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Abstract

In this Ph.D. thesis, the problem of the coatmgl adhesion of polymers onto selected surfaces
has been investigated with the aim da#signing micro-devices and/or microarrays for grot
analysis. In the first part of the thesis, thenmifabrication of a device for isoelectric focusings
been studied. The development of this device bgsired the covalent attachment of hydrogel
plugs functionalized with pH buffering monomers am Indium Tin Oxide (ITO) flat surfacdhe

two ITO-coated slides are separated by silicon &aifiboth 3mm thick) stuck on the surface and
the whole device was named as Micro Parallel Ietetefocusing Device (MPID). The problem of
the adhesion of the hydrogel plugs onto the ITO anodéer the high vacuum conditions of the
MALDI-TOF/TOF analysishas been solved, by properly selecting the pergerdémonomers and

related polymerization conditions.

The MPID fabricated in accord to previous obseopratidid not afford a completebfficient
isolectric separation of the model protein mixt(wemmercial carbonic anhydrase). Furthermore,
the proteins were absorbed onto plugs too tighilyd satisfactory, direct analysis by MALDI-
TOF/TOF of the plugs.

At this stage of the Ph.D. program, the MPID projes been abandoned and the second part of the
Ph.D. thesis has been directed towards the study fohctional coating onto different surfaces
using a polymer that is the result of the co-payization of N,N-dimethylacrylamide (DMA), 3-
(trimethoxysilyl)-propylmethacrylate (MAPS) and gayloxysuccinimide (NAS) [ Copoly (DMA-
NAS-MAPS)]. It has been shown that thi®polymer isable to generate thin layer of nanometer
size onto inorganic substrates like glass, silioride, or gold, typically used for the developrmen
of microarrays or bio-sensors for immunoassayslidations of silicon and gold surfaces coated
by Copoly (DMA-NAS-MAPS) are presented and disads




Introduction

Among the classic methods for protein analysigctebphoresis is a simple, rapid and sensitive tool
to evaluate the properties of protefns.

In electrophoresis, the mobility of a molecule in alectric field is inversely proportional to
molecular friction which is the result of its molgar size and shape, and directly proportional to
the voltage and the charge of the molecule. Pretednild be resolved electrophoretically in a semi-
solid matrix, usually made of polyacrylamide gekl(glectrophoresis) strictly on the basis of
molecular weight if, at a set voltage, a way cdoddfound to charge these molecules to the same
degree and to the same siddnder these conditions, takes place the SDS-PA&fBnique
(Sodium Dodecyl Sulfate Polyacrylamide Gel Elechaqgsis), in which the mobility of the
molecules would be simply inversely proportionatheir size. The resolution of proteins can take
place according to the fact that charged moleatd@smigrate through a matrix if surrounded by an
electric field, usually provided by immersed eled&s. Proteins migration is determined by the
overall charge which is influenced by the pH of saerounding solution or medium that be reached
dissolving proteins in a specific buffer.

The separation of the proteins takes place intoolaprylamide gel cross-linked with bis
acrylamide in variable percentage depending onptitesity needed. An electric field is applied
across the gel, causing the negatively-chargedeipotto migrate across the gel towards the
positive (+) electrode (anode). Depending on thize, each protein will move differently through
the gel matrix: short proteins will more easilythrough the pores in the gel, while larger onds wi
have more difficulty (they encounter more resis&gnc

After a few hours, the proteins will have diffenatly migrated based on their size; smaller prcatein
will have traveled farther down the gel, while largones will have remained closer to the point of
origin. The time depends on the voltage appliecbsithe gel; protein migration occurs more
quickly at higher voltages, but these results gyacally less accurate than at those at lower
voltages. At the end of the migration the gel maydtained (most commonly with Comassie
Brilliant Blue R-250or silver stain), allowing visualization of the segted proteins.

After staining, different proteins will appear astohct bands within the gel. It is common to run
molecular weight size markers of known molecularghtin a separate lane in the gel, in order to
calibrate the gel and determine the approximateoubdr mass of unknown proteins by comparing
the distance relative to the marker.




Isoelectric focusing: general principles

Isoelectric focusing (IEF) is an electrophoretictihegl in which proteins are separated on the bases
of their isoionic points (i), usually in the range of pH 3-f2roteins are positively charged in
solutions at pH values below their @nd negatively charged above their isoelectrinpdvhen a
protein is forced in a medium with linear pH gradie@nd subjected to an electric field it will
initially move toward the electrode with the oppgestharge; when the protein will arrive at the
point in the pH gradient equaling it$, fpeing uncharged it stops migrating. In this wayt@ins

condense, or focus, into sharp bands in the pHemadt their individual characteristi¢ palues.

In isoelectric focusing, proteins can be loadedoolyacrylamide gel or acrylamide gel matrix co-
polymerized with the pH gradient, on the base eftdthnique chosen. In the first IEF approach the
pH gradient is given by a mixture of ampholytegidglly isomers of aliphatic oligo-amino or

oligo-carboxylic acids (Figure 1).

CH, N (CH,), N CH,
(CH,), R

NR,

n=2or3
R=Hor (CH,), COOH

Figure 1. Structure of a polymeric ampholyte

In the second approach named Immobilized pH Gradjel (IPG gel) the pH gradient is obtained
by the continuous change in the ratio of immobiipH monomers in the co-polymer. The IPG gel
is made by co-polymerization of analogues of aorile CH=CH-CO-NH (Immobilines) that

bear a carboxylic or an amino group [SEH-CO-NH-R, where R is a carboxylic or amino grpup

Figure 2]°
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Figure 2. Structure of Immobilines




Figure 3 shows a schematic representation of amolnilized pH Gradient gel (IPG gel).

Schematic drawing of a IPG

NH*
R R

Figure 3. Schematic representation of an Immobilized pldimt gel (IPG gel).

The method is applied particularly in the studypodteins, which separate based on their relative
content of acidic and basic residues, whose valuepgresented by the pl. The technique is capable
of extremely high resolution with proteins diffegiby a single charge being fractionated. In fact,
isoelectric focusing can resolve proteins thatediffi pl value by as little as 0.01. In Figure 4eh
electrophoresis run in a pH gradient (without S@28Y an electrophoretic chamber for mono-

dimensional IEF are presented.
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Fig. 128. Proteins separated on a 200 w thick gel with Pharmalyte 3—10 show sharp
bands.

Figure 4. (a) Electrophoretic run in a pH gradient (without SP®) an electrophoretic chamber

for mono-dimensional IEF

Isoelectric focusing is the first step in two-dirsgmal gel electrophoresis (2D-gel electrophoresis)
in which proteins are first separated by their ptl dhen further separated by molecular weight

through SDS PAGE.

If the proteins applied in the first dimension lwilove along the gel and will accumulate at their
isoelectric point (isoelectric focusing, IEF) intiwa polyacrylamide gel electrophoresis (native
PAGE), they will remain in their native state andl we separated in the second dimension in the

electric field following their mass and the masshair complexes respectively.

In 2D-gel electrophoresis after completion of thstfdimension IEF, the complexes are destroyed
by applying the denaturing Sodium Dodecyl Sulph@®S, Figure 5), an anionic denaturing
detergent that breaks hydrogen bonds and hydraplwieractions, and destroys secondary and

tertiary structures of proteins.

Figure 5. Chemical structure of SDS (sodium dodecyl sulfate).




This process is termed SDS-PAGE in which the cgabihthe protein in SDS confers a negative
charge to the protein that can migrate in the sea@bmension. Here, an electric potential is again
applied, but at a 90 degree angle from the firsidfi The proteins will be attracted to the more
positive side of the gel proportionally to their sago-charge ratio, the proteins' progress being
slowed by frictional forces. The gel therefore alik® a molecular sieve when the current is
applied, separating the proteins on the basis af tholecular weight with larger proteins being
retained higher in the gel and smaller proteinsidpaible to pass through the sieve and reach lower
regions of the gel.

The result of this is a gel with proteins spreati@uits surface. These proteins can then be detect
by a variety of means, but the most commonly usaths are Coomassie Brilliant Blue or silver
staining. In the second case, a silver colloidoigliad to the gel. The silver binds to cysteineugp®

within the protein and later darkened by exposareltra-violet light. The amount of silver can be
related to the darkness, and therefore the amduptotein at a given location on the gel. This

measurement can only give approximate amountssladequate for most purposes.

Historically, the use of 2-DE is strictly linked the proteomic analysi$Proteomics, is the large-

scale study of proteins and particularly of thefuctures and functions.




Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry

technique coupled with 2D gel electrophoresis

The identification of the visualized proteins haeib a significant challenge before the advent of
the 2D gel electrophoresis. However, the poterdfathis technique for proteome analysis was
somehow limited by the large amount of time (allyuseveral days) needed to develop the 2D
electrophoresis. Furthermore, proteins analyzedraren-native conditions but are denatured by
the SDS treatment. The 2-D electrophoresis remaanegssentially descriptive technique, until two
revolutionary MS methods for analysis of large bidecules, electrospray ionization (ESgnd

matrix-assisted laser desorption/ionization (MALDWere introduced and have became the major

ionization methods for the analysis of biologicalletules.

In 2002 the inventors of these techniques were d&daof the Nobel Prize in Chemistry.

Electrospray ionization (ESI) is especially usefuproducing ions from macromolecules because it
overcomes the propensity of these molecules tarfesy when ionized. ESI is the ion source of
choice to couple liquid chromatography with massctq@metry. The analysis can be performed
online, by feeding the liquid eluting from the LGlemn directly to an electrospray, or offline, by

collecting fractions to be later analyzed in a sileesl nanoelectrospray-mass spectrometry setup.

From a practical point of view, the liquid contaigi the analyte(s) of interest is dispersed by
electrospray into a fine aerosol. Because the eomdtion involves extensive solvent evaporation,
the typical solvents for electrospray ionizatioe @arepared by mixing water with volatile organic

compounds such as methanol or acetonitrile). Tavedese the initial droplet size, compounds that
increase the conductivity (e.g. acetic acid) arstamarily added to the solution. Large-flow

electrosprays can benefit from additional nebulmaby an inert gas such as nitrogen or carbon
dioxide. The aerosol is sampled into the first wanustage of a mass spectrometer through a
capillary, which can be heated to aid further solvevaporation from the charged droplets. The
solvent evaporates from a charged droplet untibatomes unstable, then deforms and emits

charged jets in a process known as Coulomb fission.

The ions observed by mass spectrometry may be-quascular ions created by the addition of a
proton (a hydrogen ion) {{M + H} or of another cation such as sodium ion {[M +]Neor the
removal of a proton {{M — HJ}. Multiply charged ions such as [M + nHare often observed. For
large macromolecules, there can be many chargesstadsulting in a characteristic charge state

envelope.




Matrix-assisted laser desorption/ionization (MALD8)a soft ionization technique that allows the
analysis of biopolymers such as DNA, proteins, jest and polysaccharides and large organic
molecules(such as polymers, dendrimers and otheramalecules, which tend to be fragile and
fragmented when ionized by more conventional icmramethods. MALDI is a two step process.
In the first, desorption is triggered by a UV labeam and laser light is absorbed heavily by matri
material, with consequent ablation of upper laykethe matrix. A hot plume produced during the
ablation contains many species: neutral and ionmzattix molecules, protonated and deprotonated
matrix molecules, matrix clusters and nanodropl€le second step is ionization (protonation or
deprotonation) of analyte by some of the ablapeti®s. In Figure 6, a schematic representation of
laser light application on target for MALDI TOF dysis is represented. The matrix consists of
crystallized molecules, of which the three most ownly used are 3,5-dimethoxy-4-
hydroxycinnamic acid (sinapinic acidj;cyano-4-hydroxycinnamic acid and 2,5-dihydroxylksoz
acid (DHB). A solution of one of these moleculesriade, often in a mixture of highly purified
water and an organic solvent (normally acetonitoiteethanol). Trifluoroacetic acid may also be
added. A good example of a matrix-solution would2@mg/mL sinapinic acid in acetonitrile:

water: trifluoroacetic acid (50:50:0.1).

pulsed aser light

20,000V IV or IE.

\\ wons desorption

sampls 1z co-cryetalized with
the matriz on a target pate

Figure 6. Schematic representation of laser light applicatioriarget for MALDI TOF analysis




Other Wavelength

Compound Names Solvent (nm) Applications
acetonitrile :
peptides,
2,5-dihydroxy DHB! _water, 337,355, nucleotides,
) 2 Gentisic methanol, : .
benzoic acid 266 oligonucleotides

acid acetone,
chloroform

sinapic acetonitrile
acid; water, 337,355, peptides,
sinapinic acetone, 266 proteins, lipids

oligosaccharides

3,5-dimethoxy-4-
hydroxycinnamic

acid acid; SA chloroform
4-hydroxy-3- ferulic acetonitrile 337 355
methoxycinnamic acid water, 266’ ' proteins
acid propanol
a-cyano-4- acetonitrile
) . water, peptides, lipids,
hydrox;/é:ilgnamlc CHCA ethanol, 337, 355 nucleotides
acetone
Picolinic acid PA Ethanol 266 oligonucleotides
pior:?;ﬁ;o;é q HPA Ethanol 337,355  oligonucleotides

Table 1. Matrix solutions and their applications.

The rapid rise of MALDI, coupled with advances irBNhstrumentation sensitivity and automation,
have provided a foundation for high throughput apphes to study the complex and diverse
properties of proteomésA more recent technique related to MALDI is the rixaassisted laser

desorption-ionization time-of-flight mass spectraméMALDI-TOF MS).1°

The application of this MS technique to proteinlgsia is well documentetf:*?
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Chapter 1

The first PhD project: a micro-device for IEF analysis of
proteins coupled with MALDI-TOF/TOF detection.

Assay miniaturization and integrated sample prangdsave proven to be useful in chemistry and
life sciences providing much faster analyses, wéthsitivity similar to conventional methat$he
advantages of microfluidic devices dedicated totggnoanalysis has been recently discussed in
terms of the micro-device performance, taking iatzount two important features specifically

related to miniaturisation, namely reduction of gévolume and time-to-restfit.

For the realization of a lab-on-the-chip devotedaty biochemical analysis complex mixture of
different species have to be separated. Fast ateparand stationary spatial distribution of
different fractions is highly desirable for a binadytical chip. IEF is the most convenient method t

meet these objectives since it gives stationaryibligion of different species.

An interesting solution to accelerate IEF sepamatibproteins in a micro-device has been proposed
by Zilberstein and &.

These authors have demonstrated that the useanfiastd elements (immobilines, immobiline
membranes, multicompartment electrolyzetg) for IEF, arranged in parallel resulted in a
significant acceleration of separation process&sis parallel isoelectric ruler-like device wagmh
coupled to a fast 2-D (IEF amdr separation) analysis of protein mixtures.

Zilberstein’s technique relies upon a device contgtd by a dielectric membrane with channels
filled by immobiline gels of various pH. These chals are conducting since they are filled with
polyacrylamide gel. The set of buffering monomg@nsmobilines) is covalently linked to the gel
matrix by copolymerization. The different combimeis of immobilines create different values of
pH. The applied electric field is perpendicular ttee chip planej.e. the pH value changes
perpendicularly to the electric field direction.elaystem is defined as a parallel isoelectric aevic
since all chambers operate simultaneously in mratd the technique is named parallel isoelectric
focusing (PID).

12
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Figure 1. The parallel isoelectric ruler-like device (Pl&cording to Zilberstein et &l

1.1 Separation of marker proteins by Zilberstein’sPID

The Zilberstein’s separation chip (PID) had a wlilee form with 41 holes that overlay two pH
units. The chip was made from polymethylmethaceykd had a thickness of 0.2 cm. Holes of 1
mm diameter were filled with immobiline gels withsdrete pH values. Immobiline gels were
prepared from immobiline acrylamide buffer (AmenshBiosciences) with pK 3.6, pK 4.6, pK 6.2,
pK 7.0, pK 8.5, or pK 9.8.

The gel solution was polymerized at room tempeeafar between 15 and 30 min after mixing.
After polymerization, chips were washed thoroughijice over a 30 min period with weak
agitation. Chips were assembled with electrodesubing rubber gaskets as spacers. The
electrophoretic cell was shaken for better mixifigelectrolytes and for more intensive solution
convection. Clamps were used to keep the electrimdether. The distance between electrodes was
0.5 cm.

The electrolytes Tris (1 mM base) as the cathadytd HEPES (1 mM acid) as the anolyte were
used for the pH 6.0-8.0 interval. HEPES (1 mM basegatholyte and glutamic acid (1 mM acid)
as anolyte were used for the pH 4.0-6.0 interviak Yolume of running buffer used was 750 mL.
The focusing was performed with increasing voltaee starting electrical conditions were 50 V
for 2 min followed by 100 V for 2 min, 200 V forr@in, 300 V for 24 min for the pH 4—6 chip. For

13



the pH 6-8 chip for 2 min, 300 V for 3 min, 700 & £ min, 1000 V for 3 min, and 1200 V for 20
min was used.

The proteins were dissolved in ultra pure watea f;al concentration of fug/L. Protein mixture
(10-50ug corresponding to 10-50y protein) was put into electrolyte and mixed.

IEF standards and a mixture of nine natural pretiith ds ranging from 4.45 to 9.6 were used to
demonstrate separation of the protein mixture. tR@mcid pH range the proteins phycocyanin

C (3 bands; pb4.45, 4.65, and 4.75)3-lactoglobulin B (jp 5.1), and bovine carbonic anhydrask (p
6.0) were used. For the pH 6.0-8.0 interval thegims human carbonic anhydrasé §b), equine
myoglobin (2 bands;Ip6.8 and 7.0), human hemoglobin A (p1), human hemoglobin CI(j@.5),
and lentil lectin (3 bands;l 7.80, 8.00, and 8.20) were used. Bio-Rad IEF staisdd..3uL) were
analyzed by IEF.

After 30 min, three red-brown spots (natural caddmyoglobin from horse heart) were observed
on the chip (Fig. ). After IEF, three myoglobin dt@ns were observed aftétr separation and

Coomasie staining (j¥.35, 7.45, and 7.50) of the slab gel.
a myoglobin

.". ...' -".
N l"-_ b
o

- —
(R}

6 8 o

Figure 2. Myoglobin focalization on PID.

