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1. Introduction

1.1 Biosensors

The IUPAC definition of a chemical sensor is ad&vice that transforms
chemical information, ranging from the concentratiof a specific sample
component to total composition analysis, into aalgrcally useful signal. The
chemical information may originate from a chemioadction of the analyte or
from a physical property of the system investigatddchemical sensor is an
essential component of an analyzer. In additioth&o sensor, the analyzer may
contain devices that perform the following procegsiChemical sensors contain
two basic functional units: a receptor part angdaadducer part. In the receptor
part of a sensor, the chemical information is ti@msed into a form of energy
that may be measured by the transducer. The traesgart is a device capable of
transforming the energy carrying the chemical infation about the sample into a
useful analytical signal®.

“A biosensor is a particular kind of chemical sanitat uses specific
biochemical reactions mediated by isolated enzynmamunosystems, tissues,
organelles or whole cells to detect chemical compsuusually by electrical,
thermal or optical signaf®.Nowadays the interest about biosensors is rapidly
increasing especially in the fields of health cémed and environmental quality.

A representative example is provided by the gludmssensor, which is
used by millions diabetic people all over the woilkbw people can make by
themselves a fast control of their glucose levergwhere and, depending on the
output of the sensor, they can inject the exactumhof insulin to bring the
glucose to an optimal leval.

For these reasons, economic investments aimedupposging the
biosensor research are increasing. The technolegint biosensors is wide and
multidisciplinary, ranging from biology, chemistrgngineering and electronics,

all these disciplines being necessary to createlbpsrforming biosensor?
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A biosensor is made by two essential componenggjiated: a bioreceptor
and a transducer. The first one is a biological engle that can specifically
interact and recognize the molecules present irsémeple analyte, for example
proteins, DNA, enzymes, but also a whole cell. Beeond componeris an
electrochemical or optical device that converts theognition event into a
measurable signéFigure 1).
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Figure 1. General biosensor scheme.

uidd

The outcome is both qualitative and quantitativeeabse while the
specificity of the signal is guaranteed by the &ieptor, the intensity is most
often related to the concentration of the analyi@om these considerations, we
infer the most important features that a good lrisseshould possess:

l. The bioreceptor must have a very high specifioityard the analyte, a
good stability under different experimental corwhs, and a good
reproducibility;

Il. The transducer must have good properties as edimezlectron transfer
mediator or an optical device, and it should bélstand easily modified
or functionalized;

lll.  To allow for a fast and easy utilization, the preatment phase should be
minimal. It also is important to keep at minimumetmumber of
parameters that could influence the performandhemeasurement;

IV.  The output should be accurate, easily understaadedproducible, free of
background noise, and in the range of interest;

V. It should be cheap and user friendly.
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Based on the position of the transducer, theretlanige main types of
biosensors; the products of the reactions diffuseéhe transducer causing an
electrical signal; the products of the reactions identified by a mediator that
interacts with the transducer to generate the kigthe reaction itself is
recognized by the transducerhe transducer can then be classified according to
the mechanism of analyte recognition. Electrochamioptical, and thermal
biosensors can be identified based on the typeigsfak used for gathering
information about the analyte.

Electrochemical biosensors can be classified acugprtb the specific
electrochemical method employed. A potentiometimsénsor is based on the
measurement of variations of the electrode poteniith respect to a reference
electrode, or the potential difference between teferences electrodes separated
by a permeoselective membrahén amperometric biosensor measures the
current generated by an applied potential betweeretectrodes.

Optical biosensors are based on surface plasmonasse, and they have
recently received considerable attention owing heirt high accuracy and
reliability. They measure the different ways by @fhimaterials or molecule may
interact with the light (absorbance of the ligiht treflected light, the light output
by a luminescent reaction, etc.). One of the meogiufar materials used in this
field is gold nanoparticles of suitable size.

Thermal (calorimetric) biosensors measure the mhffee of temperature
before and after the reaction. In fact, the majoof the enzymes catalyze
exothermic reactions and thus the heat generateieameasurel.

1.1.1 Electrochemical Immunosensors

Sensitive quantitative detection of protein bionsgiskis critical to many
areas of biomedical research and diagnostics, regsteology, and proteomics.
Biomarker levels in serum can detect and monitseases such as cancer. In this
context, sensors need to be simple operationafigalale of rapid multiplexed
detection, inexpensive, and must display suffitfengjood sensitivity and
detection limits to address the levels of the bidmes in both normal and cancer

patient serund.
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Conventional ways of measuring proteins include yerezlinked
immunosorbent assays (ELISA), radioimmunoassay )RIlAlectrophoretic
immunoassay, and mass spectroscopy-based protechhiese techniques often
involve sophisticated instrumentation, significaeample volumes, limited
sensitivity and clinically unrealistic expense attie. ELISA-like approaches
have been successfully adapted to immunoarrayemgstThese ultrasensitive
multilayer arrays, relying on optical or electricdétection, have considerable
promise for achieving point-of-care measurenient.

Immunosensors are biosensors based on the antgeody interaction,
which is responsible for eventually generating #wotual signal. This type of
biosensors has, in principle, high specificity dod limit of detection thanks to
the extreme affinity that antibodies have for thaitigen. Whereas antibodies are
proteins produced by the immune system, antigensbeaa variety of different
molecules, from protein to DNA, lipids, eff.n the following, we provide a brief
description of the structure of antibodies to apate better how they work and
can be used in biosensors.

Antibodies are heavy globular plasma proteins (kB@). They are also
called glycoproteins because they are composedigpgrchains and amino acid
residues (Figure 2). The basic functional unit dcle antibody is an

immunoglobulin monomer, but it can be also dimestrameric or pentamerit-
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Figure 2. Antibody’s structure cell.
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The monomer has a “Y” form, which is made of 4 akaitwo identical
light and two identical heavy chains. These chaires connected by disulfide
bonds. Both chains are also divided in two regi@me constant and one variable.
The variable regions of both the heavy and of itjet Ichains interact to form the
antigen binding site, and thus each monomer has dites with the same
specificity to recognize and link the antigen. T¢@nstant region of the heavy
chains determines the function of the antibbty.

Immunosensors are most often optical or electacal therefore antigens
and antibodies themselves are not sufficient toegge a sizeable detection
signal. For this reason, to permit the transferthed signal it is necessary to
conjugate a label molecule or a material to thet fantibody; gold nanoparticles
are often used for their particular properties. Themical groups of the antibody
used for conjugations are mainly amine (J\Hhiol (-SH), or hydroxyl (-OH)
groupst**3

Of patrticular relevance to the work carried out ingrthis Laurea
Magistrale thesis, which based on electrochemicadmnsors, is the presence of a
redox enzyme. To increase the electric signalcars#ary antibody (Ad) is often
added. Its function is to bind both to the analgtetein/s and to the redox
enzyme, such as horseradish peroxidase (HRP).rguahd co-workers found
that, there are 14-16 HRP units per secondary aohiibOn the other hand, the
same authors found that sensitivity is greatly dinegl by using magnetic beads
bioconjugated with HRP labels, the number of ackNRP per nanopatrticle being
estimated to be 7500.

1.1.2 Microfluidic Electrochemical Device for High

Sensitivity Biosensing

Another aspect relevant to my Thesis concerns thigdec devices. The
latter have the ability to analyze very small qiteeg of sample, to limit the
reagent use, and to carry out analyses at highuteso and sensitivity, low cost,
and in short time. Microfluidic devices have apations in biology, chemistry

and medicine, including measurement of diffusioafttaent, fluid viscosity, and
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binding constant, as well as DNA analysis, cellessapon, cell pattering, capillary
electrophoresis and immunoassays. Implementingebgiss in microfluidic

format provides a potentially more efficient apmioao control and automate
sample introduction and steps such as washingeagkent addition. By coupling
with microfluidics, immunoassay procedures couldeptally be made fast
enough for point-of-care without sacrificing seivsiy. *

Microfluidics devices are commonly fabricated inagg, silicon, or
polymers, with  polymers finding considerable recenattention.
Poly(dimethylsiloxane) (PDMS) is used extensivelp ftabricate these
microfluidic devices using photolithography or mosmply by polymer
deposition onto molds. The work carried out in tResling group at the
University of Connecticut, and relevant to this 3iseresearch, relies on an
electrochemical sensor constructed by integratipgction-molded electrodes into
a polystyrene micro-flow chann¥l.A simple microfluidic device was used for
electrochemical biosensing, fabricated by mold démm and validated by
sensitive detection of hydrogen peroxide. The devieatures a single
microfluidic channel made from PDMS coupled to »eél volume injector, and
incorporates a biocatalytic sensing electrode fereace electrode and a counter-
electrode. PDMS was chosen because it is easilydabtd, soft and readily
integrated with outside components, and effectivetqezols exist to inhibit
biomolecular contamination. Whereas the detectionitd of biomarkers in a
microfluidic biosensor are usually better than thasbtained with a simple
rotating-disk electrode in a conventional electerulcal cell, the sensitivity is
comparable between the two systems. The improveofatdtection limit may be
related to a better control of mass transport ertficrofluidic system compared

to the rotating-disc electrode system, leadingetibelp signal-to-nois&'
1.1.3 Nanog Protein as Biomarker of Cancer

A few words about the specific biomarker proteiedigh my Thesis work
are necessary. The stem-cell-abundant protein Nasogighly expressed in
undifferentiated embryonic stem (ES) cells and latgs stem-cell differentiation.

Nanog is a unique homeobox transcription factor hasl a homeodomain with
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homology to members of the natural killer gene fgmindeed it has a similar
critical role in regulating the cell fate of theuppotent ICM (inner cell mass)
during embryonic development, maintaining the plotency epiblast and
preventing differentiation’

This protein may play a role in carcinogenesis ofbeonic cancer,
gliomas, liver cancer, gastric cancer, and othecees. The role of Nanog in the
transformation of cervical epithelial cells carama, and the occurrence and
development of cervical carcinoma have not beerestigated in detail. The
expression of Nanog in cervical epithelia lesiorisvarying severity and in
cervical carcinoma by immunohistochemical analysige been addressEdThe
specimens were obtained from 253 patients: of td&dad a normal cervical
epithelia, 31 had mild dysplasia (CIN 1), 77 haddexate-severe-dysplasia (CIN
[I-1ll) and 78 had squamous cervical carcinomas GrCrhey found that the
expression levels of Nanog were higher in sampdenfiSCC patients than in
samples from patients with normal cervical epithednd CIN; they were also
higher in samples from patients with CIN than frémose with normal cervical
epithelia. Nanog expression levels showed alsoifgignt differences according
to different tumor sizes (Figure %).

Nanog
Total 0 () 1(+) 2 (++) 3 (++4) P
N=235 N=26 N=85 N=76 N=48
Normal | 49 17 22 8 2 0.000
CIN | 31 2 18 9 2 0.009
CIN lI-lll | 77 4 25 35 13 0.015
scc 78 3 20 24 31 0.017

Figure 3. Expression of Nanog in cervical epithelial lesiafivarying severity:
- 0(-) = < 5% positive cells;
- 1(+) = 5-25% positive cells;
- 2(++) = 26-75% positive cells;

- 3(+++) = more than 76% positive cells.
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Figure 4. Nanog expression and localization in (A) normalvieal epithelial
cells; (B) CIN I cells; (C) CIN II-llI cells; (D) 8C cells. The distinct brown color
indicative of Nanog was detected in the cytoplasthepositive cells.

