and biocompatibility stood
for biodegradability. Recently, the commonly accepted meaning shifted to include
bioactivity, a requirement that is particularly well met by dextran: it has been also
studied as medical macromolecular carrier (drugs and diagnostic agent, with eventual
smart delivery)"® as well as blood plasma extender and as antithrombolytic agent’”.
Dextrans are bacterial exopolysaccharides commercially available in a range of well-
characterized molecular weights. From the structural point of view, they consist of
macromolecular glucose chains predominantly linked via a linear o-1,6-glycosidic
bond. They are stable in basic and mildly acidic solutions. The solubility of dextrans
in water decreases with an increase in branching. The large number of hydroxyl group

provides the numerous attractive possibilities for chemical modifications. Dextran
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based polymers have a long history as surface coating for biosensors and more in
general tailoring agent of physical and chemical properties of surfaces'® ''. They

121 In spite of

remain attractive because of they provide a biocompatible surface layer
the variety of the multifunctional modifications of dextran, especially when designed
for biological assays, the chemistry leading to the covalent interaction with the surface
is definitely classical'" '"*°. In the widely referenced scenario of dextran derivatives
grafting, the photobonding technology introduced by Sigrist” stands out for its
originality. In this unique approach, dextran based polymers are combined with
arildiazirine photoactivable” chemical groups, which operate as hook for both, the
graft of the polymer on the surface, and the immobilization of the target analyte®™’.
The latter may serve as probe for further traceable interaction’®". As shown in Figure
1-1 (pag.3), aryl-trifluoromethyl-diazirines, photoactivated at 350 nm, generate highly
reactive carbenes and release molecular nitrogen (N,)’'”’. Carbenes spontaneously
undergo insertion reactions and form covalent bonds with the surface and/or
bio/molecules®™. To fulfill the purpose of investigating dextran based polymers
physisiorption, starting from dextran, a homologue series has been defined (Figure
2-1). Reductive amination reaction between primary amines and periodate-oxidated

1, 35-3 .
’ 7. such chemical

dextran allows insertion of amino groups and ring opening
pathway leads from dextran (A, Figure 2-1) to aminodextran (B, Figure 2-1). The
commercial aminodextran (product D1861 Molecular Probes™, Invitrogen Detection
Technologies) contains 8 amines per mol, as indicated in the container’s label. Further
thiocarbomoylation of aminodextran leads to the dextran derivative bearing

photoactiveable  aryl-tryfluoromethyl-diazirine®®  (OptoDex® A,  arrayon

Biotechnology, Switzerland, www.arrayon.com). The statistics driven chemical

reaction allows semi-stoichiometric substitution. Primary amines remain available for

eventual additional substitution resulting in actinic dextrans displaying both,
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aryldiazirine and blocking agent (primary amines acylation, OptoDex® B) or
39, 40

aryldiazirine and carboxyl group (-COOH, OptoDex® C)
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waa  remains available for further derivation:

OptoDex® B, blocking group; Cptodex @ C, carboxyl.

Figure 2-1. Homologue series of dextran based polymers investigated by ATR-IR spectroscopy. A,
Dextran; B, aminodextran; C, OptoDex® A. The structures are simplified, they do not take in
account eventual branching, but outline the expected distribution of the chemical functional groups
along the glucopyranose backbone.

The OptoDex® family is actually broader® as well as the photolabeled derivatives
(hyaluronic acid, serum albumins, mono and oligosaccharides) which accompanied

the development of the photobonding technology*'™.

Nevertheless, the above
mentioned specimens represent the selection that was retained in this thesis to collect

spectroscopic insight on the physico-chemical behavior at interfaces of dextran based
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polymers. Summarizing the reasons supporting the significant attention that this
bioengineered polymers family received, at least two point must be outlined: their
hydrogel-like 3D behavior, allowing favorable conditions for bioactivity retention *>*’
and their passivating properties™>’. Ideally the bioactive derivatives are covalently
attached to the designated material with high loading efficiency and without loss of
biological activity. The covalent immobilization of bioactive derivatives has been
achieved using both chemical and photochemical methods. The chemical route applies
for affinity coupling via streptavidin interlayer of biotinylated lectins onto OpteDex®
biotin platform® or covalent coupling vie EDC/NHS chemistry of antigens onto
OptoDex® C platform® while the photochemical approach implies statistical carbene
insertion. Immobilization of bioactive species via photolysis of a suitable photolabile
derivative 1s of interesting as it is compatible with biological functions and
addressability (eventual topical dispensing and mask assisted UV exposure resulting

- . 138,51
in covalent surface patterning)™

. The effectiveness of the photobonding technology
is certified by the quality control procedure of the OptoDex® platform as
commercialized by arrayon Biotechnology. From a scientific point of view, two major
phenomena are of interest: the eventual spontaneous organization of the dextran based
polymer onto the surface and the following fixation under UV photoactivation. The
extremely low ratio of photolabile functions/ glucopyranose units indicates that the

pre-organization of the polymer at the interfaces by means of adsorption plays a

crucial role for the final layer quality.
2.1.1. Experimental section
2.1.1.1. Chemicals

Ethanol (EtOH, Merck p.a. was used as received). Water was purified with a

Milli-Q system (> 18 MQ cm). Dextran from Leukonostok, is a Fluka product; amino
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dextran 40000 Dalton, and carboxymethyl dextran 70000 Dalton were Molecular
Probes™ products (currently, Invitrogen Detection Technologies). OptoDex® A
(amino), OptoDex® B (blocked), OptoDex® C (carboxyl) were received from
arrayon Biotechnology, Neuchatel, Switzerland. PBS buffer pouches (Sigma) were
reconstituted in 1 L purified water yielding 10mM phosphate, buffered saline solution
(0.15 M NaCl, pH 7.4). pH was verified and freshly diluted PBS 1% was prepared as
required by experimental conditions. Monoclonal anti-TNFa (human tumor necrosis
factor-a, a cytokine responsible for the regulation of cellular physiology) antibody
(AB), 100 pg/ml in PBS was courtesy of Dr.Gerald Reiter, Institute of Physical
Chemistry, University of Vienna, Austria. Sodium dodecyl sulfate (SDS, Sigma, MW
288,38), 5% v/v, was prepared by dissolving 5.0 g in 100 ml purified water and was
used as anionic detergent. Eventually a blend with ethylendiamine tetracetic acid,
sodium salt (EDTA, Sigma, MW 372.8) was prepared according to the following
proportion: 2,16 g SDS, 0.93 g EDTA in 50 ml final volume (purified water). This
leads to a final aqueous solution of SDS 150 mM and ETDA 50 mM.

2.1.1.2. Germanium plate modification

Germanium IRE pre-treatment. Germanium (Ge) internal reflection elements
(IRE; 50mm X 20 mm x 1 mm, Komlas, Berlin, Germany) were used for ATR-IR
experiment. IREs were first polished with a 0.25-um-grain size diamond paste
(MetaDi® II, Buehler GmbH, Germany) and afterward rinsed copiously with EtOH
and water. This basic procedure assures cleaning but does not promote hydrophilic
behavior. The complete disappearance of IR absorption bands at 2850 cm™ and
2930 cm” associated with hydrocarbon chains indicated removal of organics.
Alternatively, in order to investigate the optimization of physisorption conditions,
surfaces were plasma cleaned under air flow for 5 min (PlasmaPrep 2, Gala

Instrumente GmbH, Germany). Plasma surface treatment with oxidizing species, such
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as air, aimed at removing organics. At the same time this procedure leaves functional
oxygen-containing groups on the surface, which increases wettability. Complete
hydrophilic activation was achieved by 20 min of dipping in water to enhance
formation of oxydrils (-OH groups) right before polymer functionalization®> . Wet
plates were dried by nitrogen flushing. In a subsequent step, a film of dextran based

polymers was cast onto the surface according to different protocols.

Ex situ Germanium IRE functionalization by a thick film of dextran based
polymer. The polymers object of investigation were dextran, aminodextran,
carboxymethyl dextran, OptoDex® A, OptoDex® B and OptoDex® C. 300 ul of
polymer solutions 0.1 mg/ml and 1.0 mg/ml, respectively, in pure water or in PBS 1%
were cast by pipetting on one whole side of the IRE. The volume used for complete
surface covering depended on the surface pretreatment: 300 ul after plasma treatment
(hydrophilic surface), 2 ml after cleaning without plasma (diamond polishing and
ethanol, hydrophobic surface). The solution was evaporated at room temperature
under hood ventilation for several hours. This casting technique does not allow any
control on homogeneous polymer deposition. The evaporation phenomenon drove the
film formation. A SBSR measurement was used to estimating the functionalization
quality over the entire width of the plate. The sample was not irradiated and
eventually protect from UV light exposure. No rinsing step was performed before the

measurement.

Ex situ Germanium IRE functionalization by a thin film of dextran based
polymer. Polished, plasma treated and wetting enhanced germanium IREs were dipped
for 1 hour in 5 ml of dextran based polymer 0.1 mg/ml in pure water or in PBS 1%.
The technique provided physisorption mediated polymer functionalization, on both

sides of the IRE. Alternatively, the solution was temporary put in contact with one
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side of the IRE by pipetting defined volumes (see above, the thick film formation).

Incubation of two hours was followed by rinsing (water).

In situ Germanium IRE functionalization by a thin film of dextran based
polymer. Thin film casting was carried out in situ using the double cell micro fluidic
kit to differentiate sample and reference compartment. The same solutions as
described above were used in connection with a peristaltic pump alimenting the
microfluidics systems. The in situ set-up was used also to investigate the behavior of

an antibody over the dextran modified surface.
2.1.1.3. ATR measurements

Data Acquisition. ATR-IR measurements were performed on a Bruker
EQUINOX 55 FT-IR spectrometer equipped with a nitrogen-cooled narrow-band
mercury cadmium telluride (MCT) detector. Spectra were recorded at a resolution of 4
cm’. The pretreated Ge IRE served as reference for absorbance spectra. In the case of
OptoDex ® A, ATR spectra were registered after casting, prior and post UV light
exposure, before and after mild or thorough rinsing. A wire grid polarizer was used to
generate linear polarized light parallel and perpendicular to the plane of incidence.
Measurements were performed using the SBSR lift accessories, which allowed to set
the IRE in the beam at well established positions and to estimate the best
functionalized region. An air purging system removed humidity and CO, from the
beam path. OPUS software (Bruker) allowed the right control and utilization of the
spectrometer and of the SBSR accessories (lift, polarizer). The OPUS software
furthermore allowed mathematical manipulation of spectra to correct for water

absorption and to identify the contribution deriving from multi-step functionalization.
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2.2. Results and discussion
2.2.1. Dextran physisorption

The red spectrum in Figure 2-2 refers to a dextran thick layer. As expected,
the spectrum closely resembles a dextran spectrum recorded in transmission mode. In
the region between 1200-1000 cm™ a complex band with several maxima at 1147,
1104, 1068, 1025 and 1007 cm™ is observed. These bands have been commonly found
in most carbohydrates and according to normal mode analysis, have been assigned as
coupled vibrations involving C-O, C-O-C, C-C-C and C-C-O antisymmetric
stretches™. The high frequencies at 1147 and 1104 cm™ are considered to be mainly
due to antisymmetric stretching modes of the glycoside bridge group. The degree of
chain branching is probably very low”*. When glucopyranose units with C1 chair
conformation are present, the infrared spectra exhibit one band in the region between
925-885 cm™ and another one around 855-820 cm™. In this spectral region, at least
two weak bands around 900 cm™ and 840 cm™ are observed, which are assigned to
mixed C-CH deformation vibrations>>’. In the region between 1500 and 1250 cm™,
C-H bending modes are found while C-H stretches are observed at 2950-2850 cm'.
The spectra in Figure 2-2 were recorded on a Ge IRE pre-treated by EtOH extensive
washing (dipping and shaking, further rinsing by fresh EtOH) and nitrogen flushing to
ensure a homogenous fast evaporation, without smearing, and full dust removal. IREs
were not submitted to plasma treatment. The surface is clean but hydrophobic, as
judged from the shape of water drops dispensed on it. The red spectrum depicts a thick
film obtained by casting 2 ml of an aqueous (PBS buffer 1%) 1.0 mg/ml dextran
solution and subsequent overnight evaporation under a ventilated hood at room
temperature. The black spectrum depicts a thick film obtained with the same

technique, but using a solution ten times diluted (dextran 0.1 mg/ml in PBS 1%).
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Obviously, the dextran/PBS 1% ratio differs sensitively in the two cases (of a factor of
10). To estimate the buffer contribution, an ATR spectrum of PBS 1% cast on a Ge
IRE is reported as black dashed profile. Comparison demonstrates that in the case of
the more diluted dextran solution the buffer contribution interferes significantly with

typical absorptions of the polymers.

\ —— Dextran 0.1 mg/ml in PBS 1%
| Dextran 1.0 mg/ml in PBS 1%
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Figure 2-2. ATR spectra of dextran thick film obtained by casting PBS 1% buffered solutions on
clean (not plasma activated) Ge IRE. The black spectrum refers to the film obtained from 0.1 mg/ml
solution. The red spectrum refers to the film obtained from 1.0 mg/ml solution. The black dashed
profile is an ATR spectrum of PBS 1% buffer cast and evaporated on the Ge IRE. It is shown to
better identify the salts contribution to the spectrum of the dextran film (10 times amplified).

In the case of the ten times higher dextran concentration, the signals of the buffer are
almost negligible. It must be noted that despite the ten fold higher concentration, the
IR signals are not ten times more intense. This lack of scaling is due to two factors.
The film is considerably thicker than the penetration depth of the evanescent field.
Furthermore, the casting technique does not consent control over evaporation, then

favoring clotting of the analyte, especially on a hydrophobic support. A strict

39



quantification can not be applied under these conditions. The red spectrum in Figure
2-2 serves as reference spectrum of a dextran polymer on a surface. The preparative
conditions led to wide presence of water both loosely linked to and embedded in the
polymer film. Water absorbs at 3600-3000 cm™. This broad band contains the
symmetric and antisymmetric stretching vibrations, vy (HOH) and v, (HOH). The
bending vibration, 8 (HOH), arises at 1645 cm™. In Figure 2-3 the same “drop and
evaporate” casting technique as described previously was applied on plasma
pretreated Ge IREs. The contribution of PBS 1% buffer can be estimated considering
the black dashed profile.

—— Dextran 0.1 mg/ml in PBS 1%

06 | Dextran 1.0 mg/ml in PBS 1%
——- PBS 1%

04 r

Absorbance / a.u.

4000 3500 3000 2500 2000 1500 1000

Wavelength / cmt

Figure 2-3. ATR spectra of a dextran thick film obtained by casting PBS 1% buffered solutions on
clean and plasma activated Ge IRE. The black spectrum refers to the film obtained from 0.1 mg/ml
solution. The red spectrum refers to the film obtained from 1.0 mg/ml solution. The black dashed
profile is the ATR spectrum of PBS 1% buffer cast and evaporated on the Ge IRE.

The red spectrum refers to dextran 1.0 mg/ml in PBS 1% and the black line refers to

the ten times diluted solution. The good featured profile of both spectra outstands: it
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can be attributed to the plasma pretreatment. The same quantity of analyte and buffer
is more homogenously spread over the plate and the evaporation leaves behind an
almost ubiquitously homogenous thick film. The plasma pretreatment enhances the
reproducibility of the measured spectra. Moreover, comparison with the untreated
sample (Figure 2-2) reveals that the signals of the buffer are much less pronounced
after plasma treatment, in particular for the lower dextran concentration. First, this
indicates that buffer and dextran have a distinct way to interact with the surface;
second, dextran, when blended with PBS, displays a more favorable dispersion over
the plasma pretreated surface.As a consequence, a larger concentration of dextran

relative to the buffer is detected near the interface which is probed by the evanescent

field.
2.2.1.1. Effect of plasma pre-treatment

Pretreatment procedures play obviously a crucial role in polymer adsorption®
% The effect of plasma activation as eventual enhancement for dextran physisorption
was object of investigation in this work. Figure 2-4 depicts two pairs of ATR spectra
referring to germanium IRE temporary put in contact with solution of dextran 0.1
mg/ml in PBS 1% after cleaning with and without plasma treatment (the dotted and
solid line, respectively). The difference between the red and black spectra lies in the
way dextran and surface entered in contact. In one case (red) by dipping in 10 ml of
the mentioned aqueous solution for 2 hours, in the other by spotting 0.2 ml to cover
one side of the IRE and incubating for the same time. After incubation, the IREs were
gently rinsed in water.The conditions applied respond to the requirement of polymer

%2 Two conclusions can be drawn. First, the

physisorption on the surface®"
spontaneous interaction of dextran and germanium, under this condition, is not
detectable. The bands reveal the presence of PBS on the surface. Second, the plasma

pretreatment favors and stabilizes the interaction between the PBS buffer and the
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surface. It must be noted that casting with the same technique over not plasma
pretreated IREs, did not generate any detectable interaction, neither for dextran nor for

PBS buffer.

Dextran 0.1 mginlin PES 1% on ethanal cleaned Ge IRE (11
Dextran 0.1 mghnlin PBS 1% on ethanol cleaned Ge IRE (2)
——— Dextran 0.1 mginlin PBS 1% on plasma pretreated GelRE (1)
———  Dextran 0.1 mgdnlin PES 1% on plasma pretreated GelRE (29
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Figure 2-4. ATR spectra (ex situ) IREs put in contact with a dextran solutions according to different
casting methods and pretreatments. The dashed spectra relate to dextran applied to plasma pretreated
IRE. The solid line spectra relate to dextran applied to not plasma pretreated IRE. Black and red
profiles discriminate the physisorption techniques. Black profiles refer to dextran liquid film spotting
and 2 hours incubation before removal, technique (1). Red profiles refer to 2 hours dipping in a
dextran PBS 1% buffered solution, technique (2). The scale was kept the same as in previous Figures
to facilitate comparison. The gray inset shows a blow up of the spectra. Using both techniques,
plasma activation enhances adsorption of PBS 1%.

The findings described above refer to ex sifu measurements and endow the required
information to optimize the design of in sifu measurements, using a double cell holder
embedded in a SBSR attachment. Plasma pretreatment allows detectable interaction

with the PBS buffer also after water rinsing and favors a more homogenous casting of
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dextran and PBS on the surface. This was judge in the right direction to set plasma
cleaning as routine protocol step. The confirmation arrived when the role of charges

was elucidated (cft. later on in the text).

2.2.1.2. Effect of ionic strength effect

Dextran 0.1 mg/ml in water over a Ge IRE

Dextran 0.1 mg/ml in water, after water rinsing

Dextran 0.1 mg/ml in water, after PBS and further water rinsing P
Dextran physisorbed thin film (repeated PBS/water rinsing)

0.006

0.004

0.002

Absorbance / a.u.

0.000

-0.002

3000 2500 2000 1500 1000

Wavelength / cmt

Figure 2-5. Dextran physisorption applied to plasma pretreated Ge IRE and investigated in situ by
ATR spectroscopy using the SBSR attachment. The gray spectrum relates to the IRE exposed to the
dextran 0.1 mg/ml aqueous solution for 30 min. The signal contains thin film (absorbed) and bulk
(dissolved) contribution. The red spectrum relates to the same functionalized IRE when flooded with
water after the exposure to the dextran solution. This spectrum contains only the contribution
belonging to the thin film and stays stable. Further rinsing is performed to test the stability of the
physisorbed polymer layer: one cycle of PBS and water resulted in the blue spectrum and after three
repeated cycles of PBS and water the black spectrum was registered. A tiny removal is observed but
the dextran, when applied in pure water, can be stated to adsorb on to the surface.

A first in situ series of experiments using dextran 0.1 mg/ml in aqueous solution
helped to evaluate the ionic strength effect linked to the presence of the PBS buffer.
The Ge IRE when flooded with dextran 0.1 mg/ml in PBS 1% does not result in

significant dextran signals, meaning that no detectable spontaneous interaction
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between dextran and surface occurs under the applied conditions (data not shown).
Figure 2-5 shows a set of spectra recorded while flowing dextran 0.1 mg/ml in water
(i.e. in the absence of PBS). The gray spectrum was recorded after 30 min. The signal
appears and stays constant. It is the sum of dissolved (bulk) and adsorbed dextran. The
following water rinsing step allowed to get rid of the bulk dextran signal, and to verify
the presence of signal due to adsorbed dextran. The dextran signal diminishes but still
stays even after two supplementary cycles of PBS and water rinsing. The final signal
is stable enough to claim the presence of physisorbed dextran. This finding clearly
shows that the PBS buffer competes with dextran and largely prevents physisorption
of the latter.
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2.2.1.3. Effect of concentration

After the exploration of the salt effect (presence/absence), the influence of
dextran concentration on adsorption was investigated. From Figure 2-6, it appears that
the remaining adsorbed dextran, after washing, is almost the same even after 10 or 50
fold increase of concentration. Therefore the surface is saturated already at solution

concentration of 0.1 mg/ml.