Finally, the real ruler-like PID for parallel IEmalysis is shown in the Figure 3.

14
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Figure 3. Real ruler-like PID for parallel IEF

One of the major limitation of the device propodsdZilberstein is the analysis of the proteins
separated by the PID, that consists in a classiial gel electrophoresis coupled with
MALDIlanalysis.

Within this research framework, for the first prjeof this PhD thesis we have evaluated the
possibility to build an isoelectric focusing (IERpicro-device utilizing a polymeric material
compatible with MALDI-TOF/TOF analysis. For thisason, starting from the same concept of
parallel isoelectric focusing, we have evaluatethiaro-device for parallel isoelectric focusing
(MPID) that should be able to perform the electamehic separation directly on a conductive
substrate compatible with MALDI analysis.

The final target of this part of the PhD projectswa create a pH gradient on a conductive surface
by spotting little drops containing few ul of polgnic solution with precise and discrete pH values,
via robotic spotter deposition, with the aim to iaele a fast IEF separation of proteins. The
polymeric layer should present good propertieadifesion onto the conductive surface in order to
allow a direct analysis of proteins accumulateditierent pHs by MALDI TOF/TOF that include

high vacuum operational conditions.

15



1.2 Selection of the model protein mixture for MPIDanalysis and 2DE/MALDI-
TOF/TOF determination of its composition.

For our analytical purposes, we have selected o&lamhydrase (CA) from bovine erithrocystes

a model protein. CA has been chosen on the bage miblecular weight that is in the range of the
medium size proteins (30 kDa) and the commerciailability from Sigma-Aldrich (USA).
Bovine CA has been also analyzed by ZilbersteitiB® as a protein with slightly acidic isoionic
point (pl 6) and three spots of CA were obsen@d (00, 6.05, and 6.10).

CA has been analyzed at first by a classical SD&P for the evaluation of the average molecular
weight of the isoforms present in the commerciahgia. From the SDS-PAGE electrophoretic
analysis reported in Figure 4 the average MW ofu@& confirmed for the predominant protein (30
kDa), but a few additional spots were observed.
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Figure 4. SDS-PAGE of CA from Sigma Aldrich.

A preparative 2D electrophoresis of CA, followag gel picking, protein digestion and MALDI
or ESI MS/MS allowed the identification of the miké components. The 2D gel electrophoresis
has been conducted in collaboration with the Lalooyaof Proteomics and mass spectrometry of

the Department of Biomedical Sciences for Headlthiyersita degli Studi di Milano.

Main proteins and contaminants present in the comialesample of CA analysed are indicated in
Figure 5. Details of the 2D gel analysis are regubrh Materials and Methods.
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97 kDa

66 kDa|

30 kDa

20.1 kDa

14.1 kDa

Figure 5. Carbonic anhydrase 2D gel electrophoresis

The preparative bi-dimensional gel electrophore$i€A results in a complex set of different
protein focalized in different zones of the gelfaoe, thus showing that the commercial preparation
was a mixture of proteins. The major part of thesle is composed of several isoforms of CA that
focalize within pH 6.5 and 7.5 and Superoxide Ditasa (SOD) which focalizes at pH 3 and 6
Minor amounts of other proteins like selenium lgdprotein, ubiquitin B like, peptidylpropyl

isomerise A and other, appear in 2D-cromatogram.

In any event, taking advantage of the known impgipresent in the commercial sample of CA,
we decided to adopt this a mix of known proteinsoas model protein mixture for the IEF

separation of our MPID.

17




Material and Methods

Carbonic anhydrase (CA) lyophilized powde®,500 units/mg protein from bovine erithrocyte
was purchased from Sigma-Aldrich (USA).

SDS-PAGE of CA.

The analysis has been conducted by the pre-castAGHP (Invitrogen) system, 12% of
polyacrylamide with NuPAGE MOPS SDS Running Buf(efOPS 50 mM, Tris Base 50 mM,
SDS 0,1% e EDTA 1 mM)

The protein has been negatively charged by lithdadecyl sulfate (LDS) and dithiothreitol (DTT)

has been used as reducing agent.

Preparative 2D gel electrophoresis and relative MADI-TOF analysis.

The 2D gel electrophoresis aMALDI-TOF analysis has been carried out in colleimn with
the Laboratory of Proteomics and mass spectronudttiie Department of Biomedical Sciences

for Health, Universita degli studi di Milano.
The experimental procedure was as described bya Baal.® with the following modifications:

« CA was dissolved in lysis buffer and diluted irreaydration buffer (7M urea, 2M thiourea,
2% CHAPS, 65mM DTT, 0.5% IPG buffer pH 3.5-9.5 &RF in traces), theradded to a

final volume of 350 pL each strip.

« Samples were separated on 3 strips 18 cm fordimaénsion, pH 3—10 non-linear (NL)
gradient IPG strips (GE Healthcare), to separa@eg@of sample each one. IEF has been
carried outat 60000 VhT ( total volts hour)

« The Il dimension was carried out on 12% SDS-PAGEratduction and alkylation of the

strips.

« Application of Deep Purple coloring agent accordimghe GE Healthcare protocol.
Visualization of the spots with Typhoon 9200 (GEakilecare).

» Spots of interest were excised from gel using tkt@anEspot picker robotic system (GE

Healthcare), de-stained in 50% methanol/50mM amuomrbicarbonate and incubated with
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30 mL of 4 ng/mL trypsin (Promega) dissolved in Mrammonium bicarbonate for 16 h

at 37° C.

« Released peptides were subjected to reverse plasmatography (Zip-Tip C18 micro,
Millipore), eluted with 50% acetonitrile/1% formaxid. An aliquot of 0.35 mL of peptides
mixture was spotted onto the sample plate of a MAM3S 1000 (MALDI ultraflex 1l

Bruker Daltonics) (GE Healthcare) mass spectrometer

¢ An equal volume of 10 mg/mb-Cyano-4-hydroxycinnamic acid (CHCA) matrix dissadv
in 70% acetonitrile/30% 50mM citric acid, was apdliand spots were air dried at room
temperature. MS proceeded at an accelerating wtfg0 kV and spectra were externally
calibrated using Peptide Mix 4 calibration mixtteserbio Labs); 256 laser shots were

taken per spectrum.

« Proteins were identified by MASCOT, which utilizagrobabilistic scoring algorithm with

other mammalia entries in the NCBInr database.
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Chapter 2

The design of the micro-device: the electrophoratichamber

The project of the first part of this Ph.D thessaimed at the fabrication of a miniaturized solid
phase parallel isoelectric focusing device (MPID) the base of the theoretical and practical

considerations previously explained in Chapterd fzere detailed in specific.

In the design of the electrophoretic chamber,tsspo plugs of conductive polymers isoelectric at
different pHs should be patterned on a conductiwgace compatible with MALDI TOF/TOF

analysis. Commercially available, ionogenic monarerown as acrylamido bufferbnfmobiline)

mixed with monomers such as acrylamide and N,Nhgiehe-bis-acrylamide, able to form an
hydrogel after polymerization, are currently usedgenerate an immobilized pH gradient in
isoelectric focusing. The matrix is formed by properly mixing certain @mts of couples of

acrylamido buffer (Immobiline) solutions, chosen the base of the pH needed. The ratio of
buffering and titrating monomer is calculated byame of a customized software, commercially

available and termed Buffer Workshop di MB Desigd &olution Mountain View CA.

This program takes into account Henderson-Hadséllemuation that links the pH with the pK of
the ionogenic monomers as well as more complex dtarthat allow the prediction of buffering

power and ionic strength generated upon mixingregweiffering species titrated at a given pH.

In other words by simply adding the pK values af tmmobiline chosen and the pH needed the
software gives back detailed information regardiogcentration of Immobiline to be used, ionic
strength and buffer power of the solution so oladin

In Table 1, an example of couplef Immobilines mixed to obtain different pH plugs are

reported.
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pH | pK3.6 | pK46 | pK6.2 | pK7.00 | pK85
(mM) (mM) (mM) (mM) (mM)
4 24.40 5.40
4.5 22.20 10.89
4.8 23.1¢ 15.9(
5 21.0( 16.7¢
5.5 24.05 25.28
6 | 13.17 19.8(
6.2 | 10.4¢ 21.3(
6.4| 9.80 22.60
6.6 | 8.6( 26.6¢
7 | 972 17.75
72| 9.8 22.6"
74| 859 26.63

Table = Combination of different pK values of bufferingimobiline from commercial Sigma
200mM stock solutions.

The Immobiline copolymer so obtained should be lboiana conductive surface (here-after named
substrates) previously derivatized with a chemycakrsatile coating capable of inducing the

copolymerization with the acrylamido monomers remsiole of the immobilized pH.

Among commercially available conductive surfacgfass slides coated with an Indium Tin Oxide

layer (ITO) have been selected, due to their cormleavailability, price and chemical versatility.

The preparation of the micro device starts workanmgtwo ITO slides that should be activated for

the next step, i.e. coating by the polyacrilangdé

The electrophoretic chamber is then built up supeosing the two polymer coated ITglides ,
one with hydrogel spots of different pH (up ® dpots 6mm x 6mm each) (Figure 1a) and one
coated by one hydrogel layer at pH 12 (Figure dij separated by two frames, 3mm thick each
one.
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C d

Figure 1. (a) Silicon frame utilized for the part of the chambentaining different polymeric spots
at different pH; (b) pH at different plugs (c) aft) upper visiorof the silicon frames stuck on the
ITO glass slides after the polymerization. Plugs eolored in blue to put in evidence the presence

of the hydrogels.

The micro-device, filled with a buffer containinige model protein CA, will be connected to a
power supply. The idea behind the separation isléotrophoretically attract negatively charged
proteins on the surface where the plugs at diftepéts are located. During the capturing phase, a
potential of 2V is applied for a period of 40 sedsnthat was established according to some

theoretical considerations basedaosimulation software.

The polarity between the ITO plates shoudd switched at fixed time intervals to first pramthe

migration of the proteins from the solution int@ tbonductive polymer plugs and remove from the
plugs the proteins that are not isoelectric toghgy itself. The ultimate goal is to accumulate in
each plug only the proteins that are isoelectrithatgiven pH of the conductive gel. In a second
step, an electrophoretic wash is introduced by gimanthe polarity of the electrodes. In this way,
proteins that are captured on plugs of pH highan ttieir pl could be removed and only isolectric

or near isoelectric proteins could be trapped @irttespective plugs.
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2.1 ITO surfaces: chemical activation and prepaation of the substrate for the
hydrogel polymerization.

Each slide consists of glass, of the dimension tyjpacal microscope glass slide, coated with a
thin micro layer of indium tin oxide (ITO, or tinegped indium oxide) that is a solid solution of
indium(lll) oxide (In203) and tin(IV) oxide (SnO2)ypically 90% In203, 10% SnO2 by weight,

commercially available from Bruker Daltonics.

In Figure 2 a picture of an ITO glass slide jgarted.

Figure 2. ITO glass slide

Indium tin oxide is one of the most widely usedhsparent conducting oxides because of its two
main properties, its electrical conductivity andicgl transparency, as well as the ease with which

it can be deposited as a thin fifm.

As with all transparent conducting films, a compisenmust be made between conductivity and
transparency, since increasing the thickness ardasing the concentration of charge carriers will
increase the material's conductivity, but decras&ansparency. Thin films of indium tin oxide
are most commonly deposited on surfaces by elett®am evaporation, physical vapor deposition,
or a range of sputter deposition techniques. IT@fisn used to make transparent conductive
coatings for displays such as liquid crystal digplaflat panel displays, plasma displays, touch
panels, and electronic ink applications. Thin filofsITO are also used in organic light-emitting
diodes, solar cells, antistatic coatings and EMélgings. In organic light-emitting diodes, ITO is

used as the anode (hole injection layer).

To work on ITO glass slides as support for polyegions it necessary to activate the surface via
proper oxidizing treatmeht within a choice of plasma oxygen, ozone under UNAdiation

hydrogen peroxide, aqua regia, or nitric acid.
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We decided to work with an oxidizing mixture op®/NH3/H,O in the ratio 1:1:5 immersing the
slides in this solution for 1 h at 70 °C. The aation of the surface gives rise &oset of oxygen
radicals, as shown in Figure 3.

H,0,/NH;/H,0 .
OH 115 O O 0
Surface /O“\Slnfo\ ~ \Sln/ ~N
| [
@
O ~
Lattice

Figure 3. Schematic representation of the oxidizing treatinoé the tin oxide layer present on the

surface of the glass slides.

The so formed radical species are now availabl&#reaction with the silanyzing agent costituted
by methacryloilsilyl trimethoxysilaneéBy this processa set of acrylic moieties are anchored to the
surface and available for the successive copolyaton with the mix of acrilamido buffers,

acrylic monomers and N,N'-methylene-bis-acrylanfieigure 4).

| O 0
o’ / O _O\

o o | N TN —
@) + \\ /\/\ /

o o—Si o Ny— -0 5

/O /O —Q
o ENX TN i —

- o G

-

Figure 4. Schematic representation of the reaction betwbenactivated ITO suface and the

organosilanizing agent methacryloylsilyl trimethskgne.
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2.2 The polyacrilamide gel matrix: chemical composion of the hydrogel.

After activation and organosilanization process, fhO surface is ready for the polymerization of
the hydrogel with specific pH to be anchored orAitypical hydrogel used in electrophoresis is a
polyacrylamid&gel formed by the polymerization of the monomeryknide crosslinked by N,N'-
methylene-bis-acrylamide (abbreviated BIS).

Free radicals generated by ammonium persulfate YA&sl a catalyst acting as an oxygen
scavenger (N,N,N',N'-tetramethylethylene diamineENIED]) are required to start the
polymerization since acrylamide and BIS are nortready themselves or when mixed together.
Another way to start the polymerization is by mgxiwith the monomer solution photoactive
compounds able to generate radicals after UV ligkposure. An example of photoinitiator

molecule is the commercially available Irgacure eties , provided by BASF.

The distinct advantage of acrylamide gel systentisasthe initial concentrations of acrylamide and
BIS control the hardness and degree of crosslinkihghe gel. The hardness of a gel in turn
controls the friction that macromolecules expergeeas they move through the gel in an electric
field, and therefore affects the resolution of twenponents to be separated. Hard gels (12-20%
acrylamide) retard the migration of large molecutesre than they do small ones. In certain cases,
high concentration acrylamide gels are so tight they exclude large molecules from entering the
gel but allow the migration and resolution of lowolecular weight components of a complex
mixture. Alternatively, in a loose gel (4-8% acnyliae), high molecular weight molecules migrate
much farther down the gel and, in some instanas neove right out of the matrix. The choice of
the hardness of the gel depends on the type of lsatmpmnalyze. The chemical structure of the

monomers responsible of the hardness of the galrenwn in Figure 5.

To obtain hydrogel with a specific pH it is necegd® add to the reaction mix a set of couples of
reactive acrylamido buffer monomers, able to cop@size with the acrylamide and N,N-

methylene bis-acrylamide monomers.
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Dimethylacrilamide N,N-Methylene bisacryidm

Figure 5. Monomers participating at the copolymerizatioriaf hydrogel

Crosslinked poly-dimethylacrylamide (pDMA) contaigi the opportune amount of Immobiline
buffer solutions is covalently grafted to the wated ITO surface after a UV-assisted
polymerization initiated by the photoreactive compd Irgacure 2959 as explained in Material and
Methods.

The chemical structure of the components ofnamobiline acrylamido buffer is reported in Figure
6.

Z—w

\M/COOH \M

O

Figure 6. General chemical structure of components dfranobiline acrylamido buffers

A scheme of the polymerization process asdteematic representation of the hydrogel matrix wit
immobilized Immobiline buffering moieties is repexdtin Figure 7
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Figure 7. (a) Polymerization process and (b) a schemapiesentation of the hydrogel matrix

resulting from the copolymerization of Immobilines
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Chapter 3

Results and Discussion

3.1 The micro-fabrication process

The micro-fabrication process of our MPID shouldefaseveral practical problems related to the
formation of a pH gradient on the conductive ITl@sg surface. The pH gradient was supposed to
be realized by a robotic spotter deposition of dropntaining few pl of polymeric solution with
precise and discrete pH values. The polymeric natased to build up the micro-IEF chamber
should add here onto ITO-glass substrate and impatible with the high-vacuum conditions of

MALDI TOF/TOF direct analysis of proteins separasenl accumulated at different.

Each compartment of the silicon frame stuck onlT@ slide is filled with a volume of 60uL of
monomer solution containing dimethylacrylamide y&mido buffers in differ ratios, depending on
the desired pH, NN, methylenebisacrylamide (biSA)e total monomer concentration expresses as
w/v ranges from 4% to 8% depending on the hardak®e gel needed. The concentration of bisA
is 3% of the monomer moles. To the monomers mixtiaeephotoinitiator Irgacure 2959 (2mM)
was added. After 15 minutes of exposure to UV ligi# slides are washed three times by direct

immersion in water for 20 minutes under agitation.

Initially, it was controlled that the practical psf the plugs corresponded to the expected value

according to the Buffer Workshop program.
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The effective correspondence between the theokgildaand the experimental one was checked
using a pHmeter equipped with a flat electrode wWes in contact with the surface of the plug. In
this way, the pH of the plug surface, after théyperization and before the electrophoretic run
was measured and results are collected in Figure 1.

pH mesured with flat electrode
9

8,5
t 8
®75
c 7 . —m—Theor vs
E 6,5 A Theor
35 g 1 —e—Theor vs Exp
E ,5 /

45 e : : :

45 55 6,5 75 8,5 9,5
theoretical pH

Figure 1. Theoretical pH of the plugs plotted against expentally measured value
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3.2 The electrophoretic run in MPID

The observed variation of the pH value of themabs with respect to the theoretically expected
could be explained by electrolytic effects that neagur in agueous solution, since there is a great

productions of ions Hand OH respectively on the anode and on the cathode.