1.2 Self-Assembled Monolayers (SAMSs) as

Platforms for Biosensors

The building of biochemical sensors and, partidylaelectrochemical
biosensors based on the deposition of functiordliagers on solid substrates is
gaining increasing importan¢&Making surfaces that can be used for biosensing
involves surface modifications aimed at specificathanging the way they
interact with the environment, usually a soluti@mwsensors are devised to bind
the analyte and transduce the binding event t@eable output signal, whether
optical or electrochemical, that can be used fangjfication. The nature of the
surface is of paramount importance to determingodréormance of the device or
sensor. In electrochemical biosensors, where deteist associated with the onset
of a reduction or an oxidation current, the secamgbortant ingredient for
devising a well-performing system is the efficienoly electron transfer (ET).
Understanding and controlling electron conductibrouigh the monolayer (or
multilayer) interposed between the underlying caicg substrate and solution
species diffusing in proximity of the outer mondaayinterphase is indeed

essential for transducing the biomolecule recognitinto a significantly large
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electrochemical current. In recent years, severalgs have been studying ET
reactions through metal electrode — organic mormolaystems, particularly those
based on self-assembled monolayers (SAMs) obtdigespontaneous adsorption
of thiolated molecules or disulfides onto gold dthes®’ Main factors
affecting the ET rate through SAMs are the monaldlyekness, the structure and
orbitals of the adsorbed thiols, the presence afci@r pH-sensitive terminal

groups on the solution side, and further factolated to the solution.

1.2.1 Electron Transfer through SAMs

Understanding the mechanisms of ET reactions uimddmental challenge
in a variety of areas of chemistry and biochemi¥t} Considerable
achievements in this direction have been gatheyestuzlying long-range electron
or hole transfers in proteiff8 and DNA?*® Long-range ET reactions are
intrinsically nonadiabatic and may proceed by ddfé mechanisms. One
important path for long-range ET is provided by Huperexchange mechanism,
where the electron tunneling is mediated by thddariseparating the donor and
the acceptor but without transient occupation @f bhidge electronic staté%?2
The ET rate constant depends on the electroniclioguipetween the reactant and
product states at the transition state and is ptiop@l to exptfdpa), wheredpa
is the donor-acceptor distance ghi the exponential factor describing the falloff
rate through the specific bridge. Alternativelyg thridge may provide localized or
partially delocalized electronic states where etetd may hop by an incoherent
mechanisnf'**Because electron injection into the first bridget im the slow
step, the ET rate is mildly dependent on the irszeaf bridge units. Sequential
electron hopping may become more efficient thareseyrhange when the bridge
iIs made sufficiently long. Such a competitive-reacttscheme has received a
general consensus for charge transfer across DiAds?*®?33but it has not been
clearly assessed whether this scheme can be egtaod@roteins and thus
peptides’ unless suitable amino-acid side-chain groups aesept along the
peptide chaif®

Long-range ETs have been extensively studied, ufiegly diffusing

donor — molecular bridge — acceptor systems (withee outer-spheré® or
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dissociative-type acceptdfy electrode — molecular bridge — electrode
junctions®” and electrode — SAM — redox moiety, where theetafe.g., a
ferrocenyl group or a redox protein) is covalerdtyelectrostatically bounded to
the solution side of the SAM’s adsorbatEfst"*17¢283rhe distance dependence
of the ET rate and thus the obsenf&dactor depend on the actual molecule
forming the monolayer and thus the nature of thedsoof the bridge separating
donor and acceptor. With alkanethiol ferrocene-teated SAMs, where only
saturated C-C bonds are present, the dependeagpasential, in agreement with
the superexchange mechani€h®n the other hand, different outcomes have been
reported for peptide SAMs decorated by ferrocendeties. Whereas some
peptide SAMs display a simple exponential depeneletftough with3 values
remarkably smaller than for hydrocarbon chains,rethare reports of the
observation of very mild distance dependences efff rate § < 0.1 AY) that
were interpreted as due to a hopping ET mechanisio the dynamics of the of
a- or B-amino acid peptide chafii:%*33

The number of ET studies based on the determinafi&T rate constants
between SAM-modified electrodes and freely diffgssolution species is more
limited®®3***°and, in fact, no study has been yet reported &ptige SAMs.
Indeed, the use of soluble redox probes is oftepl@yed to test how tight and
blocking is a given SAM. Generally, the use of $iolu redox probes is affected
by problems in assessing and controlling the qualiid packing of the SAMs
(see below), which implies a possible penetratibthe redox species through the
SAM defects and thus an apparent increase of theakel The effect of having
charges on the SAM periphery or different pH valaed electrolytes is solution
has been addressed. Electrostatic repulsion betalegmgyed head groups in the
outer monolayer periphery and charged probes inflee the ET rate quite
significantly. For example, alkanethiols with pogt terminal functionalized
groups and self-assembled on gold can block ET deriwthe substrate and a
positively charged electroactive species dissoliredhe electrolyte solutioff
Most studies, however, have been carried out witbtharged monolayers and
constant solvent/electrolyte conditions, and thmaply no coulombic corrections

in the definition of the ET rate constant.
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Beside intrinsic factors directly related to theewfical nature of the
molecules forming the SAM, there are important @ssaoncerning the dynamics
of the SAM? and the quality of the latter. Indeed, althoughkimg SAMs
involves relatively simple chemistry, the resultimpdified surfaces are affected
by heterogeneity in coverage and this may affegnali transduction in
electrochemical sensors. For example, by using uardscence-microscopy
electrochemical method, Bizzotto and co-workerslistl the potential-dependent
desorption of alkanethiolate and DNA SAMs on galdaces, and concluded that
heterogeneity in surface coverage may be strorger expected Indeed, the
main reason why long-range ET through SAMs has Iségsied mostly by using
redox groups linked to the end of the monolayedmtge is that this strategy
helps minimizing the problem of defects, as thesgnee of the latter should not
affect (at least for sufficiently well-packed SAM#)e main electron tunneling
pathway, i.e., through bonds. On the other hamghstituction in sensors involves
detection of redox species dissolved in solutiod #rus a preliminary screening
of the ET mediating property of a given SAM needs bie based on the
observation of the electrochemical behavior ofeelfy diffusing redox probe. ET
occurs by electron tunneling through the SAM babahrough pinholes and other
defects. The observed ET rate constant is thus ranethe result of a
combination of contributions and discerning betwettrem is a difficult

task?>4,43,44

1.2.2 Self-Assembled Monolayer

SAM form from spontaneous adsorption of a molecuérer onto a
substrate. Bare surfaces of metals and metal oxetesd to accidentally adsorb
organic materials readily because these adsorlbates the free energy of the
interface between the metal or metal oxide ancetheronment. These adsorbates
also alter interfacial properties and can haveaifstant influence on the stability
of nanostructures of metals and metal oxides. Tigarmc material can act as a
physical or electrostatic barrier against aggregatdecreasing the reactivity of
the surface atoms, or act as an electrically insgdilm. Surfaces coated with

these materials, however, are not well definedaasal present specific chemical
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functionalites and do not have reproducible phglsiqroperties (e.g.,
conductivity, wettability, or corrosion resistancelevertheless, SAMs provide a
convenient, flexible, and simple system with whitth tailor the interfacial
properties of metals, metal oxides, and semicomadsitt >

SAMs form by the adsorption of molecular constitisefftom solution or
gas phase onto the surface of solids. The adserloagmnize spontaneous into
crystalline or semicrystalline structur€sThe molecules (or ligands) that form
SAMs have a chemical functionality, or “head growpith a specific affinity for
a substrate. There are a number of head groupsitithto specific metals, metal
oxides, and semiconductors, but the most extenssteldied class of SAMs is
derived from the adsorption of alkanthiols on gditie high affinity of thiols for
the surfaces of noble and coinage metals makesssilple to generate well-
defined organic surfaces with useful and highlgralble chemical functionalities
displayed at the exposed interface. SAMs are tbherehanostructures with a
number of useful properties. The composition ofrti@ecular components of the
SAM determines the atomic composition of the SAMearing the surface. This
characteristic makes it possible to use organichegns to tailor organic and
organometallic structures at the surface with pmsatl control approaching ~0.1
nm. SAMs can be fabricated into patterns havingl@0-nm scale dimensions
parallel to the surface. SAMs are well-suited ftwmdges in nanoscience and
technology because of the following characteristics

1) They are easy to prepare, that is, they do emtire ultrahigh vacuum
(UHV) or other specialized equipment (e.g. LangnBlodgett (LB) troughs) in
their preparation.

2) They form on objects of all sizes and are a@lticomponents for
stabilizing and adding function to preformed, naetenscale objects (for
example, thin films, nanowires, colloids, and othanostructures, they are also
suitable for biomolecules immobilization).

3) They can couple the external environment to dleetronic (current-
voltage responses, electrochemistry) and opticaa(l refractive index, surface
plasmon frequency) properties of metallic struciure

4) They link molecular-level structures to macrgsco interfacial

phenomena, such as wetting, adhesion, and friction.
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5) Flexibility to design the head group of SAM wiarious functional
groups in order to accomplish hydrophobic or hydibp surface as per the
requirements.

6) Ability to unravel molecular level informatiotaut phenomena such as
protein adsorption, DNA hybridization, antigen-&oiy interaction etc. using

surface sensitive techniques such as scanning prafvescopies.

1.2.3 Types of Substrates and Characterizati@?dfls

The substrate is the surface on which a SAM forfiypes of substrates
range from planar surfaces (glass or silicon lalgoerting thin films of metal,
metal foils, single crystals) to highly curved natmactures (colloids,
nanocrystals, nanorods). Planar substrates ardywided for characterizing the
structure-property relationships of SAMs becausey tare easy to prepare and
compatible with a number of techniques for surfacalysis and physicochemical
characterization such as cyclic voltammetry, saagnprobe microscopies,
infrared reflectance absorption spectroscopy (IRRA&man spectroscopy, X-
ray photoelectron spectroscopy (XPS), near edgayXabsorption fine structure
spectroscopy, contact angle goniometry, opticapsdimetry, surface plasmon
resonance spectroscopy, and mass spectrometryr @tallic nanostructures,
such as nanoparticles, can also support SAMs, &edet systems can be
characterized by many other techniques.

The structures of SAMs and the mechanisms by wthielg assemble are
topics that have evolved considerably over the past decades, particularly
because there have been substantial advances madethods suitable for
characterizing them. The development of scannimmipgmicroscopies provided
powerful new capacities to study both the strudtorganization of SAMs and the
assembly process at a molecular level. These tggbsihave greatly extended the
initial structural understandings derived mainlpnfr spectroscopic techniques
(IRRAS, XPS, ellipsometry, etc.) and physical methdprincipally studies of
wetting). The extensive literature on SAMs has ldithed a common point of
view that SAMs naturally exhibit a high degree wtistural order after assembly

and, therefore, form well-defined phases of orggnaups organized in precisely
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understood lateral organizations on the underlgaogstrate. In fact, SAMs are
dynamic materials that include significant forms stfuctural complexities,
especially when immersed in fluids. As a rule, SARImbed intrinsic and
extrinsic defects because they adopt adsorbedtstescthat are directed by the

thermodynamics of a reasonably complex chemisargirocess.

| Surface impurities| ["-.l"acanc islands | Exposed
Defects at chain at

gold grain | |gold step
boundaries| |edges

Defects at gold Defects at SAM
step edges crystal edges

T

Figure 5. Schematic illustration of some of the intrinsic aextrinsic defects

found in SAMs formed on polycrystalline substrates.

The cartoon of Figure 5 shows how SAMs can be saltisily more
complex than the highly ordered arrangements tteacammonly assumed. The
causes of defects in SAMs are both intrinsic andiresic. Examples of external
factors include cleanliness of the substrate, ththods for preparing the substrate
and the purity of the solution of adsorbate. Ondtieer hand, these defects can be
eliminated by proper control of the experimentaladitions. Examples of intrinsic
factors are the many structural defects that thstsate has itself and the complex
phase behaviors due to the dynamic system of thdsSAhese defects can be
minimized but never completely eliminated.