0.03 -
_—— Dextran 1.0 mg/ml in water, bulk and thin film Inl

Dextran 1.0 mg/ml in water, thin film I
—————— Dextran 5.0 mg/ml in water, bulk and thin film I
Dextran 5.0 mg/ml in water, thin film

|
|
Dextran 0.1 mg/ml in water, thin film /
0.02 -

Absorbance / a.u.

0.00 |

3000 2500 2000 1500 1000

Wavelenght / emt

Figure 2-6. Influence of the solution concentrations of dextran on physisorption investigated by in
situ ATR. When the dextran solution is flown over the surface, the ATR spectra are composed of
bulk and thin film contributions. The isolated thin film contribution can be appreciated only when
water is flown through, afterwards. The black spectrum related to dextran 0.1 mg/ml in water (thin
film) is the same as the one reported in Figure 2-5

2.2.1.4. Competitive antibody-dextran adsorption onto the surface

Passivation properties of dextran are well known for dextran covalently linked

13, 48, 50

to the surface . It was therefore judged worthy to explore a competitive

antibody/dextran physisorption toward a germanium IRE (internal reflecting element).
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For this test a solution of monoclonal anti-TNFa (human tumor necrosis factor-a, a
cytokine responsible for the regulation of cellular physiology) antibody (AB), 100
ng/ml in PBS was used®.

Dextran thin film

0.03 | — = monoclonal anti-TNFa antibody in PBS, bulk and thin film
antibody and dextran film after water rinsing

after PBS rinsing

— —- after ETDA-SDS rinsing

after basic treatment (NaOH)

0.02

Absorbance / a.u.

0.01 -

S N\
0.00 - e e T SR
r«/ R
/I 1 1 1 1
3000 2500 2000 1500 1000

Wavelength / em™t

Figure 2-7. In situ ATR spectra of the competitive antibody-dextran adsorption on to Ge IRE
(SBSR technique applied). After performing in sifu dextran physisorption (black spectrum) the
antibody was flown through the sample chamber of the microfluidics system of the SBSR
attachment (blue dashed spectrum). After water washing contributions coming from both dextran
and antibody were registered (plane blue spectrum). PBS rinsing and water (green spectrum,
registered while water was flowing), ETDA-SDS and water (red dashed spectrum, registered while
water was flowing), and NaOH treatment (gray spectrum, registered while water was flowing
afterwards) were performed.

The solution was pumped into the sample compartment previously functionalized by
absorbed dextran (in water, black spectrum in Figure 2-7) for 30 min. The blue dashed
line depicts the characteristic IR absorption bands of an antibody (bulk and eventual
thin film contribution). To estimate the adsorption, both compartments were rinsed
with water. The resulting spectrum (solid blue line) assessed adsorption of anti-

TNFa AB and the decrease of dextran related signal due to desorption. Further and
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harsher rinsing technique using ETDA 50 mM (ethylenediaminetetraacetic acid
disodium salt dehydrate, chelating agent) in combination with SDS 150 mM (sodium
dodecyl sulfate) determined almost no removal of the AB and important desorption of
dextran (red spectrum). The experiment guides to the conclusion that the antibody has
a higher affinity for the surface and the competitive adsorption of antibody and
dextran under these condition results in preferred direct interaction of the antibody
with the Ge IRE. Such an experiment was designed to sustain, within the experimental
grasp of this work, that dextran needs to be covalently linked to the surface to unfold
the effectiveness of its passivation properties. The photobonding technology responds
to this demand®® ** *. Furthermore, the described experiment emphasizes the

importance of a deeper understanding of the physisorption phenomenon.

2.2.2. Amino Detran physisorption

0.04

aminodextran 1.0 mg/ml'in water after 5 min
~~~~~~~~~~~~~~~~~~~ aminodextran 1.0 mg/mlin water after 10 min
—————— aminodextran 1.0 mg/mliin water after 15 min
—— - aminodextran 1.0 mg/ml in water after 20 min
— — — | aminodextran 1.0 mg/mliin water after 30 min
——————— aminodextran 1.0 mg/ml/in water after 60 min

aminodextran 1.0 mg/ml in water after 90 min
002 - ————— |after water rinsing, 90 min

0.03 |-

Absorbance / a.u.

0.01 -

0.00

4000 3500 3000 2500 2000 1500 1000

Wavelength / cmt

Figure 2-8. In-situ ATR (SBSR) spectra of physisorption of aminodextran. Plasma activated GE IRE
was exposed to 1.0 mg/ml solution in pure water over 90 min and rinsed with for 30 min. A
characteristic negative band is observed at 3630 cm™.
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The amino dextran investigated is the same as the one used as starting material for the
OptoDex® family synthesis. It is an Invitrogen product (former Molecular Probes,
batch 6501-1), characterized by a glucose a-1,6- glucosidic linkage with molecular
weight of 40.000 Dalton. Each polymeric unit contains 8§ amino groups in total, more
precisely 4 pairs of 2 primary amines coupled in the same unit per 55 glucose units.
These numbers derive from a rough calculation if considering the dextran/ single

glucose unit molecular weight ratio (cfr. Figure 2-1).

aminodextran 1.0 mg/ml in water after 5'min
0.03 [ eerreenennnes aminodextran 1.0 mg/ml in water after 10 min
—————— aminodextran 1.0 mg/ml in water after 15 min
——— -/ aminodextran 1.0 mg/ml in water after 20 min
— — — | aminodextran 1.0 mg/mliin water after 30 min
——————— aminodextran 1.0 mg/ml in water after 60 min
0.02 - ———— aminodextran 1.0 mg/ml in water after 90 min
after water rinsing, 90 min

Absorbance / a.u.

0.01 -

0.00

2000 1800 1600 1400 1200 1000

Wavelength/ emt

Figure 2-9. Blow up of Figure 2-8 in the aminodextran finger print region. OH water bending
8 (OH) region at 1650 cm™ is also included.

Figure 2-8 shows ATR-IR (SBSR) spectra of in situ physisorption of aminodextran
recorded while flowing aminodextran solution over the IRE. Plasma activated Ge IRE
was exposed to 1.0 mg/ml solution in pure water over 90 min and rinsed with water
for 30 min. Overlapping of spectra suggested fast physisorption kinetics (cfr. Figure

2-14). A blow-up of the same spectra is given in Figure 2-9. The same in situ
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functionalization and SBSR measurements were carried out using aminodextran 0.1
mg/ml in water on plasma activated Ge IRE as reported in Figure 2-10 and Figure

2-11 (blow-up).

0.06

aminodextran 0.1 mg/ml in water after 5 min
~~~~~~~~~~~~~~~~~~~ aminodextran 0.1 mg/mliin water after 10 min
—————— aminodextran 0.1 mg/ml/in water after 15 min
004 — . —. —. - aminodextran 0.1 mg/ml in water after 20 min
— —/— | 'aminodextran 0. 1mg/ml'in water after 30 min
——————— aminodextran 0.1 mg/ml|in water after 60 min

aminodexran 0.1/in water after 90 min

after water rinsing, 90 min

0.02 |-
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-0.02

4000 3500 3000 2500 2000 1500 1000

Wavelength/ cm ™t

Figure 2-10. In situ ATR (SBSR) spectra of physisorption of aminodextran. Plasma activated Ge
IRE was exposed to 0.1 mg/ml solution in pure water over 90 min and rinsed with water for 30 min.
A characteristic negative band is observed at 3630 cm’.

Upon adsorption of aminodextran, water is removed from the volume probed by the
evanescent field. This can be deduced from the increasing signal at 1157 cm™ while
decreasing absorption is registered at 1650 cm™ associated with the water bending
vibration, 8(OH). The same is observed for the water stretching in the region 3200-
3600 cm™ (cfr. Figure 2-8 and Figure 2-10). A very characteristic negative band is
observed at 3630 cm™' upon adsorption of aminodextran. This band can be ascribed to
the O-H stretching vibration of Ge—OH groups on the surface™. These groups are
generated by the plasma treatment and subsequent immersion in water®. The