Cathode (+) 20 +2é - H, + 20H
Anode (+) 210 - O, +4eé+ 4H

On the basis of the above electrolytic effect,va feodifications of the original MPID were

considered

In order to prevent acidification and basificatmiithe hydrogels grafted to the electrode surfdce,
is necessary to project the gel plug with the lopet, in direct contact with the electrode, with a
buffering capacity higher that the upper one. Iis tvay, the IEF section of MPIBhould be
protected against acidification effect of the ano@dmd kept at a constant and controlled pH,

necessary condition for the best focalization efghotein on its surface.

The pH variations on the surface of the electrodi@sng the electrophoretic run could be also
related to the composition of the buffer solutiantlee amount of added background electrolytes
such as NacCl.

In order to evaluate the effect of all above pananseon the electric field strength distribution,
conductivity and pH in the electrophoretic chamlaecustomized software has been createlkoc
by Dr. Michael Bello at MB Design & Solutions, Maiam View, CA, USA and developed into a
product available atww.BufferWorkshop.com

The electrophoretic chamber of MPID presented dtlewing characteristics: the gel plug on the
anode is 1.6 mm thick divided in two zones. Fromelectrode up to 0.8 mm the gel's pH is 3 with
a buffer power of 30, from 0.8 mm up to 1.6mm gté¢ is 6 with a buffer power of 12. The
cathode is composed by a monolayer 1.2 mm thickni 4.8 mm up to 6 mm) of hydrogel with
buffer power 30 and pH 12. It is not divided in tparts because the PID is projected to collect the
proteins only on the anode, by dissolving the mquietein CA in a solution of Incubation Buffer
10 mM with a pH of 7.6 (Material and Methods). ipH is higher than the isoelectric point of the
protein, so the protein dissolved and negativelgrgbd should migrate only to the anode. The
function of the gel on the cathode is only to pcotine solution from basification. During the

simulation it is possible to see the online chaaige migration of all the components added in Box
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1 for the time set up in Box 3. The simulatiortlod initial situation before the electrophoretianr

is represented iRigure 2(t=0)
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Figure 2. Example of simulation of the IEF section of MPIDt=ad Box 3

In Box 1 of Figure 2 a schematic representatioone of the 12 gel plugs with a distance between
the electrodes of 6 mm is shown. The x axis repbesthickness of the device (distance between
the two electrodes) and the y axis reports the ptheplug. The left part represent the anode and
the right one the cathode. In Box 2 the concemingtiof all the reagents and their position (in mm)

inside the cell are reported. In Box 3 is reportieel set up screen for the calculation parameters

such as voltage, duration of the run, distance éetvihe electrodes (length).

In Figure 3 the change and migration of the coneptsset up as in Figure 2 are shown for a time
t=40 sec, that is the time programmed for anriFof MPID at 2 V.
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Figure 3. Example of simulation at t=40 sec

As it is clear from the picture, after 40 secottlkds part of the gel in direct contact with the
electrode isubjected to pH change, whereas the upper paat, ighdistant 1.3 up to 1.6 mm from
the anode is still at pH 6 as it was at t=0.

This simulation furnished a first indication atme conditions to be selected for analysis lastifg
seconds at 2V. According to the above result@fsimulation it has been possible to develop the
PID with the following conditions.

Anode: Double layer of hydrogel with pH 3 and buffer pov@érin the lower part of the gel with a
thickness of 0.8 mm and upper part of the gel withickness of 0.8 mm with a buffer power of 12
and discrete pH on the base of the needs. Thettotihess of the plug is 1.6 mm in a surface of

6*6 mm, corresponding to a total volume of 57.6qtleach plug.
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Cathode: Monolayer at pH 12 with Buffer Power 30 with a #ness of 1.2 mm in an area of
65*20 mm corresponding to a volume of 1560 pl

A scheme of the electrophoretic chamber of MPIpresented in the Figure 4.

ITO coated slides -

Buffa-+prote n

1 B B B B B B B B |
f—————————>

PH

Figure 4. Scheme of the electrophoretic chamber of MPID.

A schematic representation of the lateral sectioth® iso-electric focusing part of MPIiS shown

in Figure 5.
pH 12 Silicon Frames
plugs — > Empty space
< for injection
/ / of protein
MAPS buffer
Glass ITO solution

Figure 5. Lateral section of a schematic representatioMéfiD.
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3.3 MPID electrophoretic run coupled with MALDI TOF /TOF analysis

In a typical electrophoretic run with MPID, the nebd protein CA has been dissolved in
concentration 0.28 mg/ml in Incubation buffer (sTHCI 10 mM pH 7.6, NaCl 30mM, Tween 20
0,02% v/v, BSA 1% wi/v)

As earlier stated, one of the major aim of thisCPlproject was to couple the electrophoretic run
directly to MALDI TOF/TOF analysis. On a classiddIALDI analysis of a protein, the matrix
solution is mixed with the protein sample. A mixuof water and organic solvent allows both
hydrophobic and hydrophilic molecules to dissol® ithe solution. This solution is spotted onto a
MALDI plate , usually a metal plate designed fastpurpose Figure 6.

Figure 6. Sample target for a MALDI mass spectrometer.

The solvents vaporize, leaving only the recrystali matrix, but now with analyte molecules
embedded into MALDI crystals (co-crystallizatioMhe analysis is carried in deep vacuum {10

bar) and, therefore, for our direct analysis of ghegs that absorb proteins at pl, an important
parameter to be evaluated is the resistance ohydeogel during the high vacuum dehydration

process.

In this respect several composition of the hydrogekx comprising various type of neutral
monomers in different percentages have been testedarticular N-hydroxyethylacrylamide a
monomer that goes under the trade name of Duraf@d&®) and dimethylacrylamide (DMA) both

cross-linked with NN, methylenebisacrylamide (BisA different percentages were evaluated.

The results obtained according to the condition® lescribed are reported in Graphs 1 and 2

presenting pH on the abscissa axis and in ordihaténtensity expressed in arbitrary units (a.u.).
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Time-of-flight mass spectrometry is a method of snggectrometry in which ions are accelerated
by an electric field of known strength. This accal®n results in an ion having the same kinetic
energy as any other ion that has the same chahgevdlocity of the ion depends on the mass-to-
charge ratio. The time that it subsequently takestlie particle to reach a detector at a known
distance is measured. This tinfteme of flight) will depend on the mass-to-charge ratio of the
particle (heavier particles reach lower speedspmFtthis time and the known experimental
parameters one can find the mass-to-charge rattbheofon. The elapsed time from the instant a
particle leaves a source to the instant it reaaehdstector. In the tandem mass spectrometry method
MALDI-TOF/TOF two time-of-flight mass spectrometesise used consecutively [Medzihradszky,
K. F. et al.Anal. Chem. 200Q 72, 552-558].

To record full spectrum of precursor (parent) iGi@F/TOF operates in MS mode. In this mode,
the energy of the pulse laser is chosen slighttywatihe onset of MALDI for specific matrix in use
to ensure the compromise between an ion yieldlfadha parent ions and reduced fragmentation of
the same ions. When operating in a tandem (MS/M$&§len the laser energy is increased
considerably above MALDI threshold. The first TOFRags spectrometer (basically, a flight tube
which ends up with the timed ion selector) isolgiescursor ions of choice using a velocity filter
and the second TOF-MS (that includes the post exel, flight tube, ion mirror, and the ion
detector) analyzes the fragment ions. Fragment iongALDI TOF/TOF result from decay of
precursor ions vibrationally excited above thessdiciation level in MALDI source (post source

decay.

The measurement of the time of flight of a protéivat is also related to the molecular weight of
the analyte, does not allow a quantitative deteation of the amount. Nonetheless the intensity of

the signal is a good indication of the amount @it@in released by the plug polymer.

In Figure 7 is reported the MALDI TOF/TOF analysithe commercial CA utilized.
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Figure 7. MALDI TOF/TOF analysis of CA

From the MALDI-TOF-TOF analysis related to the gamtive 2D-gel electrophoresis (Chapter
1.2), the main components of the commercial CA aragion are CA isoforms . Superoxyde
Dismutase (SOD) represents only a minor amounthefgdrotein content. This result is not in
agreement with the MALDI TOF/TOF analysis of tharooercial CA. In fact, the SOD signal is
higher than the CA and this can be explained ingaér volatility of SOD that has a molecular

weight half of the CA one.

Figures 8 and Figure 9 show the results of thecdMALDI-TOF-TOF analysis after a MPID IEF
run. The relative amounts of CA and SOD are preskgtaphically as a function of pH (abscissa)

and time of flight-derived intensity of the sigrfafdinate axis in arbitrary units).

In Figure 8, the copolymer used is the resu@% DUR crosslinked with 5% BisA.
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Figure 8. MALDI-TOF/TOF analysis of model CA with MPID (hydgel composed of 8% DUR
crosslinked with 5% BisA)

In Figure 8 the graphic shows the presence dforac anhydrase (CA) and superoxide dismutase
(SOD) in each pH plug. It is interesting to obseras previously proposed, that the intensity of
SOD is higher than CA, probably because SOD mdtdeameight is lower than the CA one and,
consequently, the volatility of SOD in MALDI anailg is higher than the one of CA.

Another important observation is related to thdritigtion of the two proteins in the plugs of
MPID. Since the expected pl of CA and SOD are &d &8, respectively, as reported in Table 1
for the isoforms mainly found with the MALDI analgsof the commercial sample utilized, the
course of the electrophoretic run presented infei@undicates that the IEF-separation by MPID is

not successful.

39




m/z IDENTIFICATION Mw pl

31000 N.D C.A. Isoform

29000 Carbonic Anhydrase 2 29096 6.4
15550 Superoxide Dismutase Bovin 15844 5.8
8550 Ubiquitin-60s ribosomgl 7-9 kDa 5.2-5.7

protein bovin

Table 1.Characteristics of the proteins present in therensial sample of CA

In Figure 9, the direct MALDI-TOF-TOF analysis afnother MPID-IEF run is presented. In this
case, the copolymer used is the result of 8% Divbsslinked with 5% BisA.
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Figure 9. MALDI-TOF-TOF analysis of model CA with MPID (hydgel composed of 8% DMA
crosslinked with 5% BisA).
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In Figure 9, the MALDI-TOF-TOF analysis of the ptugnade by the hydrogel 8% DMA
crosslinked with 5% BisA confirms that the intépsif SOD is higher than CA, but the intensity of
both proteins is higher than the one achieved with previous hydrogel (8% DMArosslinked
with 5% BisA). This is an important information alidhe influence of the chemical structure of the

hydrogel on time of flight of absorbed proteins.

Furthermore, the comparison between Figure 8 agdré& 9 shows that the amount of protein
collected by the gel of DMA is higher than the onade of DUR but that adhesion of the DMA gel
on the surface is lower. In fact, the intensitytloé two proteins is not reported for pH values
between 5.4 and 6.0 in Figure 9 because of thecdetent of the gels observed during the deep
vacuum (up to 1®bar) phase necessary in MALDI TOF/TOF analysis.

In any event, the course of the electrophoretit ptesented in Figure $uggests that the IEF-

separation by MPID of the two proteins is not yatcessful
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3.4 Adhesion of the polymeric gel onto ITO surface

The observed lack of adhesion of the hydrogel ntdd®® DMA crosslinked with 5% BisA was a
disappointing event, since the hydrogel had shovwgo@d response to the maldi-tof-tof analysis
after the mpiid-ief running conditions. For thigsen, we decided to set up a screening of difteren
percentage of monomers with the aim to select aomer mix that could confer a higher adhesion
on the surface and prevent detachment of the gelgithe deep vacuum phase, keeping intact, as

possible, the protein desorption by the polymer.

The results of this screening are reported in &bl that details percentages and type of
monomers tested together with the adhesion stresighined after dehydration of the hydrogels.

Ingredients % Monomer % bisA of co-monomer Adesion on
moles polymer coated

ITO surface after
dehydration

DMA/bisA 6 % 3% +/-

DMA/bisA 8% 5% +/-

DMA/bisA 8% 3% -

DMA/bisA 4% 3% ++

DUR/bisA 8% 5% +/-

DUR/bisA 8% 3% -

Table 2. Percentage of monomers and degrieadhesion of hydrogetsn ITO surface are reported.

In Figure 10 (siamo sempre nel Capitolo 8yo examples of hydrogel plugs with good adhesion
and bad adhesion to the ITO surface are reporteely @re obtained respectively with DMA 4% -
BisA 3% (left glass slide) and DMA 8% - bisA 5%qt glass slide).

The picture has been taken after removal of theosilframe for a better visualization.

The picture of the left glass slide shows littldlg@ish drops on the dehydrated hydrogels, because
it has been taken after the preparation of thegpfog the MALDI TOF/TOF analysis. The little
spots represent the area where the matrix solafi@napinic acid/acetonitrile/trifluoroacetic acid

(see material and methods) has been deposed ta tiegrotein extraction from the surface.
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Figure 10. Hydrogel plugs with good adhesion (left, DMA 4%BisA 3%) and bad adhesion
(right, DMA 8% - bisA 5%) to the ITO surface.

After screening the percentages and type of monemerdecided to proceed working with a gel
matrix made of a 4% DMA cross-linked with 3% BigAowever, the MALDI TOF/TOF analysis

of commercial CA after a MPID run revealed that &meount of protein collected in the plugs was

reduced. This is presented

signal for SOD.

in Figure 11, that sh@s for previous Figures A and B, a higher
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Figure 11 MALDI TOF/TOF analysis of model CA with MPID (hyolgel composed of 4% DMA

crosslinked with 3 % BisA).
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The Figure 12 reports the MALDI spectra of thegslat different pH valuefrom which the lower

intensity of the peaks is quite evident.
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Figure 12. MALDI-TOF-TOF spectra of MPID plugs after IEF rurittva of 4% DMA crosslinked
with 3 % BisA hydrogel

44




Material and Methods

Polyacrilamide gel for MPID preparation

All the reagents has been purchased from Sigmadchldr
All the liquid monomers have been previously pedfiby filtration on alumina to remove the

polymerization inhibitor.

In Table 3 are reported the volume in pl of thgrédients for a total of 1 ml polymerization mix

for the upper part of the gel plugs, at specificatdl buffer power 12.

1 ml of polymerization mix for each pH has beerpared as follow:

200 L of the photo initiator Irgacure 2959, from a 1®mstock solution
* 80pL of monomer stock solution as reported in Table 2

* avolume of 200 mM stock solutions of specific Inbilime buffer for each pH as reported
in Table 1.

* water up to a final volume of 1ml as reported i[€e3

pH | Impk3.6 | Im4.6| Im6.2| Im7.00 | Im8.5| HO
4 122 27| 571
4,3 102,6 3§ 579,4
4,5 111 54,45 554,6
4,8 115,78 79,5 604,2
5 105| 83,75 615
55 120,24 1264 599,8
6 65,845 99 555,2
6,3 52,4 106,5 561,01
6,4 48,975 113 558
6,6 43 133,25 543,8
7 48,6 88,75 582,F
7,2 48,94 113,2% 557,8
7,4 42,95 133,1% 5439

Table 3. Volumes inuL of couples of 200 mM stock solutions of Immobdibuffers according to

the Buffer Workshop software and volume of watexdeal to obtain a final volume of 1 mL.
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DMA/bisA stock solutiorhas been prepared by mixing 3% moles of bis-Acridenper DMA or
DUR moles, as reported in Table 4, for the prepamaif 4 ml stock solution in 50% water.

Bis Acrylamide | H20
DMA/bisA(3%) 2 mi 90 mg 2 mi
DUR/bisA(3%) 2.298 gr 90 mg 2 ml

Table 4. Preparation of monomer stock solutions

The lower part of the gel plugs has been prepasddliaw :

* Acrylic Acid 200 mM

* Acrilamido buffer pKa 8.5 12 mM

* Glicerol 20%

 Irgacure 2959 2mM

+ DMA/bisA (3%) 8%

*  Water
The pH hydrogel have been prepared by adding imosilicon frame’s holes a lower part of
polymeric mix containing glycerol at pH 3 and thgpar one at specific pH without glycerol, so to

create a discontinuous gradient of viscosity, tagposed to UV light for 15 minutes to carry out

the photo polymerization.

The basic gel present on the cathode has beenbyopleoto polymerization under UV light for 15
minutes of the polymeric mix here reported :

» Acrylic Acid 15 mM

* Acrilamido buffer pKa 10.3, 66 mM
 Irgacure 2959 2mM

» DMA/bisA (3%) 8%

*  Water
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MALDI matrix preparation

Sinapinic acid was prepared at a concentratiordahg/mL in 50/0.25 (%v/v) acetonitrile/TFA.

0.8 uL of the sinapinic acid matrix have been depladirectly on the gel surface.

MALDI TOF/TOF data acquisition on ITO surface

All the mass spectra were acquired in linear pasitmode with a UltrafleXtreme Mass
Spectrometer (Bruker Daltonics) equipped with a Sineam laser (Nd:YAG/355nm), operating at
1kHz frequency and controlled by FlexControl 3.8ware (Bruker Daltonics). The source was set
to an accelerating voltage of 25 kV with an exiactvoltage of 23.3 kV and a lens voltage of 6.5
kV. Pulsed ion extraction was 450 ns and lasernfityewas set at 60%, with a medium laser
diameter focus. Data for each spectrum were aadjliyesumming up 200 shots in the mass range
of 2 to 40 thousands/z. External calibration was performed before eagteerent with a mixture

of standard proteins.
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Conclusions of the first Ph.D. project

The results obtained from the preliminary approacthe fabrication of a new MPID suggest that,
depending on the nature of the polymeric mixture,direct analysis by MALDI-TOF/TOF is
feasible. However, for this MS technique the chainmature of the monomers cross-linked to form
the hydrogel, their composition, and the structofréehe copolymer play a fundamental role for
what concerns the amount of absorbed proteinshthat to be revealed. The monomer composition
of the hydrogel may pose problems also for the sidheof the hydrogel plugs onto the ITO
surface. In our case, the problem was solved byivgrthe percentage of monomers, but a
diminished detection of the protein was observdteréfore, although a MALDI-TOF/TOF direct
analysis has not been satisfactorily achieved,sthlation of these problems could open a new
perspective to the application of the MALDI-TOF/T@chnique to the direct analysis of protein
mixtures. On the other hand, a IEF separation efpitoteins has not been satisfactorily achieved
with the micro-device fabricated in this PhD prajethis unsatisfactory result can be attributed to
morphological and structural defects due to theroaiabrication process that consists of different
steps, i.e. polymerization, adhesion of the silirame on the ITO slide, and adhesion of the gilico
frame to the gelOther problems that should be solved are relatetth@éantensity of the current
entering into the plugs during the run. This studyolves the morphology of the plugs, the
presence of the silicon frame, the adhesion ofgileon it, and concentration of salts inside and
outside the plugdt was considered that this research should fagertany problems related to the
MPID fabrication or even re-start from the begimghconsidering a conductive substrate different
from ITO-coated glass slides, other hydrogels @ndther copolymerization processes. At this
stage of the PhD project, it was concluded that Bh.D. thesis should be addressed more
conveniently to another aspect of surface chemispgcifically the one related to the fabrication
of micro-arrays for protein analysis, a field o§earch where the research group at the ICRM-CNR

had already achieved several interesting results.
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Chapter 4

The second Ph.D. project: the copolymer (DMA-NAS-M&RS)
and its bio-analytical applications.