The assembly process involves a thermodynamic ibguih between
adsorbates on the surface and their precursorsirirselution. Although these
SAMs may be kinetically stable in the absence diua of adsorbate, the high
coverage of the adsorbate present in the SAM idamn, thermodynamically
unstable. Only in a case where the rate of deswri rigorously zero would the
SAM be expected to exist for an indeterminate mkdotside the solution used to

prepare it.
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1.2.4 Nature of the Metal-SAM Interface

Most SAMs of practical interest are formed at re@&cinterfaces. The
adsorbate and the substrate are both transformsonte degree by the reactions
that lead to the formation of the SAM itself. Theemistry involved for the
chemisorption of thiols on gold is in principle tineost straightforward, but it
probably remains as the most enigmatic. Becausg doés not form a surface
oxide (as, for example, does silver), the formatdnSAMs from thiols is not
complicated by chemistry that might be requireddisplace or reduce surface
oxides. On the other hand the details regardingné#tere of the metal-sulfur bond
and the spatial arrangement of the sulfur grouptherunderlying gold lattice are
still controversial.

The formation of a thiolate requires the chemicaivation of the S-H
bond of the thiol (or the S-S bond of the disulfidi is established that the
adsorption of dimethyl disulfide on Au(111) occuiissociatively’’ The reaction
is reversible, and recombinative desorption ofdiselfide is an activated process
with a barrier of ca. 30 kcal/mol. This energy segjg that a fairly significant
degree of charge transfer to sulfur must occurhim thiolates® Of particular
interest was the estimation that the barrier fa¢ Himolecular recombinative
desorption of an alkanethiolate from a SAM on gwoldthe form of a dialkyl
disulfide is ~15 kcal/mal® This value is approximately a factor of 2 lessnthzat
deduced in the gas-phase studies. We note hergghththat the two energies are
not directly comparable given that one also costaontributions from the heats
of dissolution of the adsorbate as well as the beahmersion of the substrate in
the solvent. In this context, the range of reponallies appears to be one that
follows directly from the different forms of the mmurements used to assess the
strength of the Au-S bonding interaction. As thewtan measurements are most
easily interpreted, it is reasonable to conclua@e the Au-S bond that anchors the
SAM is, in fact, a reasonably strong one (a homolu-S bond strength on the
order of ca. -50 kcal/mol) based on the known Sefdlytic bond strength of a
typical dialkyl disulfide (~62 kcal/mof}°®

The fate of the hydrogen of the S-H groups sti hat been determined

unambiguously. It seems probable that adsorptianvacuum leads to loss of the
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hydrogen in the form of molecular hydrogen. Theusttbe elimination of H
from Au(11l) is a weakly activated process. In agse solution, another
possibility exists. If the thiol hydrogen is nostan the form of H, the presence
of oxygen in the reaction medium might also leadt¢coxidative conversion to
water. In either case, the Au-S bonding interactiothe thiolate is sufficient to
retain the chains at the surface in a durable dashnd preclude a recombinative
desorption of a disulfide product at room tempea®atu

The central bonding habit of the high-coverage radilaiol phases on
Au(111) is generally accepted to be based on'3x\3)R30° overlayer (R=
rotated)®*"® Figure 6 shows this structure schematically. TA®S formed byn-
alkanethiols are usually described as simple tteoladlayers (chemisorbed
structures formed by the activation of the S-H badthe gold surfacéf:®’
Within this model there has been considerable dson of the surface sites
involved in this bonding. Most studies of SAMs aridjhave employed substrates
presenting a strong (111) texture to support th@atayer. Other studies have
been directed at different crystallographic texsuralthough the structural

literature available in these cases is far morédidf>®®

a) } /* / by
I /\ H f b) p=0 |8 =90 '
/ e
4 3a \5 \ ,\

e
.

Figure 6. Schematic diagram depicting the arrangement of dettaolates on
Au(111) lattice when maximum coverage of the theslas attained. (a) The
arrangement shows a/8xV3)R30° structure where the sulfur atoms (dark gray
circles) are positioned in the 3-fold hollows oé thold lattice (white circles). The
light gray circles with the dashed lines indicate approximate projected surface
area occupied by each alkane chain; the dark wedigdisate the projection of
the CCC plane of the alkane chain onto the surfdte alkane chains tilt in the
direction of their next-nearest neighbors; (b) Gsesction of the SAM.
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1.2.5 Organization of the Organic Layer

The geometric arrangement of the sulfur moietiegshensurface and the
nearest-neighbor distances between the metal abthe surface are factors that
determine the upper limit on the density of molesubn the surface. This two-
dimensional density of molecules may not correspdiavever, to the density
that the same molecules could attain in a cryst&lform. The arrangement of
molecules that is dictated by the placement ofsthiéur moieties on the surface
may not maximize the lateral interactions betwdendrganic components of the
SAMs. To minimize the free energy of the organigela the molecules adopt
conformations that allow high degrees of Van dera&anteractions and, for
some molecules such as peptides, hydrogen bonds thié neighboring
molecules; these arrangements yield a secondasgl t#vorganization in the
monolayer that is important in determining macr@sconaterials properties, such
as wetting and conductivity of the SAMs.

Substrate | [ Number of cH,=Even | | Number of cH,= 0dd |

Figure 7. a) Schematic view of an all-trans conformer of agi, long-chain
alkanethiolate adsorbed on a surface. The tilt an@) is defined with respect to
the surface normal direction. The twist angl® {lescribes the rotation of the
CCC bond plane relative to the plane of the surfacemal and the tilted chain;
b) Schematic views of single, long-chain alkanédités (with even and odd
numbers of methylene groups) adsorbed on gold.cbineerved value ai for

each produces different projections of the termmathyl group on the surface.
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A simple single-chain model is sufficient to fatate comparisons of the
organization adopted by different organosolfur coomms with (mostly) linear
conformations on different types of substrates f@g7a). Two parameters
describe the variations in the orientation of thgaoic molecules in the SAM: the
angle of tilt for the linear backbone of the molecaway from the surface normal
(o) and the angle of rotation about the long axithefmoleculef). As defined in
Figure 7,0 can assume both positive and negative valuesesaip range from
0° to 90°. For SAMs formed from-alkanethiols on gold, palladium, silver,
copper, mercury, platinum, and other metals, tharas chains adopt a quasi-
crystalline structure where the chains are fullfeaged in a nearly all-trans
conformation. The tilts of these chains vary foe tarious metals: the largest
cants {, with an absolute value near 30°) are found oul,g@hile the structures
most highly oriented along the surface normal dioecarise on silvero ~10°)
and mercuryd ~0°). The averagg for gold lies near 50°, while for other metals,
the data, where available, indicates values gdpeatailstered near 45°. These data
are consistent with space-filling models involvi(a least for the case of gold)
chain tilts lying along the direction of the nexdamest neighbor, i.e., an ordered
structure involving a hexagonal arrangement of thdfur atoms. These
assumptions have been confirmed byrémuilts of diffraction studie¥s."

Not all thiolated molecules adopt the same oriématasn-alkanethiols.
For cases where the steric requirements of therlaal®o preclude the ordering
found for then-alkanethiolate structures, evidence of other dmgdions has been
detected. The values affor SAMs formed byn-alkanethiols on Au(111) appear
to be unique. The tilt of the chain projects areotation of the average chain in
which the sign of the tilt angle is conserved retgss of the number of carbons in
the alkane chain. All available data suggest tihat $tructures exhibited by
thiolate SAMs on gold adopt a value @f~ +30°. This feature of the assembly
leads to very different surface projections of thethyl groups for SAMs with
odd and even numbers of methylene groups (Figujeaidt correlates strongly
with the unique wetting behaviors of SAMs on gdBAMs of thiolates with an
odd number of methylene groups produce surfacessevlicee energies are

systematically slightly larger than those with aerenumber of methylenes.
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1.3 Gold in Electrochemical Biosensors

There are five characteristics of gold that makea iood choice as a
substrate for studying SAMs. First, gold is easyldain, both as a thin film and
as a colloid. It is straightforward to prepare thims of gold by physical vapor
deposition, sputtering, or electrodeposition. Altbb expensive and not essential
to most studies of SAMs, single crystals are ab&laommercially. Second, gold
is exceptionally easy to pattern by a combination lithographic tools
(photolithography, micromachining, etc.) and chahietchants. Third, gold is a
reasonably inert metal: it does not oxidize at terafures below its melting point;
it does not react with atmospheri¢ @nd it does not react with most chemicals.
These properties make it possible to handle andipukte samples under
atmospheric conditions instead of under UHV. Golddb thiols with high
affinity, and it does not undergo any unusual rieastwith them. Four, thin films
of gold are common substrates used for a numbexisting spectroscopies and
other analytical techniques. This characteristic particularly useful for
applications of SAMs as interfaces for studiesioidgy. Five, gold is compatible
with cells. SAMs formed from thiols on gold are ld&afor periods of days to
weeks when in contact with the complex liquid meeiguired for cell studies.

The properties of gold nanoparticles (AuNPs), saglight absorption and
their excellent electroactivity, are bringing irgsting immunosensing
alternatives. Particular emphasis is given to théerént optical® and

electrochemicdf

detection methodologies where NPs show significapact.

In certain cases, assays based on nanomateriale bfered significant
advantages over conventional diagnostic systents negard to assay sensitivity,
selectivity, and practicatility AuNPs are so small that they exhibit
characteristics that are often not observed irbtile materials. This is due to the
quantum size effect that leads to unique opticécteonic, and catalytic
properties”> AuNPs are also fully compatible with biomoleculegien decorated
with thin organic coatings. This has resulted igithuse in sensors for DNA,
proteins, organic analytes, and metal ion. The oisehiol groups for their

functionalization is a good way to control the diren of the bond between the
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label and the biomolecule. NPs’ involvement in DNgtptein and even cell
sensing systems, have recently been the most iergorttopics in
nanobiotechnology’

The electroactivity of AuNPs allows the use of batectrical and
electrochemical techniques for their detection, clvhallowed to detect low
concentrations of proteif8.NPs can be directly detected due to their ownxedo
properties or indirectly due to their electrocatialyproperties toward other
species, such as silver ion reduction.

It is also worth mentioning that their large sudamupled with an easy
bioconjugation make NPs excellent carriers of otkéctroactive labels in
immunoassay’ Nanoscale structures of AUNPs on conductive surtacebined
with high electrical conductivity can facilitatestaET to and from redox enzymes,
for examples horseradish peroxidase, providing asisee platform for
biosensors. AUNPs have been employed as nanoeleatetay units transporting
electrons efficiently and activating enzyme biotiecatalysis. The introduction
of NPs into the traducing platform is commonly &steid by their adsorption onto
conventional electrode surfaces in various formslpiding that of a composifé.

To summarize, modified AUNPs electrodes have \amge surface areas,
are simple to fabricate and functionalized, retaietallic conductivity, and have

facile biomolecule attachmet.

1.4 a-Aminoisobutyric Acid 34-Helices as
Adsorbate for SAMs

The nature, stability and, for electrochemical bitsors, the electron
transfer properties of the SAM are of paramountdrtgnce to determine the
performance of a device or sensor. A question nowest which are the
molecules of choice to make robust and performiAlyyl$®ased electrochemical
devices? SAMs should be sufficiently chemically adctrochemically stable,
well organized, and based on easily tunable modscuihe latter aspect includes
the ease by which the length (which implies modiagathe SAM thickness) and

functionalization (with suitable groups on the nmille end facing the solution) of
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the thiolated molecule can be controlled. The preseof further specific

structural features is also useful, such as thegmee of intermolecular hydrogen
bonds between adsorbate molecules (such as [B=®™ hydrogen-bonds

between embedded amide groups) which increasesSAM robustness. The
molecules that conveniently collect all these fesguincluding their particular
compatibility with biomolecules, are peptides. Tiodlowing question now is:

among all possible systems, which peptides ardylike provide particularly

suitable systems?

In this Thesis research, we also describe someasstfimbly features of
thiolateda-aminoisobutyric (Aib) acid homooligomers on actad Au surfaces.
There are several reasons for considering thesgdpems good candidates. Aib
is characterized by marked hindrance at éhearbon and restricted torsional

freedom (Figure 8)®

o
..-ll\\\\\‘

H,>N

Figure 8. a-Aminoisobutyric Acid.

Owing to these features and differently from peggidhased on coded
amino acids which form stable helices only for eattong oligomerg?