appearance of this negative band can be ascribed to the deprotonation of the Ge—OH
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aminodextran 0.1 mg/ml in water after 5 min
~~~~~~~~~~~~~~~~~~~ aminodextran 0.1 mg/ml in water after 10 min
—————— aminodextran 0.1 mg/ml in water after 15 min
— e - aminodextran 0.1 mg/ml in water after 20 min
004 — — —  aminodextran 0. Img/ml in water after 30 min
——————— aminodextran 0.1 mg/ml in water after 60 min ]
aminodexran 0.1 in water after 90 min :
after water rinsing, 90 min
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Figure 2-11. Blow up of Figure 2-10 in the aminodextran fingerprint region. OH water bending
region at 1650 cm™ is also included, & (OH).
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Figure 2-12 In situ ATR (SBSR) spectra of physisorption of aminodextran. Plasma activated Ge
IRE was exposed to 0.1 mg/ml solution in PBS 1% over 90 min and rinsed with water for 30 min. A
blow-up in the aminodextran fingerprint region is included (gray backplane graphic). A

characteristic negative band is observed at 3630 cm'l_
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or to a strong red-shift, due to intermolecular interaction, leading to a superposition
with the water band. In any case this observation may be the key for the understanding
of the positive effect of plasma activation on physisorption and for the understanding
of the mechanism of physisorption in general.It is worthy to note that without plasma
cleaning this band at 3630 cm™ is not observed (see Figure 2-13, later on). Similarly,
it is known that in the case of typical alkyl silanes SAMs (self-assembled-monolayers)
formation on Si/S10, the number of direct Si-O-Si bond with the surface is relatively

59, 60, 65

low It supports the model of a pre-organization before the direct surface

interaction®® and stresses the role of the hydroxyl layer in the mechanism of bonding
between polymer and surface. Furthermore, in some model the surface-polymer

coupling is estimated to exclusively depend to the surface hydroxy groups®> .

000 1a00 1600 1400 1200 1000

Ahsorbance fa.u.

o T v g
\ﬁlﬁ] l————— | aminodextran 0.1 maiml in PBS 1% after 5 min 1‘-.
Y ——— aminodextran 0.1 mo/iml in PBS 1% after 10 min "
2 o | i aminodextran 0.1 mgirml in PBS 1% after 60 rrin
. —————— | afterwater ringing, 30min |
4000 3500 3000 2500 2000 1500 1000

YWavelength / em’!

Figure 2-13. In situ ATR (SBSR) spectra of physisorption of aminodextran. Not plasma activated Ge
IRE was exposed to 0.1 mg/ ml solution in PBS 1% over 90 min and rinsed with water for 30 min. A
blow-up in the aminodextran fingerprint region is included (gray backplane graphic). The
characteristic negative band at 3630 cm™ is not observed.
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The band at 3630 cm™ was not observed for dextran, which suggests an interaction
between the O-H groups of the surface and the amino groups of aminodextran acting
as anchor to the surface. Interestingly, this anchor is close to the photolinker group in
the OptoDex®, fact which could promote the photobonding to the surface.
Aminodextran is mostly used for bioassays format and the use of buffer is often
recommended. This consideration inspired the investigation of the physisorption
behavior in presence of PBS 1% buffer. Figure 2-12 depicts ATR spectra and blow-up
of aminodextran 0.1 mg/ml in PBS 1% physisorption on plasma activated Ge IRE.
Clearly aminodextran does absorb under these conditions, in contrast to dextran.
Because the ionic strength changes significantly (and furthermore in this case the
polymer is positively charged) it seemed worthy to carry out a series of measurements
using PBS 1% buffered solution over not plasma pretreated Ge IRE, as reported in
Figure 2-13. From this experiment it can be concluded that some physisorption occurs
but not as much as with plasma pretreatment. Additionally, it can be noted that there is

no sign of PBS, indicating that, PBS does not adsorb under these conditions.
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2.2.2.1. Kinetics of the adsorption process
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///Akx\\\ﬁ ppiiiiaiz;z;u::44444444
2 — & — am?nodextran 0.1 mg/ml ?n water %
003 g T :m::gg::gz: écl) mg;:: :: \ggtserl% over not activated IRE %
g Z aminodextran 0:1 mglml in PBS 1% %
T NN\ iy
Ig 0.02 /Z/é §\§ \?%
. , \ "N\
N\l
3 Y /% \\§ |%/ / \\\
% 0.01 /é/%%§\\ Ll g /24/ /%/%%/%?
g ; \ i
-
. NN .
L B
7 s
0 2000 4000 6000 8000 10000 12000
Time/s

Figure 2-14. Physisorption kinetics of aminodextran under different conditions: solutions differed
for concentration (0.1 mg/ml and 1.0 mg/ml) and ionic strength (pure water and PBS 1% buffer).
The same conditions were applied (90 min aminodextran flow through and 1 hour water rinsing)
except for the aminodextran solution 0.1 mg/ml in PBS 1%. In this case the presence of the buffer in
the solution containing the polymer justified the use of progressive ionic strength solution for rinsing
to test the stability of the adsorbed thin film. Ge IREs were plasma cleaned and activated. In one
case (top down triangle) the Ge IRE was plasma cleaned, but used 24 hours after the activation and
stored in water.

The spectra reported so far can be considered for the investigation of the kinetics of
physisorption of aminodextran. The influence of the three following factors was
considered: concentration (1.0 mg/ml and 0.1 mg/ml), ionic strength (water and PBS
1%) and surface pretreatment (basic polishing and ethanol rinsing or plasma
activation). The absorption peak at 1157 cm-1 was selected in order to follow the
kinetics of adsorption due to the strength of this band and due to the fact that at this
wavenumber Ge (Ge oxide) does not interfere. To get rid of any baseline drift during

the longterm experiments, the peak amplitude was calculated as difference of the
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absorbance value at 1157 cm™ and the value at 1182 ¢cm™ where no absorbance bands

are observed.
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Figure 2-15. Physisorption kinetics behavior of aminodextran solution 0.01 mg/ml and 0.1 mg/ml in
pure water. Because of the ten times diluted concentration, the solution was allowed to flow over the
surface for more than 10 hours and the rinsing step by water last 3 hours. The dashed gray line refers
to the behavior of aminodextran solution 0.1 mg/ml in water.

For a solution concentration of 0.1 mg/ml in water it takes about 1880 s to saturate the
surface, whereas in the presence if PBS 1% this takes only 600 s. This effect may be
due to the compression of the diffuse electrical double layer in the latter case® ©. At
high aminodextran coverage the surface is positively charged, which leads to coulomb
repulsion between surface and dissolved aminodextran. This reduces the adsorption
rate. Due to the increased ionic strength the repulsion is less effective and adsorption
is faster’’. Data reported in Figure 2-14 lead to the following conclusion: (1) the
absence of plasma pretreatment tremendously affects the physisorption capacity; (2)

the lower concentration establishes a slower but more effective adsorption on plasma
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pretreated surfaces; (3) the presence of salts slightly reduces the final physisorption
amount. In the case of aminodextran 0.1 mg/ml in PBS 1% a rinsing step varying the
ionic strength was judged opportune to amplify the eventual effect of the buffer on the
polymer surface interaction. Finally, it can be claimed that PBS at such concentration
renders the adsorption faster but also promotes desorption. These data will be further
discussed later on, as basis for the film thickness determination. The observation that
the lowest concentration at the lowest ionic strength seems to provide the best
physisorbtion performance, inspired the investigation of the polymer behavior at even
ten fold lower concentration, namely 0.01 mg/ml. Figure 2-15 shows that at this
concentration the adsorption becomes very slow after some time. A main conclusion
emerging from these experiments is that charge plays a crucial role. The charge of the
polymer itself at a certain pH, the charge as buffer contribution (ionic strength), and
the charge on the activated surface. In this perspective, the plasma activated Ge IRE
can be regarded as a negatively charged partner in the surface/polymer interaction
during the physisorbtion. This was the reason for moving towards the investigation of

a negatively charged dextran based polymer.
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2.2.3. Carboxymethyl dextran physisorption

Carboxymethyl dextran is an Invitrogen product (former Molecular Probes),
characterized by a glucose a-1,6- glucosidic linkage with molecular weight of 70.000
Dalton. Each polymeric unit contains 71 carboxyls in total, namely 8 carboxylic

groups per 11 glucose units.

Carboxymethyl dextran 0.1 mg‘ml in water after 5 min
Caroxymettyyl dextran 0.1 mgml inwater after 10 min
— — —  Carbhoxymethyl dextran 0.1 moiml in water after 20 min
—————— Carhoxymethyl dextran 0.1 ma‘ml in water after 30 min
—————— Catoxymethyl dextran 0.1 ma'ml in water after 45 min
Carboxymethyl dextran 0.1 ma‘ml in water after 60 min
after water rinsing, 30 min
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Figure 2-16. In situ ATR (SBSR) spectra of physisorption of carboxymethyl dextran in the 2000-
900 cm™ wavelength range (dextran fingerprint region). Plasma activated Ge IRE was exposed to
0.1 mg/ml solution in pure water over 60 min and rinsed with water for 30 min. The original spectra
in the 4000-800 cm™ wavelength range are depicted in the gray backplane graphic.

These numbers derive from a rough calculation considering the dextran/single glucose
unit molecular weight ratioAt pH comprised between 5.5 and 7.4 (as determined using

deionized water or PBS 1% buffer as solvent, respectively) carboxymethyl dextran is
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negatively charged. From the experiments described above, 0.1 mg/ml could be

assessed as the best concentration for the purpose of this work.

Carboxymethyl dextran 0.1 mg/ml in water after S min
Carboxymethyl dextran 0.1 mg/ml in water afetr 10 min
— — —  Carboxymethyl dextran 0.1 mag/ml in water after 20 min
—————— Carboxymethyl dextran 0.1 mg/ml in water after 30 min
—————— Carboxymethyl dextran 0.1 mofml in water after 45 min
Carboxymethyl dextran 0.1 mofml in water after 60 min
aftenwater rinsing, 30 min
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Figure 2-17. In situ ATR (SBSR) spectra of in situ physisorption of carboxymethil dextran in the
2000-900 cm™ wavelength range (dextran fingerprint region). Not plasma activated Ge IRE was
exposed to 0.1 mg/ml solution in pure water over 60 min and rinsed with water for 30 min. The
spectra in the 4000-800 cm™ wavelength range are depicted in the gray backplane graphic.

In Figure 2-16 the ATR spectra depicting the physisorption of carboxymethyl dextran
over plasma activated Ge IRE are reported. A further experiment was carried out
using carboxymethyl dextran 0.1 mg/ml in PBS 1% over plasma pretreated surface.
Figure 2-17 depicts spectra referring to the same solution over not activated Ge IRE.
The observation of the kinetic behavior facilitated the comparison and the conclusions

harvest.
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2.2.3.1. Kinetics of the adsorption process
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Figure 2-18. Comparison of physisorption kinetics behavior of carboxymethyl dextran 0.1 mg/ml
solutions differing for ionic strength (pure water and PBS 1% buffer) and surface activation. The
same conditions were applied (75 min carboxymethyl dextran flow through and 45 min water
rinsing). In one case (top up triangle) the Ge IRE was plasma cleaned and kept in pure water for 24

hours.

Figure 2-18 allows comparison of kinetics of carboxymethyl dextran adsorption from
water and PBS 1% on activated and not activated Ge IRE. According to this data, it
can be evidenced that plasma induced physisorption enhancement is lost in the case of
a negatively charged dextran based polymer. The following conclusion can be drawn.

The carboxy sample adsorbs weaker than the amino dextran. Moreover, after a short-
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term interaction the polymer starts desorbing.
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2.2.4. OptoDex ® dextran based polymers physisorption.

2.2.4.1. OptoDex ® C physisorption

0.04

OptoDex C 0,1 mg/ml in water after 10 min
OptoDex C 0.1 mg/ml in water ‘after 60 min
OptoDex C 0.1 mg/ml in water after 90 min
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Figure 2-19. In situ ATR (SBSR) spectra of physisorption of OptoDex® C. Plasma activated Ge
IRE was exposed to 0.1 mg/ml solution in pure water over 90 min.

Figure 2-19 reports the in situ investigation via ATR spectroscopy of OptoDex® C
physisorption on plasma activated Ge IRE. A solution of OptoDex® C 0.1 mg/ml in

water was put in contact with the plasma pretreated IRE for 90 min. Within this period

no significant interaction was observed.
2.2.4.2. OptoDex ® B physisorption

OptoDex® B is an actinic dextran based polymer a priori not charged in the
considered pH range (5.5 up to 7.4). In Figure 2-20 physisorption of such a polymer

from 0.1 mg/ml in water on plasma activated Ge IRE is shown as investigated by ATR
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Figure 2-20. In situ ATR (SBSR) spectra of physisorption of OptoDex® B. Plasma activated Ge
IRE was exposed to 0.1 mg/ml OptoDex® B in pure water over 60 min and rinsed with water for 40

min.

—— OptoDex B 0.1 mg/ml in PBS 1% after 5 min
—-—— OptoDex B 0.1 mg/ml in PBS 1% after 10 min
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Figure 2-21. In situ ATR (SBSR) spectra of physisorption of OptoDex™ B. Plasma activated Ge
IRE was exposed to 0.1 mg/ml OptoDex® B in PBS 1% over 60 min and rinsed with water for 40

min.
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spectroscopy. Again the influence of ionic strength was probed using PBS 1% buffer
as solvent. Figure 2-21 shows the physisorption of OptoDex® B 0.1 mg/ml in PBS
1% over plasma activated Ge IRE. Also in this case the increased ionic strength
inhibits the polymer/surface interaction. This consideration is supported by Figure
2-22 where the kinetics behavior under the different conditions (adsorption from water

or PBS 1%) is outlined.
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Figure 2-22. Physisorption kinetics behavior comparison of OptoDex® B 0.1 mg/ml solutions
differing for ionic strength (pure water and PBS 1% buffer) on plasma activated Ge IRE. The same
conditions were applied (90 min OptoDex B flow through and 30 min water rinsing).
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2.2.4.3. OptoDex ® A physisorption

OptoDex® A 1is an actinic dextran based polymer a priori positively charged

in the considered pH range (5.5 up to 7.4).

OptoDex A 0.1 mg/ml in water after '5 min
—————— OptoDex A 0.1 mg/ml in water after 10 min
—————— OptoDex Al 0.1 mg/ml in water after 20 min
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— — —| | after water rinsing, 30 min

0.04 -

0.02

Absorbance / a.u.

0.00

-0.02

4000 3500 3000 2500 2000 1500 1000

Wavelength fem™t

Figure 2-23. In situ ATR (SBSR) spectra of physisorption of OptoDex® A. Plasma activated Ge
IRE was exposed to 0.1 mg/ml OptoDex® A in pure water for 60 min and rinsed with water for 30
min. Kinetic behavior is further explored in Figure 2-25.

In Figure 2-23 and Figure 2-24 ATR spectra are shown that were recorded during
physisorption of this polymer 0.1 mg/ml in water and PBS 1%, respectively, on
plasma activated Ge IRE. The increased ionic strength inhibits the polymer/surface
interaction which is also supported by Figure 2-25 which depicts the kinetics of the
adsorption process. A negative band at 3650 cm’ appeared following the
physisorption kinetics. It i1s observed only for OptoDex® A (not for B and C). This
spectroscopic behavior is consistent with a specific interaction of the amino groups

with the superficial Ge-0-H , which can be regarded as protonated germanium
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IRE was exposed to 0.1 mg/ml OptoDex® A in PBS 1% over 60 min and rinsed with water for 30

Figure 2-24. In situ ATR (SBSR) spectra of physisorption of OptoDex® A. Plasma activated Ge
min. Kinetic behavior is further explored in Figure 2-25.
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Figure 2-25. Comparison of physisorption kinetics behavior of OptoDex® A 0.1 mg/ml solutions
differing for ionic strength (pure water and PBS 1% buffer) on plasma activated Ge IRE. The same
conditions were applied as for OptoDex® B (75 min OptoDex® A flow through and 40 min water

rinsing)



monoxide®™. The charge separation at interface can be visually described as
Ge- O~ ..." NH;—dextran. This observation represents a strong insight toward the

understanding of the role of both, the charge and the plasma hydrophilic pretreatment.
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2.2.5. Dextran based polymers covalent immobilization by
photobonding

An ambitious goal of this work was to obtain spectroscopic evidence of the
carbene generation. An on purpose tailored set-up for in situ UV exposure was
designed and realized (Figure 2-26). The limitation, which turned out hard to
overcome, was that the highest performance of the spectroscopic observation was
achieved for the water/Germanium interface. These conditions led to spectra quality
amenable for quantitative estimation even of monolayer adsorption. Unfortunately, the

UV exposure does not suit to such conditions because water competitively interferes

with the surface in the photobonding process.

Figure 2-26. PMIRRAS set up on porpose modified for in situ UV exposure. The left hand picture
shows the spectrometer external layout (top view) with the optical bundles fixed on the holder,
inside the measurement chamber. On the right hand is depicted a blow up of the metallic surface
(20x12 mm) installed for simultaneous PM-IRRAS measurement and UV irradiation.

Nevertheless, spectroscopic measurements were carried out using another surface-
sensitive IR spectroscopic method, notably Polarization Modulation Infrared
Reflection Absorption Infrared Spectroscopy (PM-IRRAS). This technique, based on
external reflection at metallic surfaces (namely Al/aluminium oxide) was considered
more suitable for the analyisis of solid-gas interfaces. UV esposure can be performed

in nitrogen atmosphere and in humid atmosphere in order to study the effect of water.
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Such conditions were considered appropriate, to follow the kinetics of the formation
of the highly reactive carbene intermediates and the carbene insertion reactions. The
major interest lied in observing the interface during the irradiation, with the possibility
to spot instable intermediates. It must be outlined that the ratio aryldiazirine/polymer
unit is highly unfavourable to point out diazirine related changes: the eventual signal
linked to the aryldiazirine breaking is damped by the dextran spectral fingerprint. Due
to these difficulties, this branch of investigation was left out. ATR spectroscopy was
used to provide indirect but unquestionable proof of the photobonding process, by
comparing absorbance signals intensity before and after UV exposure and thorough
rinsing. OptoDex® derived Ge IRE, presenting interface modified by thin or,
alternatively, thick film as described in 2.1.1.2 where further dried by nitrogen
flushing (2 minutes) and submitted to UV light exposure.

UV photo-exposure. Four minutes of high-power UV exposure at 365 nm at
the power intensity of 11 mW/cm® were previously demonstrated to be necessary for
light driven carbenes generation from an OptoDex® matrix’". The light source for the
set of measurements using ATR-IR was a coupled optical bundle connected to high
power ultraviolet lamp (Xenon Arc lamp, Oriel, USA). The light intensity from the
bundle outlet was measured with a UV light intensimeter equipped with the 350 nm
filter (Suss MicroOptics, Switzerland). Distance from the surface and time were
adjusted to supply the required calculated irradiance. According to the optimized set-
up, a Ge IRE was illuminated for 6 min setting the optical fibers outlet 15 mm away
from the functionalized edge. Repeated exposures under the same conditions were
performed all along the IRE length. Exposure was carried out eventually for an
exceeding time without generating significant change in the photobonded polymer.
After irradiation the sample was rinsed with water. The rinsing process was

considered gentle when consisting of a few seconds of water flushing. The extensive
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rinsing of the surface consisted of repetitive cycles followed by water dipping for 90

min.
2.2.5.1. ATR spectra and discussion

By in situ ATR measurements (see. Figure 2-19) it was demonstrated that

OptoDex® C does not physisorb onto Ge IRE under the applied conditions.

——— OptoDex C thick film as cast
after water rinsing

Absorbance / a.u.

4000 3500 3000 2500 2000 1500 1000

Wavelength / emt

Figure 2-27. ATR spectra of OptoDex® C thick film obtained by casting 0.1 mg/ml solution in pure
water on plasma activated Ge IRE (black spectra). The film was rinsed with water, without previous
UV light exposure (red spectra).

Ex situ measurements were performed to have further evidence: a thick film was
prepared on the surface. The prolonged contact and drying did not improve the quality
of the interaction between the polymer and the surface. This conclusion can be drawn
from Figure 2-27 which reveals no signal of OptoDex® C after water rinsing. In
contrast, Figure 2-28 clearly shows that the UV exposure leads to the immobilization

of the polymer on the surface even after copious rinsing. This series of spectra gives proof
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of the photobonding effect: the polymer, which does not interact at all with the surface
spontaneously, results immobilized onto Ge IRE as a consequence of the
photoexposure. The figure furthermore shows that water rinsing and dipping lead to
removal of a considerable amount of the polymer. In fact, the intensity of the band at

1157cm-1 drops to about 25% of the intensity after water rinsing and dipping.

OptoDex C thick film as cast

04 r ——— OptoDex thick film after extensive purging and nitrogen flushing
OptoDex C thick film after UV exposure

— | OptoDexC thick film after UV esposure and water rinsing

— — | OptoDex C thick film after UV exposure and water dipping (30 min)

Absorbance / a.u.

4000 3500 3000 2500 2000 1500 1000

Wavelength fem™t

Figure 2-28. ATR spectra of OptoDex® C thick film obtained by casting 0.1 mg/ml solution in pure
water on plasma activated Ge IRE (black spectra). Such a film was kept 1 hour under purging and
further dried by nitrogen flushing (red spectrum). After UV exposure (blue solid line), quick rinsing
by water was performed (blue dashed line). Finally the functionalized IRE was dipped in water for
30 min (black dashed line).

It can be deduced that after photoexposure the polymer molecules within the thick
film (multilayers) are not completely interlinked. This finding indicates that
photobonding to the surface is preferred over photobonding between polymer
molecules. The same ex situ functionalization by thick film generation was performed
using OptoDex® B 0.1 mg/ml in water. As can be seen from Figure 2-29 the UV

exposure generates the expected carben hooks to fix the polymer onto the surface.
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——— OptoDex B thick film as cast

0.3 ———- OptoDex B thick film after purging and nitrogen flushing

——— OptoDex B thick film after UV exposure

— == OptoDex B 0.1 thick film after UV and water rinsing

——— OptoDex B 0.1 mg/ml in water after UV and estensive water dipping (4 hours)
UV effect extimantion
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Figure 2-29. ATR spectra of OptoDex ®B thick film: the film was obtained by casting 0.1 mg/ml
solution in pure water on plasma activated Ge IRE (black line).Then it was extensively purged
(1 hour and further dried by nitrogen flushing, black dashed line). After UV exposure (blue plain
line), quick rinsing by water was performed (red dashed line). Finally the functionalized IRE was
dipped in water for 4 hours (black plain line, weaker). The gray spectrum is the difference between
the registered spectrum before and after UV exposure.

The effectiveness of such a procedure will be evaluated quantitatively later in this
work. OptoDex® A was claimed the best physisorber specimen according to the
previously shown data. For this reason ex situ functionalization was performed using
the thick film generation technique (Figure 2-30) and the dipping technique
(physisorption mediated photobonding, see Figure 2-31 and Figure 2-32). In Figure
2-31, Figure 2-30 and in Figure 2-32 is reported also an estimation of the effect of the
UV exposure is reported. In Figure 2-32 the coating homogeneity before and after UV
exposure, is evaluated too. After water evaporation the functionalized IRE was
exposed to UV light and rinsed. The effect of UV exposure on the IR spectra is
highlighted by reporting the differences between the spectra recorded before and after