Introduction to the project: protein microarrays

Classical protein analysis (electrophoresis, ELIS&id chromatography) are time consuming
technologies with limited automatidnOn the contrary protein and peptide microarray are
inexpensive and high-throughput technology ablartalize hundreds of protein or peptides at the
same time. A general scheme of a typical proteiayagxperiment is provided iRigure la large
set of capture ligands (proteins, antibodiesy peptides) is arrayed on a solid support. After
washing and blocking surface unreacted sites, thaey as probed by incubatiowith a sample
containing (among a variety of unrelated molecutbs)counterparts of the molecular recognition
events under study. If an interaction occurs, aaigs revealed on the surface by a variety of

detection techniques. By scanning the entire aarkarge number of binding events are detected in

parallel2

Choice of support Blocking of

and immobilization = Unreacted _

of capture ligand | :3;‘ i’ sltas T :3; iy
(peptide, antibody, R c / N /
antigen, native / /

protein)

with target
proteins

; | 2
Incubation J @ 3’%% T

Direct detection with
‘ ‘ |||| _}I label-free methods (MS,
SPR, AFM, QCM)

Binding
events

i %
Labelled-probe ‘?’ -;\ -
detection | 1

// /

Figure 1.General scheme of a typical protein microarray g@rpent. MS: mass spectrometry, SPR:

B

surface plasmon resonance, AFM:atomic force miagcQCM: quartz crystal microbalance.
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Three types of protein microarrays are currentBdu® study the biochemical activities of proteins:

analytical microarrays, functional microarrays, aederse phase microarrays.

Analytical microarrays are typically used to profile a complex mixture miteins in order to
measure binding affinities, specificities, and pmotexpression levels of the proteins in the mixtur
In this technique, a library of antibodies, aptasner affibodies is arrayed on a glass microscope
slide. The array is then probed with a protein otu Antibody microarrays are the most common
analytical microarray These types of microarrays can be used to modifterential expression
profiles and for clinical diagnostics. Exampleslinle profiling responses to environmental stress

and healthy versus disease tissies.

Functional protein microarrays differ from analytical arrays in that functionalogein arrays are
composed of arrays containing full-length functiopeoteins or protein domains. These protein
chips are used to study the biochemical activitiesn entire proteome in a single experiment. They
are used to study numerous protein interactionsh s protein-protein, protein-DNA, protein-

RNA, protein-phospholipid, and protein-small moliecimteractions® °

A third type of protein microarray, related to arelal microarrays, is known asraverse phase
protein microarray (RPA). In RPA, cells are isolated from variousties of interest and are lysed.
The lysate is arrayed onto a nitrocellulose slisiagia contact pin microarrayer. The slides ara the
probed with antibodies against the target protdininterest, and the antibodies are typically
detected with chemiluminescent, fluorescent, oomwietric assays. Reference peptides are printed

on the slides to allow for protein quantificatiointioe sample lysates.

RPAs allow for the determination of the presencealbtéred proteins that may be the result of
disease. Specifically, post-translational modifmas, which are typically altered as a result of
disease, can be detected using RP/@nce it is determined which protein pathway may be
dysfunctional in the cell, a specific therapy candetermined to target the dysfunctional protein
pathway and treat the disease of interest.

Despite the several advantages many problems hitdeispread of microarray fanalytical
purposes. Some of these problems, such as the opeveht of appropriate strategies of
immobilization, ® the lack of reproducibilifyand difficulty processing the large amount of data

produced by the analysiare under current, active investigation.
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4.1 Surface chemistry of protein immobilization

The realization of the microarray involves the wéea rigid planar substrate, such as glass, or
silicon/silicon oxide slides, or gold (Figure 2) wich probes are deposited and immobilized in

the form of spots with a diameter of 200 um approx.

Sensor surface

Py Silicon/silicon oxide

alumina

nitrocellulose

Figure 2. Examples of microarray surfaces

The purpose of proteins or peptides microarraythésstudy of molecular interactions that exist
between two partners: one contained in a liquithda and the other immobilized on a solid

support.

The surfaces typically used to immobilize the DN# aot always suitable for protein due to
differences between the two classes of bio molsctiteThe surface used in protein microarray
must provide a high bonding capacity and musimdtee biological activity of the ligand. In fact,
proteins tend to lose their native conformation wimamobilized on a support, using the internal
hydrophobic chains to form hydrophobic bonds wiité $olid surface? The surface must allow the
accessibility of the ligand for interaction withettpartner and the protein-substrate interaction
reduces the accessibility of the target, leadintatee negatives. This is particularly important fo
peptides microarray due to the small moleculassva ligands. In this case, the microarray must
present a low degree of non-specific interactioms this is extremely difficult to obtain when the

sample is a complex mixture of thousands of moksak in the case of a serdfn.

The mechanisms by which the probe protein bindhécsurface can be summarized as:
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-Electrostatic interactions / hydrophobic
- Physical entrapment
- Covalent bonds

- Bio-recognition-oriented.

The easiest way to bind proteins is through surfadsorption. This approach has been used in
ELISA and Western blot for many years and is basethe adsorption of macromolecules through
electrostatic forces on a charged surface (slidgecbwith poly-lysine) or through hydrophobic
interactions with membranes (nitrocellulose or PYDFhe slides coated with nitrocellulose show
an excellent binding capacity and a long-term $itglof the probes spotted. The adsorption may
also take place on a three-dimensional porous mhtdihe membranes of polypropylene (PP)
modified with polyaniline (PANI) show an adhesiorechanism that combines electrostatic and
hydrophobic interactions and demonstrate high iffind compatibility for different protein&? In
spite of its simplicity, the method of adsorptioregents many disadvantages. In fact, the adsorbed
protein can be removed by washing under stringentlitions, the level of background is usually
high due to a nonspecific adsorption-desorptiorpafteins and also the proteins adsorbed on

hydrophobic surfaces tend to denaturatfdn.

Another approach to promote the binding is basedhenpresence of covalent bonds between
proteins or peptides and the substrate. The cowvateachment mechanism requires the presence of
reactive groups on the support (usually electrophgtoups such as epoxides, aldehyde®®)
(Figure 3) capable of reacting with nucleophiliogps (amines, thiols, hydroxyls) present on the

ligand protein.

_~CH., _-CH, £l @ )
A DH_ [ il il 1
“CH CH EH EH EH
_.-\"' - :" .;:. ":
2 2 € £ £
A B

Figure 3. Scheme of a surface with reactive groups: (a) efgsxand (b) aldehydes
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The functional groups on the surface are introdumethodification of the glass with organosilanes
such as 3-glycidoxypropyltrimethoxysilane (GOPS) 33aminopropyltriethoxysilane (APTES).
Alternatively they can be inserted into moleculeshétectures much more complex such as those
provided by polymer coatings. The organosilanes mavide chemical groups able to bind the
ligands(GOPS) or react with a bifunctional ligandabng the desired reactive group.
An alternative route to immobilize the proteinsthe use of a matrix that traps the protein. This
mechanism does not lead to a covalent bond of ml@saowith the surface but is based on the
physical capturing of proteins in polyacrylamidelsy’’ or agarose’® The three-dimensional
structure of these substrates generally incredsesbinding capacity and does not disturb the
potential sites or functional regulatory domains tble protein. Furthermore, the aqueous
environment of the gel reduces the denaturatiqgorateins. However, the structure of the gel can be

a barrier for the diffusion and the events of regtign may thus require a longer incubation time.

Whether the attack occurs by adsorption, physioabpment or for formation of covalent bonds,
the immobilization of the protein takes place wathandom or non-specific orientation. In addition
to the non-specific methods, the probes can belddband immobilized to favor specific

interactions between the marker and non-covaleninabilized molecules. The surface
immobilization is typically mediated by an eventrablecular recognition such as that of biotin-
avidin interaction, or between slides coated wiibhkel and proteins labeled with histidine,
glutathione and glutathione-S-transferase (GST).

In addition to the attachment mechanism (adsorptmhysical entrapment in the gel, covalent
bonds or molecular orientation), the molecular gecture of the coating plays an important role

and should be considered.

One of the most important components in developisgccessful biosensing application in the use
of an appropriate surface chemistry. Many biosensiasays implement investigation of target
molecules in solution interacting with probe molesuthat are immobilized on a solid support,
hence the term “solid phase assays.” A biosenstr wihigh degree of sensitivity and a large
dynamic rage cannot be successfully implementea ibiological assay without a successful
strategy of biomolecule immobilization, becausdae chemistry greatly affects the affinity and
the specificity of the target as well as the baokgd noise caused by non-specific binding. There
has been a tremendous effort to develop superidacgichemistry as solid phase assays became
powerful tools for parallel investigation. Cretiehal. outlines the criteria for successful surface

chemistry:*®
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1) The surface chemistry must allow a good cordfaapture probe density with homogeneous

morphology for optimal binding capacity of the Ingis.

2) The biological activity of the probes must b&ameed upon immobilization.
3) The probes must be accessible to the targeterest.

4) The surface must display a low degree of nomiipeénteractions.

Surface chemistries for solid phase assays caatbgarized into 1-D, 2-D or 3-D groups based on

their architectures as shown in Figuré*.

One-dimensional coatfings

KA

Two-dimensional coatings

SAYAY Y

L VR )
Three-dimensional coatings
4;':4;.;"'.‘-: -v“{;'v‘w
LRV S T
” Y‘: ;’ Vg S-S
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Dendrimeric polymers Gels and filter membranes

Figure 4. Graphical representation of various forms of swefabemistry for solid phase assays.

Figure is reproduced from reference 20.

Complex 3-D structures with polymeric matrix or geld filter membranes are becoming increasing
popular for fabricating protein microarrays. Hydetgycoated surfaces are developed to maximize
the loading capacity and the solution-like enviremt) however, these techniques are not versatile

because the gel like structures minimize the diffusf the target of interest’ This problem is
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exacerbated when the target protein is in low comagon as the assay requires a prolonged

incubation time.

4.2 Detection methods

The strategies of detection for protein microarraysgenerally classified as:

1. Label-free methods (without the need of labethrggtarget), which include mass spectrometry
(MS) (MALDI imaging), surface plasmon resonanceR$Fellipsometry, interferometry (SRIB),
scanning microscopy and Atomic Force MicroscopeNF

2. Methods with labeled probes using fluoresceakemiluminescence, electro-chemiluminescence

and radioactivity.

4.3 Label- free detection methods

In this class of detection methods one of the mestl techniques is the SELDI-TOF-MS (surface
enhanced laser desorption ionization - time ohtligmass spectrometry). It is based on the use of
chip that has a selection of proteins immobilizedaamatrix. After the interaction of these proteins
in solution take place the ionization of the molesuand the analysis using an analyzer which
separates them on the basis of mass / charge Tét@detector will then provide a spectrum of
signals®

Another technique commonly used for microarray cl&te is surface plasmon resonance (SPR). It
is a spectroscopic method that measures the chaingjee thickness or the refractive index of
biomaterials at the interface between the metdhsearand the environment. Usually this is a thin
layer of gold (50-100 nm) located on a glass slideSPR, proteins are immobilized on the gold
surface, which is the target, and the change inréflection of the incident light indicates the
amount of captured target molecule on the surfaceeal time. The angle at which gives the
minimum intensity of the reflected light, known'&PR angle", is directly related to the amount of
bio molecule bound on the gold surface.

Surface plasmon resonance imaging (SPRI) is anatbtgction technique in which the entire

surface of the biochip is illuminated with a brdaehm of polarized monochromatic light. The rays
of light reflected from each spot are simultanepusiptured by a charge-coupled device (CCD).
The camera continuously monitors the changes ttairoon the surface and provides kinetic data
in real time. The SPRI combines the advantageh®f3PR (kinetic analysis and measures of

affinity) with the capacity hightroughput microayral he ellipsometry instead is a technique based
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on the state of polarization of the reflected ljgivhich is altered for changes in the dielectric
properties or refractive index of the sample on sheface.?®> The technique combines the

ellipsometer with the microscope and CCD cameranbgsuring the total content of protein on the
solid surface without concern of protein functi@ther label free techniques are interferometric
techniques that include spectral reflectance ingginsensor (SRIB), dual-channel biosensor, on-
chip interferometric backscatter detection (OCIBPdrous silicon-based optical interferometric
biosensor, high-speed interferometric detectiornthan biological compact disc and spinning disc

interferometry.

The principle which is the basis of interferomasythe transformation of the phase differences of
the front of the light intensity fluctuations obged in known as interference fringes. A recently
introduced interferometric technique is the spéctthectance imaging biosensor (SRIB) in which,
the changes in the optical index, as a result @ftinding of biological material on the surface of
the microarray, are detected using the interferaefaasible light. This technique monitors directly

the interactions between molecules.

Atomic force microscopy (AFM) determines the change height of the immobilized protein
caused by the binding with the target. The deftectf an array of cantilevers with a resolution of
picometers can olso be measured to probe moleicidaactions. The microcantilevers are strips of
silicon fixed at one end, with the probe (antibadyprotein) bound on the surface. When an analyte
binds to the microcantilever, the bending as alredustress on the surface is measured by the
deviation of an optical signal or through a chaofjelectrical resistance in a thin piezoelectrimfi

on the cantilever. Alternatively change in the n@tbal resonance frequency can also be
measured. The label-free techniques are promisiathads for the characterization of antigen-
antibody interactions, or more generally, proteiat@in interactions, and for the characterizatibn o
binding events on the surface. They do not regoieeking of bio molecules, which can affect
protein activity. However label free detection nueth, often require sophisticated instruments not

always available in all clinical laboratories.
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4.4 Detection methods with labeled probes

Lable detection methods evolve directly from thestnwidely used immunoassays, radiological
assays or ELISA. They can be distinguished as Bhom Figure 5: ®

- reverse phase (when a mixture of proteins is imhzed and the detection is obtained using
labeled molecules such as antibodies);
- direct (when antibodies are immobilized and arssaged with labeled proteins);

-sandwich (when a first antibody immobilized actsaacapturing agent for the protein tested that

is revealed through the recognition with a labededondary antibody).

(c)
o -
Reverse phase ﬁﬁg %
protein blot -

(a) . :
5055

Direct —% i—@ﬁ .
Irec =
labeling S~ >
(b) 1

V4

oG KK
Sandwich .
immunoassay —— 4

Figure 5. Revelation methods with labeled probes for ingrotnicroarrays from referen@s.

In the reverse phase approach, each spot in thg aontains an individual sample of the test.
Therefore, an array can contain many different $ewen patients or cell lysates containing a
complex mixture of proteins. The array is then atied with a labeled protein (usually an
antibody) allowing the comparison of a single atealy different samples. In the direct approach, a
known ligand (antibody) is immobilized on the sedaand is assayed by a complex mixture of
labeled proteins. The sample can be a cell lysadéeserum in which multiple analytes are measured
simultaneously. With a two colors approach différgrmarmacological treatments or protein
expression profiles can be compafed.
The "sandwich" assays are based on immobilizeth@dhites to capture the protein of interest, while

57



a second labeled antibody, directed against ardifteepitope of the captured protein is used fer th
detection. This approach requires two differentbanties, each with affinity for different epitopes
of the same protein of interest. Although the needof two
antibodies often complicates the design of thayarthe "sandwich” method is widely used as it
increases the specificity of the antibodies aridgin problems of the methods that use labeled
probes are the production of antibodies and thentgjative labeling of antibodies / antigens.
Label detection methods are based on fluoresceheejiluminescence, electrochemiluminescence,

and radioactivity detection.

4.4.1Fluorescence

Fluorescence represent one of the methods of clioictne detection in microarr&y.There are
many fluorophores, in different formulations, witvell-defined excitation and emission spectra.
The labeling methods are based on the use of fthoomnes such as fluorescein, cyanine dyes,
rhodamine, acridines, phycobiliproteins and BODIHYe choice of the fluorescent probe depends
on the type of sample, the emission spectrum aadstistrate. Not all substrates are compatible
with fluorescence detection due to auto fluoresearidche material on which the array is deposited.
Furthermore, the sample may possess componentstidiere with the fluorophores as in the case
of flavoproteins that emit light in the same regiorof the fluorescein.
Recombinant proteins with green fluorescence andha/e been used to study protein-protein
interactions’®

The Cy3 and Cy5 fluorescent molecules belong tofaéha@ly of cyanine dyes and are among the

most used dyes for the detection of fluorescenteprs (Figure 6).

Figure 6. Chemical structure of cyanines Cy3 and Cy5
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Various structures are designated Cy3 and Cy5anlitbrature. The R groups do not have to be
identical and usually correspond to short aliphatia@ins one or both of which ends in a highly
reactive moiety such as N-hydroxysuccinimide oremalde. The cyanins are usually synthesized
with reactive groups on either one or both of tliegen side chains so that they can be chemically
linked to either nucleic acids or protein moleculésbeling is done for visualization and
guantification purposes. They are used in a wideeta of biological applications including
comparative genomic hybridization and in gene chidsch are used in transcriptomics. They are
also used to label proteins and nucleic acid fatoua studies including proteomics and RNA

localization.