Aib peptides adopt a;ghelical structure and are rigid even when sfbrt.
Rigidity is ensured by a strong framework of intdetular C=0-H-N hydrogen
bonds that causes C=0 and N-H groups to align fgignily along the peptide
axi$! and, therefore, a strong oriented dipole momesesr

In 3;0-helices, each intramolecular C=@&-N hydrogen bond involves
residues andi + 3, a single helical turn requires 3.24 amino aesidues, the
peptide length increases by 1.94 A/residue and #udition of a single coil
increases the peptide length by 6.28Ahe 3¢-helix is thus more elongated and
thinner than thex-helix, which typically involves 3.63 residue/caihd a vertical
pitch of 1.56 A/residue. In Figure 9 and in Tablewe compare different
properties of the two helices. As opposed to simafkanethiols where an increase

in the number of units increases molecular flekipilAib peptides become even
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stiffer as the number of residues, and thus ofamtiecular hydrogen bonds,
increases. 3-helices become more tightly wound as they becamngdr due to
the shortening of the H-bonds that accompanies dttenger cooperative

interaction<c

Figure 9. Section of gr-helix (on the left) and section @fhelix (on the right).

Table 1. Average parameters for right-handed anda-helices

Parameters: 310-Helix a-Helix
() 57° 63°

¥ 30° 42°

N --O=C H-bond angle 128° 156°
Rotation (per residue) 111° 99°
Axial translation (per residue) 1.94A 1.56A
Residues per turn 3.24 3.63
Pitch 6.29A 5.67A

In addition and as opposed to simple alkanethmisvhich the increase in
the number of methylene groups increases the flayibf ligands, the key motif
of Aib peptides is the increase of the peptiddrstgs with the number of residues
and thus of hydrogen bonds. This feature and thquenrigidity of short Aib
homopeptides are being successfully exploited ascesp or templates in
electrochemical and spectroscopic investigatiotsy Adecause of the excellent
electronic communication provided by the peculiackbone stiffness. Since 2D

(and 3D SAM, such as in monolayer protected clsgéPCs)) formation already
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causes the conformational freedom of alkanethmldeicrease dramatically, Aib
peptides are expected to behave as even moreadgirbates.

The 3-helix helical structure is stable both in the dostate and in
solution’®%82 |t is also kept unaltered when thiolated Aib peesi are self-
assembled on 1-2 nm gold nanoclustdravith nanoparticles, compelling
evidence showed that these peptides also formchaer hydrogen bonds,
resulting in the formation of strong molecular netks. Insights into this
experimental observation were obtained by a mutilemolecular modeling
study®® A previous analysis of the amide | and amide dgioas of IRRAS spectra
of thiolated Aib hexapeptide SAMs on extended galdaces also pointed to the
presence of helicés.

The Maran group has previously studied ET reactemrsss Aib homo-
oligopeptides using donor-peptide-acceptor systemslution®® Evidence was
obtained for a mild distance dependence of thed®d and even an increase of the
rate at a certain peptide length. This outcome nasnalized by considering that
while addition of a neva-amino acid unit increases the donor-acceptor ntsta
it also introduces new intramolecular hydrogen lsotitht act as efficient ET
shortcuts, thereby counteracting the usually olexbexponential drop of the ET
rate with distance. Theoretical studies supportesl general features of this
experimental finding” These results suggested us that Aib peptides nused
furnish ideal molecular bridges for making robu#iM& (molecular rigidity,
interchain  network) for electrochemical biosensgrin and  other
nanobiotechnological applications. Based on themue of the solution studies,
efficient electron conduction through Aib-peptideANss was conceivably
expected, with useful consequences for detecticamafytes through observation
of high redox currents when the SAM is the cengalt of a transducing
electrochemical platform. Very recently some thietaAib-peptides on mercury
electrodes and found that tight SAMs foffnAlthough the main target of that
study was to estimate the surface dipole poteaofitie Aib-peptide SAMs, it was
also observed that the kinetics of the voltammetauction of Eu(lll) was not
severely slowed by the presence of the peptide fiis also concurred to suggest
that Aib chains may mediate electron tunneling veffyciently. For peptides

thiolated on the nitrogen terminus, where the negadole of the peptide dipole is
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located, it was observed that the negatively podarielectrode produces an
interfacial electric field liable of orienting theeptide dipole even against its
“natural” dipole moment.

Very recently, a study coupled to this Thesis wsyplkcifically addressed
the issue of determining the ET rate-constant flallith distance using a series of
Aib-peptide SAMs on gold surfac&sThe peptides were devised to give raise
from zero to five C=@+H-N intramolecular hydrogen bonds. The peptidesewer
thiolated on the positive end of the molecular tBpd he standard heterogeneous
ET rate constants for the chemically-reversibleuotidn of a soluble redox probe,
Ru(NH;)eCls, were determined by CV in 0.5 M KCI aqueous solutilt was
shown that once experimental procedures and supiacikeing are controlled it is
indeed possible to carry out accurate studies efdistance dependence of ET
through SAMs even when using soluble redox proliégure 10 shows the
distance dependence of the ET rate. The values shatwthe ET rate constant
initially decreases as the peptide length increaskshen displays a remarkably
shallow dependence for sufficiently long peptidig®e exponential-decay factor
(from 3+ to 5+) being of only 0.08 A These results show that Aib peptides are
indeed very good mediators of electron tunneling trus emerge as remarkably

good candidates to make SAMs for electrochemiazddnsors.
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Figure 10. Calculated values of k° against the number of hgdrobonds.
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1.4.1 Characteristics of the Investigated Aib-

Homopeptides

Two series of peptides were synthesized, differmg¢he direction of the
dipole moment: glus series with the positive pole of the dipole momanmented
toward sulfur and ainusseries where the dipole moment is reversed. Theena
of each peptide is given as composed by a numbechwefers to the number of
intramolecular hydrogen bonds, and a plus or misiga, which refers to the
orientation of the dipole moment.

Figure 11 shows the primary and secondary struatipeptide5+. This
peptide is used in the following discussion to explthe general design of our
systems. The head of our system is representeldebySH. This group allows the
peptide to be attached to the gold surface. Betvgedfur and thex-amino acid
chain there is a -CHCH,- spacer meant to facilitate the coordination te th
surface, which otherwise would be hindered by theng steric hindrance of the
31o-helix. On the other terminus, there islautyl group. Figures 11a and 11b help
to understand better the orientation of the dipdhee helicity of the system infers
a particular orientation to the Aib residues, dtiilegall C=0O groups toward the C
terminus and all N-H groups toward sulfur. Accoglin the dipole moment (in
the plus series) has the plus pole by the thiol group. @d&bkhows the primary
structures for all the peptides belonging tophes series.

For theminus series three peptides were synthesiZed 3 and5-), to
investigate the effect of reversing the dipole motrend to compare the results
with the plus series, which is our reference series. In thmus series the
characteristics of the design are the same, bdewle SH group is now attached
to the C terminus that now becomes the head opéptide, thd-butyl group is
on the other terminus that becomes the tail. Fig2&shows the primary (a) and
secondary structure (b) &f. From the 3D structure we can notice that the C=0
groups are now oriented toward SH, while the NHugeoare oriented toward the
tail of the peptide. Consequently, the negatives milthe dipole moment is by the
thiol group. Table 3 shows the primary structuiasall the peptides belonging to

theminusseries.
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Figure 11. a) Primary structure of the peptide. b) Secondamyucture of the
peptide.

Table 2: Primary structure of the investigated peptidestf@ plus series.

Plus Series

Primary structure Name
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Figure 12. a) Primary structure of the peptide. b) Secondamyucture of the
peptide.

Table 3: Primary structure of the investigated peptidestfer minus series.

Minus Series

Primary structure Name
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1.5 Purposes of the Thesis

This Thesis concerns the development of a vergiefft immunosensor
electrochemical device for detecting cancer biomagtoteins, and possible ways
to improve its efficiency by modifying parts of tlsgystem that are relevant to
improve stability and ET through the modified etede surface.

For the part concerning the study of the ultragemsielectrochemical
immunosensor (Figure 13) for early cancer biomarldatection, | worked with
the research group of Prof. James F. Rusling (Dewet of Chemistry,
University of Connecticut, Storrs, CT, USA). Thesearch associated with the
study of the stability and structure of Aib-peptisielf-assembled monolayers to
be used for improving the sensor performance wasedaout in the group of
Prof. Flavio Maran. The two topics are related bseahese peptides will be used
to anchor the antibody onto AuNPs. This, howeveram aspect that for time
limitations could not be covered during my Thesigrkv Details on the Thesis
scope and structure are as follows.

We focused our attention on Nanog detection. Nas@gprotein that may
be involved in carcinogenesis of cervix and progj@s of cervical carcinoma.
Nowadays, the researchers still do not know thedtiein limit of this biomarker
and the difference of concentration between heatttiwiduals and patients with
cancer. Therefore, we aimed at making an electrocdad sensor capable of
displaying very high-sensitivity immunoarrays armavldetection limit. Sensors
were prepared and, particularly, several conditidns make Nanog-based
electrodes were essayed. Eventually, we could aginte conditions and obtain
a nice calibration plot (Amperometric current vex$anog concentration). Most
of the initial work was carried out using the saenpandling technology, but then
we integrated the system into a microfluidic deyibe goal being to automate the
method as much as possible.

To improve the efficiency, we are about to furtheptimize the
immunosensor by changing some elements of thedwaes, particularly by using

a SAM formed by peptides allowing very fast ET (b&$ow) and by increasing
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the active superficial area thanks to nanostrudtugeld electrode as an
alternativeto a bed oAuNPs.

. %If Ab2
' Carboxylated Magnetic beads
% HRP

- Ab2-magnetic
bead-HRP

- Antigen

electrode

Voltage + Hz0: Signal

Figure 13. AUNP immunosensor with ; attached that has captured an antic
from a sample after treating with ,-magnetic-beaddRP providing multiple
enzyme labels for each Nanog. The detection stegvies immersing the sens

into buffercontaining mediator, applying voltage, and injegtid,O.

We carried out an investigation of related issugsising SAMs formet
with thiolated Aib peptides of different lengthh& effect of the orientation of t
peptide dipole moment was studied lttaching the thiolated moiety to either 1
nitrogen or carbon terminus. The stability and comiational properties of sut
SAMs were assessed lan extensive IRRASnvestigation, in comparison wi
the IR absorption spectroscopy of the free peg. This study showed that
these SAMs Aib peptides formg-helices, form interchain C=@<H-N hydrogen
bonds, and pack tightly, the surface coverage diépgnon both the peptic
length and orientation. We also found that shoptides may undergo hel
disruption, with formation of structures where tne umber of inte-chain
interactions increases. The results nicely sued what recently foun
concerning thehemical and electrochemical stability of these SA 8 well a:
the efficiency of ET throughhem.Main outcome of this study is that we ni
know which peptides should provide the best traosdsubstrate supporting t

actual Nanogsensor architecture
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2. Experimental

2.1 Chemicals

Immunosensor. Polydiallyldimethylammonium chloride (PDDA), L-
gluthathione reduced (99%), gold (lll) chloridehyrdrate (99.9%), 2,2’-azino-
bis(3-ehtylbenzthiazoline-6-sulfonic acid), horgksh peroxidase (HRP, MW
44000), 1-ethyl-3-(3-dimethylaminopropyl)  carbodida (EDC), N-
hydroxysulfosuccinimide ester (NHSS) and Lyophiliz€9% bovine serum
albumin (BSA), and Ru(NkJsCl; (98%) were purchased from Sigma-Aldrich.
The primary antibody (Ad), the secondary antibody (Biotin-4band the Nanog
antigen were obtained from Dr. Dharamainder ChautdBZONN Health Center
(Farmington, CT). Immunoreagents were dissolved pH 7.0 phosphate saline
(PBS) buffer (0.01 M in phosphate, 0.14M NaCl, 2W¥nKCl). Carboxyl
functionalized magnetic beads were obtain from &woénces, Inc. The
poly(dimethoxy)silane (PDMS) kit was from Dow Cargi Hydroquinone (HQ)
and hydrogen peroxidase B, 30%) were from Fisher. Water was deionized.