UV exposure. Spectra were registered at two different positions (200 and 800 lift steps
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in the SBSR attachments) to estimate the coating homogeneity.It can be concluded

that the dipping technique leads to uniform surface functionalization.

03| . —— OptoDex A in water thick film

—— OptoDex A in water thick film after UV exposure

—— | OptoDex A in water thick film after UV exposure and water rinsing
OptoDex A in water after UV exposure and extensive water dipping
UV effect estimation ﬂ

0.1
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4000 3500 3000 2500 2000 1500 1000

Absorbance / a.u.

Wavelength / emt

Figure 2-30. ATR spectra of OptoDex® A thick film. The film was obtained by casting 0.1 mg/ml
solution in pure water on plasma activated Ge IRE (black line). The spectrum was registered after
extensive purging (1 hour) and further drying by nitrogen flushing. After UV exposure (blue line),
quick rinsing by water was performed (red line). Finally the functionalized IRE was dipped in water
for 4 hours (cyan profile). The gray spectrum is obtained by subtraction of the spectra registered
before and after UV exposure.

The SBSR lift permitted an estimation of the UV light effect in the two different
regions. In Figure 2-31, the subtraction of the spectra recorded after UV exposure and
the spectra recorded before is shown.The gray and black lines mainly show a
difference in the water content (3500-3000 cm™) and slight changes in the dextran
fingerprint region. It can be stated that the UV exposure does not change significantly

the spectrum of the polymer first adsorbed and later immobilized on the surface.

70



015 | —|— — OptoDex A after dipping before UV exposure ( 2000 steps)
———— OptoDex A after UV exposure and rinsing (2000 steps)
—I— — - OptoDex A after dipping before UV exposure ( 800 steps)
—— OptoDex A after UV exposure and rinsing ( 800 steps)
layer homegeneity estimation before UV exposure
0.10 - layer homegeneity estimation after UV exposure
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Figure 2-31. OptoDex® A physisorption mediated photobonding applied to Ge IRE ex situ and
investigated by ATR spectroscopy. The dashed spectra relate to dextran applied to plasma pretreated
IRE by dipping a Ge IRE in a solution of OptoDex A 0.1 mg/ml in water solution for 1 hour and
then drying the surface by nitrogen flushing. The solid line spectra relate to such a film exposed to
UV light and submitted to water rinsing. This procedure was ubiquitously applied to the whole IRE
and the spectroscopic investigation was performed at two different positions of the IRE centered at
2000 and at 800 SBSR lift steps. The spectrum registered at 2000 steps minus the one registered at
800 steps allows one to estimate the homogeneity of functionalization, before (black spectrum) and
after UV exposure (gray spectrum).

Furthermore, the quantity of product in contact with surface remains almost constant.
Finally, it can be concluded that the whole procedure, investigated step by step, results

in a homogeneous modification over the entire surface of the IRE.
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-t —t OptoDex A after dipping before UV lexposure ( 2000 steps)
0.15 | ———— OptoDex A after UV exposure and rinsing (2000 steps)
— — — - OptoDex A after dipping before UV exposure (( 800 steps)
——— OptoDex A after UV exposure and rinsing ( 800 steps)
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Figure 2-32. OptoDex A physisorption mediated photobonding conditions applied to Ge IRE ex situ
and investigated by ATR spectroscopy. The same spectra as in Figure 2-31 are depicted: in this case
subtraction of spectrum registered at 2000 steps minus the one registered at 800 steps before (black
spectrum) and after UV exposure (gray lined spectrum) allows one to estimate the effect of

photobonding.
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2.2.6. Orientation measurements

E

Fy
* e
]

Figure 2-33. Schematic representation of the orientation between the electric field E and the
transition moment z of a molecule on a surface.

The extent of infrared absorption of a specific chemical group or a molecule depends
on the orientation between the transition moment of the associated vibration and the
electric field. The mutual relation is described by the following equation (see. also

Figure 2-33):
I (iie E)? =|ﬁ|2‘l§‘cosz(9) 2-1

Obviously, to determine the magnitude of a signal of an oriented sample one must
consider the relative orientation, given by the angle @ , of the two vectors, the electric

field vector £ and the transition moment vectorz. The orientation of a molecule can

therefore be deduced by measuring the absorption of parallel and perpendicular
polarized incident light. To avoid the use of tedious physical units and molecular

constants, the so-called dichroic ratio R=]4 H (¥)dv/[ A, (¥) dv 1s introduced. |4 | dv

and [4,()dv denote the integrated absorbance of measured spectra for parallel and

perpendicular incident light.
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Absorbance peaks (4| and 4, ) may be used for analysis by introducing the relative
electric field components £, (v), E,() and E.(v) at a distinct wavenumber as

obtained according to Harrick’s approximation of Fresnel’s equations (thin film in

contact with a bulk rarer medium).

~ [4 H(17) dv _ﬂ ~ d,| ~ EXm?+E*m?+2E.E, mm

7 v 2 2 > : 2-2
J.AJ_(V)dV AJ_ de,J_ Ey my

Here the m,,. denote the component of the transition moment i. Assuming uniaxial

arrangement a further simplification can be introduced and the dichroic ratio

expression becomes

2
E? E? <c0s ¢9>
R=—+2—-2

—_— 2-3
E; Ei 1—<cos2 0>

<c052 9> indicates the average over the mean squares of the cosines of the angles

between the transition moments of a given vibration and the z-axis of the laboratory

coordinate system, which is defined by the internal reflection element.
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Figure 2-34. Schematic representation of a glucopyranose ring whose position and orientation are
observed in regard to the laboratory coordinates system. # depicts the averaged transition moment
of the symmetric stretching vibrations of the CH groups in the ring. Note that C atoms are
represented by gold medium sized spheres and H atoms by white small spheres. 0 is the angle
between # and the z-axis.

The xy-plane denotes the surface of the IRE and the x-axis points along the direction
of light propagation.The z-axis is perpendicular to the IRE surface. In Figure 2-34
such system is applied to a glucopyranose molecule as monomer of a dextran based
polymer, and in particular the vibration generating the considered transition moment
i was the symmetric C-H vibration. Obviously, the dichroic ratio R is experimentally
directly accessible, while the relative electric filed components Ex, Ey and Ez must be
calculated by means of Fresnel’s equations. Solving Eq. 2-3 for the mean square

cosine results in

E? — RE?
<c0526'>= 5 al 5 4 5 2-4
E} —RE} -2E
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For the sake of completeness, it must be mentioned that a rigorous calculation
necessitates the support of a model probability density function which can provide
information on the flexibility of a molecular segment. Three special cases of

molecular orientation deserve to be outlined here: the isotropic arrangement of dipole

moments, resulting in <cos2 9> =1/3; the perfect alignment of the transition dipole

IA]

moments parallel to the surface of the IRE (xy-plane), resulting in <cos29> =0and
xy

perfect alignment of transition moments along the normal to the IRE (z-axis) resulting

in <cos2 0> =1. Introducing these values in Eq. 2-1, the corresponding dichroic ratios

z

are
E? +E? E?

Ry, ==, Ryy=—%, R, =0 2-5
Ey E)/

Contrary to transmission spectroscopy, R,, differs from unity and has to be calculated
in each case depending on the optical constants of the sample. A situation considered
common for large molecules is the existence of several populations of equal functional
groups, featuring different orientation ordering. Strictly speaking, each group is
characterized by its own mean square cosine. The corresponding vibration band will

therefore composed of overlapped absorptions.

Considering the dextran based polymer and the hundreds of CH groups of the
glucupyranose rings chain networked on the surface, it appears reasonable that only
mean absorbences are accessible, resulting in mean dichroic ratio. The following

values of relevant parameters have been used for the calculation.
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n; =4.00+0.00 Gerefractiveindex

n, =145+0.05 thin film refractive index

ny, =144+0.05 H 20(285%’"_ 3 refractive index
cos@); = g, 0, =45°

Note that the anomalous dispersion of water at 2850 cm™ has been taken into account

(ny =1.33 1s valid outside of strong water absorption). The components of the relative

electric fields strength in the rarer medium resulted in
E, =1400£0.002, £, =1.511£0.008, E, =1.527£0.162 2.6

The corresponding axial effective thickness for an isotropic thin layer was calculated

to be

=293+0.13nm, (d,.) =3.00+0.68nm 2-7

S0

so

(de) =251%0.11mm, (d,,)

Thus one obtains for an isotropic thin layer a dichroic ratio of

Rio =(den),, +{de), )/ (dey)  =1.88+022 2.8

iso

while for perfect alignment of the transition moments parallel to the IRE surface

(xv-plane) the dichroic ratio would result in

R,, =0.858£0.009 2-9

Orientation information can also be deduced through the dichroic difference spectra

(D") defined as the weighted difference spectrum between the absorbance spectra

measured with parallel and perpendicular polarized light
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D" =4 (V)= Ry, A, (V) 2-10

Consequently, the dichroic difference spectrum as defined above results in a flat line if
the sample is isotropic or if the respective mean transition moment assumes the so-

called magic angle of <5>:54.74° (uniaxial orientation) with the axis normal to the

IRE. A positive D* band indicates predominant alignment of the transition moments
of a given vibration in the direction of the z-axis, while a negative D* band is
significant for predominant alignment of the transition moments parallel to the surface

of the IRE (xy-plane).

Error Analysis. The uncertainties indicated in this section and later on this work are
all based on a straightforward error propagation calculation. Analytical expression for
partial derivatives has been evaluated by means of the symbolic Mathematical
Toolbox of MATLAB, whereas the final numeric calculation of the overall
uncertainties has been performed using MATLAB program. The uncertainties

correspond to 95% limit of confidence.
2.2.6.1. Orientation analysis

Dichroic difference spectrap®, as resulting from Eq. 2-10 were applied as
well as the experimentally derived dichroic ratio, R,,,, to assess the orientation of
aminodextran, OptoDex® A and OptoDex® B phisysorbed thin films. Attention was
paid to the bands related to the vy(CH) stretching vibration at 2850 cm™. The angle
between the transition moment of vy(CH) and the z-axis, was calculated. The
stretching vibration related to the C-H bond was selected for the analysis, because in
an ideal case the transition moment is perpendicular to the ring. By inspecting Figure
2-35 and Figure 2-36 (aminodextran and OptoDex ® A, respectively) one can realize

that the magnitude of the signal related to the same vibration does not differ
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significantly when absorbing parallel or perpendicular polarized light. If considering
the dichroic difference spectrum, a nearly horizontal line typical for isotropic
orientation is observed. The same was observed for OptoDex® B (data not shown).
The calculations of the experimentally derived dichroic ratio, R., for the three
polymers are reported in Table 2-1. The calculations were performed using a program

developed by Fringeli and coworkers™ .

aminodextran thin film, parallel polarization
0.015 - —— aminodextran thin filn, perpendicular polarization
—— dichroic difference spectrum
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Figure 2-35. Blow-up of ATR-IR spectra in the region of the symmetric stretching vibration,
vs(C-H) of aminodextran. The black and red lines refer to parallel and perpendicular polarized
incident light, respectively. The functionalization and the following rinsing were observed in-situ
(physisorbed thin film). The blue line, featuring an almost flat profile, represents the calculated
dichroic difference spectrum, D*.

The spread sheet reporting all the data for such calculations is depicted in Table 2-2 at
page 82. The small deviation of the values calculated on the basis of experimental data
from the theoretical value ofR,, =1.88+0.22, allows the conclusion that the
glucopyranose molecules within the dextran polymers assume a quasi-perfect

isotropic distribution onto the surface. Weak signals in the dichroic difference D" are
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observed in other spectral regions (see Figure 2-37). As in Figure 2-35 and in Figure
2-36, the blue line relates to D*, in this case in the 4000-800 cm™ wavelength range.
For two spectral regions the observations are different.A flat line in the
3000-2600 cm’™ spot is consistent whit an isotropic orientation, when focused on the
v{(C-H). A negative adsorption result for p* in the 1500-1000 cm™ range. It must be
outlined that a negative value for D* can be attributed to a predominant parallel
alignment of the transition moments with respect to the surface of the IRE. It is not
difficult to imagine a quasi-isotropic orientation, and a local situation, minoritary but

still detectable, of glucose units laying parallel to the surface.

—— OptoDex A thin film, parallel polarization
0.015 - —— OptoDex A thin film, perpendicular polarization
—— dichroic difference spectrum
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Figure 2-36. Blow-up of ATR-IR spectra in the region of the symmetric stretching vibration,
Vs(C-H) of OptoDex® A thin film. The black and red lines refer to parallel and perpendicular
polarized incident light, respectively. The functionalization and the following rinsing were observed
in-situ (physisorbed thin film). The blue line, featuring an almost flat profile, represents the
calculated dichroic difference spectrum, D*.

Both configurations apply for a branched, not rigid polymer, displaying interactions at

the water/ germanium interface. Moreover, it must be noted that the optical constant
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of water are not the same in the two spectral region. As consequence, R;, does not
have the same value. The results presented justifies the assumption of an isotropic film

for the calculation of surface concentration, as outlined below.
2.2.7. Determination of volume concentration and surface concentration

The quantities volume concentration, ¢ , and the surface concentration, I", are

related to each other via the thickness of the sample d and the Lambert-Beer law by

Lo 4 2-11
d Nvd, [e(v)dy
i ii a
Dextran based polymer a,' a :_H
poty. 1 [ op =7,

0.1 mg/ml in water, after 60 min physisorption and 30 min water rinsing

Amino dextran
+ + +
Admino dextran 0.64+0.05  0.35+0.03 1.83 +0.21
OptoDex™ A 0.67+0.05  0.36+0.03 1.85 +0.21
arrayon biotechnology®
OptoDex™ B 017001  0.09+ 0.007 1.83 £0.18

arrayon Biotechnology®

"a | = [A H (V) dV , integration performed using OPUS software.

“a, =[A,(V)dV , integration performed using OPUS software.

Table 2-1. For each investigated dextran based polymer, enabling film physisorbtion on the Ge IRE,
the experimental dichroic ratio, R.,, was calculated. (i) and (i7) are the integrated adsorption bands
related to vs(C-H) for perpendicular and parallel polarized incident light, respectively. OPUS
software was applied for integration, and the selected method maintained for entire data processing.
The ratio of parallel over perpendicular integrated absorption, furnish the R.,, values , as reported in
the right column
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Unvarying Input parameters symbol — magnitude uncertainty

Angle of incidence (°) e 45.00 1.50

Refractive index of Ge IRE n 4.00 0.00

Refractive index of Thin film n 1.45 0.05

Refractive index of aqueous environment at 2850 cm- 1 n3 1.41 0.05

Unvarying Output values symbol — magnitude  uncertainty

Dichroic ratio for isotropic distribution of [ Riso 1.88 022

Dichroic ratio for alignment of [ parallel to the surface Ry 0.86 0.01

Magic Angle (°) 10) 54.7

Polymer depending input parameters symbol  magnitude  uncertainty

aminodextran (Molecular Probes)

Integrated absorbance of v{CH) for parallel polarized light a H i 0.64 0.05

Integrated absorb. of v(CH) for perpendicular polarized lig ht alﬁ 0.35 0.03
OptoDex ™ A4 (arrayon biotechno logy ®)

Integrated absorbance of v{CH) for parallel polarized light a H i 0.67 0.05

Integrated absorb. of v(CH) for perpendicular polarized lig ht aJ_” 0.36 0.03
OptoDex ™ B (arrayon biotechnology®)

Integrated absorbance of v,(CH) for parallel polarized light a H i 0.17 0.01

Integrated absorb. of v(CH) for perpendicular polarized lig ht a i 0.09 0.007

Measurement depending output values symbol — magnitude  uncertainty

aminodextran (Molecular Probes)

Experimentally obtained dichroic ratio Ry 1.83 0.21

Angle (°) between [i and the z-axis O, 554 4.1
OptoDex ™ 4 (arrayon biotechnology®)

Experimentally obtained dichroic ratio R, 1.85 021

Angle (°) between [i and the z-axis 0, 55.1 4.0
OptoDex ™ B (arrayon biotechnology®)

Experimentally obtained dichroic ratio Rey, 1.83 0.18

Angle (°) between [i and the z-axis 6, 55.4 3.8

"a |= IA H (V) dV , integration performed using OPUS so ftware.

ii

a, =[A, (v)dv , integration performed using OPUS software.

Table 2-2. Dextran based polymers orientation evaluation spread sheet.
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0.08 - —— OptoDex A thin film, parallel polarization
—— OptoDex A thin film, perpendicular polarization
—— dichroic difference spectrum
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Figure 2-37. ATR-IR spectra of OptoDex® A physisorbed thin film. The blue line represents the
calculated dicroic difference spectrum, D*. Note the flat outline in the 3000 - 2500 cm™ region and
the negative profile in the 1200-1000 cm™ wavelength range.

In Eq. 2-11, AL denotes the integrated absorbance of a given absorption band

measured with perpendicular polarized light; N and v are the mean number of active
internal reflections and the number of equal functional groups per molecule. The

effective thickness of an arbitrary oriented sample per internal reflection is denoted by
d,, whereas 4 is the effective thickness for an isotropic sample, | ¢(v) dv denotes

the integrated molar absorption coefficient of this band. According to Eq. 2-11, the
surface density, I", may be conceived as the projection on the surface of the molecules
in the volume defined by the unit area and the height 4. Consequently, 4 is the
sample thickness. For systems consistent with the isotropic model, the equation
relating volume concentration ¢ , [mol cm™], and the surface concentration I", [mol

cm™], via the sample thickness 4 can be simplified to
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CIEIL 2'12
d Nd,, ¢

Under the thin film approximation, it follows

n

de=—2—d gr. 2-13
cosf;

and then

de_ M1 L2 2-14

2
d cosf, °

where Eﬁi can be calculated using the Fresnel’s equations. In contrast to the parallel

electric field component, the derivation of the perpendicular component is

straightforward
=2 20" — 1485 2-15
1-n

31

For the calculation of the surface concentration I” the following parameters were

used:

n; =4.0 Gerefractive index
n, =145 thin film refractive index

ny=1224  H,0 1 refractive index

(1020 cm™

2 -1
6‘(”570m_1)= 178.831c¢cm” mol

N =425 number of IRE active reflections

cos@l:g, 0, =45°

84



According to these mathematical operations and deriving from Eq. 2-11 and Eq 2-13

%, it follows

d A, cost 1 A
Ne¢ Ny Ei Ne
V221 A

03625 2,205 42,5-178.831cm’mol”!

=4, -11,66-10 " molcm ™ 2-16

F=c-d=A, -11,66-10™ mol cm >

Therefore, thin film thickness is proportional to absorbance according to the

subsequent equation

T A, -11,66-10° molem™

Cc Cc

d 2-17

The missing data to calculate the film thickness d, is at that point the volume
concentration ¢ /mol cm™], which can be deduced from the polymer density. Glucose

density is 7,54 g cm™ and its molecular weight is MW= 180.16 g mol’. Then

. density 1,54 g cm™

o= 0,0085 mol cm™> 2-18
MW 180,16 g mol~

The volume of 1 glucopyranose unit is then (considering Avogadro’s Number and

lem® =10%* A%)
Vit uminy =194 A° 2-19

All required data are in conclusion available:

T 4,-11,66-10"° mol em™

d 3
c 0.0085 mol cm™

=4, -13.71-10° cm 2-20
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Under the set experimental conditions, 13.71-10°cm is the factor that relates the

absorbance 4, to the film thickness. This paragraph furnishes the theoretical base for
the elaboration of experimental data as reported in paragraph 2.4 (Determination of

polymer film thickness at interface, p. 90), Table 2-4 and Table 2-5.

86



2.3. Charge driven Physisorbtion

The density of charged groups within the molecules yields the total charge per
volume. It is given in m>. For each dextran based polymer dissolved in water in
concentration up to 0.1 mg/ml, the charge density was calculated according to Eq. 2-

21, applying the parameters given.

polymer concentration (g/ml) N N°of charges \F =charge carrier density

polymer MW (g/mol) mol
ml

F=———|
100 - m?

N = Avogadro Number = 6,023 - 1073
2-21
N°of charges

; ,specific of polymer,cfr. Table2 -1
mo

MW =70.000 dalton for carboxymethyl dextran
MW =40.000 dalton for aminodextran, and OptoDex ®

A pH 7 was measured for Millipore purified water and it was found to decreases with
time down to 5.5, due to the uptake of atmospheric CO, in water. At such conditions,
simple dextran can be assumed to be uncharged. The same holds for the backbone of
the dextran derived polymers: it stays uncharged. In contrast the pH variation in such
a range, determines amines protonation (positively charged) and carboxyls
deprotonation (negatively charged). Taking the specific function per mole (cfr. Table
2-3) which is reported in the product specifications, the charge carrier density was
quantified as parameter for the establishment of a trend. The chemical modification
which leads from aminodextran to OptoDex ® affects marginally the total molecular
weight. For this reason, the molecular weight of OptoDex ® A, B and C is assumed to

be the same as for aminodextran (i.e. 40000 daltons).
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Dextran based polymer  Specific function per Charge carrier density, m>

(0.1 mg/ml in water) mole of polymer (pH= 7.0 + 5.0)
Amino dextran 8 amines/mol 12.20-10%
Molecular Probes protonated amines, NH**
OptoDex™ A 4 amines/mol 6.10-10*
arrayon Biotechnology® 4 aryldiazirines/mol protonated amines, NH>*
OptoDex™ B 4 protected amines/mol --
arrayon Biotechnology® 4 aryldiazirines/mol

OptoDex™ C 4 carboxyls/mol 6.10-10%
arrayon Biotechnology® 4 aryldiazirines/mol deprotonated carboxyl, COO"
Carboxymethyl dextran 71 carboxyls/mol 61.09-10%
Molecular Probes deprotonated carboxyls, COO

Table 2-3. Calculated charge carrier density as calculated from Eq. 2-21. The specific chemical
function per mole of polymer is reported as depicted in the datasheet of the respective product.

10 min

30 min 60 min
AN 27 Q000000700000000000770 AR I I
—&— aminodextran, water —&— OptoDex B, water
/ —4A— aminodextran, PBS 1% —A— OptoDex B, PBS 1%
) 0.03 —O— carboxymethil dextran, water —&— OptoDex A, water
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Figure 2-38. Comparison of physisorption kinetics behavior of aminodextran (black plot),
carboxymethyl dextran (grey plot), OptoDex® B (blue plot) and OptoDex® A (red plot), 0.1 mg/ml
aqueous solutions differing for ionic strength, namely pure water (circle scattered plots), and PBS
1% buffer, (triangle scattered plots) on plasma activated Ge IRE. The same conditions were applied
on polymer surface exposure and rinsing time.

88



From Table 2-3 it can be evinced that the aminodextran in solution is positively
charged when flowing in contact with the Ge IRE, and its a priori charge density is
twice that of the OptoDex® A homologue. OptoDex® B is uncharged, OptoDex® C
has the same charge as OptoDex® A, but negative and carboxymethyl dextran is ten
times more charged than OptoDex® C. A dextran based polymer with the same
charge density as aminodextran but opposite in sign, was not commercially available.
To correlate the charge density with the physisorption behavior. the kinetics
observations are summarized in Figure 2-38. It should be noted that the errors of the
peak amplitude values are on the order of a few % for values around 0.01. Errors
between different experiments due to optics alignment are estimated to be on the order
of 19%. Aminodextran and OptoDex® A solutions, at the same concentration in pure
water (0.1 mg/ml), show similar behavior. A slight difference lays in the kinetics at
short time. In water, the peak amplitude at 1157 cm™ of OptoDex® A rises faster than
for aminodextran, and after 10 min the physisorption is at 95% of completion. In the
case of higher ionic strength, aminodextran results more effective than OptoDex® A