The scanners actually use different laser emiss@velengths (typically 532 nm and 635 nm) and
filter wavelengths (550-600 nm and 655-695 nm, Fagu) to avoid background contamination.
They are thus able to easily distinguish betweem samples when one sample has been labeled
with Cy3 and the other labeled with Cy5. They ds® able to quantify the amount of labeling in

either sample.

Dye Absorbance Max Emission Max  Quantum yield in PBS buffer Molecular weight (Da)

Cy3550 nm 570 nm 0.04 766

Figure 7. Spectral characteristics of dyes Cy3 and Cy5

The technique of revelation with two colors, witly3Cand Cy5, has been successfully applied to
compare protein levels of two different samplese @iragrams of revelation multicolored (Figure 8)
are useful when the measurements of the microaraynot based on absolute but on relative

guantifications. The simultaneous detection of meallows a direct comparison of the intensity of

59




fluorescence in different samples without variatiathin the chip. In this assay, the two differgntl

labeled samples compete for binding to the sambayt immobilized target.
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Figure 8. Absorption and emission spectra of cyanine 3 an@h&. cyanine 3 (Cy3) absorbs at a
wavelength of 550 nm and emits at 570 (@) The absorption peak of Cy5 is at 650 nm, wiike t
emission is at 670 ni(fp)

4.4.2 Chromogenic detection

The chromogens are substrates for enzymatic reactltat generate a colored insoluble product.
The chromogenic detection of protein microarraysdpces permanent signals easily detectable.
The enzymes most commonly used are alkaline phtegand horseradish peroxidase. These
enzymes act on colorless substrates, chemicallgrgéng stable colored products. For example,
the blue spots, generated from 5-bromo-4-chloroe®yl phosphate / nitro blue tetrazolium (BCIP

/ NBT) and by the system of the alkaline phospleta®re used for the proteomic profile of cancer
cells on nitrocellulose coated slidés.

4.4.3 Chemiluminescence

Chemiluminescence is the luminescence generatetidipical reactions and generally used in
microarray for the detection of proteins recognibgd secondary antibody labeled with alkaline
phosphatase or horseradish peroxidase. The enzyaxadiation of substrates such as luminol
produces an emission of prolonged light that iswagl by a charge-coupled device (CCD) camera.

Although highly sensitive chemiluminescence hasnitéd dynamic range?
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Chapter 5.
The copolymer Copoly (DMA-NAS-MAPS)

In the research group where my PhD thesis has tple&e (Institute of Chemistry and Molecular
Recognition, National Research Council, Milan, yjala new 3-D polymeric matrix for
immobilizing DNA or protein on different surfaceashbeen recentlgeveloped! This polymeric
matrix is the result of a copolymerization proce$shree monomers, N,N- dimethylacrylamide
(DMA), acryloyloxysuccinimide (NAS), and 3-(trimtedxysilyl)-propyl methacrylate (MAPS). The
copolymerization takes place in the presence ef rddical initiator R,Razoisobutyronitrile
(AIBN) and the copolymer so obtained has been nams€bpoly (DMA-NAS-MAPS) (Figure 1).

Ut P

\ N
YY)

n=97 m=2 p:1 l AIBN 2mM

THF, N,, 65°C

O/N

Figure 1. Scheme of the synthesis of copoly (DMA-NAS-MAPS)
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Copoly(DMA-NAS-MAPS), is a ter-copolymer constitdt®y 97% of bound dimethylacrylamide
(DMA) , while the second monomer, acryloyloxysudgiide (NAS is present as 2% of the whole

polymer . The third constituent, is 3-(trimethoxydpropyl methacrylate (MAPS) (1%).

The major polymer constituent, responsible for gjlsslf-adsorption, is dimethylacrylamide, while
the second monomer, acryloyloxysuccinimide, is oesfble for covalent binding of proteins and
modified DNA molecules. The third constituent, Briethoxysilyl)propyl methacrylate, increases
the strength of the binding of the polymer with tflass. Copoly(DMA-NAS-MAPS) has been
fully characterized and its preparation standauiize

When dissolved in an aqueous solution, Copoly(DMAS-MAPS) quickly adsorbs onto a glass
surface, typically in 5-30 min, generating a layleat is stable in an aqueous buffer containing
various additives (SDS, urea, salts) even at higimperatures. The procedure requires the
immersion of the glass slide into the polymer dilablution. The only pretreatment required for the
glass is the alkaline activation of surface silapathich maximizes the number of hydrogen bonds
with carbonyl groups on the polymer. The layerled &adsorbed copolymer on the glass surface has
a double function: to block the glass surface ditgsnaking hydrogen bonds and to control the

interactions with the external medium by bearingcsiic chemical functions.

The copoly(DMA-NAS-MAPS) film showed that this cosj is suitable for application in DNA

microarrays, because of its ability to form morabs& and thicker films. Indeed, the silane
functionalities pending from the backbone indugegruadsorption, silylation of the silanol groups
on the glass surface, thus increasing the streofythe binding with the glass (Figure 2). This

results in the formation of a layer with increaséability.
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Figure 2. Copoly (DMA-NAS-MAPS). Molecular structure of coly (DMA-NAS-MAPS) and its

interactions to the glass surface.

5.1 Copoly (DMA-NAS-MAPS) on glass surfaces for DNA naroarray assays

Copoly (DMA-NAS-MAPS) was developed for DNA microay assays on microscope glass $lide
The study was aimed to find a new method to cowblattach target molecules onto the surface of
glass substrates such as microwell plates, bealss,tand microscope slides, for hybridization
assays with fluorescent targets. The innovativecephintroduced by the work is to physically
adsorb onto non-derivatized glass surfaces a fumaiticopolymer, able to graft amino-modified
DNA molecules. Glass is one of the most widely usedbstrates for the immobilization of
biomolecules and several methods are currentlylablaito graft epoxy, amino, aldehyde, or other
functional groups onto the glass surface. Howesaccessful and reproducible deposition of a
monolayer on a glass surface requires a strictrabat operative parameters. The surface must be
cleaned to remove contamination, to create surftachment sites, and to control surface

roughness. Numerous cleaning methods exist fos glabstrates and these include gas plasmas, as
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well as combinations of acids, bases, and orgamiwests that are allowed to react at different

temperatures. Surfaces can also be smoothed dnenad using various techniques such

as chemical deposition, grinding, polishing, andratcal etching®

For regioselective immobilization by either thed8 5 end of short oligonucleotides, polymeric

coatings have been developed based on polyacryaonidoly(dimethylacrylamide) gels.

However these coatings require glass silanizatiwhcareful control of operative paramefdpéri

et al. have described a method for the covaldatlainent of target molecules onto the surface of a
glass substrate by the adsorption of copolymens arie of the monomers interacting directly with
the glass surface and playing the role of an andhmwther monomer goes in the solution and binds
to the DNA target molecule. The new polymer formisighly hydrophilic coating with accessible
functionalities to which modified DNA can be cowvatly grafted. The coating was achieved by
combining the adsorptive properties of poly(dimébyylamide) onto glass with a reaction
between the silanol groups and electrophilic groupsnding from the polymer backbone.
Copolymer composition was optimized to ensure aimng combination of properties such as the

following:

(1) complete and uniform surface coverage of titfasa with an ultrathin film

(2) a hydrophilic surface having minimum nonspecéitraction for biomolecules
(3) sulfficient stability for use as the substrateDNA microarray experiments
(4) ease and reproducibility of the coating process

The polymer, has been obtained by radical copoligagon of N,Ndimethylacrylamide, N-
acryloyloxysuccinimide, and 3-(trimethoxysilyl) gr@d methacrylate as reported in the Figure 1.
The most significant characteristic is that it selSorbs onto the glass surface very quickly,
typically in 5-30 min. In a typical glass slide tiog, after a surface treatment with 1 M NaOH for
30 min and 1 M HClI for 1 h, to activate the surfagashing with water and drying, pretreated glass
slides were immersed for 30 min in a solution & golymer (0.2-1% w/v in a saturated water
solution of ammonium sulfate (20% w/v). The slidesre then washed extensively with water and
dried under vacuum at 80 °C.

The glass coating procedure is fast, inexpensol®yst, and reliable, and it does not require time-

consuming glass pre-treatments.
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As an achievement, slides coated with copoly(DMASNKAPS) were profitably used as
substrates for the preparation of low-density DNAcroarrays prepared dissolving-&mine-
modified oligonucleotides (100 nM/mL stock solufjon 150 mM sodium phosphate buffer pH 8.5.
Solutions of oligonucleotides at different concatitns were printed on coated slides to form
microarrays using an Arrayt SpotBot spotter froeleEhem. Printed slides were placed in an
uncovered storage box placed in a sealed chamaiemated with NaCl, and incubated at room

temperature from 4 h to overnight.

The density and the thickness of the films wereluatad by X-ray reflectivity measurements
whereas the extent of reaction of functional growith DNA molecules was determined by a
functional test. The experiments indicate that bélhe active groups present on the surface reacts

with oligonucleotide probes.

The structure of the polymeric film deposited or #urface was characterized by means of X-ray
reflectivity (XRR), which is a surface-sensitivechaique that provides information on mass
density, thickness, and roughness of very thin dilthat are deposited on flat substrates. This
measurement is based on the specular reflectiok-iafys from planar surfaces. The reflected
intensities show fringes that depend on the filntkiness, and different modulation lengths

correspond to the existence of different layers @iitical angle of total reflection is related to
the mass densify.

XRR measurements highlighted the presence of twynmic layers of different thickness. The

chains close to the wall, condensed with themsedweswith the surface silanols, form a layer of

3.45nm with a density of 1.8 g/émiThe layer at the surface-air interface, madeelsg kondensed
chains, has a thickness of 1.8 nm and a densityl@ g/cni . These are thickness values of the dry
film. However, it is reasonable to assume thatfilhg on hydration, swells 10-15 times due to the

highly hydrophilic nature of the copolymer.

From the thickness and the mass density of thesfimhtained by XRR analysis, it was possible to
calculate the density of active esters on the sagaFor Copoly(DMA-NAS-MAPS) the number of
active esters per square centimeter was found &%g 16> This value was calculated by taking
into account film thickness and mass density arel rtfolar fraction of NAS in the polymer.
Following the same procedure, in the case of C@POlA-NAS), a density of 2.8 x I8 molecules

of NAS/cnt was calculated. The number of functional groupsspeface unit obtained from XRR
data are in good agreement with those obtainecdhéyligonucleotide binding assay. Indeed, the
functional test indicates that about half of thévacgroups present on the surface, 4 X3té for
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Copoly(DMA-NAS-MAPS) reacts with the oligo probeshich indicates an excellent accessibility
of surface functional groups.

5.2 Copoly (DMA-NAS-MAPS) and protein microarrays

Protein microarrays are more challenging to preghsn are DNA chip§ because several
technical hurdles hamper their application. Thdam@s typically used with DNA are not easily

adaptable to proteins, owing to the biophysicdedinces between the two classes of bioanalytes.

In fact, arrayed proteins must be immobilized inaéive conformation to maintain their biological
function. Unfortunately, proteins tend to unfold evhimmobilized onto a support so as to allow
internal hydrophobic side chains to form hydroplohionds with the solid surfate.The
accessibility of the protein is also of crucial ionfance to achieve proper recognition during
hybridization; protein—substrate interactions redtiee accessibility of the target, leading to false

negative results.

Another important requirement of the surface igptovide a low unspecific background because
unwanted adsorption of proteins leads to false tipesiresults. The presence of an aspecific
background is one of the most severe problems iib@dy microarrays® The achievement of a

low degree of unspecific binding is extremely diffit when the protein sample is a complex

mixture of thousands of moleculés.

The copolymer of N,N-dimethylacrylamide (DMA), Na&ryloyloxysuccinimide (NAS), and [3-
(methacryloyl-oxy)propyljtrimethoxysilyl (MAPS) cted on glass slides had been shown to be
able to bind amino-modified DNA by means of the Slfeactive groug® The same reactive
groups should be able to react with primary amiofek/sines and arginines in proteins, as well.
DMA, which forms the polymer backbone, could fdaties polymer adsorption on the glass
surface, whereas MAPS covalently reacts with fikensls and stabilizes the coatingth glass
surfaces. Therefore, the performance of glassstidated with the Copoly(DMA-NAS-MAPS) has
been studied for application to protein microarr&ys

Two different experiments were carried out to iiate the characteristics of this coating. In one
experiment, the Fab portion of an antibody immabiti on the slide was efficiently recognized by
the corresponding antibody. In the second expetifitee Fc domain of the capture antigen was

specifically recognized.
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The results of the two assays demonstrate that thett-ab and Fc domains of the antibody are
freely accessible. This is a considerable advari@gause it overcomes one of the major problems

of microarray assays, that is, the insufficientessibility of the ligand.

Copoly(DMA-NAS-MAPS)-coated slides immobilize ardities in a random conformation, and no
crosslinkers or spacers are required to separatprtitein from the surface, as for most of the non-
polymeric slides’” This is because the polymer chains act themselses spacer between the
protein and the surface. In addition, the activierss which bind the protein, are spaced along the
chains. Therefore, only a few groups of the protaie covalently bonded with the surface

functional groups.
In Fig. 3, a graphical representation of a copoM@®MNAS-MAPS) film with immobilized proteins

is provided.

Figure 3. Graphical representation of Copoly(DMA-NAS-MAPS)yraer coating on glass support
after hydration and antibody binding. The polymkeaios close to the glass surface condense with
themselves and with the silanols of the supporé diteins at the surface-air interface are lessedens

due to the presence of loops and tails.

At the beginning of the second part of this PhBsth, started with a few standard preparetions of
Copoly(DMA-NAS-MAPS) and coating of Copoly on glasarfaces, carried out as originally
described by Pirri et al.
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Material and Methods

Synthesis of Copoly (DMANAS-MAPS)

The monomers were dissolved in 6 mL of dried tstdabfuran (THF) in a 25-mL, round-
bottomed flask, equipped with condenser, magnstiaing, and nitrogen connection. The solution
was degassed by alternating a nitrogen purge wiacaum connection, over a 30-min period.
R,R-Azoisobutyronitrile (AIBN) was added to the sotuti which was then warmed to 50 °C and
maintained at this temperature under a slightlyitpespressure of nitrogen for 24 h. After the
polymerization was completed, the solution was evaed using a rotary evaporator and the white
solid was dissolved in chloroform and precipitabydadding petroleum ether. The supernatant was
eliminated, and the whole procedure was repeateditaes. The polymer was dried under vacuum
for 24 h at room temperature and stored at 4 °C.

13C NMR (DMSO), 0 (ppm): 174.6 (backbone carbonyl), 166 (succinimaebonyl) 40-30
(methylene carbons). The degree of succinimidatiosewas determined from the ratio of the
integrals of backbone and succinimide carbons tla@dAS molar fraction was found to be 0.015.
The average molecular mass&sn) and the polydispersity index of the differentymers were
determined by gel permeation chromatography. Sasvapid standards were run in a 802.5, 804,
806 OH-PAK columns in series at 40 °C (Shodex) ested with UV Bruker detectors injecting
0.5% w/v sample solutions. The mobile phase was 100 NaCl, 50 mM NaH2PO4. Five
polyacrylamide standards witiw of 21 900, 58 400, 79 900, 400 000, and 600 O8fewsed to
calibrate the GPC (Polysciences).

Glass Slide Coating.

The coating of glass slides requires surface @gtrent and adsorption of the polymer. In a first
step, the slides were treated with 1 M NaOH fom860, washed with water and then treated again
with 1 M HCI for 1 h, washed with water and drield.the second step, pretreated glass slides were
immersed for 30 min in a solution of the polymé),2¢1% w/v in a saturated water solution of
ammonium sulfate (20% weight/volume). The slideseatben washed extensively with water and

dried under vacuum at 80 °C.
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Chapter 6.

Copoly(DMA-NAS-MAPS) coating of silicon oxide surfze

and application to microarrays

One of the targets of the second part of the PlBishhas been to test a few additional aspects of
the versatility of the copolymer Copoly(DMA-NAS-MAF in the functionalization of inorganic
substrates typically used in bio analytical assaysis research activity has been carried outhén
frame of an integrated project entitted Nanosystdor early Diagnosis of Neurodegenerative
Diseases (NaDiNe) funded by the European Commuingl/involved the Italian CNR (Istituto di
Chimica del Riconoscimento Molecolare, Dr. Marcéllaiari) aimed at developing and integrating
new technologies towards a fully automated lab-oip-system for the simultaneous quantitative
analysis of a multiplicity of proteins, peptidesdatheir variants, down to concentrations in the
picomolar range directly from plasma.

This part of the thesis would specifically addrese of the many macro-objective of NaDiNe
project and specifically the development of atiedy microarrays with the aim to profile complex
mixture of proteins in order to measure their bingdaffinities, specificities, and expression levels
Microarrays experiments involve immobilizing a £¢ well characterized ligands on a solid
substrate surface and monitoring their interactioth an analyte in sample solutions. The work
was expected to be carried out in close collaboratvith NadiNe partners that would have
provided protein probes and inputs for the desigth® microarray experiments. To this purpose a
statistically significant number of samples colld tested, by different partners and with différen
technologies, for known dementia biomarkers in G&fh as Tau, p-Tau andg Aeptides, as well
as for potential novel biomarkers including e.g.PA3,0-Synuclein fragments, MAP kinase Erk1/2
and GFAP. The data set would have served to congplefie clinical and neuropsychological
diagnosis with neurochemical CSF signatures (“nehemical dementia diagnosis”). Depending on
the set of biomarkers furnished by the partnerbladiNe consortium the target sensitivity should
have ranged from 1 - 100 pg/ml.