SAMs. Ethanol (HPLC grade>99.8%), hydrogen peroxide 30%, and
sodium hydroxide monohydrate>99.9995%) were purchased from Fluka.
Sulfuric acid 98% (Aristar Grade) was purchaseanfi@DH. Low conductivity

water was Water pro analysis obtained from Merck.
2.2 Preparation of HRP single electrodes

The steps to fabricate the immunosensor platforra simgle electrode are:

1. Absorption of a layer of cationic polydiallyldimgtammonium
(PDDA) from aqueous solution onto a pyrolytic graap{PG) disk electrode. We
used a 2@L solution of PDDA, for 25 min.

FODA
I £ (pyrolytic oraphite) disk electrode
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2. The electrode was washed witbHand the water removed by shaking
the electrodes.

3. 20uL of a diluted (1:5) solution of 2 mg/mL glutathierdecorated gold
nanoparticles [GSH-AuNP] in HPES buffer (pH = 8)er@ poured onto the
PDDA-modified electrode, utilizing the standard daypy-layer alternate
electrostatic adsorption approathto form a dense layer with organic

functionality for capture antibody attachment. lbation required 25 min.

CROLCOOOLLOQLID Srmnw

I £ (oyrolvtic graphite) disk electrode

4. The sensor was washed withCH

5. To activate the carboxylic acid groups of thé&dguatform, an aqueous
solution of 400 mM EDC [1-ethyl-3-(3-dimethylaminopyl) carbodiimide] and
100 mM NHSS [N-hydroxysulfosuccinimide ester] wagpgared. The electrode

was covered with 3QL of this solution.

EDC:MHES
COOCCIIR0R000C0D S
PODA

I ¢ (oyrolytic graphite) disk electrode

6. After 10 min, the excess reagent was removeddshing the electrode
with HO.

7. The EDC-activated particles were reacted withnangroups of the
primary antibody Al It is knowr? that immobilization of Apdoes not diminish
its bioactivity. For this step, 20L of a 25ug/mL solution was drop casted on the
sensor. The electrode, covered with a wet Vial, thas put in an oven at 37 °C
for 2.5 h.

Sl o

RO ROTTEG S

PG (pyralytic graphite) disk electrode

8. To remove all not-binding elements, the elearads washed for 3 min
with PBS buffer with 0.05% Tween-20 surfactant, dnen for 3 min with PBS
buffer (0.01M pH=7.0). The electrode was shakeretoove excess water buffer.
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9. The inhibition of nonspecific binding of labelddtection antibodies is
crucial to achieve high sensitivity and low detextlimits. To optimize this step,
the surface was treated with 20 of a 0.2% BSA solution [Bovine Serum

Albumin] in PBS. The electrode was then put in garoat 37 °C for 45 min.

.ﬂ«b1
Bz
EDCMNHES

T ATl e e G e, ' T XS
——— e e

PODA
PG (pyralytic graphite) disk electrode

10. Step 8 was repeated.

11. 10 uL of the given test solution of Nanog Antigen (NAyere
incubated onto the surface. We used various coratamts; for example, if the
procedure involved activation of 9 electrodes, ehneere used for the control (0
pg/mL NA), three for the first concentration (e.B5 pg/mL NA), and three for a

higher concentration (e.g., 50 pg/mL NA). The eledes were put in an oven at
37 °C for 1 h.

Manog &g
Al

1
BEA

EDC:MHES

ST YATTTTT Q 29eNs  EDCNHSS
(H2Q AKX GO PODA
I £ (o rolytic graphite) disk electrode

12. Step 8 was repeated.
13. The sensors with bound Nanog were then incdbadeng 10uL of a

1ug/mL solution of the secondary antibody Biotin-Abhe electrodes were put in
an oven at 37 °C for 45 min.

,. .. . ; .. . Bio-Aks,
/ W A 3

Manog Ly
.ﬂ-.h,l
BS54
------ ;‘? DTS EDCMNHES
PODA,

I £ (poyrolytic graphite) disk electrode

14. Step 8 was repeated.
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15. The final incubation step consisted in labelidgy with 10 uL of a
5ug/mL solution of Srt-HRP (horseradish peroxidaseyere, functionalized with

Streptavidin). The electrodes were put in an oue8vaC for 30 min.

b
N
\RE

BSA,

} EDCMHES

GEH-AUMP

POOA,

PG (pyralytic graphite) disk electrode

16. The electrodes were washed for 3 min with PR8-Buffer, and then
for 3 min with PBS buffer (0.01M pH = 7.0). The @i®des were covered with
wet Vials and put in a refrigerator.

To amplify sensitivity and improve the detectiormili, a different
procedure was also applied, starting from step 13.

13'. In a separated eppendorf we preparedll00f a solution composed
by 0.2 % BSA PBS buffer (pH = 7.0) solutions: gD of 5 pug/mL solution of
multiple HRP labels; 3QIL of 2.5 ug/mL solution of magnetic beads (Fg®ith
a diameter ot~ 1 p); 20 pL of 2500 pg/mL solution of Ab. 10 yuL of a dilute
solution of this mixture was used for incubating ttectrodes.

14’ The electrodes were washed for 3 min with PEB-Buffer, and then

for 3 min with PBS buffer (0.01M pH = 7.0). The elmdes were covered with
wet Vials and put in a refrigerator.

Al -MP-HRP

Manog &g
Ab1
BSA,

| EDCIMHES

EEH-AURNP

PODA

PG (pyrolytic graphite) dizk electrode
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2.3 Fabrication of the Microfluidic levice

andPreparation of Eigl-ElectrodeArray

To prepare the microfluidic chani, the PDMS kit was usedhe PDMS
base and curing agent were mixed in 10:1 ratiaestivigorously for 5 min, an
then degassed for 30 min under dynamic vacuumnmve all air bubbles. Tt
clear solution was poured onto a negative moldreaded at 85° for 2.5 h**

After cooling the linea-shape PDMS was pealed off the mold, t
placed between two flat and machined poly(methyhaetylate) (PMMA) plate
to provide a microfluidic channel (Figure 1*

Reference Electrode Counter Electrode

Outlet

Inlet

Polydimethylsiloxane
(PDMS) substrate

b) c)
Figure 14. a) Photographs of the PMMA device athe PDMS channel;
photograph of the entire microfluidic device; c)optgraph of the molds for tf
PDMS channel.

The channel is ~1 mm wi, ~2 mm hick, 27 mm long and carries ~ uL
volume. The top PMMA plate was nhined with one inlets and one ot and

equipped with female ports mm diameter) for screwing in standard pla

44



fittings (1.5mm i.d., Upchurch) to hold connecting mm i.d. tubing (PEEK)
Sample were injected by a syringe pump (Harvarc 55-3333) connected to ot
inlet via an ingctor valve (Rheodyne, r 9725i) via 0.2 mmi.d. tubing (Figure
15). The top PMMA substrate is equipped with fouré@®l(0.5 and 0 mm
diameter) directly above the microfluidic chanrtelp for inserting Ag/AgCl wire

used as a reference and two for inserting Pt véireoanter electrod™

Microfluidic Pt Counter Electrode

device Ap/AgCl Reference Elecirode
Inlzt = (utlet

Microfluidic Array working

channel Electrade

Syringe
Pump

=

Wastc

Manual
Injector

8 Electrode Array

Figure 15. Photograph of the entire microfluidic syst

For the eighklectrode array systenarrays of eight graphite electrodes w
manufacturedy Kanichi Research Ltd, Mancester, UK), we esaéigtfollowed
the same functionalization procedure used for thgles rotatng disk electrod:
(section 2.2 The difference was that while the PDCthe AuNPs and A; were
put manually,the BSA 0.2%, the Nan and the Ab-MP-HRF mixture were
injected by using the syringe pump. For this pue, the syringe of the Harvai
pump was filled up with the PBS buffer and the flrate set t&0 pL/min.

~50s after injection of the BSA solution with the igj®n valve, the fluic
could reach the channel and cover completely atiteddesAt this point the flov
was blocked to permit e incubation. For this step is vargportan to avoid any
bubble, othenmge the sensor is compromisThe procedure waepeated for NA
and Ab-MP-HRP. After every incubation, the sensor was washigd PBS anc
PBS-T20.
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2.4 Gold Preparation and SAM formation

Formation of reproducible and well-packed Aib-bagegptide SAMs is
very sensitive to the cleaning — activation proceduAfter trying different
procedures, SAM formation was optimized by carafyblication of the following
protocol leading to very reproducible results. Blbexperiments we used 11 x 11
mm Arrande& gold plates, which consist of a borosilicate glasbstrate
(thickness 0.7 = 0.1 mm), a thin chromium integla{2.5 £ 1.5 nm), and a gold
layer (250 £ 50 nm). We used a new Au plate foheageriment.

The plates were first immersed in ethanol for 5,ndined in vacuum for
30 min, immersed for 5 min in a freshly preparetidteady cold pirafia solution
(3:1 v/v solution of concentrated sulfuric acid amgirogen peroxideExtreme
caution must be exercised when using pirafia solutas it is a very strong
oxidant and reacts violently with organic majtesnd then carefully washed with
a stream of water (deionized and then distillednfrpotassium permanganate).
After washing, the plates were immersed in waterSfanin, and the procedure
repeated three times. The plates were then dipgedethanol for 5 min and dried
in a desiccator under vacuum for 30 min. Annealvas carried out using a
butane torch for soldering electronics, in a slighkiarkened room. The flame was
set for conical blue (reducing flame) and firstoaled to touch obliquely the
borders of the gold surface, and then moved steadidard in a square fashion:
annealing eventually caused appearance of a ddriglosv on the gold surface.
After waiting a few seconds to allow the surfacedol down, the same sequence
step was repeated for an overall 3 min. The pla&® left to cool down for 30
min, under a protecting glass cap. The annealidjfap procedure was repeated
three times. The plates were then immersed in watbanol, and finally either
immersed into the peptide-containing ethanol sofutir dried under vacuum.

Some experiments were specifically carried outnalyze the condition of
the gold surface. Thus, after annealing and washhng plates were dried in a
desiccator under argon for 1 h and then eitherietiudy scanning tunneling
microscopy (STM: PicoSPM, Molecular Imaging) or kyo/oltammetry (CV).
STM analysis of the so-prepared plates were camigdat room temperature
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under ambient conditions using Pt/Ir (80:20, 0.2% aiameter, Veeco) tips. The
images were recorded in constant current mode landlypical conditions for the
imaging of Au(111l) terraces werer¥ 200 mV, = 100 pA. This technique
revealed that the Au surface displayed a prefeftéd) orientation with terraces
as large as ~100 nm that were atomically flat aaghsated by monoatomic steps
(0.24nm). To further test the outcome of the annggbrocedure, we carried out
CV experiments in 0.5 M $$0, and potential cycling was performed to include
both the double-layer and the oxide regions of gdlde CV curves largely
showed the pattern expected for the underpotedépbsition of oxygen onto a
clean Au electrode, mostly Au(111), in a contamirfe@e solutior’" thereby
confirming both the quality and dominant orientataf the annealed surface.

We also calculated the roughness factor of thebsakwzed Au plates. The
roughness factor is the ratio between the elecématal and the geometrical
areas. For these electrochemical experiments, thelates were clamped to a
small gold alligator and most of the electrode atefwas wrapped with a very
thin Teflon tape. The geometrical areas were catedl by integration, using
pictures of the exposed electrode surface in colsgawith area standards. The
determination of the electrochemical area waseadwut on the (naked) Au plates
obtained after full reductive desorption of the g SAM2°

CV experiments were run at 0.1 — 1 V¥ & 0.5 M KCI containing
Ru(NHs)sCls, whose diffusion coefficient is 6.84 + 0.0610° cnf s.% The
electrochemical (= active) area could be calculétech the peak current values,
using the equation valid for a reversible £The average roughness factor was
found to be 1.16 + 0.08.