(cfr. triangles up scatter plot, black and red respectively). lonic strength is one of the
parameters, together with time, to control the thickness of the layer. Adsorption
kinetics of aminodextran and OptoDex® A kinetics behavior is reprensed by the lines
in the upper part of the graphic. OptoDex® B, as an uncharged polymer, physisorbs
on the Ge IRE without much reacting to the ionic strength change (see circle and
triangle up scatter blue plots). As already outlined previously, carboxymethyl dextran
(highly negative charge carrier) does not physisorb (actually desorbs after a short time
of surface interaction). The explored layout is consistent with a germanium IRE,
plasma treated, slightly negative, which preferably interacts with analytes offering

positive charges.
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2.4. Determination of polymer film thickness at interface

The straightforward application of Eq. 2-20 allowed the compilation of Table
2-4 and Table 2-5. The first one refers to ATR monitored in situ physisorption, leading
to thin film adlayers of aminodextran, OptoDex® A and OptoDex® B, in both, water
and PBS 1%. Under such experimental conditions the film at the interface fully stays
within the evanescent field. The outstanding interest in this method stays in the
possibility of measuring film thickness at interfaces, actually in presence of water. In
aqueous media dextran based polymers are expected to unfold their properties of
hydrogel-like materials. Furthermore they are typically asked to act in such
environments for bioassay formats. The calculated thickness range swipes from 19 A
to 5 A. For sure, the interest in the absolute value stands, but significance of these
values increases if considering the size of the glucopyranose unit. In Eq.2-19 it was
estimated that the volume of a dextran monomer is /94 A4°. According to the assumed
isotropic orientation, we can reasonably consider that one glucopyranose ring

measures in one dimension:

1944° =58 4 2-22

Under this vision, the calculated thicknesses correspond to a monolayer of
glycopyranose for OptoDex® B in water, two and three layers in the cases of
OptoDex® A in PBS 1% and water, respectively, 4 and 5 layers in the cases of
aminodextran in PBS 1% and water, respectively. The thin film layer left over by
OptoDex® B in PBS 1% results in an incomplete monolayer. The same calculations
were applied to the cases of OptoDex® A, B and C thick film casting (ex situ). The
considered experimental data (peack values) and the derived film thickness are

reported in Table 2-5. In this case only films cast from pure water were taken into
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account. The pertinent interest of this set of values is in the elucidation of the film
thickness before and after UV exposure: in this way the effectiveness of the
photobonding process was inquired (see 2.4). It must be noted that the calculation of
the film thickness applied here assumes that the film thickness is much smaller than

the penetration depth of the evanescent field, which is not necessary correct for the

cast films.
Dextran based polymer Peak amplitude' Thin film thickness"
(0.1 mg/ml )

in situ physisorption

Amino dextran (water) 144107 19719 4

Molecular Probes

Amino dextran (PBS 1%) 102
Molecular Probes L0110 13.854
OptoDex™ A (water) 116107 15.90 4
arrayon Biotechnology® ) '
OptoDex™ A (PBS 1%) B
arrayon Biotechnology® 7.20-10 9.871.4
OptoDex™ B (water) 3
arrayon Biotechnology® 3.66 - 10 5.018 4
OptoDex™ B (PBS 1%

P (055 170 2.73 - 10° 3.715 4

arrayon Biotechnology®

i
(AJ_,l 157cm 1) - (AJ_,I 182em™)
" Cfr. Eq. 2-20

Table 2-4. Thin film thicknesses as calculated inserting data of relative peak amplitude at 1157 cm™
in Eq. 2-20.

This means that the calculated values represent lower limits. The thick film casting

technique leads to dextran based polymer layers at least 5 times thicker. One fact is
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remarkable: via “non physisorption mediated» casting technique, thicker layers are

displayed by the polymers with a better surface adsorption performance (see Table 2-5).
2.5. OptoDex® family’s photobonding effectiveness

The number of actinic arildiazirine groups in the OptoDex® structure is high
enough to act as surface/probe hook, but is too low to be directly identified by
spectroscopic observation. The polymer (MW 40000 daltons)/ isotiocianato-aryl-
trifluoro-diazirine (MW 243, 4 units in average per mole of polymer) ratio, roughly

equals to 165. This means that the carbene generating groups are buried in the dextran

signal.

OptoDex™ before UV (a) after UV (b) after UV (c)

cast and evaporated and mild rinsing and thorough rinsing
0.Img/ml ( water) Peak Film Peak Film Peak Film
ex situ casting amplitude’  thickness"  amplitude’  thickness"  amplitude' thickness'
A, thick film 7.99-10° 109.54  6.64-10° 91.04  47.5-10° 65.14
B, thick film 5.08-10° 6964  259-10° 3554  23.5-10° 3224
C, thick film 5.50-10° 7544  226-10° 3104 < 182-107 2494

i
(AJ_,I 157em™) - (AJ_,I 182 cm!)
" Cfr. Eq.2-17

Table 2-5. Thin film thicknesses as calculated inserting data of relative peak amplitude at 1157 cm-1
in Eq. 2-20, applied to the thick film casting (ex situ functionalization). Peak amplitude referring to
three cases are reported: cast and evaporated aqueous solution, mild water rinsing after UV exposure
and subsequent thorough water rinsing to ascertain the efficiency of the carbene insertion and
polymer grafting onto the surface.

Nevertheless, one of the major goals of this thesis work was to quantify via ATR-IR

spectrometry the effectiveness of the photobonding process, demonstrated

92



26,28, 3038 Pirstly, it must be

alternatively via radioactive and fluorescence labeling
noted that the photobonding procedure implies UV exposure of dried polymer film.
Even if the physisorption can be performed in situ, complete water removal
determines demounting of the microfluidics system. In fact, the characterization of
subsequent steps is compatible only with an ex-situ functionalization and
spectroscopic observation. Therefore, for physisorbtion mediated photobonding
effectiveness estimation, the thin film was adsorbed via dipping (ex situ, Table 2-7).
Table 2-6 concerns the effectiveness of photobonding processes mediated by actinic
polymer thick film deposition. The film thickness of the cast polymer varies from 75

to 105 A (cfr. Table 2-5). It can be due to the lack of control of water content. But the

effectiveness calculation, as ratio, get rid of of such uncertainty.

OptoDex™ Photobonding
effectiveness’

0.1 mg/ml ( water)

ex situ casting (c/a) x 100
A, thick film 5909
B, thick film e
C, thick film 33.0%

! Cfr. Table 2-5 for (a) and (c) values.

Table 2-6. Photobonding effectiveness in the case of OptoDex® A, B and C thick film casting. (a)
as reported in Table 2-5, represents the peak amplitude of the thick film as cast and evaporated. (c),
reports the final peak amplitude after UV exposure and extensive rinsing. The ratio (c/a) indicates
the percentage of the polymer grafted onto the surface. Surface functionalization was performed ex-
Situ.
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before UV (a) after UV (b) Photobonding

™
OptoDex™ A after dipping and thorough rinsing effectiveness

0.1 mg/ml ( water) Pick Film Pick Film

. . . i ji j ji b/a) x 100
ex situ physisorption amplitudel thickness" amplitudel thickness" (L)

A, thin film 9.49-10° 13.014 9.43-10° 12924 99.37%

i
(AL,1 157 em™) " (AJ_,I 182cm!)
" Cfr. Eq.2-17

Table 2-7. Photobonding effectiveness in the case of OptoDex® A thin film casting. (@) represents
the peak amplitude of the thin film adsorbed by dipping. (b), reports the final peak amplitude after
UV exposure and extensive rinsing. The ratio (b/a) indicates the percentage of the polymer grafted
onto the surface. Surface functionalization was performed ex-situ.

Clearly the photobonding effectiveness correlates with the physisorption
effectiveness. It could be that the anchoring site for physisorption is close to the
arildiazine group. The arildiazine is automatically close to the surface, which may
explain the higher efficiency. The observed trend is: OptoDex® A results more
effective than B and C. OptoDex® C does not allow physisorption (see again Figure
2-38). The most interesting result is shown in Table 2-7. The physorprtion mediated
UV activation of OptoDex® A leads to a quasi total immobilization of the
arildiazirine derivative of the aminodextran, on to the Ge IRE.The carbene generation
allows lossless immobilization of a dextran based polymer displaying a multilayers (3-

4 layers, cfr. 19.19 4 in Table 2-4), isotropic configuration on to the surface.
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Chapter 3

Gold nanoparticles immobilization on surface

3.1. Monolayer protected metal nanoparticles

The potential application in various fields such as bio-sensingl’ ?, catalysis’,
electronics® and nanotechnology™ ° intensified the interest in nanostructed materials
using metal or semiconductor nanoparticles as building blocks iinserted in a bio-active
matrix®. Water soluble gold thiol monolayer protected nanoparticles (MPNs) with
subnanometer-sized metal cores” °, combine the unique electronic, photonic and
catalytic features of the metal nub with a wide portfolio of synthetic methods enabling

- . 916
fine shape and size tuning™ .

HO

HS HN

Figure 3-1.Structure of N-isobutyryl-L-cysteine (A) and schematic representation of a monolayer
protected nanoparticle (B). Specifically a gold particle protected by a thiolate ligand (R-SH) is
shown.
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MPNs constituted of gold cores, chemically modified with N-isobutyryl-L-cysteine
(capping agent, Figure 3.1), resulting in nanoparticles of 2 nm in size, with narrow
size distribution, were prepared following a previously reported process'’. Their
chiroptical properties in the UV-vis and infrared were explored tracing the chemical
behavior of the N-isobutyryl-L-cysteine shell. The characterization by vibrational
circular dichroism helped to determine the conformation of the thiol adsorbed on the

18, 19

gold nanoparticles . The well known philicity of amino acid side-chains for

photogenerated carbenes’’”* provided preference for such material to study the

surface grafting of gold nanoparticles via the photobonding technology.

3.2.  Surface decoration using nanoparticles immobilization

-«4+—P» repulsive interaction
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|

Figure 3-2. Exemplification of Au MPNs behavior towards the plain Ge IRE (plasma pretreated, on
the left side) and the OptoDex® A modified IRE (right side). Repulsive interaction is expected
between Au MPNs in solution, although water and PBS buffer provide counter ions. Repulsive
interactions define the configuration of shell around the gold core. OptoDex® A modification of the
IRE switches the MPNs-surface interaction from repulsive to attractive.
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Hybrid functional materials embedding three dimensional (3-D) nanoparticles (NPs)
scaffoldings or two dimensional (2-D) NPs networks have been demonstrated to
display suitable features for applications in ultrasensitive (bio)-sensing®,
nanoelectronics®, design of highly efficient catalysts™, ultrafast quantum computing®®
and high density data storage devices®’. A photo affinity mediated technique leading
to the surface immobilization of nano-objects such as semiconductor or metal particles
and nanorods, carbon nanotubes and nanowires is highly desirable. Photobonding suits
this vision and OptoDex® A was selected as photolinker polymer. This approach
responds to a novel bottom-up manufacturing technique for nanoparticles covalent
decoration of surfaces. The choice was motivated by considering OptoDex® A as a
surface charge switcher. In general, the interaction of hydrophilic capped
nanoparticles with a surface is strongly influenced by charge™. The small size of the
N-isobutyryl-L cysteine protected nanoparticles results in an elevated surface/bulk
ratio. In aqueous medium, at mild pH (comprised between 5.0 and 7.0), the carboxylic
acid groups are considerably deprotonated therefore inducing negative charge density.
The phenomenon implies repulsive interactions both within and between particles (see
Figure 3-2). The MPNs form a stable dispersion in aqueous solution and are repelled
by negatively charged surfaces. Repulsion between the adsorbed ligands leads to a
rigid shell. This furthermore hinders surface interaction due to the reduced flexibility
of the particle. Note that the number of adsorbed ligands per surface gold atom and
therefore the surface charge is much larger for a curved convex surface than for a flat
one. Stated this model, the negatively charged Germanium surface, as when in contact
with aqueous medium, necessitated to be converted into a (weakly) positively charged
interface. OptoDex® A, displaying amino groups, was retained to fulfill this task. The
same model is conceivable for MPNs nanopatterning, but implies some considerations

relating to the mutual approach mechanism of the two entities, nanoparticle and
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surface. Energetically, the proximity of the MPNs in solution and the surface, up to
the contact, is unfavorable and the two potential partners risk never entering in a
distance range suitable for establishing of a positive (detectable) interaction. Under
these constraints, photobonding technology was thought apt for as unique tool of
immobilization. Carben insertion gently (without injuring the external shell structure)
but firmly (providing a MPN shell-dextran chemical bond), anchors the nanoparticles
to the surface which they would spontaneously not even approach. Enabling the
formation of self assembling monolayers (SAMs) stays as an alternative method™.
Actinic patterns could be designed by local dispensing of the photolinker, or of the
MPN:ss, or of both, while respecting the compatible conditions for all components. The
design of local dispensing tools is not the aim of this work and depends on specific
applications. Controlled volume drops casting by pipetting was used and fits this study
of proof of concept. It deserves to be pointed out that preparation of SAMs requires
interface conditions optimization to encourage spontaneous, unconstrained and stable
interactions™>. Tailoring the photolinker polymer (grafting of functional group
derivatives by using existing or novel OptoDex® family compounds) or adjusting the
medium conditions (ionic strength, pH) are both combinable strategies to design
MNPs patterns driven by auto-organization prior to use the photobonding technology

as a fixing glue.

3.2.1. Experimental section
3.2.1.1. Chemicals

Ethanol (EtOH, Merck p.a. was used as received). Water was purified with a
Milli-Q system (> 18 MQ cm). Amino dextran 40000 Dalton was a Molecular
Probes™ product (currently, Invitrogen Detection Technologies). OptoDex® A

(amino), OptoDex® B (blocked), were received from arrayon Biotechnology,
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Neuchatel, Switzerland. PBS buffer pouches (Sigma) were reconstituted in 1 L
purified water yielding 10mM phosphate buffered saline solution (0.15 M NaCl, pH
7.4). pH was verified and freshly dilution to PBS 1% prepared as required by
experimental conditions. Gold N-isobutyryl-L-cysteine monolayer protected
nanoparticles (MPNs) were courtesy of Cyrille Gautier, University of Neuchatel.
These particles have a mean particle size smaller than 2 nm. The smallest
characterized particles have a core size of 10-12, 15 and 18 gold atoms and around ten
N-isobutyryl-L-cysteine ligands absorbing to the metal via the thiol tether'’. The
synthesis yields to a blend of MPNs with a core diameter comprised between 1 and 2
nm and the surface immobilization was preformed using as-prepared samples (not
monodispersed). Eight compounds could be separated according to increasing particle

size and charge by PAGE (Polyacrylamide Gel Electrophoresis)™.
3.2.1.2. Germanium plate modification

Germanium IRE pre-treatment. Germanium (Ge) internal reflection elements
(IRE; 50mm X 20 mm x 1 mm, Komlas, Berlin, Germany) were used for ATR-IR
experiment. The IREs were first polished with a 0,25-um-grain size diamond paste
(MetaDi® II, Buehler GmbH, Germany) and afterward rinsed copiously with EtOH
and water before the surface was plasma cleaned under a flow of air for 5 min
(PlasmaPrep 2, GalLa Instrumente GmbH, Germany). Plasma surface treatment with
oxidizing species such as air aimed to remove organics, leaving functional oxygen-
containing groups on the surface. These groups greatly enhance wetting. Complete
hydrophilic activation was achieved by 20 min of dipping in water to enhance
formation of oxydrils (-OH groups) right before polymer functionalization. Wet plates

were dried by nitrogen flushing. In a subsequent step, a film of OptoDex® A was cast
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onto the surface according to two different protocols applying alternatively for mono

or multilayer photolinker polymer functionalization, respectively.

Germanium IRE functionalization by a thick film of OptoDex® A (ex situ).
300 ul of OptoDex A 0.1 mg/ml in pure water were cast by pipetting on one entire
side of the plate. When using the SBSR technique, half quantity of polymer aqueous
solution at the same concentration was used to cover the pre-treated IRE upper side
(sample zone, roughly half area). The solution was evaporated at room temperature
under enhanced hood ventilation for several hours. The basic casting technique does
not allow any control on homogeneous polymer deposition. The evaporation
phenomenon determines the film formation. A SBSR measurement, setting the lift
steps at different positions, namely 800 and 2000 steps, provides a rough estimation of
the homogeneity of the surface functionalization. No rinsing step is performed before

the UV exposure and the sample is protected from exceeding UV light exposure.

Germanium IRE functionalization by OptoDex® A thin film casting (ex situ
and in situ). Polished, plasma treated and wettability enhanced germanium IREs were
dipped for 1 hour in 5 ml of OptoDex® A 0.1 mg/ml in pure water. The technique
provides both sides physisorption-mediated polymer casting. A mild but extensive
water rinsing assures the oligolayers scaffold remaining in contact with the
germanium surface (Table 2-4). In this case, the thickness of the intermediate
photolinker film (~ 16 4) is in the same order of magnitude than the nanoparticle size
(2 nm). Thin film casting was provided eventually in situ using the double cell micro
fluidic holder to differentiate sample and reference compartment. More controlled but
similar result in terms of OptoDex® monolayer surface arrangement were achieved by
ex situ and/or in situ functionalization procedures. The actinic activity is preserved,

avoiding UV exposure.
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3.2.1.3. Gold nanoparticle immobilization technique

N-isobutyryl-cysteine MPNs, with a mean particle size smaller than 2 nm and
highly soluble in water were freshly prepared and characterized (Gautier, C. at al.
2006). MNPs were transferred from the aqueous medium to the photolinker thick (or
thin) layer by pipetting. The brownish solution 0.5 mg/ml was reconstituted in pure
water without any salt or other agents which would crystallize as the solvent
evaporates. The dispensed volume was depending on the size of the area to be
covered: according to the measurement set-up the whole IRE was coated when
measuring in standard mode, whereas only half when measuring in SBSR mode. It
should be noted that the OptoDex® A derived IRE shows a slightly decreased
wettability than the bare surface right after plasma treatment. Neverthless, OptoDex®
A assures a hydrophilic interface. Basically two protocols were applied. The first one,
conventionally named layer coating, is based on casting photolinker polymer and
MNPs in a stepwise order before UV light exposure. This method was applied to both,
OptoDex® thick and thin film pre-coated IREs. The second method, for sake of
brevity named co-coating, consist of casting on the plate a blend of photolinker
polymer and MNPs aqueous solution with concentration of the same order of
magnitude. The aim was to establish a simultaneous presence of the two components
on the surface, before UV exposure. Evaporation regulates the distribution of the
dextran based polymer and gold nanoparticles on the surface. Theoretically the two
methods would trigger the gold nanoparticle to differently organize on the surface.
Under layer coating conditions, nanoparticles approach the surface via a smooth and
porous layer woven of dextran chains stretched out randomly, bearing a low positive
charge density. In the co-coating method the dextran adsorption on the surface takes
place in presence of charged (negatively, high charge density) nanoparticles. Possibly

the dextran interacts with the nanoparticles already in solutions.
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Layer coating. 400 pl of 0.5 mg/ml aqueous solution of N-isobutyl-cysteine
gold nanoparticles were dropped by pipetting on an IRE previously functionalized
with a thick film of OptoDex® A (arrayon biotechnology, Switzerland). One should
note that for the OptoDex® layer casting only 300 pl of aqueous solution were used.
Dextran crystals dissolve in water drops containing nanoparticles, however not
allowing the establishment of the same boundary wetting behavior as on the plain IRE
right after plasma pre-treatment. The IRE was placed under a hood providing
continuous air aspiration to facilitate evaporation. The air aspiration system was
slowed down at the beginning to prevent the disturbance of the liquid. The element
was kept under these conditions for at least five hours and then flushed with nitrogen
to replace outer bound water. Nanoparticles were left behind as evaporation occurred.
No rinsing action was carried out to assure the maximal amount of the cast blend of
polymer and nanoparticles on the surface when the UV exposure took place. Such a
functionalized IRE underwent photo exposure under controlled conditions as

described below.

Co-coating. 150 pl of a brown transparent N-isobutyryl-cysteine gold
nanoparticles aqueous solution 0.4 mg/ml were mixed with 150 pl of clear OptoDex®
A (arrayon biotechnology, Switzerland) solution 0.2 mg/ml. The final blend
concentration was 0.2 mg/ml in N-isobutyryl-cysteine gold nanoparticles and 0.1
mg/ml in OptoDex A. It was left 10 minutes under slow stirring and then one
additional hour, protected by aluminum foil to avoid UV activation, to ascertain that
no aggregation occurs with consequent precipitation. 300 pl of the actinic dextran-
gold MPNs blend were dispensed by pipetting on an IRE previously pre-treated (cf.
Germanium IRE pre-treatment above). Evaporation was conducted under the same
conditions as described above and the same sequence of actions also was carried out

till the UV photo-exposure (see below).
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UV photo-exposure. 4 min of light exposure at 365 nm at an irradiance of
11 mW/cm® were previously demonstrated to be necessary for light driven carbenes
generation from an OptoDex® A matrix. The light source for the series of
measurements using ATR-IR was a high power ultraviolet lamp (Xenon Arc lamp,
Oriel, USA) coupled to an optical fibers bundle. The light intensity after the bundle
was measured with an UV light intensimeter equipped with a 350 nm filter (Suss
MicroOptics, Switzerland). Distance from the surface and time were adjusted to
achieve the required exposure. According to the optimized set-up, a Ge IRE was
illuminated for 6 min setting the optical fibers outlet 15 mm away from the
functionalized surface. Repeated exposures under the same conditions were performed
all along the IRE length. Exposure was carried out eventually for an exceeding time to
ensure sufficient photobonding. After irradiation the samples were rinsed with water.
The mild rinsing process consisted of a few seconds water flushing. The extensive
washing consisted of repetitive renewed water flooding of the surface followed by
water dipping for 90 min. The extensive washing did not cause complete removal of

the cast nanoparticles if the photobonding was effective.

ATR measurements were performed as described in chapter 2.1.1.3.
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3.3. Results and discussion

3.3.1. MPNs immobilization via OptoDex A thick film (layer coating)
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Figure 3-3. ATR spectra corresponding to OptoDex® A thick film prior (a, dark line), post
N-isobutyl-cysteine Au nanoparticles layer casting (b, red line), after illumination (¢, cyan line) and

then submitted to mild (d, green line) and thorough water rinsing (e, blue line). (1) to (4) refers to
typical.bands for N-isobutyryl-cisteine Au nanoparticles. Spectra were registered using parallel

polarized light. The lift position was set at 800 steps.

The entire procedure leading to the immobilization of N-isobutyryl-cysteine MPNs

according to the layer coating technique can be resumed in five steps as follows:

a) OptoDex ® A thick film casting;

b) N-isobutyryl-cysteine Au nanoparticles thick film casting;
c) UV light exposure;

d) mild water rinsing;
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e) extensive water rinsing.