The specific aim of this PhD thesis was relatetheodevelopment of methods and procedures for
the efficient analysis of the selected biomarkenbgroarray technology, exploiting the knowledge
and experience of the group headed by Dr. Marcehari on the use of Copoly(DMA-NAS-
MAPS) as versatile coating agent of silicon or galdfaces in protein microarrays development.
An important part of the activity would have bedvoted to the characterization of the physical

properties, the chemical composition, and the apdistribution of the polymers on the surface.
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State of the art techniques for surface charactiéoiz such as, for instance, X-ray photoelectron
spectroscopy (XPS), atomic force microscopy, X4m@fjectivity could be used to this purpose in
collaboration with external groups (University afeBcia, University of BostonT.he results should
provide a feed-back to the activity focused on pwy synthesis and coating allowing a rational
optimization of array design, spotting and hybradian conditions, to improve the stability of the
proteins immobilized on the surface and the oveaatbay performance.

Within the NaDiNe Project, this part of the PhDdisewas aimed at the immobilization of selected
model antibodies onto Copoly(DMA-NAS-MAPS)-coatdliten surfaces.

The copolymer copoly (DMA-NAS-MAPS) was originaliptroduced as a new 3-D polymeric
matrix for immobilizing onto glass slides amino-nifatl oligonucleotides or proteins The

copolymer has been coated successfully onto sildioride layers by Cretich et al., who have
have reported that this system is able to enh#meesensitivity of fluorescence labeling and a

confocal laser scanning apparatus, typically inedlin microarray technology.

6.1 Preparation of the Copoly(DMA-NAS-MAPS)-coatedsilicon surface

As a part of the PhD program, silicon dioxide |ayevere initially prepared according to the

experimental procedure described by Cretich &trathis work, the improvement of microarray

sensitivity was achieved by a crystalline silicombstrate coated with thermal silicon oxide
functionalized by a polymeric coating with copolPMA-NAS-MAPS). The optimized layer of
thermally grown silicon oxide (SKP of a highly reproducible thickness, low roughneasd
fluorescence background provides fluorescence sifteation due to the constructive interference
between the incident and reflected waves of theréiscence radiation. The oxide surface is then
coated by copoly-(DMA-NAS-MAPS), which forms, bysemple and robust procedure, a functional
nanometric film. The polymeric coating with a thigss that does not appreciably alter the optical
properties of the silicon oxide confers to the esdicbptimal binding specificity leading to a high
signal-to-noise ratio. The coated silicon slidessted in protein and peptide microarrays for
detection of specific antibodies, lead to a 5-1lid-fenhancement of the fluorescence signals in

comparison to glass slides.

In the second part of the PhD thesis, Copoly(DMAS-MAPS) has been prepared according the
original procedure and coated onto a silicon ox{8&,) surface for the determination of
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biomarkers present in human serum for neurodegivediseases within the frame of an European
project devoted to the identification of such biokeas via microarray technique. The silicon oxide

slides prepared by thermal grown, used for theyadsave been purchased from SVM, Santa Clara,
USA.

A self assembled monolayer (SAM) of Copoly on theface of the Si©slides has been
efficiently achieved with plasma oxygen treatmehtthe silicon slides. Typically, monatomic
(single atom) oxygen plasma is created by exposiygen gas at a low pressure,(@ high-
power radio waves, which ionise the gas. This mede realized under vacuum in order to create a
plasma with generation of free radicals which aterwith the silicon surface exposed to the
treatment. This technique is commonly used to atgineutral surfaces thanks to the efficacy of
the oxygen radicals generated. Specifically, tlsmpa oxygen treatment of SiGlides activates
the superficial silanol groups, that react with silanazing groups of Copoly (MAPS) and realize
the covalent attachment of Copoly onto the ;Ssfides. In Figure 1 a schematic representation of
the Copoly (DMA-NAS-MAPS) on the silicon oxide sack is represented.

Figure 1. Schematic representation of Copoly(DMA-NAS-MAPS)atiog on silicon oxyde

surface.
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6.2 Characterization of the Copoly(DMA-NAS-MAPS)-cated silicon oxide
surface

A few analyses were carried out to characterize th@opoly(DMA-NAS-MAPS) coating
specifically, atomic force microscopy (AFMNdAFM scratch test.

Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) or scanning force noiscopy (SFM) is a very high-resolution
type of scanning probe microscopy. AFM providesDagofile of the surface on a nanoscale, by
measuring forces between a sharp probe (<10 nmkaridce at very short distance (0.2-10 nm
probe-sample separation). The probe is supported fhexible cantilever. The AFM tip “gently”
touches the surface and records the small foroseleet the probe and the surface. The probe is
placed on the end of a cantilever (which one carktbf as a spring). The amount of force between
the probe and surface is dependent on the springtat (stiffness of the cantilever and the

distance between the probe and the sample suiffaeforce can be described using Hooke’s Law:
F=-k - x

F = Force

k = spring constant

x = cantilever deflection

If the spring constant of cantilever (typically 1@ N/m) is less than surface, the cantilever bend

and the deflection is monitored.
This typically results in forces ranging from nNO{2 ) touN (10-6) in the open air.
Probes are typically made from Si3N4 or Si.

Different cantilever lengths, materials, and shaglésny for varied spring constants and resonant
frequencies. Probes may be coated with other na#teior applications such as chemical force
microscopy (CFM) and magnetic force microscopy (MFM

In the following picture (Figure 2) are reportee ttesults of thé\FM analysis of Silicon Oxide

surface and Silicon Oxide Copoly coated surface.
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Rq=0.085 nm Rq=10.097

Figure 2.AFM image of SiQ surface (a) and SiCcopoly coatedsurface (b). The undulation is
expressed in root mean square (rms) and corredpansalue of 0.085 and 0,097 respectively.

Scratch Test

The technique provides the measure of the thickaese polymeric coating after a scratch on the
surface made by the cantilever’s top. The deptih@fchannel so created represent the thickness of
the polymer coatingin Figure 3 a picture resulting from a AFM scratelt of the Si@Copoly
coated surface is presented. The morphology opdhaner coating reflects the SiGsurface trend:

the film is a very thin layer with undulation 0,Bhrheight and 20-50 nm width. The undulation of
the coating surface is expressed in root mean s(uas) and appears very similar to the SiO

surface undulation.

Thickness of polymeric coating by AFM scratch test
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Figure 3. AFM scratch test of the Sy@opoly coated surface.
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6.3 Copoly(DMA-NAS-MAPS) coated on silicon surfacesand fluorescence

enhancement

One of the problems that still hinder the use afroarrays for analytical purposes, is the lack of
the sensitivity of the adopted technique. Optitabrescence detection of microarray spots is an
established laboratory technique, but he demantifrer sensitivity has stimulated the research of

0

new labeling strategi€s® new substrates with increased loading capatitys well as new

approaches to maximize target concentration osurace"?

A simple way to achieve fluorescence enhancemegtrelg on optical interference (Ol) coating
technology using substrates with single or multifdlas of well defined thickness that maximize
photo-absorption of the dye molecules in the vigimf the surface and reflect the emitted light,
which would normally be lost through the substrateyard the detector. This strategy does not
require changing the experimental parameters peovibat a conventional scanner can be used for
the detection.

Recently, the enhancement of fluorescence on teftecsubstrates has drawn considerable
attention, especially for microarray applicatioh$™ Layered structures with care-fully adjusted
thicknesses have been designed and fabricateddagased fluorescence signal. Even though these
substrates deliver improved performance over contyngsed microscope slides, the complexity of
their design and fabrication has been a drawbaskidJa much simpler substrate consisting of a
silicon reflector with a thin film of thermally gwen oxide, similar enhancement levels to those of

sofisticated multilayered structures can be acliele®

The thermal growth of silicon dioxide is a well-#slished process, and controlled layer thickness
with high reproducibility can be easily deliverethe pure oxide allows for adapting standard
surface chemistries used on glass microscope dtdd3NA or protein microarray applications. In
general, organosilanization reactions are the chdsehnique of surface derivatization. The
silanization protocols however have poor reprodiitybsuffer from high backgrounds, and do not

provide high probe bioactivity.

Using a surface chemistry formed by the adsorptibnCopoly(DMA-NAS-MAPS) on silicon
oxide, a layer on the order of a few nano-meterfoimed that does affect the fluorescent
enhancements predicted for the layered substrate.additional benefit is the reduction of
nonspecific background binding, which is criticalthe practical application using substrates that
enhance the fluorescence. Since the backgroundeinence is also enhanced, a high background

decreases the sensitivity.
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To demonstrate the enhancement of the excitatiandfemission from the fluorescent molecules,
electromagnetic models previously establishéthave been used. The normal incidence of a
monochromatic excitation at 543 nm, and a collectio the 550-600 nm spectral range has been
considered. Fluorescent molecules are considerbéeé tocated axially at the SiO2/Si surface, and
the enhancement values are reported with respdlog tdetection ona  glass microscope slide.

In Figure 4, the enhancements for the excitatiahemission, as well as for the total collection are
shown for a uniform distribution of dipole orientats. As theoxide thickness is varied, the
excitation and emission intensities go through mmexand minima. The nodes of the standing wave
for excitation are separated By/2n.ige, Which approximately corresponds to an oxide théds of
190nm. A 2.7 fold increase in both the excitatiod mission intensities is apparent, which yields

a maximum total enhancement of 7.5 fold.

8 T T T T T T

— Excitation
—— Emission
— Total collection ||

Enhancement with rescpect to microscope slide

0 100 200 300 400 500 600 700
Oxide thickness (nm)

Figure 4. Fluorescence enhancement on reflecting substehteormal incidence of excitation and
collection. The simulations for a) excitation, bjnission, and c) total collected intensity
enhancement via utilization of the layered reflegtsubstrate for varying thickness of the top
transparent oxide layer are shown. Monochromatoit&xon at 543 nm, and collection in the 550-

600 nm range are assumed.

78




For an oxide thickness df,=95nm, which corresponds to the point of maximurnagicement, the
numerical aperture of the objective is varied. ™unaulations in Figure 5 illustrate that the
enhancement can be preserved over a range of iebjexine angles that covers those used in

commercial fluorescence scanning instruments.

— Excitation
— Emission
— Total collection

L |
0 5 10 15 20 25 30

Enhancement with respect to microscope slide
o

Objective half angle (deg)

Figure 5. Fluorescence enhancement on reflecting substettearying angles of excitation and
collection. The enhancement values shown correspmedcitation and collection through the full
cone of an objective of indicated half angle. Mdmoeatic excitation at 543nm, collection in the

550-600nm range, and an oxide thickness of 95nmssemed.

The fluorescence intensity and the signal-to-naasie of spots of Cy3 (excitation peak at 543 nm)
labeled oligonucleotides (23mers) on a glassroscope slide and a SSi substrate of 85 nm
oxide were compared. Fluorescence measurements eeered out by scanning the surface

immediately after the spotting of the oligonucldes at 0.25 and 28Vl concentrations.

Subarrays of 50 spots of Cy5 (upper part) and Gy8tdm part) labeled oligonucleotides were
spotted at two concentrations (0.25 and @My. The slides were scanned immediately after the
spotting [laser power 22%, photomultiplier tube (PM

As shown in Figure 6, the fluorescence was revealdg at 2.5uM in the glass slides and the
fluorescence was more intense on thef80substrates (4 fold enhancement) with a sigmabise
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improvement of 7 fold. Furthermore, the low concatetd oligonucleotides were only detected on
the SiQ/Si substrates.

A B

Figure 6. Comparison of spot fluorescence intensity on g{&ssand silicon (B) slides. Subarrays
of 50 spots of Cy5 (upper part) and Cy3 (bottont)dabeled oligonucleotides were spotted at two
concentrations (0.25 and 2:M).




6.4 Copoly (DMA-NAS-MAPS) coated silicon slides immmoassay of model
antibodies.

The silicon oxide chips coated with Copoly(DMA-NASAPS) have been tested with a
protein/antibodie couple e sandwich approach previously described in Gnapto verify the
binding capacity of Copoly (DMA-NAS-MAPS) coatedicdn slides.

Signal

N,
o

Figure 7. Scheme of a sandwich assay

The "sandwich" assay is based on antibodies immzelilonto the chip that have to capture the
protein of interest. A second labeled antibodyedtied against a different epitope of the captured
protein is used for the detection. This approacjuires two different antibodies, each with affinity
for different epitopes of the same protein of ieggr Although the need of two
antibodies often complicates the design of theyartze "sandwich” method is widely used as it

increases the specificity of the antibodies array.

Commercial antibody couples usually available EISA or western blot techniques have been
tested on copoly-coated SiGlides to verify the specificity of the couplesdathe possible
application in microarray technique.

In particular wehave tested the following protein/antibodies couple
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GFAP recombinant protein (Abnova), mouse mAb clai8807 from R&D systems, mouse mAb

clone SB61b-CY3 from Novus Biologicals

Glial fibrillary acidic protein (GFAP) is an estadiled indicator of astrogliosis in neuropathology.
As GFAP is expressed in different cell populationgriable cerebrospinal fluid (CSF)
concentrations of these proteins might reflect asespecific pathological profiles. In this respect
the commercially available protein antibodies ceuplailable is used in ELISA assays. The
interest in developing a microarray assay for pggtein comes from its potential role as biomarker
in Alzheimer disease. Silicon/silicon oxide slidasated with Copoly(DMA-NAS-MAPS) have

been chosen as microarray substrates owing toigihesensitivity provided by this material.

A solution of capture antibody in Phosphate BuffieBaline (PBS) (1mg/ml) was printed on coated
slides to form a 15X15 array using a piezoelectobotic system (spotter) at 20 °C in an
atmosphere of 50% humidity. After spotting, allidesl reactive groups of the coating polymer
were blocked by dipping the printed slides in 50 retdlanolamine/0.1 M Tris pH 9.0 at 50 °C for
15 min. After discarding the blocking solution, thiies were rinsed two times with water. The

proteins (50 ng/mL) were coupled to the captutéady at room temperature.

The detecting antibody (Cy3-labeled), dissolvedh@ hybridization buffer at a concentration of
0.04 mg/ml, was added and after a 1h incubatierstides were washed with PBS and water, then
dried and scanned for fluorescence evaluation (iatekial and Methods section a detailed

description of the experiment is reported).

GFAP capture antibody is mouse mAb clone 27380mfiR&D systems and the detecting
antibody, labeled with Cy3, is mouse mAb clone 8B8€Y3 from Novus Biologicalsin Figure 8
the result of the sandwich assay of GFAP CopolWABNAS-MAPS) coated silicon slides is

reported.

Figure 8. Fluorescence intensity of sandwich assay of GFoRRCopoly (DMA-NAS-MAPS)
coated silicon slide.
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The fluorescence of the corresponding labeled badyi (specifically mouse mAb clone SB61b-
CY3 for GFAP in each spot of the array is the restll the binding capacity of the chip. The
Copoly (DMA-NAS-MAPS)layer is able to bind the capture antibody thantbinds the protein

(GFAP). The bound protein is revealed by the intiobawith the detection secondary fluorescent
antibody.
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6.5 Copoly (DMA-NAS-MAPS) coated silicon slidesversus Quantum Dots

enhanced fluorescence in a immunoassay of apolipesh E (ApoE).

The chip constituted by silicon slides coated wWitbpoly (DMA-NAS-MAPS) has been used for
the detection of apo-lipoprotein E (ApoE), a 32 grotein implicated in lipid transport and
lipoprotein metabolism, whose levels are ultimatantrolled by the gene ApoE.

ApoE exists in three isoforms: ApoE2, ApoE3, andoBy and is present in plasma lipoprotein
particles such as chylomicrometers, very-lowdengiyprotein, and high-density lipoprotein. It is
also found in large amounts at sites of neuroldglamage and appears to be involved in recycling
of apoptotic remnants and of amyloidal aggregal@serse pieces of evidence suggest that
abnormal ApoE levels may be implicated in demeatid central nervous system disedSé8.

In a recent pap€r,a group participating in the NaDiNe project hablfshed a new assay to detect
apolipoprotein E (ApoE) that relies on Quantum D@PDs) as highly effective reporters in

microarrays=> 2

QDs are semiconductor nanocrystals that offer adg@ous fluorescent properties that can be
exploited for optical biosensirfg:size tunable emission, narrow and symmetric phataiescence,
broad and strong excitation spectra, strong lunce@se, and robust photostability. QDs exhibit
better photonic performance in solid phase (iieectly exposed to air) than in liquid phase (eag.,
an aqueous dispersioff)The interaction of QDs in immunoassays has beeelwistudied by Zhu

et al®’

In the cited work* the performance of CdSe@znS quantum dots (QD6%&imum emission
peak: ca. 655 nm) has been explored as reportec@ngared with the fluorescent dye Alexa 647
(maximum emission peak: ca. 668 nm) in a sandwiaimunoassay microarray designed to detect
ApoE. The immunoassay in its two forms (QDs or Alé47) and the absorbance/emission spectra

of the studied fluorophores are illustrated in Feg9.
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Figure 9. (A) Schematic of apoliprotein-E (ApoE)-screeningndaich immunocomplex
microarrays using either quantum dots (QDs) ordifganic dye Alexa 647 as reporter. (a) Capture
antibodies are spotted onto glass slides and fitee are blocked. (b) Samples containing the
analyte are incubated. (c) Biotinylated detectionibendies are incubated. (d) Bound detection
antibodies are reported by a streptavidin—fluoraphocomplex (streptavidin-QD or
streptavidin—Alexa 647). (B) Absorbance (dashe@)liand emission (solid line) spectra of the
studied fluorophores; in red, QD 655; in green xalé47.

The two versions of the microarray were compareg&formance and then compared to an ApoE
assay based on a conventional enzyme-linked imnoubest assay (ELISA). The two versions of
the microarray (QD or Alexa 647) were assessed rnut@gesame experimental conditions and then
compared to a conventional enzyme-linked immunasdriassay (ELISA) targeting ApoE. The
QDs proved to be highly effective reporters in thieroarrays, although their performance strongly
varied in function of the excitation wavelength. 883 nm, the QD microarray gave a limit of

detection (LOD) of~247 pg mL*; however, at an excitation wavelength of 532 rinprovided a
LOD of ~62 pg mL?%, five times more sensitive than that of the Alexiaroarray ¢307 pg mLY)
and seven times more than that of the ELISAMA0 pg mkt1l). In Figure 10, results of the

comparison of ApoE screening using the two micagan(QD or Alexa 647 as reporter) under the

same experimental conditions are reported.
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Figure 10. Comparison of ApoE screening using the two miceasr(QD or Alexa 647 as
reporter) under the same experimental conditiop®ER, ApoE3, and ApoE4 were mixed (in equal
proportions) so as to quantify total ApoE at diffier concentrations. The error bars were obtained
from parallel assays of 10 spots. QD655, quantuin6d®; A647, Alexa 647; Exc, excitation
wavelength; LOD, limit of detection.