After annealing and washing, the freshly preparedd golates were
immersed for 48 h in a 0.5 mM ethanol solution lvé peptide of choice. To
carefully remove any trace of the incubation soltiand loose molecules
adsorbed on the monolayer, the gold plates werbdedbwith a stream of ethanol
and then immersed in ethanol for 5 min; these weagshieps were repeated three
times. The plates were finally dried under vacuuwr 30 min. The
cleaning/activation/incubation procedure was apbpjiest before carrying out the
IRRAS measurements.
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2.5 Instrumentation and procedures

2.5.1 Electrochemistry

Rotating-Disk Electrode Approach. A CHI 660 electrochemical
workstation was used for cyclic voltammetry and erometry at ambient
temperature (22 £ 2°C) in a three-electrode cathp&rometry was carried out at -
0.3 V against the standard saturated calomel eldet(SCE), using a pyrolytic
graphite (PG) working electrode (rotated at 300 flor optimum sensitivity),
and a platinum wire counter-electrode.

Microfluidic Setup. The experiments were performed using a CHI 1010A
eight-channel potentiostat allowing to simultandépuseasuring the current
flowing at the eight electrodes inserted in theroflaidic channel. Amperometry
was carried out at -0.2 V vs the Ag/AgCI refereralectrode, and using a
platinum wire as the counter-electrode. For cyebtammetry experiments, the
flow rate was set a zero, while for the amperoroatatection the flow rate was
100 pL/min using 100pL injector sample loop. Buffer and hydrogen perexid

solutions were deoxygenized with nitrogen.
2.5.2 IRRAS

FT-IR reflection absorption spectroscopy measurésnerre carried out
using a Nicolet Nexus Fourier Transform Infrarece@pmeter equipped with a
liquid nitrogen cooled mercury-cadmium-tellurium QW) detector. The
measurements were carried out with the grazingeasefl at 80°, with a resolution
of 2 cm?, and each spectrum was the result of an averag®@d scans. The
optical path was purged with nitrogen before andnguthe measurements. To
keep the measuring chamber constantly under ah at@osphere, we set up a
little dry-box containing the entire optical paffhe sample and the blank (an
otherwise identical Arrandee gold plate, but with ®AM) were inserted in the
dry-box. Before measurements, the system was pdogeldh with nitrogen dried
by flowing through a column filled with CagZand silica gel.
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3. Results and Discussion

3.1 Electrochemical Immunosensors

Electrochemical detection combined with nanopaatashplification offers
potentially low-cost, high-through put solutionsr faletection of clinically
significant proteins that have yet to be fully reedl. Amperometric sensors, field
effect transistors, and impedance methods are antlb@gapproaches being
explored. The sensitivity of an electrochemicalsses can be improved by using
nanostructured electrodes, such as those basedarbonc nanotubes or gold
nanoparticles. In the electrochemical detectionpofteins on these specific
electrode surfaces by immunoassay protocols, apptepfunctional groups on
the nanoparticle facilitate high concentrations atfemically linked capture
antibodies. In this approach, antibodies on thetelde capture analyte proteins
from the sample, the surface is then be treatell antenzyme-labeled secondary
antibody, and the enzyme label is detected eleutroccally.

3.1.1 Characterization of AUNP platform

Glutathione-protected gold nanoparticles (GHS-AuNB)e prepared by a
reported methotand characterized by Transmission Electron Miapgd TEM),
UV-Vis and Infrared Spectroscopy.

The glutathione protected gold nanoparticle didparsvas analyzed for
core dimensions and size distribution by TEM. Feglilba shows that all particles
are spherical and are well separated from eachr.cfhe size histogram obtained
from analysis of the TEM images revealed that therage diameter of GHS-
AuNP was 5.1 + 1.4 nm, a relatively narrow sizedrdstion.

Particle size was confirmed by visible absorptipeciroscopy band for
the GHS-AUNP dispersion at 508 nm indicating dianet 5 nm (Figure 16c¢).
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This absorption peak corresponds to gold plasmard,baonfirming that the
solution contained isolated nanometric sized galdigles.

The presence of glutathione on the AuNPs was cuoefirby observation
of characteristic carbonyl and amide bands at 13888, and 1713 cthby IR
Spectroscopy (Figure 16c).
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Figure 16. Characterization of glutathione protected gold npadicles: a) TEM
image of GHS-AuUNPs; b) corresponding size distrdsuthistogram of GHS-
AuNPs showing average size 5.1 + 1.4 nm; c) UV-ahsorption spectra of
glutathione protected gold nanoparticle dispersion HEPES buffer; d) IR
spectra of (1) pure glutathione and (2) glutathigmmetected gold nanoparticles.

The surface was also characterized by tapping-mattenic force
microscopy (Figure 17). The initial thin layer oDBA (0.5 + 0.2 nm) adsorbed
was relatively smooth with mean surface roughnés9.d3 + 0.08 nm, almost
twice that of the bare mica. Figure 17 panels Bhows an AFM image that
changed topography after AUNPs were absorbed bet® DDA layer. The AFM
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data suggest that there is a densely packed nditopete layer, wkch can be
associaté with the FZuNPs. Anearly complete coverage on the underlying sur
is achieved with anean surface roughny, asthe arithmetic average deviation
the surface valleys and pee of 1.99 + 0.11 nmgorresponding tabout a 24-fold
increase in surface area with respe bare micaFigure 17 d shows an AFI
image obtainedafter the capture antibody was covalently linkedtoorthe
carboxylated of the AuUNP layer using EDC/NHSS clstmi The densely packe
AuUNP layer disappeared and iling hill-like appearancegenerally characterist

of any globular protein coated o rough surface, was observéd.

0 025 05 OF5 100 125 un

Figure 17. Tappingmode atomic force microscope images of (a) layeé?@DA
on smooth mica surface; (b) PDDA/AUNP bilayer; ptiasecontrast image c
PDDA/AUNP bilayer; (d) AuNP platform after covalehbkage of primary

antibodies (AP onto the glutathione carboxylate groups of At
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3.1.2 Electrochemistry of immunosensors

The AuNP/AR/Ag/Ab,/MP/HRP electrode, assembled as described in the
Experimental Section, was transferred in an elebemical cell or in the
microfluidic channel filled with of pH 7.0 buffend 1mM hydroquinone (HQ). In
both cases, the cyclic voltammetry (CV) was caroetlin quiescent solution to
confirm that the electrode was performing well:hwihe rotating-disk electrode
the angular speed was set to zero and with theoftuatic channel the flow of the
PBS buffer with the HQ was stopped. Usually, a wlefined, nearly reversible
HQ reduction-oxidation peak pair vs Ag/AgCI (Figur8, 19) was obtained, due
to the oxidation (+0.35 V) and reduction (-0.158f)HQ. A possible increase of
the peak current at negative potentials indicaled oxygen was still present in
the cell, and thus the solution had to be furthenged before carrying out the
actual CV measurements.

H,Q & Q™ +2H* 4 2e
T bbb b

Current / 1e-5A

9.0 e
06 05 04 03 02 01 0 01 02 03 04 05 08

Potential / V

Figure 18. Typical cyclic voltammetry of 1 mM HQ in pH 7.0 ppbate buffer
using an AuNP/ABAg/AL/MP/HRP (steady: see text) rotating-disk electrode.
Scan rate = 0.2 V&
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Figure 19. Typical cyclic voltammetry of 1 mM HQ in pH 7.0opphhate buffer
using an AuNP/ABAQ/A/MP/HRP eight-electrode array in the microfluidic

channel.

The best experimental conditions allowing us toaobtthe lowest
detection limit of the biomarker Nanog were assgsgih a single rotating-disk
electrode approach (Figure 20). Afterwards, thehmdtwas automated by using
microfluidics.

Rotating-disk electrodes are extensively employedelectroanalytical
research. Advantages of these electrodes over timgag different shapes are
the reproducibility of the results, the precise toolnof the rates at which the
electroactive substances are transported to toe@lie (forced convection), and a
practically even current distribution on the suefaduring the course of the
electrochemical reactiofi.

The movement of a liquid caused by a disc rotatamgund an axis
perpendicular to its plane has been descriBédlt is assumed that the volume of
the solution in which the disk is present is ininpithe disk is large, and the liquid

flow is laminar. Figure 20 shows the model of moeeinof the liquid. At large
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distances from the disk, the liquid moves perparnierly to the surface. Near tt
disk, in the thin layer adhering to the surfacehef electrode, the liquid alsains
a centrifugal velocityAt very short distances, a layer of quiescent smiuts
present, whose thickness does not change in timéid layer, mass transpc

effects the electroactive species only by diffus®®

disk centre
surface

SN

Figure 20. Flow profile that is developed when a circular dlijés rotated ir

solution and how this brings fresh reactant to $hieface.

Providing the rotation speed kept within the limits that laminar flow

maintained, the massansport equation is given |

where thex dimension is the distance normal to the electradése. The mas
transport equation is determined by both diffus{brst term of the rigt-hand
side member) and forced convection (second terndg,eth these terms effe
the concentration of the rgent close to the electrode surface. At a pote
sufficiently negative (positive) to make the uction (oxidation) proce
controlled solely by mass transport, a limitingreat (constant in time) arise
The full and correct equati, describing the limiting cuent in the case

rotating disk electrodeyasobtained by Levicif*"

54



wherei, is the limiting currentn is the number of electron transferrédjs the
Faraday constanf is the electrode are® is the diffusion coefficientw is the
angular velocity of the rotating disk electrod®js the bulk concentration, and

is the kinematic viscosity of the solution.

3.1.3 Analysis of the Immunosensors’ Performance

In our sensor assembly, the working electrode wkxed into an
electrochemical cell containing 10 mL of a 1 mM RS buffer solution, which
was purged with purified Nitrogen for at least bdfore the measurements. We
used a normal electrochemical cell with 5 holes fom the working rotating-disk
electrode, one for the reference electrode (SCHEg, for the counter-electrode

(Pt), one for the inert gas, and one for the impacof hydrogen peroxide.

Figure 21. In the upper image, there are the electrodesrduthe incubation of
Ab;. On the right, the rotating disk electrode systemepresented entirely, and in
the last image there is a zoom of the electrochamitioles cell that we used for

the measurements.
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For the sake of better reproducibility, we usedlérteodes at the same
time: 3 for the control, 3 for one specific concatibn of antigen (for example
25pg/mL) and 3 for another concentration (for exampleé pg/mL). The
electrochemical measurements were carried out wsisgution of 1mM of HQ.
The latter is used as the ET mediator to ward hyeingeroxide reduction, which
is added successfully at 0.4 mM concentration. tRer catalytic measurements,
we applied a potential of -0.3 V vs SCE and a romatate of 3000 rpm.

Concerning the electrode reaction, it is useful imgla few comments
about HRP oxidation by #D,. The horseradish peroxidase is a protein that
contains a single protoporphyrin IX heme group, #ng the addition of D,
converts the iron heme peroxidase enzyme to aléeyr\species (Figure 21). The
latter can be electrochemically reduced by thetedde.

o

s |l H,0
— Fe(V) — f
Compound | | HOOH
n cation radical ‘\</
Peroxidase — Fe(lll) —
e, H' cyde Ferric enzyme

ground state

— Fe T

Compound I

Figure 22. Oxidation cycle of Horseradish peroxidase.

The immunosensors have a complex sandwich structir®ptimize the
experimental conditions and the value of the detedimit, we changed several
parameters, one at a time, because every biomhdsea specific characteristic
behavior.

At the beginning, we had no information about thistein and thus we
tried almost randomly different concentrations mdey to find the best range to
work. This is particularly important also becauseyond a specific concentration,
saturation of the immunosensor occurs and the mudees not change with a
further increase of the concentration of the NaAwogigen (NA). The various

approaches were as described in the following.
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First approach:

Ab, 25 ug/mL in PBS buffer pH = 7.0
BSA 0.1% in PBS buffer pH = 7.0
NA Several concentrations in PBS buffer pH = 7.0
Biotin-Ab, 1 pg/mL in PBS buffer pH = 7.0
Streptavidin-HRP 5 pg/mL (1:200) in PBS buffer pH = 7.0

As Figure 23 shows, with this method the sensytioit our immunosensor
is really poor and the signal is not proportional the concentration of the
biomarker. Thus, we decided to change the conditithy increasing the
concentration of Biotin-Ap from 1 pg/mL to 5 pg/mL. We expected an
enhancement of the number of HRP attached to thfacseuthanks to a larger

number of Ab molecules.