This sequence of actions, resulting in a continuous surface modification, was
monitored by ATR measurements as reported in Figure 3-3. The region between 950
cm” and 1100 cm™ as well as the region 2800-3000 cm™ show, as anticipated, the
typical aminodextran bands. The most prominent signals for MPNs related to the
N-isobutyryl-cysteine shell protecting the gold core are expected in the region
between 1800 cm™ and 1200 cm™. In this region OptoDex® A also contributes to the
IR spectrum. The important presence of water is indicated through the broad band
above 3000 cm™. The black spectrum (a) in Figure 2-41, confirms the presence of a
thick film of the photolinker polymer. Spectrum b (red) assesses the presence of
MPNs with the characteristic bands labeled (1), (2), (3) and (4), which will be
discussed in detail later. Spectrum c (cyan) depicts the situation after UV exposure (ex
situ). Spectra d (dark green) and e (blue) reveal, although the highly reduced
intensities, the bands evident in spectrum c (cyan). These spectra describe the final
IRE modification after mild (dark green, d) and extensive water washing (blue line, ¢).
The washing step under these conditions and the detectable presence of the MPNs is
the proof that the photobonding occurred and was effective in immobilizing the
nanoparticles on the surface. The illumination step deserves deeper attention. Figure
2-42 shows a difference spectrum revealing the changes upon illumination. One
significant difference is remarkable in the water related absorption, in the
3600-3100 ¢cm™ wavelength region, v{(H-O-H) and v,y(H-O-H), and around 1645 cm’
O(H-O-H). After UV exposure an important decrease of the water quantity in the thick
film 1s registered. Note that spectra are registered after the same time, namely 30 min,
of air purging. Then, the water observed in the spectra is linked to the water embedded
in the dextran layer. UV illumination could cause a collapse of the dextran backbone

structure with partial exclusion of absorbed water molecules.
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Figure 3-4. ATR spectra corresponding to N-isobutyryl-cysteine Au nanoparticles layered on
OptoDex® A thick film before (b, red dashed line) and after (c, cyan dashed line) illumination. The
plain cyan line results from mathematical subtraction of ¢ minus b and describes the differences
attributable to the UV light exposure. v{(H-O-H), v,s(H-O-H) and o(H-O-H) denote the symmetric
stretching, the antisymmetric stretching and the bending mode of water. b and c refers to the actions’
sequence listed in 2.7.2.1.

The water decrease detectable by ATR spectroscopy may be a consequence of the
carben generation and insertion reaction: the inter glucopyranose rings cross reaction
may cause a partial contraction of the thick film, with some internal pores occlusion.
Figure 3-4 reveals another important point: under UV-irradiation in the presence of
air, thiols can be converted into sulfoxides. The spectra give no evidence for such a
reaction under our conditions. This is important because the sulfoxides are much
weaker adsorber than the thiols. The difference spectrum in Figure 3-5 corresponds to
the spectrum of a thick film of N-isobutyryl-L-cysteine monolayer protected gold
nanoparticles (difference spectrum b minus a). It was obtained by subtracting the

spectrum measured after MPN thick film casting from the one before casting, over an
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Figure 3-5. Spectrum of MPNs thick film (red solid line) as resulting from spectrum b (red dashed
line, N-isobutyryl-cysteine Au nanoparticle cast and evaporated over an OptoDex® A thick film)
minus spectrum a (dark dashed line, OptoDex® A thick film only). Not surprisingly the water
content is bigger in spectrum b corresponding to a ranked bilayer (surface adjacent layer, OptoDex®
A; superposed layer, MPNs) with a consequent increased global thickness.
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Figure 3-6. Blow up of the spectrum of N-isobutyryl-L-cysteine monolayer protected gold
nanoparticles as cast as a thick film on the Optodex® A coated Ge IRE.
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IRE pre-modified by OptoDex® A. Such a calculated spectrum was taken as reference
to ascertain the presence on MPNs on the surface also in tiny amount. A blow up of
the spectrum in the fingerprint region for N-isobutyryl-L-cysteine monolayer
protected gold nanoparticles is shown in Figure 3-6. The strongest absorption in the
1680-1600 cm™ wavelength region originates from the superposition of two typical
absorption bands: the asymmetric carboxylate stretching mode v,(COO") together

with the amide I mode.
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Figure 3-7. ATR spectra of N-isobutyryl-L-cysteine gold nanoparticles immobilized on the Ge IRE.
Green and blue lines correspond to spectra after mild and extensive washing, respectively. The N-
isobutyryl-L-cysteine gold nanoparticle finger print is evident as revealed from the comparison with
the N-isobutyryl-L-cysteine gold nanoparticle thick film spectrum (red solid line). The red dashed
line spectrum describes step b: OptoDex® A appears and it guides the observer to trace the weaker
(in intensity) but identical (in position) bands in spectra d and e.a, b, d and e refers to the actions’
sequence listed in 2.7.2.1.

The amide II mode is found at 1520 cm’. The asymmetric stretching of the
carboxylate absorbs at 1395 cm™ (v,(COO")), while the C=0 stretching mode band,
due to the protonated acid, is found near 1720 cm™(v(C=0)). The corresponding
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bending mode due to the —OH is expected in the region between 1200 and 1280 cm™.
These absorption bands correspond to the fingerprint of the N-isobutyryl-L-cysteine
shell as depicted in Figure 2-1. Bands assignment is supported by the IR spectra of the
deprotonated MNPs in solution, registered in transmission'” '’, and by those of N-

acetyl-L-cysteine adsorbed on gold, registered in ATR (attenuated total
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Figure 3-8. Blow up of the ATR spectrum of the N-isobutyryl-L-cysteine gold nanoparticles
covalently linked on the edge on the Ge IRE via OptoDex® A thick film actinic activation. In the
region comprised between 1200 cm™ and 1000 cm™ OptoDex® A bands are also still appreciable.

The well established ATR spectrum of N-isobutyryl-L-cysteine gold nanoparticle
thick film stands as reference to decipher the ATR signals as resulting after
immobilization by covalent chemical bond generation on the modified Ge IRE. In
Figure 3-7, the spectra related to the completed sequence of the immobilization

procedure (last two steps, d and e, green and blue line spectra) clearly show the
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presence of MPNs also after UV exposure and extensive rinsing. The only way to
justify the presence of such MPNs is to admit that the OptoDex® A mediated
immobilization occurred successfully. A blow up of the spectra related to the grafted
nanoparticle appears in Figure 3-8. In conclusion, the series of spectra registered,
allow us to claim that N-isobutyryl-L-cysteine monolayer protected gold nanoparticle,
with a size smaller than 2 nm, were successfully immobilized on a surface and

detectable via ATR spectroscopy.

3.3.2. MPNs immobilization via OptoDex® A thick film (co-coating)
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Figure 3-9. Blow-up of the spectra referring to the MPNs immobilization using the co-coating
method. Graphic (I) depicts the surface modification as originated by the MPNs and OptoDex® A
blend just cast and evaporated (black line, step a) and the same after UV exposure and extensive
water rinsing (red line, step b). The photobonding occurs and typical absorptions relating to the
presence of the N-isobutyryl nanoparticles are detectable. The gray window containing graphic (II)
shows the two spectra in the 4000-800 cm™ wavelength range.
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The entire procedure leading to the immobilization of N-isobutyl-cysteine gold
nanoparticles according to the co-coating technique can be resumed in two steps as

follows:

a) OptoDex A / N-isobutyryl-cysteine Au nanoparticles blend casting, leading by
evaporation to a thick Optodex® A- MPN composite film;

b) UV light exposure and extensive water rinsing.

This sequence of actions where monitored by ATR measurements as reported in
Figure 3-9. The examination of the spectra before and after illumination and water

rinsing demonstrates that the immobilization technique was successful.
3.3.3. MPNs immobilization via OptoDex® A thin film

The two technique described in the former paragraphs imply the preliminary
formation of a thick layer of photolinker, namely the generation of an excess of
actinic group which partially link to the surface, partially to the MPNs and partially
crosslink each other or with the surrounding water molecules. The unbound part of the
thick layer is important and is removed by simple water rinsing after the photobonding
event. An alternative was providing a thin film of OptoDex® A, cast on the surface by
physisorption. The resulting interface is a monolayer of photoactivable polymer. In

this case the procedure can be described by the following segments:
a) OptoDex® A thin film physisorption on the IRE;
b) N-isobutyryl-cysteine Au nanoparticles thick film casting;

¢) UV light exposure and extensive water rinsing.
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Figure 3-10. OptoDex® A thin film mediated immobilization of N-isobutyryl-L-cysteine gold
nanoparticles. Spectrum a (dashed black profile) assesses the OptoDex® A physisorption. Spectrum
b (red dashed line) relates to the casted MPNs and spectrum c (solid red line) depicts the surface as
after UV exposure and thorough water rinsing.

Figure 3-10 reports the spectroscopic observation of this functionalization. It must be
noted that for the functionalization the double cell micro fluidic system and the SBSR
measuring technique was applied.The use of the flow through cell allowed the
observation of the OptoDex® A physisorption in situ. For sake of economy,
exceptionally for this serie of experiments an aqueous solution 0.05 mg/ml (instead of
0.1 mg/ml) of photolinker was used and the surface exposure time was consequently
prolonged up to 90 min till the growth of the OptoDex® signal was complete. The
SBSR technique was used with the purpose to get separated but quasi simultaneous
signals for a parallel functionalization on two different macro sized zones of the IRE,
namely R and S compartment areas. The results not shown, confirm that the technique
allows quantitatively reproducible OptoDex® A physisorption but a slight difference

is noted in terms of water content. This can be due to slight incompensation of the
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large water signal in the SBSR mode. Once the formation of the OptoDex® A layer
was assessed, the equal functionalization of both compartments permitted the use of
the SBSR technique in its standard purpose. Only the area corresponding to the
sample compartment (S) was flooded with the MPNs solution and after evaporation
spectrum b (red dashed line) was registered confirming the presence of a thick layer of
N-isobutyryl-L-cysteine gold nanoparticles. The water amount is related to the
thickness of the MPNs layer whose homogeneity is not controllable. After UV
exposure and water rinsing the MPN signals diminished significantly as expected but
a detectable amount remains grafted on the surface (spectrum c, in Figure 3-10 and

Figure 3-11).
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Figure 3-11. Blow up in the 1800-900 cm™ wavelength range of ATR spectra describing MPNs
immobilization via OptoDex A thin film physisorption and following UV exposure. The red dashed
line refers to MPNs immobilization via OptoDex A thick film and serves as reference to elucidate
the characteristic bands of grafted N-isobutyryl-gold-nanoparticles. Spectra ¢, c¢; and ¢, result from
SBSR measurements at different lift positions, namely 2000-1000 (reference-sample) for spectrum
c1 (black spectrum), 2000-1200 for spectrum c (red spectrum), 2000-1400 for spectrum c, (blue
spectrum).
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A series of SBSR spectra were recorded setting different lift positions for the IR beam
on the IRE, namely 1000, 1200 and 1400 steps, while keeping the same position as
reference, 2000 steps. The three spectra reported in Figure 2-49 photograph the MPNs
grafting on a large area, sweeping the surface comprised between 1000 and 1400 lift
steps and the almost entire IRE length. Such an investigation aims to qualitatively
define the homogeneity of the MPNs layer. In this perspective, it can be underline that
no obvious removal of OptoDex® by the MNPs is detected.

3.3.4. Comparison of the described methods for MPNs immobilization

via OptoDex® A
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Figure 3-12. Comparison of ATR spectra referring to different MPNs immobilization methods.
Thick film casting methods are described by the red spectrum (co-coating) and by the black
spectrum (layer coating). The OptoDex® A presence is detectable between 1200 and 1000 cm™. The
blue spectrum refers to the thin film mediated method and it has been registered in SBSR mode. The
contribution due to the OptoDex® A thin film is automatically eliminated from the spectra. Graphic
(IT) 1s a blow up of the same spectra evidencing the MPNs immobilization.

122



In Figure 3-12 spectra for MPNs immobilization using the three described methods
are grouped. A blow-up in the region containing the N-isobutyryl-L-cysteine
nanoparticle fingerprint is also included. The black spectrum describes the germanium
IRE as chemically modified with MPNs photobonded through the layer coating
technique, casting the photolinker in a thick film. The red lined spectrum describes the
germanium IRE as chemically modified with MPNs photobonded thought the co-
coating technique also casting the photolinker/MPNs blend in a thick film. The blue
spectrum relates to MPNs immobilized using the layer coating technique casting the
photolinker polymer in a thin film. It must be noted that only the latter spectrum (blue
line) has been recorded by the SBSR technique. This approach was not applicable to
the thick film mediated immobilization methods. A direct comparison between thick
and thin film coating techniques is in not possible because in the former methods it is
not possible to separate the contribution due to the OptoDex® A. Nevertheless it is
obvious that the three techniques led to chemical grafting of N-isobutyryl-cysteine on
the surface. The spectra linked to the co-coating (red line) and layer coating (black
line) methods - both implying the formation of a thick layer of OptoDex® A on the
surface - show an equal amount of immobilized MPNs. In the same spectra, the
contrary 1s observed for OptoDex® A: a different amount of immobilized
OptoDex®A is evident from the 1200-1000 cm™ region. If considering the
experimental conditions, some remarks on the method effectiveness can be made. The

respective starting quantities were:

[. 300 pl of 0.1 mg/ml solution of OptoDex® A, corresponding to 0.03 mg of
casted OptoDex® A on the 50 x 20 mm area of the IRE, first layer (layer

coating method).
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II. 400 pl of 0.5 mg/ml solution of MPNs corresponding to 0.2 mg of cast on the
50 x 20 mm are of the IRE, second layer (layer coating method).

[I. 300 pl of blend solution 0.2 mg/ml in OptoDex® A and 0.4 mg/ml in MPNs,
corresponding to 0.03 mg of OptoDex® A and 0.06 mg on MPNs (co-coating

method), unique layer.

These values demonstrate the higher effectiveness of the co-coating method: the
Optodex® A starting amount are the same, the MPNs amount is 3.3 times lower and
the signal intensity related to MPNs immobilized in conclusion, the same. A possible
explication for the higher signal of the OptoDex® A in the case of the co-coating

method is a better blending of the two components of the composite.
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3.4. Exploration of monolayer protected gold nanoparticles behaviour

versus aminodextran modified surface

3.4.1. Experimental section
3.4.1.1. Germanium plate modification

Pretreated Ge IRE, 1 mm thick ( N = 42.5, number of internal reflections),
were functionalized by OptoDex® A physisorption in situ using a Delrin® home-built
liquid flow-through cell with a total volume of 0.077 mL and a gap of 250 um
between the IRE and the polished edge. The two separated compartments, R as
reference and S as sample, were connected to a peristaltic pump allowing the surface
flooding to get ATR time-resolved spectra monitoring the surface functionalization.
Chamber S was flown for 1 hour with an aqueous solution of OptoDex® A 0.1 mg/ml
and then for 20 min with pure water, meanwhile chamber R was exposed to water.
These conditions were already ascertained favorable to the formation of a physisorbed
OptoDex® A film (few layers). After water removal and microfluidics set-up
demounting, the surface was dried by nitrogen flushing. The areas bearing the
photoactive polymer were locally illuminated as described above. Polymer
physisorption and irradiation concerned both sides of the IRE. The photo exposed Ge
element was clamped in the flow-through cell; both chambers were flooded with water
and set again in the spectrometer verifying that the same conditions as prior to
exposure were established. The local functionalization corresponding to the sample
compartment area (upper region, comprised from 1600 to 3000 lift steps) allowed the
optimized use of the SBSR technique to follow the monolayer formation.
Alternatively, IRE thin film functionalization was performed by dipping, rinsing and
UV exposure as already described, to ensure a homogeneous coating. The quality of

the coating was estimated by registering a reference spectrum (clean and plasma
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pretreated IRE) and then a sample single channel spectrum to get the polymer film
fingerprint. SBSR measurements at progressive lift steps were registered to evaluate
the monolayer casting quality on a macro sized surface (20 mm x 50 mm). In both
cases a weakly positive interface was created, responding to the necessity to minimize
the repulsive coulomb interaction between the negatively charged MPNs and the

slightly negative Ge IRE surface.
3.4.1.2. Surface exposure to MPN solution

The same Delrin® home-built liquid flow-through cell as described above was
used for ATR-IR experiments monitoring interaction between the surface and MPNs.
The flow-through cell can be heated or cooled, but all measurements reported here
were performed at room temperature (T = 298 K). The ATR-IR cell is described in
more detail elsewhere. Four different aqueous solution containing N-isobutyryl-
cysteine gold nanoparticles were prepared and investigated: a) MPNs 0.5 mg/ml in
pure water; b) MPNs 0.5 mg/ml in PBS 1%; ¢) MPNs 0.5 mg/ml in aqueous citric
buffer at pH 5; d) MPNs 0.5 mg/ml in aqueous citric buffer at pH 6. The main
difference between a) and b) stay in the higher ionic strength of b) due to presence of
salts introduced by PBS. The pH value, which is 7.0 for a) and 7.4 for b), changed
only faintly. The difference between solution c) and d) was mainly the pH value, 6 for

preparation ¢) and 5 for preparation d).
3.4.2. ATR measurements

In-situ data acquisition. After water flooding of compartments and
ascertaining the absence of air bubbles absence (water signal the same for both R and
S), a series of spectra were collected to verify the baseline stability as a proof of the

IRE coating quality (no polymer removal or modification). As the S compartment
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started to be flooded SBSR spectra were registered. Spectra were recorded at a

resolution of 4 cm’™".
3.5. Results and discussion

The surface flooding by the solution containing N-isobutyryl-L-cysteine Au
nanoparticle in pure water did not show any detectable interaction attributable to the
MPNs with the OptoDex® A modified surface. The possible explication is that at pH
7 the nanoparticle shell decorated with carboxylic acid groups is highly protonated

and simple repulsive coulomb interaction prevent any surface approach.
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Figure 3-13. Detection by ATR spectroscopy of MPNs’ spontaneous interaction with OptoDex® A
modified germanium surface at pH 6.

This situation could change under the effect of increased solution ionic strength. Two

solutions of the same concentration with an increased ionic strength were prepared
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using PBS buffer and PBS buffer 1% as solvent and injected in the S compartment
while plain buffer was run in the R compartment. Also in this case no interaction was
detectable. The logical following parameter which required to be changed was the pH.
Citric buffer adjusted to pH 6 was used as solvent and the solution containing MPNs
led to weak but clear interaction with the OptoDex® A chemically modified surface.
In Figure 3-13 the black spectrum refers to signal detected after 60 min of surface

exposure. Spectra relating to immobilized MPNs are reported in the same graphic for

comparison.
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Figure 3-14. ATR spectra summarizing the detectable interactions between Au MPNs and
OptoDex® A derived Ge IRE. In respect to Figure 2-51, the spectrum reporting the interaction of Au
MPNs and OptoDex® A derived Ge IRE at pH 5, is added (red plain line)

The corresponding ATR spectrum (red line) is reported in Figure 3-14. The intensity
of the signals leads to the conclusion that, at pH 5 under the described conditions, the

interaction is less advantageous than at pH 6. To explain this behavior it is necessary
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to consider the effect of the pH variation towards the nanoparticle and the surface. At
pH 5 the particles are less negatively charged, wich diminishes the interaction with the
positive surface. A shift is remarked for the carboxylic group symmetric and
asymmetric stretching modes. Coherently the same is observed for amide I mode. The
amide II band shifts only slightly. Particularly significant is the v(C=0) band. For the
MPNSs in solution (not immobilized on the surface) at pH 6, the carboxylic groups of
the protecting layer seems to be more protonated (clear signal in the black lined
spectrum at about 1750 cm™). In correspondence, the bending mode absorption at
1250 cm™ increases. The differences in the spectrum with respect to the immobilized
MPNs may partly be due to the different interaction with the polymer in the two cases.
This result inspired a further series of similar measurements using a MPNs solution at

pH 5 (citric buffer adjusted to required value).
3.5.1. Transmission Electron Microscopy

The OptoDex® mediated grafting of gold N-isobutyryl-L-cysteine (AuNILC)
nanoparticles was observed via ATR spectroscopy. Using the IR based spectroscopic
technique, observation if focused on the organic shell of the particles, namely
N-isobutyryl-L-cysteine. The high sensitivity of such a technique should not hide the
limits of the same: for example surface topography is not directly accessible, even if
some consideration can be drawn concerning global surface homogeneity. Also, the
metal core itself of the nanoparticles does not lead to signals in the mid IR. Although
no apparent reasons could support to the hypothesis of desorption of the chemisorbed
organic shell, the investigation by transmission electron microscopy was performed to
bring information directly linked to the gold particles on the surface. For ATR-IR,
germanium optical elements were used. For TEM observation, silicon oxide coated,

300 mesh, copper grids were submitted to the process previously described and
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monitored by IR spectroscopy. The two materials, germanium coated by GeO, and

copper coated by Si0O,, can be assimilated.

o

Figure 3-15. TEM images of AuNILC nanoparticle as cast on the conductive grid from aqueous
medium (A). The same particles as cast from organic phase (toluene). The bar length corresponds to
20 nm. Courtesy of Cyrille Gautier™.

The two techniques, TEM in imaging and ATR-IR in spectroscopy, result
complementary. It must be noted that the same particles, as resulting from synthesis
and purification were previously observed to aggregate (see Figure 3-15 (A))
following transfer to the grid from an aqueous medium. To isolate monodispersed
nanoparticles as reported in Figure 3-15 (B), phase transfer in toluene was required
(organic phase) before casting onto conductive support for transmission electron
measurements” .

microscope operated at 200 kV. In the case of AuNILC MPNs grafted on the SiO,

TEM images were recorded with a Philips C200 electron

coated grid, the TEM sample was prepared by casting and evaporating a drop of the
OptoDex® (0.1 mg/ml in water) as first layer and subsequent casting and drying a
drop of AuNILC MPNs aqueous solution (0.05 mg/ml). Conditions for UV exposure

at 350 cm™ (time and UV source distance) were adjusted to fulfill the required energy.
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Afterward, dipping in water of the sample was prolonged up to 30 min. In such