Finally, serial dilutions from a human serum samplere assayed with high sensitivity and
acceptable precision and accuracy.

Despite their advantages, QDs can exhibit somet&mings, such as their heavy metal
components (in the above case cadmium) are highlg Bind present intermittence in emission or
“blinking”, the causes and mechanism of which aee y&t not completely understodt:

Furthermore, QDs are much larger than organic dlpbores in size and this must be carefully
considered while designing a novel biosensing syst&ince biomolecules such as antibodies,
enzymes, or aptamers are dependent on their steutctifunction and perturbation of the structure

or behavior of biomolecules can constitute a probf8

As a part of this Ph.D. thesis, ApoE has been askhy static and dynamic incubations of silicon
slides coated with Copoly (DMA-NAS-MAPS) spottedhvimAb-capture for ApoE (antibody clone
E276, from Mabtech kit for ApoE detection) with sébns containing increasing amounts of ApoE
ranging from O to 100 ng/ml. After 2 hours of ibation at room temperature in static and dynamic
conditions the surface was incubated with biotyadarevealing antibody (clone E887 from

Mabtech kit for ApoE detection). Captured ApoE when detected upon incubation with Cy3
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labeled streptavidin and scanned for fluorescemtection. The fluorescence intensity of the spots
obtained in static and dynamic experiments werepaved.

Results are reported in Figure 11, that show therélscence intensity of chips 1-5 reacting with
increasing concentrations of ApoE (from O to 100mig. A calibration curve (dose-response

curve) was produced by fitting the datlaspot fluorescence intensity versus ApoE conedioins

to the four-parameter logistic equation using Qrigib software (Figure 12). The detection limit

was defined as the analyte concentration correspgrd a signal three standard deviations above
the background signal (0 ng/mL ApoE concentratias)calculated from the linear range of the

calibration curves.

0 ng/mL 1 ng/mL 5 ng/mL 10 ng/mL 100 ng/mL

Figure 11. Fluorescence intensity of chips 1-5 reacting wittreasing concentrations of ApoE
(from 0 to 100 ng/mL).
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Figure 12. Calibration curve (dose-response curve) produibgdfitting the dataof spot

fluorescence intensity versus ApoE concentrations.

From the calibration curve of Figure 12 a limitd#tection of 331 pg/ml was extrapolated. This
value is significantly higher than that found irat&t conditions suggesting the importance of
overcoming mass transport limitations in microareeyperiments. It's important to note that the
LOD obtained with Cy3 labeled streptavidin is $anto that provided by QDs proving that the use

of silicon/SiO2 substrates allow a significant sewisy increase using conventional dyes.
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Material and Methods

Chemicals

TRIS, ethanolamine, ammonium sulfate, Saline Sod@itnate (SSC), Sodium Dodecyl Sulfate
(SDS), Posphate Buffered Saline (PBS) tablet$y,Ndimethylacrylamide (DMA) and [3-
(methacryloyl-oxy)propyljtrimethoxysilane (MAPS) veepurchased from Sigma (St. Louis, MO).
N,Nacryloyloxysuccinimide (NAS) was from Polyscieng@garrington, PA).

GFAP Recombinant protein (Abnova), mouse mAb cl2rn8807 from R&D systems, mouse mADb
clone SB61b-CY3 from Novus Biologicals. S-100 beftain recombinant protein from GenWay,
goat pAb and rabbit pAb from Santa Cruz BiotechgglomAb-capture for ApoE (antibody clone
E276, from Mabtech kit for ApoE detection; biotyatgéd revealing antibody (clone E887 from
Mabtech kit for ApoE detection)

Silicon Oxide surfaces

The silicon oxide chips with a dimension of 1.5xtm obtained by thermal grown have been
purchased from SVM, Santa Clara, USA

Surface treatment

The SiQ surface was treated for ten minutes within an @xyBlasma Generator (Harrick Plasma
Cleaner), then immersed for 30 min in a Copoly(DMMAS-MAPS) solution (1% w/v in a water
solution of ammonium sulfate at a 20% saturatioelle The slides were then washed extensively
with water and dried under vacuum at 80 °C for ibutes.

Coating of silicon chips with Copoly(DMA-NAS-MAPS)

Copoly(DMA-NAS-MAPS) was synthesized as describe@hapter 5. Silicon substrates with 85
nm oxide were pretreated with 0.1 M NaOH for 15 mvashed with water, and dried. Microscope
glass slides were pretreated with 1 M NaOH for 3@ amd 1 M HCI for 1 h, washed with water,

and dried. After the pretreatment, the substrat®wnmersed for 30 min in a copoly(DMA-NAS-
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MAPS) solution (1% w/v in a water solution of amman sulfate at a 20% saturation level), rinsed

with water and dried under vacuum at 80 °C.

GFAP protein functional test

A 1mg/ml solution of mouse mAb clone 273807 from R&ystems, in PBS was printed on
coated slides to form a 15 X 15 array using a pakiric spotter (SCiFLEXARRAYER S5;
Scienion). Spotting was done at 20 °C in an atmesplof 50% humidity. After spotting, all
residual reactive groups of the coating polymerenaiocked by dipping the printed slides in 50
mM ethanolamine/0.1 M Tris pH 9.0 at 50 °C for 1smAfter discarding the blocking solution,

the slides were rinsed two times with water. S$haes were incubated for 2 h with GFAP protein

0.05 mgr/ml in the hybridization buffer (TASICI, 0.1 M, pH 8; 0.1 M NaCl; 1% w/v BSA; 0.02%

w/v Tween 20); washed with THBICI (0.05 M, pH 9), 0.25 M NaCl, and 0.05% Tween aad

rinsed with water before a 1-h incubation with thetecting antibody Cy3-labeled, mouse mAb
clone SB61b-CY3 from Novus Biologicals, dissolvedhe hybridization buffer at a concentration
of 0.04 mg/ml. After extensive washing with PBS avater, the slides were dried and scanned for
fluorescence evaluation. Scanning for fluoresceneduation was performed by a ProScanArray
scanner from Perkin Elmer (Boston, MA); silicon d&i was analyzed using 90%, of

photomultiplier (PMT) gain and laser power.

ApoE protein preparation

5 ug of ApoE protein have been dissolved in 1 n?B6 + 0.5 mM DTT + 0.1% BSA, in static

conditions for 20 min. Successive dilutions haverbdone in hybridization buffer (T+BICI,
0.1 M, pH 8; 0.1 M NacCl; 1% w/v BSA; 0.02% w/v Tweg0) + 1% BSA.

ApoE protein functional test

A 0.5 mg/ml solution of mAb-capture to ApoE (E27@ps printed on Copoly (DMA-NAS-
MAPS) coated slides to form a 9X10 array usingez@electric spotter (SCIFLEXARRAYER S5;
Scienion). After spotting, all residual reactivegps of the coating polymer were blocked by
dipping the printed slides in 50 mM ethanolaminkM. Tris pH 9.0 at 50 °C for 15 min. After

discarding the blocking solution, the slides wensed two times with water.
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The slides were incubated for 2 h with ApoE protaithe hybridization buffer in dynamic

conditions at the following concentrations:

chipl ApoE 0 ng/mL
- chip2 ApoE 1 ng/mL
- chip3 ApoE 5 ng/mL
- chip4 ApoE 10 ng/mL

- chip5 ApoE 100 ng/mL

Washed with TrisHCI (0.05 M, pH 9), 0.25 M NaCl, and 0.05% Tween aAd rinsed with water

before a 1-h static incubation with mAb-biotin &8 diluited 1:500 in hybridization buffer + 1%
BSA to a final concentration of 1 ug/mL.

Final 1h incubation with Streptavidin—Cy3 dilute®Q@0 in PBS.

After extensive washing with PBS and water, thdesliwere dried and scanned for fluorescence
evaluation. Scanning for fluorescence evaluatios paformed by a ProScanArray scanner from
Perkin Elmer (Boston, MA); silicon oxide was anagiz using 80% and 90%, of photomultiplier
(PMT) gain and laser power.
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Chapter 7

Copoly (DMA-NAS-MAPS) coating of gold for bio-sensig
analysis

The great development of microarray analysis tepmihat has taken place in the last ten years for
the study of proteomics and genonidsvolves the chemical functionalization of diffeten
substrates (glass, silicon, gold) for an effectime selective immobilization of bio-macromolecules
like DNA, oligonucleotides and proteins.

In particular, there is strong interest in devehgpmethods of functionalization of gold surface, as
this metal is widely used in optical biosensorsebasn the phenomenon of surface plasmon

resonance (SPR).

In the final part of this PhD thesis, we have madia gold surface with a polymeric thin coating
based on Copoly(DMA-NAS-MAPS). The polymeric coagtiof gold has been studied by means of
atomic force microscopy (AFM) and X-Ray Photoenaasbpectroscopy (XPS).

Finally, to prove the effectiveness of the polynrerimmobilizing biomolecules, two different
experiments have been carried out: a DNA hybrithna¢xperiment with chemiluminescence and a
Surface Plasmon Resonance (SPR) experiment obfdsbgrowth factor (FGF2)-heparin binding.

7.1 Principles and applications of Surface PlasmoResonance (SPR)

The underlying physical principles of SPR are carpl Fortunately, an adequate working
knowledge of the technique does not require a léetaheoretical understanding. SPR-based
instruments use an optical method to measure fr&ctiwe index near (within ~300 nm) a sensor

surface that forms the floor of a small flow c&lD{60 nL in volume), through which an aqueous

solution (henceforth called the running buffer) gEsunder continuous flow (1-1@ﬂl.min-l). In
order to detect an interaction, one molecule ljttend) is immobilized onto the sensor surface. Its
binding partner (the analyte) is injected in aquesalution (sample buffer) through the flow cell,
also under continuous flow. As the analyte bindsh ligand the accumulation of protein on the
surface results in an increase in the refractidgexn This change in refractive index is measured in

real time, and the result plotted as responsesam@nce units (RUS) versus time (a sensor-gram).
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Importantly, a response (background response)algth be generated if there is a difference in the
refractive indices of the running and sample bsffdihis background response must be subtracted
from the sensor-gram to obtain the actual bindegponse. The background response is recorded
by injecting the analyte through a control or refare flow cell, which has no ligand or an

irrelevant ligand immobilized to the sensor surfad@ne RU represents the binding of

2
approximately 1 pg protein/mm. In practice, >50npgy of analyte binding is needed. Because it is
very difficult to immobilise a sufficiently high deity of ligand onto a surface to achieve this leve
of analyte binding, sensor surfaces with a 100-8060thick carboxymethylated dextran matrix

attached can be adopted. In Figure 1 a schematiesentation of the SPR technique is shown.

e "'ff s
— R ATy A

Conjugated -
Ligand ”’i .

- = ."'I n
Crexeran

Meral Surface

Prism

Light Source

Figure 1. Schematic representation of the SPR technique

By effectively adding a third dimension to the sied, much higher levels of ligand immobilisation
are possible. However, having very high levelsgdnd has two important drawbacks. Firstly, with
such a high ligand density the rate at which thd#ase binds the analyte may exceed the rate at
which the analyte can be delivered to the surfdoe latter is referred to as mass transport). ik th
situation, mass transport becomes the rate-limistggp. Consequently, the measured association

rate constant (k) is slower than the true k A second, related problem is that, following

dissociation of the analyte, it can rebind to theacupied ligand before diffusing out of the matrix
and being washed from the flow cell. Consequerithy measured dissociation rate constant

(apparent k) is slower than the true k. Although the dextran matrix may exaggerate thésetic

artifacts (mass transport limitations and re-bigglitney can affect all surface-binding techniques.
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In summary, SPR exploits the ability of a thin lagé gold on a high refractive index glass surface
to absorb laser light, producing electron wavesfgse plasmons) on the gold surface. This occurs
only at a specific angle and wavelength of incidegiit and is highly dependent on the surface of
the gold, such that binding of a target analyteatweceptor on the gold surface produces a
measurable signal.

7.2 Gold surface coating

The most common approach to gold functionalizatioth a biomolecule involves formation of
monolayers on the surface by spontaneous assendilicigemically reactive alkene thiols leading
to formation of so called self-assembled monolay&®M). * By placing a gold substrate into a
millimolar solution of an alkanethiol in ethanolvariety of chemically reactive groups can be
introduced by a reaction between gold and thiolss Teaction is well-known and widely adopted
due to the fact that it is straightforward and iieggicommercially available chemical reagents. In
addition, the binding between gold and thiol isyvstable owing to its covalent charactet.

However, the formation of a well-assembled monalaygn depend on the purity of the alkanethiol

being used. The presence of even low levels ofaroimants can result in a disordered, non-ideal
monolayer. Many typical impurities in thiol compalsare thiolated precursor molecules that have
been not separated during the purification pro€ess.

Tree-dimensional polymeric coating bearing funaiiordomains for the immobilization of
biological molecules are widely used in gold suefdunctionalization as they provide a surface that
immobilizes proteins in their native conformatiomilg resisting non-specific adsorption. For the
functionalization of gold surfaces hetero-bifuacal poly(ethylene glycol) having a thiol group
on one terminus and a reactive functional grouphenother for use as a flexible spacer have been
developed " As previously stated, the coating of choice in SBPased on dextran. A stable
dextran layer is obtained by covalent attachménh® polymer to a functional sublayer formed
on the surface by self assembling of a thiol bearmolecule. The characteristics of the dextran
coated surface are optimal and the quality of ¢oating has greatly contributed to the success of
SPR technology. However, the procedure for bindiegtran is cumbersome and it requires
multistep chemical reactions which may be diffidal control. Analtenative approach to dextran
surface modification could be constituted to polymeating of the gold surface, that is robust and
easy to perform even in laboratories that do neelestrong surface chemistry background.
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7.3 Gold surface coating with Copoly(DMA-NAS-MAPS)

In the final part of this Ph.D. thesis, we havdirea a gold surface with a polymeric thin coating
based on Copoly(DMA-NAS-MAPS). Gold coated chipsPIRS sensor chips from XanTec
bioanalyitcs) were treated for ten minutes withm @xygen Plasma Generator (Harrick Plasma
Cleaner), then immersed in a Copoly(DMA-NAS-MAPS8)usion, according to a well established
coating procedure. Copoly(DMA-NAS-MAPS) forms hantfilm on a gold surface, characterized
by the polymer backbone that interact with the azefby week, non covalent interactions such as
hydrogen bonds, Van der Waals or hydrophobic forcEhe pending silane hydrolysable
monomers (MAPS) may stabilize the film chemicalhgeracting with the gold surface whereas
remaining monomers (NAS) are able to react withnas present in the protein later chains
allowing the covalent binding of biomolecules te gurface.

The general appearance of the gold surface andneolynodified surface are presented in Figure 2
(panel a and b respectively). The roughness meaarsRMS) of the gold surface is about 0.36
nm on an area of 5 x Bm? , while the polymer coated surface presents a Rdlghness of 0.60

nm suggesting a uniform polymeric coating followihg gold morphology.

59nm

-13nm

58nm

-34nm

Figure 2. AFM image on a 5 x im? area of the free gold (panel a) and polymer cogtadel b)
surface. The roughness RMS is 0.5 and nm respécti
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In Figure 3a a representative nano-scratch imadbkeofayer and in Figure 3b some depth profiles
(taken along the white lines) are shown. In thatstied area (1xfim?) a roughness of 0.48 nm
RMS is recovered. The AFM phase contrast (not shavaiween the scratched area and the
overlayer reveals also that in the two zone a &hffe material with different stiffness is present,
demonstrating that the scratch has removed onlyptigmeric coating. By evaluating the depth
profiles, the layer thickness is about 2.5 + 0.3(Rgure 3), consistent with the thickness evaldiate

by scratch test taken on a Si€urface coated with the same polyrher.

Figure 3. Panel a: 4.5 x 4.5im? AFM image of the sample after scratch; the scexchrea is 1
um?. Panel b: depth profiles from the lines of paneTize estimated polymer thickness is 2.5 + 0.3
nm

In the XPS spectra, four elements are presenteld: fygom the substrate and carbon, oxygen,
nitrogen coming belonging to the polymer. In Tablehe intensity ratios normalized to the cross

section, transmission and escape depth betweerafd€£1s, N1s and Cl1s, Cls and Au 4f are

shown.
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Table 1: Relative intensities of N1s, Ols and C1s peakaitak@°, 60° collection angle.

N1s/Cls 0O 1s/Cls Cl1s/Au 4f

0° 0.17+0.02 0.17+0.021.47+0.01

60° 0.14+0.02 0.16+0.02 3.33+0.01

The surface was analysed at two collection anglesind 60° between the analyzer entrance and
the normal to the surface; in particular thelatt@nfiguration is more sensitive to the surfacehef t

sample due to the finite escape depth of the etngt®toelectrons.

The nitrogen and oxygen content, evaluated fromirnkensity of the characteristic peak are the
same: 17% of that of the carbon. At 60° for bt ¢lements the signal seems to slightly decrease
with respect to that from C1s (14% and 16% for kfid Ols respectively); although this decrease
is within the limit of the uncertainty of the measuthis trend is realistic, considering the presen

of adventitious carbon at the surface or the istdstructure of the polymer

From Cls and Au 4f ratio at 0° and 60°, it is polesito calculate the thickness of the polymer;
however, due to the uncertainty on the escapehdeptC 1s and Au 4f photoelectrons in a
polymeric matrix, the simple model of a continuauganic film on a bulky gold substrate seems to
underestimate the thickness of the polymer. Alstsmtering a partial wetting of the polymer on the
surface (although AFM analysis reveal that Copo@®NAS-MAPS) completely covers the
substrate) a value of 1+0.2 nm is obtained. A noom@plex model considering the structure of the
polymer and its influence on the attenuation ongheto-emitted electrons should be applied but
this detailed investigation on the coating thiclsnés beyond the scope of this paper.