150
= (Opg PBS
—25pg PBS
= 100pg PBS
100 |
<
-
— 50t
o)
l l
0 50 100 150
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Figure 23. Amperometric results of the first approach (for th&ke of better
comparison the curves have been arbitrarily shjfted

Second approach:
Ab, 25 ug/mL in PBS buffer pH = 7.0
BSA 0.1% in PBS buffer pH = 7.0
NA Several concentrations in PBS buffer pH = 7.0
Biotin-Ab, 5 pg/mL in PBS buffer pH = 7.0
Streptavidin-HRP 5 pg/mL (1:200) in PBS buffer pH = 7.0
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In this approach, we tried a few concentrationswveeitdid not detect any
particular increase of the signals. Thus, we decide go back to the
concentration of Apused in the first approach but changed the coripnsif the
solution for both Biotin-Aband Str-HRP.

Third approach:

Ab, 25 pg/mL in PBS buffer pH = 7.0

BSA 0.1% in PBS buffer pH =7.0

NA Several concentrations in PBS buffer pH = 7,0

Biotin-Ab, 1 pg/mL in 2% BSA PBS T-20
buffer pH=7.0

Streptavidin-HRP 5 pg/mL (1:200) in 2% BSA PBS T-20
buffer pH=7.0

As Figure 24 shows, the response for the lowestemnations was good
and the detection limit was particularly low, beib@ pg/mL. On the other hand,
beyond 50 pg/mL, the current did not increase prtog@ally to the concentration.
We did not know if this was due to the saturatibmhe sensor or to the presence
of BSA, which acts as a blocking agent not onlytfee AUNPs platform but also
for Ab;. To address this issue, we repeated this appradéde increasing the

concentration of Ap

150
s 1 1y B 5 5 T- 210

10pg BSA T-20

— 5 g BEA T-20

—p g BSA T-20
100 - Z00pg BEA T-20

c
50
0Fr -f- -
1 1 1 1 l

0 50 100 150 200 250 300
t's
Figure 24. Amperometric results of the third approach (for theke of better

comparison the curves have been arbitrarily shjfted
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Fourth approach:

Ab, 25 ug/mL in PBS buffer pH=7.0

BSA 0.1% in PBS buffer pH=7.0

NA Several concentrations in PBS buffer pH=7.0

Biotin-Ab, 5 pg/mL in 2% BSA PBS T-20
buffer pH=7.0

Streptavidin-HRP 5pg/mL (1:200) in 2% BSA PBS T-20
buffer pH=7.0

As Figure 25 shows, the presence of BSA did nawalbbserving any
difference between the control (0 pg/mL) and the tencentrations employed
(50 and 100 pg/mL). This confirmed that BSA comglietblocked Ah, thereby
prohibiting its interactions with the Nanog biomeirk

Therefore, we decided to change the compositioth@fsolution for both
Biotin-Ab, and Str-HRP, using PBS T-20.

150
= )pg BSA T-20
= 50pg BSA T-20
== ]100pg BSA T-20
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Figure 25. Amperometric results of the fourth approach (foe $ake of better

comparison the curves have been arbitrarily shjfted
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Fifth approach:

Ab, 25 ug/mL in PBS buffer pH=7.0

BSA 0.1% in PBS buffer pH=7.0

NA Several concentrations in PBS buffer pH=7.0

Biotin-Ab, 5 pg/mL in PBS T-20 buffer
pH=7.0

Streptavidin-HRP 5 pg/mL (1:200) in PBS T-20 buffer
pH=7.0

As Figure 26 shows, this method seemed to worlequéll, but after the
first experiment we could not obtain a similarlylaurrent control; in fact, it was
usually very high, more than the detection limikisSTwas probably due to HRP
also functionalizing the gold platform, not just-Ab

Therefore, to better protect the gold platform, adeeided to increase the
concentration of BSA during the second step ofpiteeedure, and we prepared a
Str-HRP solution in 0.2 % BSA PBS T-20 buffer pHx:7.

200
m—— ()pg PBS T-20
m——50pg PBS T-20
B == 100pg PBS T-20
150 200PBS T-20
‘E 100
50
ol |
l l l

0 50 100 150 200
t, S

Figure 26. Amperometric results of the fifth approaffor the sake of better

comparison the curves have been arbitrarily shjfted
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Sixth approach:

o

Ab, 25 ug/mL in PBS buffer pH=7.0

BSA 2% in PBS T-20 buffer
pH=7.0

NA Several concentrations in PBS buffer pH=7.

Biotin-Ab, 5 pg/mL in PBS buffer pH=7.0

Streptavidin-HRP

5 ug/mL (1:200)

in 0.2 % BSA PBS T-20
buffer pH=7.0

As Figure 27 shows, however, in this approach teedion limit was

particularly high, larger than 50 pg/mL.

Since after testing the above approaches we coatdestablish any

particular method allowing to provide sensitive argroducible signals, with a

low detection limit, we resorted to modify the paegqtion of the immunoassay by

introducing magnetic particles. As a matter of f&sling and coworkers nicely

demonstrated that magnetic beads are very helpfuldrease the sensitivity of

similar biosensors.

We also decreased the concentration of BSA in doersd step, and we
used 0.1% BSA PBS buffer (pH = 7.0) as the soluttwrBioAb,-MPs-StrHRP.

150

100

[, nA

50

Opg BSA PBS T-20
= 150pg BSA PBS T-20
=—200pg BSA PBS T-20

JJ

0

50 100 150

t,S

Figure 27. Amperometric results of the sixth approadbr the sake of better

comparison the curves have been arbitrarily shjfted
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Seventh approach:

Ab, 25 ug/mL in PBS buffer pH=7.0
BSA 0.2% in PBS T-20 buffer
pH=7.0
NA Several concentrations in PBS buffer pH=7.0
BioAb,-MPs-StrHRP 5 pg/mL per 5L in 0.1% BSA PBS bulffel
2.5ug/mL per 3QuL pH=7.0
2500pg/mL per 2QuL
1:10 dilution

To amplify the sensitivity and improve the detectibmit, we thus
attached multiple HRP labels to carboxylic groupnwamgnetic bead surfaces. HRP
and Al at a 120/1 HRP/Abmolar ratio was reached with the carboxylated
magnetic bead using the EDC amidization protocakbGxylic acid groups were
first activated using EDC, excess reagent was rechdy washing with water,
and the activated particles were then reacted amine groups on the proteins.
Magnetic beads of diameter fin provided a very high number of labels on the
surface. After the bioconjugation of HRP and,Athe free antibodies and HRP
were easily separated from the JAbagnetic-bead-HRP by using a magnet to
localize the beads at one side of an eppendorfnasting to remove unreacted
protein. The amount of active HRP per unit weiglitneagnetic beads was
determined by reacting the BioAlmagnetic-bead-StrHRP dispersion with HRP
substrate 2,2’-azino-bis-(3-ethylbenz-thiazolinetéfonic acid) and bD,. The
total number of magnetic beads, ofuri diameter, was 4 x 20n the dispersion,
provided by Polyscience, and the number of acti®RPHper magnetic bead was
estimated at 7500.

As Figure 28 shows, the sensitivity improved vergngicantly with
respect to the conventional ABIRP AuNPs immunosensor. The current values
of Figure 28 were actually even too high becauseweated to analyze a
significant range of concentrations with no riskeaperimental limits. Therefore,
we diluted the initial mixture of BioAbMPs-StrHRP.

Figure 29 shows a simple graph in which we compheeslope of the
concentration dependence of the amperometric iiensas obtained with a
single label BioAb-StrHRP immunosensor with those recorded with the n

immunoassay, based on magnetic particles and Bivis-StrHRP.
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Figure 28. Amperometric results of the sixth approach (for sadke of better
comparison the curves have been arbitrarily shjfted
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Figure 29. Calibration curves for various approaches, in th&ot different

immunoarrays.
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Eighth approach:

Ab, 25 ug/mL in PBS buffer pH=7.0
BSA 0.2% in PBS T-20 buffer
pH=7.0

NA Several concentrations in PBS buffer pH=7.0
BioAb,-MPs-StrHRP 5 pg/mL per 5L in 0.1% BSA PBS bulffel

2.5ug/mL per 3QuL pH=7.0

2500pg/mL per 2QuL
1:20 dilution

As Figure 30 shows, the intensities of signals vegitehigh but less than
before, while the slope was equal. Therefore, Wweetl the mixture further.

500
Opg Ab2-MP-HRP in PBS 1:20
m——50pg Ab2-MP-HRP in PBS 1:20
] 00pg Ab2-MP-HRP in PBS 1:20
<
of _[— __J
l l
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t,S

Figure 30. Amperometric results of the sixth approach (for sadke of better

comparison the curves have been arbitrarily shjfted

Ninth approach:

Ab, 25 ug/mL in PBS buffer pH=7.0
BSA 0.2% in PBS T-20 buffer
pH=7.0
NA Several concentrations in PBS buffer pH=7.0
BioAb,-MPs-StrHRP 5 pg/mL per 5L in 0.1% BSA PBS bulffer
2.5ug/mL per 3QuL pH=7.0
2500pg/mL per 2QuL
1:25 dilution
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Tenth approach:

Ab, 25 ug/mL in PBS buffer pH=7.0
BSA 0.2% in PBS T-20 buffer
pH=7.0
NA Several concentrations in PBS buffer pH=7.0
BioAb,-MPs-StrHRP 5 pg/mL per 5QuL in 0.1% BSA PBS bulffer
2.5pug/mL per 3QL pH=7.0
2500ug/mL per 2(QuL
1:50 dilution

In the ninth approach, the dilution was not suéfidi and thus we now
make comments directly for the tenth approach irckvive observed good values
of current intensity, as Figure 31 shows. The d&tedimit was 10 pg/mL.

This approach, however, did not display a gooda@yceibility and thus
we tried to optimize the biological conditions afrommunosensor by employing
solutions with the same pH that was used duringstmthesis of Nanog (pH =
7.4). To verify the improvement, we decided to gack to the conventional

biosensor, and we also increased the concentratiB&A in the second step.

200
Opg Ab2-MP-HRP in PBS 1:50
s 1 0pg Ab2-MP-HRP in PBS 1:50
0L s 50pg Ab2-MP-HRP in PBS 1:50
15 100pg Ab2-MP-HRP in PBS 1:50

<C [~
=% r

50 F

ol _ _

0 50 100 150 200
t, S

Figure 31. Amperometric results of the tenth approgébr the sake of better

comparison the curves have been arbitrarily shjfted
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Eleventh approach:

Ab, 25 ug/mL in PBS buffer pH=7.

BSA 2% in PBS T20 buffer
pH=74

NA Several concentrations in PBS buffer pH=7.

Biotin-Ab, 1 pg/mL in 0.1% BSA PBS buffe
pH=7.4

Streptavidin-HRP 5 pg/mL (1:200) in 0.1% BSA PBS buffe
pH=7.4

As Figure 32 shows, with this approach we obtavery good results fc

sensibility, reproducibility and reliability towartllanog. In fact, the detectic

limit is 25 pg/mL, thesensitivity, calculated as the slope of the catibraplot

(see Figure 33), is 0.639 -mL pg’, and the small error bars illustrate

excellent sensor-teensor reproducibility (see Figure
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Figure 32. Amperometric results of the elevelapproach(for the sake of bette

comparison the curves have bearbitrarily shifted).
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Figure 33. Immunosensor calibration plot for Nanog using thieventh

approach.