conditions, AuNILC MPNs, if not covalently cross-linked to the surface, would
dissolve in water. The image depicted in Figure 3-16 relates to AuNILC MPNs on a
film of OptoDex®.
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Figure 3-16. TEM images of AuNILC nanoparticle immobilized on SiO, coated copper grid by
OptoDex® and associated Photobonding technology. The bar length corresponds to 20 nm.

The presence of gold nanoparticle is evinced confirming covalent immobilization by
UV irradiation. Nanoparticles spread homogenously over a macro portion of surface
and remain separated without further chemical modification®. Size and
(mono-)dispersion correspond to data previously reported for AuNILC MPNs, as
separated by gel electrophoresis and investigated by TEM’. A blow-up of the same
grafted MPNs is reported in Figure 3-17. More precisely, on the left is reported a
transmission electron microscope image. On the right, the same surface is observed in

diffraction. Only one diffraction plane can be focused. Therefore only particles with
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Figure 3-17. Image of AuNILC nanoparticle immobilized on SiO, coated copper grid by OptoDex®
in transmission (left hand) and diffraction (right hand). The bar length corresponds to 5 nm.

Figure 3-18. TEM image of AuNILC nanoparticles immobilized on SiO2 coated copper grid by
OptoDex® in proximity of a tear caused by the thermal stress induced by the electrons beam. The

bar length corresponds to 20 nm.

the right orientation are visible. The image shows clearly some diffracting gold

nanoparticles at the same position as in the right picture (transmission). It must be
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noted that TEM grids were cleaned and plasma pretreated before functionalization.
The high hydrophilicity of the resulting support and the small surface area determined
a very little quantity of respective solutions to enter in contact with interface. The
local thermal stress generated by the electron beam eventually tore the film revealing
conveniently its section as shown in Figure 3-18. Nanoparticles seem to be woven into
the polymer tissue which could be assimilated to a porous gold sponge-like network.
TEM observation of sample prepared by one step casting of a blend of nanoparticle
and actinic polymer of the same starting concentration led to lower density of

nanoparticles.
3.6. Conclusion and outlook

Covalent immobilization of gold nanoparticles on to the surface was achieved
using actinic dextran based polymer as interlayer. ATR-IR spectroscopy revealed to
be a sensitive method to detect monolayer capped gold nanoparticles down to 2 nm
size in situ. The fingerprint of the organic shell was targeted. Direct information on
the metal and the core size were deduced by transmission electron microscoscopy.
The two techniques, both at molecular level, furnished complementary information.
OptoDex® mediated nanoparticles surface grafting, in association with high precision
dispensing and surface patterning, might be used to pattern nanoparticles on surfaces.
Blending of suitably functionalized gold nanoparticles and dextran based polymer
could also result in a convenient way to increase the sensitivity of label-free
biosensing by optical waveguide techniques. The sensitivity of such devices depends
on the number of selector molecules immobilized on the sensor, to which the analyte
can bind and which are probed by the evanescent field. This number can be increased
by mimicking a sponge. Gold is assessed as optimal interface layer for affinity based

biosensors. The polymer constituent plays the role of the covalent glue to the sensor
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surface, assures a biocompatible and self-passivating environment and enables the
three dimensional development of the gold nanoparticle network, which allows
biomolecule nesting in “pores” defined by nanoparticle cluster assembling and
polymer network. The properties of the functional material can be tuned by varying
the polymer / gold nanoparticle blending ratio and the nanoparticle size. Porous gold
as enhancer for detection sensitivity has already been developed using electrochemical
deposition of gold, which leads to a rough surface and increase of effective surface
area”. The advantage of the described technique would be the specific addressability
of any inert surface to be locally modified with porous gold by spotting three
dimensional patterns. The sensitivity enhancement through nano gold sponge-like
functionalization could be adapted to any existing commercially available surface
plasmon resonance platforms. Furthermore, the small interstitial distance between

nanoparticles could motivate to step forward conductivity measurements.
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Chapter 4

Dextran-based thin film coated platforms for for glycoprofiling in
microarray format

4.1. Preface

The content of this chapter is related to the work carried out at CSEM, in the
Surface Bioengineering laboratory, under the supervision of Dr. Hans Sigrist and Dr.
Hui Gao (present address: arrayon biotechnology, Neuchatel, Switzerland) within a
fruitful collaboration with the Nestlé Research Center, Nestec Ltd., Switzerland. The
collaboration, from the candidate point of view, fruited two major results: the willing
of furthering the investigation of the dextran based polymer OptoDex® in the frame of
a pure academic environment under the supervision of professor Thomas Biirgi and
the redaction of the paper “Glycoprofiling with Micro-Arrays of Glycoconjugates and
Lectins”, accepted and published by the journal “Glycobiology”, in 2005 (Angeloni et
al)'. The microarray design and manufacturing, the protocol optimization for a
bioactivity retention and expression in miniaturized screening tests, the manipulation
of glycoproteins and lectins, including flourescence labeling, the synthesis of the neo-
glycoconjugate, were performed at CSEM. The biological material to be probes in
terms of glycoexpression profiling (cell extracts and expolysaccharides) was supplied
by Nestl¢ Research Center. To support the efficacy of the ad-hoc tailored application
in microarray format, a bacteriological challenge experimental set was carried out at
Nestlé Research Center, too, under the supervision of Dr. Norbert Sprenger. To him, a
special acknowledgment must be addressed for effective support, bright vision and

stimulant competence sharing, also in the manuscript reaction. This chapter consists of
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the cited paper’s manuscript, featuring the layout used for the redaction of this thesis
report. Except for the bacteriological challenge, and the biological evaluation linked to
gene expression, too far from the specific competences and tasks of the candidate, it

reports the work performed within the outline of candidate’s PhD project.
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4.2. Abstract

To facilitate deciphering the information content in the glycome, thin film-
coated photoactivatable surfaces were applied for covalent immobilization of glycans,
glycoconjugates or lectins in microarray formats. Ligth-induced immobilization of a
series of bacterial exopolysaccharides on photoactivateable dextran (OptoDex®)
coated analytical platforms (PhotoChips) allowed covalent binding of the
exopolysaccharides. Their specific galactose decoration was detected with
fluorescence labeled lectins. Similarly, glycoconjugates were covalently immobilized,
and displayed glycans were profiled for fucose, sialic acid, galactose and lactosamine
epitopes. The applicability of such platforms for glycan profiling was further tested
with extracts of Caco2 epithelial cells. Following spontaneous differentiation or upon
pretreatment with sialyllactose, Caco2 cells showed a reduction of specific glycan
epitopes. The changed glycosylation phenotypes coincided with altered
enteropathogenic E. coli adhesion to the cells. This microarray strategy was also
suitable for the immobilization of lectins through biotin-neutravidin-biotin bridging on
platforms functionalized with a biotin derivatized photoactivable dextran (OptoDex-
Biotin). All immobilized glycans were specifically and differentially detected either
on glycoconjugate- or on lectin arrays. The results demonstrate the feasibility and

versatility of the novel platforms for glycan profiling.
4.3. Introduction

Carbohydrates (glycans) cover the surface of most if not all living cells and
organisms, in the form of diverse glycoconjugates. Glycans create a landscape of
recognition sites, barriers and carriers that help to control the rhythms of metabolism
from conception to catabolism. Generally, glycans represent the first and crucial

interface to the cell's biotic and abiotic environment, mediating recognition and
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communication processes. Thus they control immunological recognition, cell-cell
adhesion, pathogen attack, and protein folding and placement™*. Glycans are generally
assembled of diverse monosaccharide building blocks that are glycosidically linked to
each other at different positions. Consequently, glycans show a high structural
diversity reflecting in general functional diversity. Thus, it is a multidisciplinary
challenge to decode the information content displayed by glycan structures in various
biological contexts™’. Lactic acid bacteria produce a wide spectrum of secreted high
molecular weight exopolysaccharides (EPS). These glycans can be formed of
structurally diverse building blocks. In milk processing EPS are of significant interest,
because of their texturizing properties upon milk fermentation. However, they might
not only contribute to structural and biofilm related properties, but also serve as
‘decoy’ for unwanted agents such as enterotoxins or adhesins of pathogens. Moreover,
EPS might contribute to the establishment of a favorable matrix for beneficial
microbial communities in natural environments such as the intestine. The surface
glycosylation pattern of enterocytes changes during intestinal development. Most
prominently there is a shift from a high sialic acid to high fucose displaying
phenotypes (for review see Biol-N'garaghba and Louisot’). Concurrently, the
enterocyte microbial crosstalk is likely affected by such changes, leading to changed
bacterial community structures and resistance or vulnerability of the host to pathogen
insults. EPS and intestinal surface glycosylation patterns obviously encode
information implicated in physiological and ecological processes. Deciphering this
information content is thus an important prerequisite for an educated selection and
design of strategies to promote either protection from unwanted noxious agents or
promote wanted beneficial microbes. One route to facilitate decoding efforts is the
establishment of analytical platforms for robust and high density display of glycan

structures. Recent years have seen increasing needs for such platforms to investigate
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protein-carbohydrate interactions and specifically to identify ligands and test
specificities of bacterial, plant and animal lectins (for review see Drickamer and
Taylor’; Wang'’). Different types of microarray platforms were described for
oligosaccharide, glycan, glycolipid, glycoprotein and glycoconjugate display with

1-15 ° Characteristics of the

most approaches based on non-covalent bonding” ”
different platforms for glyco-profiling were recently reviewed (Feizi et al.'®).
Microarray based platforms in microformats are of particular interest, because they
require little sample quantities, allow high density sample display and provide reliable

assay sensititvity.
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Figure 4-1. Reaction mechanism of light induced covalent immobilization of bio/molecules on a
surface. Aryl-trifluoromethyl-diazirines (a), photoactivated at 350 nm generate highly reactive
carbenes and release molecular nitrogen (N2) (b). Carbenes spontaneously undergo insertion
reactions (c¢) and form covalent bonds with the surface,*S, and/or adsorbed bio/molecules, *Ad (d).
Lower half of panel illustrates dextran derivatized with the photoactivateable aryl-trifluoromethyl-
diazirines.
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Microarray platforms have an exceptional content capacity and permit the
identification and quantification of thousands of molecules in one single experiment.
Despite the exorbitantly high theoretical number of possible molecular glycan
configurations, the actual number of different glycan structures found in nature is
likely only a minute fraction. For endogenous mammalian glycan structures it is
estimated to be in the range of 5009. Thus, having an appropriate surface at hand it is
envisageable to display all natural glycan structures on a single microarray. Here we
present the use and applications of versatile microarray platforms based on dextran-
coated glass slides (PhotoChips) suitable for (i) covalent glycan and (ii)
glycoconjugate immobilization, and for (iii) ligand mediated bridging of functionlized
biomolecules such as lectins or oligosaccharides on OptoDex-Biotin platforms. The
dextran-based polymer OptoDex® used, is derivatized with aryl-trifluoromethyl-

17-19

diazirine groups '~ . Upon illumination, aryl-trifluoromethyl-diazirine groups form

reactive carbenes ( Figure 4-1), which eventually react with any vicinal molecule to

20, 21
form covalent bonds™

. Expectedly, this approach leads to covalent linkage of any
molecule of interest to any surface of interest in one step. In combination with other
functional groups such as biotin, the photoactivateable dextran polymer yields a higly
versatile tool for surface (bio)engineering. The presented results show the feasibility
of biomolecule binding to such microarray platforms and illustrate the versatility of

the microarray based tools with different applications.
4.4. Results
4.4.1. Exopolysaccharide microarray.

Bacterial exopolysaccharides (EPS) from seven different lactic acid bacteria were
covalently immobilized in microarray format aiming at the screening of functionally

displayed glycan structures. To this end, the seven EPS of known structures were
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dissolved in water and printed onto PhotoChips. Upon illumination, the aryl-
trifluoromethyl-diazirine groups formed reactive carbenes and covalently linked the
EPS to the dextran surface in one step. The structures of the repeating molecular
features of the EPS are shown (Figure 4-2), together with the respective PNA (peanut
agglutinin) and MAA (Maackia amurensis agglutinin) binding profiles. PNA bound
preferentially to the EPS structure of L. bulgaricus 291 harboring a -D-Galp-(1-4)-8-
D-Glcp- side chain (Figure 4-3 E,H), and also bound to the L. helveticus 59 EPS with
a B-D-Galp-(1-6)-a-D-Glcp- side chain (Figure 4-3,H). PNA did not bind to EPS with
branches of single a- or B-Gal moieties or with terminal Gal in the furanose form
(Figure 4-3 A,B.D,F,G,H). Equally, the sialic acid specific lectin MAA did not bind to
any of the presented EPS structures. Therefore, PNA bound preferentially to p-Gal
residues on EPS, when they are spaced by a Glc from the EPS backbone ( Figure 4-2).
These results illustrate the specific ligand binding of PNA lectin and, more
importantly in the context of this investigation, show the feasibility of EPS
immobilization on microarrays for functional screening and identification of the
epitopes displayed on unknown EPS structures. Thus, bacterial EPS structures
displayed in microarray formats can in the future be screened for their ability to serve

as ‘decoy’ for viruses, and microbial adhesins and toxins.
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Figure 4-2. Structures of the EPS repeating unit from different lactic acid bacteria (A-G) as dubbed
in the figure, and detection of different concentrations of immobilized EPS by the lectins PNA and
MAA (negative control) (H). Cy5-OptoDex (CyS5) is an internal fluorescent standard and ‘bg’
indicates the measured background values. Mean signals and standard deviations are shown.
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4.4.2. Glycoprotein microarray characteristics.

As for glycans, a series of reference glycoproteins were immobilized
covalently in microarray formats, taking again advantage of the carbene reaction.
Resulting glycoprotein microarrays were probed with fluorophore conjugated lectins
to demonstrate feasibility of differential glycan profiling. Figure 2-59 depicts the
detection of 5 glycoconjugates together with BSA as control protein with 6 different
plant lectins. All tested lectins primarily recognized specific glycan structures as

predicted from their respective  binding  specificities (Table  4-1).

Control protein/

Acronym Full name Glycan recognized glycoconjugate

o Gal-B-1,3-GalNAc-R  asialofetuin
PNA Peanut agglutinin

Gal-R OptoDex-lactose
UEA Ulex europaeus agg. Fuc-a-1,2-Gal-R 2FL-BSA
TPA ; zi;itgroe’;zlsggs Fuc-R 2FL-BSA
SNA Sambucus nigra agg. SA-a-2,6-Gal-R fetuin, transferrin
MAA  Maackia amurensis agg. SA-a-2,3-Gal-R fetuin

Gal-B-1,4-GIcNAc-R  asialofetuin

DSA  Datura stramonium agg. GleNAC-R asialofetuin

Table 4-1. Known glycan recognition specificities of plant lectins used in this study. Data complied
from datasheets of respective lectins.

All lectins showed excellent signal to background ratios. Virtually no binding to the
BSA control protein was detected with either lectin (Figure 2-59). MAA recognized
glycans displayed on fetuin as predicted and to a much lower extent on asialofetuin.
The latter might be due to incomplete desialylation (Figure 4-3 A). PNA recognized

best glycans displayed on asialofetuin, and also recognized lactose and 2’fucosylated
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lactose linked to BSA (Figure 4-3A). The former two results are expected from the
known PNA ligand specificity.

2
= 40000 -
= UEA c
g )
% 30000 -
s |
2 20000 -
3 ]
w
© 10000 -
=} ]
=
[ 0 -
=) 1 2 3 4 5 6
<
T 40000 - SNA F
2 1
@ 30000 -
8
[
8 20000 -
w
o
© 10000 -
=
L
0

1 2 3 4 5 6

Figure 4-3. Printed BSA (1), reference glycoproteins 2’fucosyllactose-BSA (2), asialofetuin (3),
fetuin (4), transferrin (5), and the neo-glycoconjugate OptoDex-lactose (6) detected by lectins MAA
(A), PNA (B), UEA (C), DSA (D), TPA (E) and SNA (F). The lower panel of each figure shows the
actual spot image, false colored with yellow, green, blue in the order of decreasing signal intensity.
Mean signals and standard deviations are shown.

UEA (Ulex europaeus agglutinin) and Tetragonobolus lectin (TPA) bound only to
fucosylated lactose (Figure 4-3CE). DSA (Datura stramonium agglutinin) showed
preferred binding to asialofetuin as predicted, but also measurable binding to fetuin

and fucosylated lactose (Figure 4-3 D). Finally, SNA (Sambucus nigra agglutinin)

recognized transferrin and fetuin (Figure 4-3 F), which terminally expose a-2,6 linked

sialic acid residues.
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Figure 4-4. Dilution series of OptoDex-Lactose detected by fluorescent lectin PNA (Cy5-PNA)
together with fluorescent OptoDex® (Cy5-OptoDex). Indicated print solution concentrations are in
mg/ml. The lower half shows the actual recognized spots of the array with decreasing signal
intensities. Mean signals and standard deviations are shown.

The presented findings indicate that glycoprotein display and respective glycan
profiling on PhotoChips are (i) possible.
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Figure 4-5. Dilution series of glycoproteins detected by fluorescent lectins PNA (A), MAA (B), and
DSA (C). Cy5-OptoDex (CyS5, C) was printed as an internal reference (0.25 mg/ml). Amounts
indicated are in mg/ml.‘bgl’ indicates background inside the array grid, ‘bg2’ indicates background
outside the array grid (indicating the efficiency of unspecific binding suppression). Mean signals and
standard deviations are shown.
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Glycan arrays yield (i1) appreciable signal-to-noise ratios, and (iii) quantifiable
differential glycan profiles. The display of oligosaccharide structures in the form of
neo-glycoconjugates (e.g. 2’fucosyllactose on BSA, lactose on dextran) represents a
facile approach allowing for covalent oligosaccharide immobilization on PhotoChips.
Different concentrations of OptoDex-Lactose (a photactivable dextran based
neoglycoconjugate (Caelen et al'’, Chevolot at al**), were immobilized on PhotoChips
to assess signal quantitation, glycoconjugate binding capacities and detection limits.
The displayed glycans were detected and quantified with the fluorescence labeled
lectin PNA. The response is dose dependent (Figure 4-4) and does not reach saturation
at the concentrations used. Linearity of response is best achieved at print solution
concentrations between 0.5 and 1 mg/ml. The detection limit is somewhere below
0.25 mg/ml print solution dispensed, corresponding to about 12 pg probe molecule
applied per spot. In parallel, a dilution series of fluorophore-conjugated dextran was
printed and quantified. The results showed linearity of the recorded fluorescence
signal and demonstrated that the surface binding capacitiy did not saturate at the
concentrations used. Moreover, the experiments illustrated good spot-to-spot
reproducibility. Similarly, different concentrations of reference glycoproteins were
printed and their glycans were detected and quantified with specific lectins (Figure
4-5). PNA and DSA detection of asialofetuin showed saturation (Figure 4-5 A,C) at
2.5 pg asialofetuin applied (50 pl of 0.05 mg/ml), and the detection limit was below
0.5 pg per spot. Detection of fetuin-linked glycans with MAA did not saturate at the
concentrations employed, and the detection limit was around 2.5 pg (Figure 4-5 B).
The results suggest either that fetuin can be immobilized at still greater amounts (>
12.5 pg) than asialofetuin (2.5 pg), or more likely, the results reflect the different
binding affinities between MAA, DSA and PNA. For DSA and PNA, response

linearity is best achieved at asialofetuin print solution concentrations between
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0.01 and 0.05 mg/ml. For MAA, linearity of response is attained with fetuin print
concentrations between 0.075 and 0.25 mg/ml. The above used reference
glycoproteins were selected to serve as positive controls when assaying glycoprotein

arrays.
4.4.3. Application: Glycan profiling of model cell extracts.

Extracts of Caco-2 intestinal cells were arrayed and immobilized on PhotoChips to

test the applicability of the glycoprotein microarray platform for glycan profiling.
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Figure 4-6. Glycan display profiles of mock treated control and 3’sialyllactose (3SL) treated cells at
7 d and 21 d in culture. (A), sialic acid linked a-2,3 detected by MAA; (B), sialic acid linked a-2,6
detected by SNA; (C), fucose linked a-1,2 detected by UEA; (D), fucose detected by TPA; (E),
galactose detected by PNA; (F), lactosamine detected by DSA. Error bars indicate standard
deviations (N=2).
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Displayed glycans were profiled and quantified using a series of plant lectins (Figure
4-6). Caco-2 cells at 7 days post-seeding (i.e. non-differentiated) were compared with
cells grown for 21 d (i.e. differentiated), either mock-treated or treated with
3’sialyllactose for 48 h prior to harvest. Relative glycan expression levels recognized
by MAA (i.e. a-2,3 linked sialic acid) decreased most prominently between the 7 and
21 d cultured cells (Figure 4-6 A). Further, lower glycan expression in 21 d as
compared to 7 d cultured cells was also found for a-2,6 linked sialic acid containing
glycans seen by SNA, fucose containing glycans seen by UEA, and TPA and
galactose ending glycans seen by PNA (Figure 4-6 B- E). In contrast, glycan moieties
targeted by DSA (i.e. lactosamine) did not markedly change over time (Figure 6F).
Interestingly, 3’sialyllactose treatment of 7 d cultured cells moved the expression of
glycans seen by MAA, SNA, UEA, TPA, and PNA from elevated levels down to
levels comparable to those found for mock-treated 21 d cultured cells (Figure 6 A-E).
Thus, a-2,3 and a-2,6 linked sialic acid residues diminished together with fucose and
galactose moieties. Gene expression levels of sialyltransferases responsible for the
formation of a-2,3 linked sialic acids were monitored (data not shown). The results
showed that 3’sialyllactose treated - as compared to mock-treated 7 d cultured cells -
reduced expression levels of ST3Gal-I (2.5x), -1 (2x), and -1V (5x). ST3Gal-111, -V,
and -VI were not affected. Thus, reduction of MAA detected glycans was reflected by
a reduction in respective gene expression levels. Additionally, cell extracts were
spotted manually onto nitrocellulose membranes for lectin staining and signal
quantification (data not shown). The results confirmed the observation made using the
microarray platform: cell glycosylation phenotypes changed with increasing culture
time and responded to oligosaccharide addition to the growth medium. This
conclusion is further supported by the following finding. Lactosamine containing

glycans recognized by DSA showed lower expression levels in 7 d cultured cells upon

153



treatment with 3’sialyllactose as compared to mock-treated cells, while levels were
equally high in 7 d and 21 d control cells and 21 d 3’sialyllactose-treated cells (Figure