In figure 6 the fit of the C 1s peak shows theatiéht contributions coming from the different
coordination of the C atoms in the polymer. Thenf is performed with a Voigt lineshape, whose
FWHM is consistent with that found in the C1s pé&sen in the same condition from adventitious

carbon arising from the exposure of other samplesgidual gasses, even in UHV conditichs.

Panel a (0° collection angle) and panel b (60°ectitbn angle) show common features; the main
peak is located at 285.6 eV and corresponds torgitieeis carbon (carbon in CNHjroups) and C-

C bonds. The position of this peak gives moreokerdnergy calibration of all the spectra of the
sample.
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Two other contributions are present in both theepah Figure 4. one at 286.7 eV is due to the

presence of CO, COH CNC=0 and the other at 288.dogives from C@and NC=0

—Cl1s 0°
—o—C-CCNH,
—— CO,NC=0

-- CO COH C-N-C=0
Carbonates

CPS (arb. units)

—Cls 60°
—0—C-CCNH,

—— CO,N-C=0

---- CO COH C-N-C=0

CPS (Arb. units)

T T T T T T
292 290 288 286 284 282 280
BE(eV)

Figure 4. XPS spectrum of Cls taken at 0° (panel a) and panhg| b) collection angle; the
deconvolution of the peaks reveals the presendbeotpecific group of the polymer: NC=0O and
CNC=0

This two last peaks are the fingerprint of the pwdy coating of the gold surface (in particular the
CNC=0 and NC=0 groups) and they account roughly 28% and 15% of the whole C1s peak,

consistently with the previous value found for (kg and N1s/C1s ratio.

At 0° collection angle another peak arising fromboais present, but this signal can be attribubed t

some contaminats present on the bare gold surface.

Spectra at 60° collection angle of N1s and O 1s,paesented in Figure 5. Also in this case the
peaks are decomposed by a sum of Voigt function BWHM 1.62 eV and 1.53 eV respectively.
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——Nis
—+—NC=0
——CNH,

CPS (arb. units)

Nome—e—o—s-

T T T T T T T
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—O01s

—o—COH CO, H,0
—— NC=0

---- physisorbed CO,

CPS (arb. units)

T T T T T
528 530 532 534 536 538
BE(eV)

Figure 5. XPS spectrum of N1s and Ols at 60° collectiongnrgbth the spectra show the feature

coming from -NC=0 groups

N1s presents two characteristic contributions: ritegn one at 400.7 eV, corresponding to N in

NC=0 compoundand the minor one at 399.1 eV corresponding to £RH

This second contribution is only 5% of the entieal and probably do not arise from the polymer
but from contamination of the sample exposed tpiithe C1s peak this small feature contributes

to the peak at 285.6 eV.

Regarding oxygen, three features give rise to the @ak: the main one at 531.7 eV is due to the
NC=0 compound, while the one at 533.3 eV is dukl#0, COH and C@" The minor at 534.9
eVmight be due to physisorbed €0

All above features are consistent with those fodoad N1s and Cls peaks, but due to the
superimposition of different species at the samergnin all the spectra, it is quite difficult to

guantify the weight of a specific group.
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However, both the AFM scratch test and the XPSysmakeveal that a polymer 2.5 nm thick is
immobilized on the surface. In particular XPS rdsdhe presence of the specific N-C=0 groups
present in the Copoly(DMA-NAS-MAPS) and of the geidder-layer, suggesting that the coating
procedure preserve both the substrate and the polgoating.

7.4 DNA Hybridization experiments

A hybridization test was carried out to prove tha functional polymer bind amino modified
oligonucleotides with great efficiency and low bgakund noise. A simple DNA hybridization
experiment was performed to prove that the codtamyintroduced chemical reactive groups on the

gold surface. A scheme of a typical array experineshown in Figure 6.

Au Preteatment by Oxygen plasma

Coating by copoly(DMA-NAS-MAPS)

@mﬁm‘mﬁ Spotting of NH,-oligonucleotides

% (S § % Capture of biotinilated

oligonucleotide

C] t} Production of chemiluminescence
cg by the use of streptavidin labelled

with HRP

&
O
$ % S %

Figure 6. Scheme of a typical array experiment on gold serfac

Replicates of an oligonucleotide ligand are spottedhe polymer coated gold using a piezoelectric
spotter. After washing and blocking the surfaceeanted sites, the array is probed with a sample
containing a complementary target oligonucleotidbelled with biotin. A detection step with

streptavidin labelled with horse radish peroxid@d&®P) is then performed. The hybridization
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reaction was revealed by chemiluminescence usingnagme, HRP, that catalyses the conversion
of the enhanced chemiluminescent substrate inemsitized reagent in the vicinity of the molecule
of interest, which on further oxidation by hydrogegroxide, produces a triplet (excited) carbonyl,
which emits light when it decays to the singletboeryl. Enhanced chemiluminescence allows
detection of minute quantities of a biomolecule.eThtrong signal to noise ratio of the

oligonucleotide spots proves that the surface bowdlently amino-modified DNA molecules .

In Figure 7 the chemiluminescent HRP array expeantmseshown.

Figure 7. Chemiluminescence signals of oligonucleotide spafter hybridization with
complementary oligonucleotide labelled with biofiollowed by incubation with streptavidin

labelled with Horse Radish Peroxidas

Chemiluminescence was chosen to prevent fluorescepenching that would have occurred
labelling the DNA with a fluorophor¥.

In this approach, luminol ,one of the most widebed chemiluminescent reagents, is oxidized by
peroxide and it results in creation of an excitedesproduct called 3-aminophthalate. This product
decays to a lower energy state by releasing phovbrigyht. The distance from the surface is

enough to prevent quenching.
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7.5 SPR determination of Copoly(DMA-NAS-MAPS) funtionalized gold

sensorchip

Streptavidin was immobilized to a Copoly(DMA-NAS-NB&)-functionalized gold sensorchip and
used to capture biotinylated heparin. Then, heparmobilized to the gold surface was evaluated
for its capacity to bind FGF2, one of the most img@ot angiogenic growth factors largely studied

for its heparin-binding capacity:*
In Figure 8 a schematic representation of the ptegeexperiment of the binding of FGF2on gold

surface is shown.

Pretreatment of gold surface by plasma oxvgen
Coatingby copoly DM A-NAS-MAPS)

Itm obilization of streptavidin

Capture of biotinilated heparin

wrryvwa
l

=PR analysis

Binding of FGF2

Figure 8. Scheme of the binding of FGF2 on gold surface
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In parallel experiments, FGF2 binding assays wemopmed onto streptavidin and biotinylated-
heparin immobilized to commercially available catpmethyl dextran-functionalized gold layEr
and the results obtained onto the two differentigalrfaces compared. Injection of 100 ng/ml of
heparin onto a Copoly(DMA-MASP-NAS)/streptavidimtfttionalized sensorchip allows the
immobilization of 233 resonance units (RU) equallfal fmol/mnf of heparin. In the same
experimental conditions, the injection of hepanmaostreptavidin immobilized to a carboxymethyl
dextran-functionalized sensorchip leads to the imfization of comparable amounts of the

glycosaminoglycan (5.8-9.5 fmol/nfijn*®*’

We then studied the capacity of Copoly(DMA-NAS-MAPStreptavidin-immobilized heparin to
bind FGF2, a classical heparin-binding protein. shewn in Figure 9, when immobilized to a
surfacevia Copoly(DMA-MAPS-NAS)/streptavidin, heparin retaiits capacity to bind FGF2 in a
specific way, as demonstrated by the absence efraiction with immobilized streptavidin.
Increasing concentrations of FGF2 were injected dhre heparin surface to evaluate the kinetic
parameters of FGF2/heparin interaction. The bindlath demonstrate that the interaction occurs

with dissociation constanK() equal to 18 Nm(Figure 2b).
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Figure 9. SPR analysis of FGF2/heparin interactidijSensor-grams showing the binding of FGF2
(300 nM) to a functionalized gold layer coated wétieptavidin alone (hatched line) or with
streptavidin and biotinylated-heparin (straighte)in B) Blank-subtractedsensor-gram overlay
showing the binding of increasing concentrations@f2 (300, 150, 75, 36, 18 e 9 nM from top to
bottom) to a Copoly(DMA-NAS-MAPS) functionalized Igolayer coated with streptavidin and

biotinylated-heparin. In both the panels the respdim RU) was recorded as a function of time.

This value together with the dissociatidgs| and associatiork§,) rate constant listed in Table 2 is
close to those obtained from SPR assays perfornigdfige FGF2 and heparin immobilized to

commercially available carboxymethyl dextran-fuantilized sensorchips.

Table 2. Comparison between K ko and k, values obtained from Copoly- based and

carboxymethyl dextran-based experiments.

kot (S kon(S'M?)  Kg (nM)

Copoly(DMA-MAPS-NAS) 1.5410° 8.2210" 18

Carboxymethyl dextran 3®* 9.01C° 42.5
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Material and Methods

Chemicals

TRIS, ethanolamine, SSC, ammonium sulfate, SDS,, RE&limethylacrylamide (DMA) and [3-
(methacryloyl-oxy)propyljtrimethoxysilane (MAPS) veepurchased from Sigma (St. Louis, MO).
N,Nacryloyloxysuccinimide (NAS) was from Polyscienc@&arrington, PA). Oligonucleotides
were synthesized by MWG-Biotech AG (Ebevsberg, Geryh Streptavidin labelled by HRP
(Horse Radish Peroxidase) from Jackson Immunorelsebieparin (13.6kDa) was obtained from
LaboratoriDerivatiOrganici Spa (Milan, Italy). Sufégnal ELISA Femto maximum Sensitivity kit
from ThermoScientific. Human recombinant fibroblgsbwth factor 2 (FGF2) was expressed in

Escherichia coli and purified as described by Isacchi et®l.

Gold surface preparation

Silicon wafers has been coated with 3 nm Cr (tori@ gold adhesion) and 50 nm Au, by means
of electron beam deposition. Copoly(DMA-NAS-MAPSpasvsynthesized and characterized as
described in Chapter 5. The gold surface was tlefite ten minutes within an Oxygen Plasma
Generator (Harrick Plasma Cleaner), then immersed3® min in a copoly(DMA-NAS-MAPS)

solution (1% wi/v in a water solution of ammoniunifate at a 20% saturation level). The slides

were then washed extensively with water and driegkuvacuum at 80 °C for 15 minutes.

AFM measurements

AFM measurements were performed with a VEECO InncABM. The morphological
characterization was carried out in tapping modé wil2 samples/line, 0.8 Hz of frequency, 4-10
um scan range. The thickness of the polymeric |layas evaluated by AFM-tip scratch test . This
technique consists in scratching the coating with AFM tip while the normal force applied was
set to a value high enough to penetrate the layelolv enough to avoid significant tip or substrate
damaging. The scratch was made in Lift Mode (dtaight 0.3um, lift height 0.3um) with 30 scan
cycles, 256 samples/line, 62.75 Hznl scan range. After scratching, the area was imaged
tapping mode with the same tip used for scratchiimjs was necessary in order to not “loose” the

observed area after tip replacement.
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XPS experiments

XPS experiments have been performed in a multiceambtrahigh-vacuum (UHV) system

described in detail in reference 8.

In XPS measurements, photoelectrons were excitedlya (hv= 1486.67 eV) or MgKa (hv
=1253.6 eV) radiation, and analyzed by a 150 mmis$gmerical analyzer (SPECS Phoibos 150).
The angular acceptance set for this work was ab®ytand thespatial resolution was 1.4 mm. Two
modes of operation have been employed: 1) pasgeréis0 eV and Al K line (total resolution

of 1.643 eV) to evaluate the stoichiometry of tioéymer; 2) pass energy of 10 eV and Mg kne

(total resolution of 0.841 eV) in order to studg fneshape of the characteristic peaks.

Functional test

A 23-mer, 5-amine-modified oligonucleotide syntizesl by MWG-Biotech AG (Ebevsberg,
Germany), 10QuM stock solution, 5’-NH2-(CH2)6-GCC CAC CTA TAA GGARAA AGT GA
was dissolved in 150 mM sodium phosphate bufferpldt 8.5. A 10 uM solution of this
oligonucleotide was printed on coated slides tonfer 15 X 15 array using a piezoelectric spotter
(SCIFLEXARRAYER S5; Scienion). Spotting was done 2t °C in an atmosphere of 50%
humidity. The oligonucleotides were coupled to thafaces by incubating overnight in an
uncovered storage box, laid in a sealed chamb&rasad with sodium chloride (40 g/100 mL
H20), at room temperature. After incubation, aBideal reactive groups of the coating polymer
were blocked by dipping the printed slides in 50 retlanolamine/0.1 M Tris pH 9.0 at 50 °C for
15 min. After discarding the blocking solution, thkedes were rinsed two times with water and
shaken for 15 min in 4X SSC/0.1% SDS buffer, premaed at 50 °C, and briefly rinsed with water.
An oligonucleotide, complementary to the one sgbtia the surface, at a 1M concentration
(2.5 uL/cm2 of coverslip) was dissolved in the hybridiaat buffer (2X SSC, 0.1% SDS and
0.2mg/mL BSA) and immediately applied to microagayhe complementary oligonucleotide has
the sequence 5-TCA CTT TTA CCT TAT AGG TGG GC-3chis labeled with biotin in 5’
position. The surfaces, placed in a hybridizatidrarober, were transferred to a humidified
incubator at a temperature of 65 °C for 2 h. Afigbridization, the slides were first washed with
4X SSC at room temperature to remove the covemstig then with 2X SSC/0.1% SDS at

hybridization temperature for 5 min. This operatigas repeated two times and was followed by
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two washing steps with 0.2X SSC and 0.1X SSC fanith at room temperature. Streptavidin

labelled by HRP (Horse Radish Peroxidase) from skatkmmunoresearch at the concentration of 1
ug/mL in PBS buffer was applied to the gold surfamre60 minutes. After a short rinse in PBS and
water slides were dried and chemiluminenscence dea®loped using the SuperSignal ELISA

Femto maximum Sensitivity kit from ThermoScientificcording to the manufacturer instructions.

Chemiluminescence signal was registered at 0.2egposure time using a homemade set up
equipped with a Q Imaging CCD Camera.

Surface plasmon resonance (SPR) analysis

For the Surface Plasmon Resonance experiment adngékl sensorchip for SPR analysis
(XantechBioanalytics, Dusseldorf, Germany) was fiomalized with Copoly(DMA-NAS-MAPS)

as follows: the gold chip was treated with oxygeéasma in a Plasma Cleaner, Harrick Plasma
(Ithaca, NY, USA) to clean the surface. Immediat&fter the oxygen plasma treatment, the
sensorchip was dipped in an aqueous solution lg{[PBIA-NAS-MAPS) in ammonium sulphate
at 20% of saturation level for 30 minutes, themwdts rinsed with DI water, dried with nitrogen
flow and cured under vacuum at 80°C for 15 minuide functionalized sensorchip was positioned
in a BlAcore X instrument (GE-Healthcare, Milwauk&¥l) and the surface was conditioned with
3 consecutive 1-minute injections of 1 M NaCl in ®MNaOH before heparin immobilization.
Biotinylated heparin [100 ng/ml in 10 mM HEPES laufpH 7.4 containing 150 mMNacCl, 3 mM
EDTA, 0.005% surfactant P20 (HBS-EP)] was injeatatb the sensorchip for 4 minutes at a flow
rate of 5uL/min. Increasing concentrations of FGF2 in HBS\k€Ye injected over the heparin for
4 min at a flow rate of 3Q/min (to allow their association with immobilizdteparin) and then
washed until dissociation was observed. A sensprcbated with streptavidin alone was used to
evaluate the non-specific binding and for blanktsadtion. After every run, the sensorchip was
regenerated by injection of 2 M NaCl. Kinetic paeders were calculated by using the non linear
fitting software package BlAevaluation using a $ngite model. In parallel experiments,
streptavidin and biotinylated heparin were immaedl to a carboxymethyl dextran-functionalized
F1 SPR sensorchip (GE-Healthcare, Milwaukee, Whragnally described in ref. [23] and used as

a standard.
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Conclusions

In the last part of the Ph.D. project, a new meéthor functionalizing a gold surface with
Copoly(DMA-NAS-MAPS) is described. The polymerdsposited by dip coating after an oxygen
plasma treatment; this simple procedure is followgd washing in water and a AFM scratch test
reveals the presence of a polymer completely cgatie surface with a thickness of 2.5 nm. The
XPS spectra from Cls N1s and O1l1s levels presenttyghieal fingerprints of the polymeric
overlayer, i.e. the features arising from CNC=0 &€=0O groups. Therefore with these surface
sensitive techniques we have demonstrated thatctating procedure is effective in the
immobilization of Copoly(DMA-NAS-MAPS) on gold. mmobilization of heparin to
Copoly(DMA-NAS-MAPS) functionalized gold slides as SPR binding assays whose kinetic
results are comparable to those obtained with cawialy available carboxymethyl dextran-
functionalized sensorchips. These results enlighitenversatility of Copoly(DMA-NAS-MAPS) as

a polymeric coating for the preparation of differgmotein microarrays and expand the initial
successful binding of Copoly(DMA-NAS-MAPS) to giaand silicon surfaces through the MAPS
monomer as already demonstrated in the experinatiisGFAP and ApoE protein.The Copoly
(DMA-NAS-MAPS) layer is able to bind the capture antibody thaintlbinds the proteins. The
bound protein is revealed by the incubation witk tletection secondary fluorescent antibody
moreover it is important to notice that the LODabéed with Cy3 labeled streptavidin revelation
of ApoE protein is similar to that provided by Qpoving that the use of silicon/SiO2 substrates

allow a significant sensitivity increase using centronal dyes.
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