4-6 F). Seven d cultured Caco-2 cells apparently sensed the presence of 3’sialyllactose
in the growth medium and responded by changing glycan expression profiles, while

21 d cultured cells did not respond to the oligosaccharide treatment.

4.4.4. Bacterial challenge.

To evaluate the significance of the observed glycan changes in the context of
bacterial-epithelial cell crosstalk, 3’sialyllactose-, lactose-, and mock-treated cells were
challenged with an enteropathogenic E. coli (EPEC). Total bacterial adherence to such

pretreated cells was monitored (Figure 4-7). About 10
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Figure 4-7. EPEC challenge of Caco2 cells grown 7 d and 21 d which were either mock pretreated
(control), lactose (lac) or 3’sialyllactose (3SL) pretreated and washed before bacterial challenge.
Error bars indicate standard deviations (N=6). Statistical analysis was done using unpaired t-test, P
value 0.0265.

times more bacteria attached to 7 d cultured cell (ca. 40 % of added bacteria) as
compared to 21 d cultured cells (ca. 3 % of added bacteria). Upon pretreatment of 7 d
cultured cells with 3’sialyllactose and subsequent washing of the cells, EPEC
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adherence was reduced to about 50 % as compared to the lactose- or the mock-treated
control cells (Figure 4-7). This was seen in an EPEC adherence reduction from 35 to
40 % of added bacteria to about 20 %. EPEC adherence to 21 d cultured cells either
mock-, lactose- or 3’sialyllactose-pretreated, was indifferent and, as mentioned above,
reduced by about 90 % as compared to 7 d cultured mock-treated control cells. The
reduced EPEC adherence to 21 d as compared to 7 d cultured cells coincided with
lower glycan expression levels as determined by lectin based glycan profiling

described above.
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4.4.5. Lectin microarray.
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Figure 4-8. Lectin microarray probed with Cy5-OptoDex-Lactose (A), Cy3-Asialofetuin (B), CyS5-
fetuin (C), Cy3-lactosamine-BSA (D), Cy5-2’fucosyllactose-BSA (E), and Cy5-transferrin (F). Rh:
rhodamine and biotin double-labeled dextran as internal standard (detectable using the Cy3 scanning
set-up), bg: background. Mean signals and standard deviations are shown.

To further explore the application range of the OptoDex® based platforms for
microarraying, in particular the OptoDex-Biotin platform, 4 plant lectins were
immobilized through a biotin-neuravidin-biotin bridge and probed with fluorophore
labeled glycoconjugates (Figure 4-8). Differential glycan profiles were detected with

the immobilized lectins. OptoDex-Lactose bound primarily to immobilized PNA,
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asialofetuin to DSA and, to a lesser extent, to PNA, fetuin to SNA, lactosamine-BSA
to DSA, 2’fucosyllactose-BSA to UEA and transferrin to SNA (Figure 8). Signal-to-
noise ratios were comparable to, and as good as for the glycoprotein arrays.
Homogeneous lectin binding to individual spots was achieved upon addition of
glycerol or a mock protein such as BSA to the print solution. The lectin array
technology complements antibody arrays, previously shown to be functional upon
immobilization on PhotoChips and diverse functional platforms®. Hybrid
lectin/antibody arrays may serve as profiling tools, not only for glycan expression but

also for the detection of specific immunoreactive markers.
4.5. Discussion

The insight that glycan structures are of key importance for numerous
biological processes in health and disease lead to the recent need for the development
of high-throughput platforms for analysis of glycan information content. Thus, the last
years have seen increasing numbers of studies reporting the development and use of
microarray based glycan display platforms'®. Mono- and oligosaccharides were
covalently linked to gold or modified glass and plastic surfaces and thus became
accessible for functional carbohydrate protein interaction measurements' > ** .
Further, nitrocellulose and polystyrene coated surfaces were reported suitable
platforms for microarray format display of biomolecules such as neoglycolipids’,
glycoproteins and glycans®. However, as for microtiter plate based display of
biomolecules, such as glycoproteins, these nitrocellulose and polystyrene based
platforms rely on non-covalent adsorptive immobilization. Here we described the use
of PhotoChips and OptoDex-Biotin platforms for covalent and ligand-mediated

immobilization of biomolecules on microarray formats. Procedures related to

PhotoChips enabled single-step covalent immobilization of (i) bacterial glycans, (i1)
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reference glycoproteins and neoglycoconjugates, and (iii) cell extracts. Further,
OptoDex-Biotin platforms allowed for bridging biotinylated lectins through
neutravidin. All mentioned immobilized biomolecules remained biologically active
and allowed on-array functional protein-carbohydrate interaction measurements.
Differential recognition profiles were in accordance with the available structural and
compositional information on the profiled reference compounds. The microarray
investigations presented here extend the versatility of the above mentioned
nitrocellulose and polystyrene surfaces for glycoconjugate and glycan display.
PhotoChips allow for direct covalent biomolecule immobilization through reactive
carbenes, and OptoDex-Biotin platforms enable neutravidin mediated display of

biotinylated biomolecules'” ' **

. It is worth noting that all dextran based platforms are
hydrophilic and suppress nonspecific binding. The dextran network provides a
stabilizing environment for biomolecules and increases the surface for biomolecule
display. All features are essential for reliable detection of biological interactions. The
one-step covalent immobilization of unmodified biomolecules on PhotoChips is a
most direct immobilization approach. It is highly valuable for glycan immobilization,
the binding of high molecular weight neoglycoconjugates and glycoproteins. Although
this study focuses on the immobilization and arraying of glycoproteins and bacterial
EPS, it is equally foreseeable to covalently crosslink via the photoactivateable dextran
other glycan preparations, such as those derived from plant, fungal and bacterial cell
walls. Direct covalent immobilization of lipid- or polyacrylamide-linked
neoglycoconjugates®” ** has been demonstrated with nitrocellulose coated surfaces™ .
Oligosaccharide immobilization presented here, required pre-coupling to proteins, e.g.
2’fucosyllactose-BSA, or to dextran, e.g. OptoDex-Lactose. Alternatively, oriented

immobilization via  biotin/neutravidin  allowed for functional on-array

protein-carbohydrate recognition. To this end, dual functionalized dextran was chosen
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having photoactivateable groups in combination with biotin. With increasing numbers
of immobilization techniques it should be interesting and important to perform
comparative glycan-protein interaction studies using differently immobilized glycans
to assess the influence of the immobilization protocol and the platforms on the
interaction analysis'® *. For lectins, direct crosslinking through the photoactivatable
carbenes was attempted and lectins could be bound to the surface. However,
carbohydrate binding activity was lost in this approach. This was likely due to
structural rearrangements of the oligomeric lectins. On the other hand, biotin-
neutravidin-biotin bridging yielded functional lectin arrays. In the future, these lectin

182 {5 have at hand

microarrays might be combined with array of antibodies
microarrays specifically designed to assess the physiological status of cells or tissues.
To apply the dextran platform for microarray based glycan quantification, cell extracts
of intestinal model cells were printed and covalently linked on PhotoChips. Displayed
glycans were profiled and quantified with plant lectins. As known for intestinal
surface glycosylation occurring during development®, cell lines changed glycosylation
phenotypes depending on the time in culture or differentiation status, respectively.
Most prominently, a-2,3 linked sialic acid epitopes diminished from 7 d to 21 d in
culture, which reflects a similar pattern as observed in vivo during development.
Interestingly, treatment of 7 d cultured cells with the oligosaccharide 3’sialyllactose
led to decreased glycosylation as compared to mock treated cells of the same time in
culture. For a-2,3-linked sialyic acids, this reduction correlated with a reduced gene
expression level for respective genes ST3Gal-1, —II and —IV, while the other ST3Gal
genes were not affected. In summary, such 3’sialyllactose treated 7 d cultured cells
showed glycosylation patterns similar to 21 d cultured control cells. The only

exceptions were lactosamine epitopes, which were reduced upon oligosaccharide

treatment of 7 d cultured cells, but which remained unaltered over time in mock-
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treated controls. Pretreatment of 7 d cultured cells with 3’sialyllactose led to about 50
% reduction of enteropathogenic E. coli adhesion as compared to lactose or mock-
pretreated cells. The reduced adherence correlated with reduced sialic acid and
lactosamine epitopes. Both, sialic acid and lactosamine epitopes were previously
proposed to play a key role in EPEC adherence to CHO cells®. Further, lactosamine
moieties were also shown to alter EPEC localized adherence phenotype’” *.
Considering, a scenario with lactosamine as key player might be valid for the 7 d
cultured cells. However, another mechanism should come into play to explain the
overall reduced EPEC adherence to 21 d as compared to 7 d cultured cells, because (i)
lactosamine levels were comparable between the mock-treated 7 d and 21 d cultured
cells, and (ii) total EPEC adherence was much lower to 21 d cultured cells as
compared to 7 d cultured and 3’sialyllactose pretreated cells. Future studies will
elaborate the connection between the expressed sialylated and lactosamine displaying
glycans on the cells and the adherence of EPEC. To this end, it might be envisaged to
perform on-array adhesion analysis using bacteria or potentially viral particles. For
mammalian cells, however, the ca. 150 um spot diameter of the herein presented
microarray platform might be limiting as compared to another recently presented

glycan array that was exploited for cell adhesion studies™.
4.6. Materials and methods
4.6.1. Biomolecule preparation.

Lectins for Cy3 or Cy5 labeling were purchased from Sigma: Peanut
agglutinin (PNA), Ulex europaeus 1 lectin (UEA), Maackia amurensis agglutinin
(MAA), Sambucus nigra agglutinin (SNA), Datura stramonium agglutinin (DSA),
and Tetragonolobus purpureas agglutinin (TPA). Biotinylated lectins were purchased

from Vector Laboratories (Burlingame, CA): biotinylated Peanut agglutinin (biotin-
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PNA), biotinylated Sambucus nigra agglutinin (biotin-SNA), biotinylated Datura
stramonium agglutinin (biotin-DSA), biotinylated Ulex europaeus lectin (biotin-
UEA). Rhodamine and biotin double-labeled dextran was a product of Molecular
Probes (Leiden, The Netherlands). PhotoChips and OptoDex-Biotin platforms were
obtained from CSEM, Switzerland. Control glycoproteins were either purchased from
Sigma (transferrin, fetuin, asialofetuin, bovine serum albumin (BSA) or from Dextra
Laboratories (2’fucosyllactose-BSA, lactosamine-BSA). OptoDex-Lactose was
prepared by derivatizing amino-group functionalized OptoDex®  with
mono(lactosylamido)-mono(succinimidyl)suberate (Pierce, Ill). The reaction product
was purified by gel filtration. Caco-2 cells were seeded at a concentration of 100’000
cells/ml and grown at 37°C (10% CO,) in Dulbecco’s-MEM containing 3.7 g/L
NaHCO;; 1 g/LL D-glucose, fetal bovine serum (FBS) (#2-01F00-1, 10% for Hep-2
and 20% for Caco-2 cells), 200 mM glutamine (GibcoBRL #25030-024) and
penicillin/streptomycin (10000 IU/mlI-10000 UG/ml, GibcoBRL #15140-114). Cells
were grown for up to 21 days before harvest. Cell cultures were treated with medium
without FBS or with the same medium supplemented either with lactose or
3’sialyllactose at concentrations of 2 mg/ml. Cells were treated for 2 days prior to
harvesting and treatments were renewed after 1 day. For extraction, cells were washed
in PBS, scraped from the culture wells and collected in microcentrifuge tubes. Cells
from one well of a 6-wells plate were resuspended in 0.5 ml PBS supplemented with
protease inhibitors (Complete™, Roche, Switzerland). Cell extracts were
homogenized by successive passing through a 25-gauge syringe needle. Homogenized
extracts were frozen on dry ice and kept at - 80°C until printing. Just before printing,
samples were homogenized again as before. Bacterial EPS were isolated and prepared
according to a standard protocol (Stingele et al., 1996). Briefly, proteins were

removed from spent culture supernatants by trichloracetic acid (TCA) precipitation
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(20 % (v/v) final TCA). After protein removal by centrifugation, EPS were
precipitated upon addition of acetone (final 50 % (v/v)). Precipitated EPS were
recovered in water, and the solution was adjusted to pH 7 before dialysis against water
for 24 h. After removal of insoluble material, EPS were freeze-dried. Before printing

EPS were dissolved in PBS at a concentration of 0.5 mg/ml.
4.6.2. Biomolecule immobilization.

PhotoChips and OptoDex-Biotin platforms in slide formats were used as
analytical platforms. Upon printing as detailed below, the arrayed platforms were
illuminated for 4 min with high power ultraviolet lamp (1000 W) at 365 nm (11
mW/cm?). After rinsing, OptoDex-Biotin platforms were incubated with neutravidin
(0.05 mg/ml) in PBS for 30 min at ambient temperature. Biomolecules were arrayed
with a pin-and-ring printer (Affymetrix Arrayer 417""), applying ca. 50 pl per spot,
which gave an average spot diameter of ca. 150 um. Print automation was supported
by the instrument specific Affymetrix 417" Arrayer Software. PhotoChips with
printed biomolecules were irradiated as described above to effect covalent probe
molecule immobilization. After photobonding the surfaces were rinsed with PBS
containing 1% BSA (once), PBS/Tween 20 (3 times), PBS (3 times) and deionized
water (3 times). Biotinylated lectins were prepared in HEPES buffer supplemented
with divalent ions (Mg'", Mn"", Ca""; 1 mM each) and BSA (0.5 mg/ml) for printing.
Printed slides were incubated for 10 min before rinsing them with TBS complemented
by Tween-20 (0.05%; TBS-Tween) and free biotin (0.5 mg/ml) for 10 min. Thereafter,
slides were rinsed once each with TBS- Tween, TBS and deionized water. All
processes related to platform handling, printing and photoimmobilization were carried
out in a dedicated clean room. Prepared microarrays were vacuum-sealed and stored at

4°C (lectin arrays) or —20°C until used.

162



4.6.3. Array probing.

Cyanine reagents (Cy5 or Cy3) either monofunctional or bisfunctional were
used for fluorescence labeling of target biomolecules according to manufacturer’s
instructions (Amersham Biosciences). For lectin labeling, free dye was removed by
size exclusion chromatography on prepacked PD10 columns pre-equilibrated with
TBS buffer at pH 7.2 supplemented with divalent ions (Mg++, Mn++, Ca++; 1 mM
each, TBS+) at room temperature. Labeled samples were stored at 4°C in the dark.
Refrigerated platforms with arrayed biomolecules were allowed to warm to room
temperature for at least 30 min before rehydration. To this end, slides were
sequentially rinsed for 5 min each in PBS-BSA (1% w/v), PBS-Tween 3 times,
deionized water. Thereafter, a frame was applied to the slides (Gene Frame®,
ABgene, 65 pl) to generate an incubation chamber around the printed spots.
Fluorescence labeled lectins were diluted to a final concentration of 0.02 mg/ml in
TBS+ buffer complemented by blocking reagent (final 10 % (v/v), Roche,
Switzerland). Each slide was incubated with 65 ul lectin medium for 30 min at room
temperature in the dark. Thereafter, slides were rinsed for 5 min each with PBS-BSA
(1% (w/v)), PBS-Tween 3 times, PBS 3 times and deionized water. Slides were air
dried and kept in the dark before fluorescence reading. For lectin arrays on OptoDex-
Biotin platforms, all incubations were carried out in TBS+ buffer. Incubation- and
rinsing steps were as described above, however slides were not allowed to dry before
the final wash. Microarrays were read using a gene array scanner (Affymetrix
428™Array Reader) and signals were quantified using the ImaGene™ software

package (Biodiscovery, Inc, USA).
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4.6.4. Cell culture and bacterial challenge.

Caco-2 cells were seeded and treated as described above. Before bacterial
challenge, Caco-2 cells were washed 2 times with PBS. EPEC strain E2348/69 was
grown overnight at 37 °C without shaking in BHI supplemented with 10 nCI/ml *H—
thymidine (Pharmacia). Bacteria were washed in PBS and adjusted to an ODgg of 0.1
in PBS. Fifty ul of bacterial solution were added to 1 ml DMEM without FBS, and
then applied onto pretreated and washed Caco2 cells in 12-well plates. Two hours
later, cells were washed 2 times with PBS. Cells were lysed with 0.5 ml 0.5 N NaOH.
Thereafter, scintillation cocktail was added and radioactivity counted in a scintillation
counter. An aliquot of labeled bacteria was kept to determine total counts added to the
cells in order to calculate the % of adherent bacteria. Mean bacterial attachment (N=6)

and SEM are presented.
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Chapter 5

Conclusions and Outlook

The straight, non-invasive, bio-compatible and bio-active light driven
immobilization of a portfolio of sugar tethered composites in microarray format led to
the acknowledgment of the photobonding technology as suitable tool to harvest
information in the wide domain of carbohydrates-proteins classification and function
deciphering'”. The results described in chapter 4 convincingly show the efficacy and
versatility of the light induced surface anchoring by carbene insertion of glycans. But
besides experimentally recognizing the positive effect, the mechanism behind it was
not completely elucidated. Questions remained concerning the reasons sustaining
OptoDex® A as the best photolinker to fit the task as a surface soft glue. The acquired
know-how gave evidence that OptoDex® A revealed in most cases the desirable
photolabile fixing agent for the explored glycans, except for the immobilization of
lectins for which the best way was found in the mediation of OptoDex® Biotin. Recall
that OptoDex® A is a dually derived dextran based polymer: it displays actinic
aryldiazine as primary function and amines as second derivatization. The latter remain
available onto the surface to eventually encourage a classical chemical coupling or a
pre-photoexposure interaction. The tendency, before this study, was to attribute the
efficacy of OptoDex®A to its friendly behavior towards the bio-probe. The work done
during this thesis highly evidenced the role of amines in regulating the dextran —
surface interaction. The charge driven physisorption, also in presence of such a small

charge density, sounds as a novel perspective to look at the dextran surface
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modification. The almost hundred per cent effectiveness of the photobonding
mechanism when mediated by a thin physisorbed layer of OptoDex® A, is
outstanding. Moreover amines were demonstrated to play a crucial role in the
interaction with the oxydril groups of the plasma pre-treated surface, definitely
stressing the importance of such treatment as cleanliness provider and oxydril
generator (under the investigated conditions). The ionic strength can be used to tune
the film thickness. Immobilization on the surface of monolayer protected gold
nanoparticles could contribute to the engineering of gold nanostructures that shorten
the distance between plasmonic devices and bio applications’, eventually taking
advantage of carbohydrates micro-patterning” ® and the passivating properties of
dextran’. Topical surface dispensing, structured surfaces and engineered nano-objects
as well as bio-hybrids, fabricated through bottom-up designed metal or semiconductor
core structures, together with the state-of-the art of nanolithography, represent some

outlooks, which give best significance to the presented thesis work'’.
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Italian State Exam authorizing to exercise the free profession of Chemical Engineer /
qualifying to work as a freelance Chemical Engineer, final mark 84/100 (Abilitazione
all'esercizio della libera professione, Esame di Stato).

Master of Science in Chemistry, organico-biological specialization, University
"La Sapienza”, Rome, ltaly, final mark 108/110. (Laurea in Chimica, indirizzo
organico-biologico).

High school certificate, Istituto M.Massimo di Roma, Iltaly, final mark 60/60.
(Maturita Classica, gives access to Italian universities).

Specialiation courses

2005 September

2000 September

2000 March-June

1999 September

1999 March-June

Introduction to Special techniques in FTIR ATR spectroscopy, Prof. Urs Fringel
University of Vienna, Austria.

Metal ions in biological systems, summer workshop in inorganic chemistry, organized
by the University of Berne, Switzerland.

Industrial applications of coordination chemistry, Prof. H. Mimoun, Firmenich, S.A,,
La Plaine, Geneva, Switzerland

Advanced materials: crystal engineering and properties, summer workshop in
inorganic chemistry, organized by the University of Geneva, Switzerland.

Coordination chemistry in industrial oxidation processes, Prof. H. Mimoun,
Firmenich, S.A., La Plaine, Geneva, Switzerland.

Technical and scientific knowledge

In the last years, focus on photolinker mediated surface immobilization of glycans and establishment of
handling protocols and manufacture procedures of such bio-molecule microarrays. From previous experience,
basic practice of NMR, FT-IR, UV-VIS, measure of magnetic susceptivity, practice in the dry box use and
synthesis procedure under nitrogen and argon atmosphere for oxygen and humidity sensitive products.
Recently acquired high experience in molecular at or near interface investigation using FTIR-IR spectroscopy
(ATR, Attenuated Total Reflection Infrared spectroscopy).

Other information

Languages

Computer literacy

English and French fluent, Italian mother tongue.

Proficient in use of office applications, to present and communicate results (technical
and scientific reports)

Administrative details Italian citizen, 38 years old, married to a Swiss citizen, permit C. One child, 30

months old.
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and Sprenger, N., Glycoprofiling with Micro-Arrays of Glycoconjugates and Lectins. Glycobiology
2005, Vol 15(1), 31-41.

Gao, H., Guinchard, S. Crevoisier, F., Angeloni, S. and Sigrist, H., Microarray and surface
engineering for bio-analysis. Chimia 2003, Vol 57, 651-654.

Angeloni, S., Bauer, E., Ercolani, C., Popkova, 1., Stuzhin, P., Tera(selenodiazole)porphyrazines. 2:
Metal complexes with Mn(II), Co(II), Ni(Il) and Zn(II). J. of Porphyrins and Phtalocyanines 2001,
Vol 5 (12), 881-888.

Angeloni, S. and Ercolani, C., New classes or porphyrazine macrocycles with annulated heterocyclic
rings. J. of Porphyrins and Phtalocyanines 2000, Vol 4 (5), 474-483.

Gao, H., Crevoisier, F., Caelen, 1., Angeloni, S , Guinchard, S. Sigrist, H., Sprenger, N., Jolly, L.,
Kusy, N., Kochhar, S., Protein-Arrays and Glyco-Array. In Biosurf IV, Spatial Organization and
Dynamics of Biomolecules and Cells at Surfaces, Swiss Federal Institute of Technology 2001,
Lausanne, Switzerland 20-21 September (poster).

Gao, H., Guinchard, S, Crevoisier, F., Angeloni, S., Sigrist, H., Functional PhotoChip Platforms: In
Chips to Hits Conference 2002, Philadelphia, USA October 27-31 (poster).

Angeloni, S, Gao, H., Crevoisier, F., Sigrist, H., Sprenger, N., Ridet, J.L., Jolly, Kochhar, S.
Covalent-bonded Carbohydrate Microarrays for Recognition and Profiling. In Annual Conference of
the American Society for Glycobiology 2002, Boston MH, USA 9-12 November (poster)

Angeloni, S, Chai-Gao, H., Crevoisier,F., Guinchard, S., Neumayer, J., Sigrist, H., Ridet, J.L.,
Kochhar, S., Sprenger, N., arrayon® PhotoChips — A novel approach for Glycoconjugate and Cell
Extract Profiling. In MipTec International Conference and Exhibition on Drug Discover 2003, Basel,
Switzerland 12—-15 May(poster).
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Gao, H., Angeloni, S, Crevoisier, F., Caelen, 1., , Guinchard, S. Sigrist, Surface Bioengineering for
Microanalytics and Biomaterials. In Biosurf V - Functional Polymeric Surfaces in Biotechnology
2003, ETH Ziirich, Switzerland 25-26 September (poster).

Gao, H., Angeloni,S., Crevoisier, F., Guinchard, S, Sigrist, H.;Surface Bioengineering for
Microanalytics and Biomaterials. In MipTec European Conference and Exhibition on enabling
technologies for Drug Discovery 2004, Basel 3—6 May (poster).
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« .....Et la conscience du deschirement porte en elle le désir
d’harmonie. ... ............donner a nos gestes, a nos pensées, la continuité de

[’avant-nous et de [’apres-nous est une chose en la quelle je crois. »

I. CALVINO, Un heremite a Paris