On the other hand, we wanted to obtain a detedimom low enough tc
have a sensarapable of measuring both normal ca-free patients and patier
with elevated levels of cancer. As we describedvapthis is possible by usir
magnetic beads and thus in the last step we uget?a BSA PBS buffer (pH
7.4) solution of StrMF-BioAb,-BioHRP.

Twelfth approach:

Ab, 25 ug/mL in PBS buffer pH=7.
BSA 0.1% in PBS buffer pH=7.
NA Several concentrations in PBS buffer pH=7.
StrMPs-bioAb-bioHRF 20 uL in 0.1% BSA PBS buffe
5 ug/mL 50puL pH=7.4
30 L of 2.5 mg/mL (incubated for 30 mit
10pL is diluted 1:50

As Figure 34 shows, this approach increases thectiat limit and the
sensitivity of the sensor very significantly. Frahe calibration plot (Figure 3t
we obtained a sensitivity equal to 1LnA-mL pg?, i.e., ~3 times larger than usi
the conventional immunosensor; the detection mais 0.1 pg/mL, i.e., ~2'-fold

better than the value of 25 pg/mL using the coneeat immunosensc
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Figure 34. Anmperometric results of the twth approach(for the sake of bette

comparison the curves have bearbitrarily shifted).
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Figure 35. Immunosensor calibration plot for Nanog using twelfth approact
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At this point, to better control and automate samptroduction, as well ¢
steps such awashing, reagent addition, and the amount ;0O injected, we
decided to take the sensor experiment to the nhicdd system

In microfluidics, the mechanism is similar to thaft the rotatin-disk
electrode, the main difference being that in tlase¢ the eightelectrode array i
stationary while the HQ solution continuously flomso the microfluidic channe
at a determinate speed rate (luL/min). By taking advantage of this me
transport regime, ¥D,, once injected, can reach the sensor arra oxidize the

enzyme peroxidase. Figure 36 shows a schematiceseptation of th

Counter Reference %

microfluidic system.

T
Electrode Elcctrode/'
Inlet Outlet
000000 |

Samples, Waste
Buffers

Microfluidic Array —

Working electrode

Voltage+H,0,  Signal

Y - Primary antibody Y - secondary antibody <> - protein

( :) - Carboxylated magnetic bead $# - HRP label

Figure 36. Schematic representation of microfluidic sys

The intensity of the mperometric current is proportional to
concentration of NA, anthe width of the peak is proportional to the spesd of
the flux. Figure 37 shows one representative exarapmeasurement employii
an eightelectrode array. The Nanog concentration was 1 pgAs we can see
the current does not reach a steady , as with the rotatir-disk electrode
method, but increases until reaching a maximumevahd then decreases in ti
because the concentration of hydrogen peroxidesdees due to the constant f
of the fluid.
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Figure 37. Amperometric results of 1 pg/mL eight-electrodeagriusing the
twelfth approach.

This was the last result obtained concerning thgEnazation process.
Further measurements are currently being carrietd abuthe University of
Connecticut. Among them, to obtain a “microfluidicélibration curve similar to
that of Figure 35 and the use of different NA caricaions in the eight
electrodes.

The results described above demonstrate the utifityold nanoparticle-
based immunosensors combined with amplified mobkiladetection using
magnetic beads for ultrasensitive detection of gnotbiomarkers. Since a
significant number of biomarkers have normal lewelthe low pg/mL range, we
here wished to demonstrate how to improve the tetedimit in this range in
order to optimize a sensor capable of measuringh boormal (=low)
concentrations representative of cancer-free piateamd elevated levels indicative
of cancer. The approach utilizing StrMPs-bigAtioHRP conferred the best
sensitivity and the best detection limit due to kingh number of labels on each

magnetic bead. Other advantages of the magnetidsbia multiple labeling
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include a more narrow and reproducible size distiim than other methods and
ease of preparation of the labeled bioconjugaesgufing magnetic separation of
MPs-Ahb,-HRP from unbound proteins by using a magnet.

The increased density of the conductive AuNPs tyeiatreases the
active surface area for capture antibody attachrwefliexible glutathione tethers
and may also be an important factor explainingitipgroved sensitivity. The key
advantages for higher amperometric signal includesdly packed, patternable
conductive nanopatrticles resulting in a high swefarea, highly conductive
platform with protruding functional groups thataall simple bioconjugation to
large amounts of primary antibodies. The immunosensquired mediation for
the best sensitivity and this is most likely rethte the distance between the HRP
labels and the AuNPs, which limits the efficiendywect ET.

The improvement in detection limit may be also teddato better control of
mass transport in the microfluidic system compacethe rotating-disk electrode
approach, leading to better signal-to-noise. Therafiuidic biosensor also
showed good stability and reproducibilttyln general, the advantages of
microfluidics are: i) small volume requiredl, nL] (very important for expensive
reagents and to reduce waste); ii) faster resp(esetion time is fast, shorter
diffusion distances); iii) high sensitivity and detion limits; iv) inexpensive
method; v) less energy consumption; vi) capabiityrapid multiplexed protein
detection; vi) portable and user friendly; vii) oggonally simple; viii) ideal for
point of care diagnostics.

To conclude, this method should be readily adaptédolmeasure cancer
biomarkers having very low normal levels in serumd éissue, for point-of-care

early detection and monitoring of this disease.
3.2 IRRAS Characterization of Peptigdam

Infrared reflection absorption spectroscopy (IRRASSa useful technique
for studying thin films on reflective substratessfdy of the infrared absorption

spectra of adsorbed molecules may provide detaitdddrmation about the
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structure of the adsorbed species, the natureeofntieraction with the surface,

and the strength of the adsorption forces.

3.2.1 The metal-surface selection rule

The IRRAS technique differs from normal IR speatagsy for a particular
effect given by the reflection of the beam on afae. Infrared radiation is a
transverse, electromagnetic wave characterizedhbyotthogonal electric and
magnetic fields oscillating in directions perpendie to the direction of the wave
propagation. Figure 38 shows a graphical repregsentaf an electromagnetic
wave with the electric field oriented along thexrsa Such a wave, with a well-
defined orientation of the electric and magnetields, describes a linearly
polarized radiation and shows that a non-polarizetiation can be regarded as
composed of two orthogonal, linearly-polarized comgnts. The energy of the
magnetic field is equal to the energy of the eledield of an electromagnetic
wave and thus it is convenient to consider only faeld, usually the electric one.
When the electromagnetic radiation is incident bbandary between two phases,
part of the beam is reflected and part of it igaeted into the second medium.
The reflected light combines with the incident tigh produce a standing-wave

electric field at the metal surface, where the daisg monolayer is present.

Figure 38. Direction of electric and magnetic fields with pest to the

propagation direction of an electromagnetic wave.
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This interaction between the incident and refledigbt causes a phase
change in the electromagnetic radiation that depeamubn both the angle of
incidence and the state of polarization of thetlighgure 39 shows the typical
reflection phase shifts expected for a metal. Thasp shift for the component
polarized perpendicular to the plane of incidensgdlarized electromagnetic
radiation) is close to 180° for all angles of irede, while the phase shift for the
component polarized parallel to the plane of incae (p-polarized
electromagnetic radiation) changes rapidly at lsigbles of incidence. The plane

of incidence is defined as the plane that contdiasncident and reflected beams.

Angle of Incidence (Deg.)

0 45 90
0 Ll 1

-45

-90

-135

-180

Phase Change on Reflection (Deg.)

-225 -

Figure 39. Phase shift for light reflected from a metal sedad; is the phase
shift for light polarized parallel to the plane aficidence; 1 for light polarized

perpendicular to the plane of incidence.

Figure 40 shows the plane of incidence profile dbandary formed by a
transparent and an absorbing phase. The coordigstem has the x and z axes in
the plane of incidence and the y axis normal to glame of incidence. The
propagation directions of the electromagnetadiation are indicated by
dashed lines. The figure shows that the incideam can be envisaged as

composed of the two linearly polarized orthoglo components: s and p.
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f=m+0 | x

iy =y + ik, y

Figure 40. Reflection and refraction of electromagnetic radia at the boundary
between a transparent and an absorbing medium. &hsmes denote the
direction of propagation of radiation. Arrows indite the electric field vector of

p-polarized light, which lies in the plane of ineitte. Symbolr@ an@
indicate the advancing and retreating electric dieVectors of s-polarized

radiation (which is perpendicular to the plane atidence). In addition, symbol

® shows the (advancing) direction of the y coordiretis.

Figure 41, instead, underlines the orientatiorhefdlectric field vectors of
s- and p-polarized beams with respect to the nsetdhce for a high angle of
incidence where the phase shift upon reflection9@. Due to destructive
interference of the incident and reflected radratieear the metal surface, the
electric field of the s-polarized infrared beam asnvanishes at the metal surface
for all angles of incidence, while the electricldieof the p-polarized beam is
enhanced at the metal surface as result of theroetise interference. Note that
at grazing incidence the phase shift is 180° ewgrttfe p-polarized component
and, consequently, its incident and reflected ateeectors would cancel at the
metal surface. In other words, a thin layer on dameeflecting surface should
show some absorption only for the light polarizearagliel to the plane of
incidence and for a sufficiently high value of tiegle of incidence, but not too
high, otherwise even the p-polarized component rgues to a destructive

interference.
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By considering these issues, the IR spectrum fdneanisorbed molecule
may substantially change from that of the same ocwbdein solution or gas phase.
Because of the reflection, only those modes thae lvibrational dipole moments
with components perpendicular to the metal surfagk have measurable
intensities. Whereas these normal modes are IReache normal modes whose
dipole moment is parallel to the metal surfacelRrénactive. This selection rule
characteristic of the reflection adsorption spestopy is called “metal-surface
selection rule”. Finally, differences in the IR spra are also expected for a
substantial change in the degrees of freedom ottieeisorbed species due to
the bond between the molecule and the metal surflarsewell known that an N-
atomic molecule in the gas phase has 3N kinetioedsgof freedom, for a
nonlinear molecule 3 of these are translationahre rotational and (3N-6) are
vibrational modes; for linear molecules there areaBslational, 2 rotational and

(3N-5) vibrational modes.
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p - polarized radiation: S - polarized radiation:
electric field oscillates in the electric field oscillates perpendicular to the
plane of incidence plane of incidence
phase shift after reflection = 90° phase shift after reflection = 180°
constructive interference destructive interference
enhancement of electric field at vanishing of electric field at the metal
the metal surface surface

Figure 41. Diagrams of reflection of linearly polarized elemhagnetic radiation
by a metal mirror for a grazing angle, showing timeraction of s- and p-

polarized beams with the metal surfage.
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For each non-degenerate vibrational degree of dr@edhere is a normal
mode in which all atoms vibrate with the same fesgry. However when an N-
atomic molecule is chemisorbed on a solid a newmeted bond is formed
between the molecule and the surface and tiserlbed species is held with a
greater extent of rigidity. This leads simultandgudo a substantial
rearrangements of the bonding pattern betweenttimsaof the original adsorbed
molecule and, hence, to a changed of the (3N-6}erial” vibrational
frequencies. In addition, the three translatiomal the three rotational motions of
the free molecules are usually converted to vibrati modes arising from the
presence of the new chemical bonds. These new nmagdecome substantially
mixed with the modified internal vibrations of tadsorbed molecule. Therefore,
it is generally strictly meaningful to speak ofadal of 3N new modes associated
with the system of adsorbate plus adsorbent. Inescases, the torsional mode of
the chemisorbed species may be approximate toear@tation of the molecule
around the new bond formed; then, there will be-[Bhew vibrational modes. In
addition to changes in the degree of freedom ofntwdecule, new modes of
vibration can arise from the coupling between thwations of the chemisorbed
species and the lattice modes of the surface.@driscular coupling can add other
3N vibrational degrees of freedoth.

3.2.2 Characterization of Aib-Homopeptides

Before addressing the actual IRRAS measurementsedaout on the
peptide SAMs prepared on well activated and charaetd gold surfaces (see
Experimental), it is important to assess and contrtienIR spectroscopy features
of the free peptides in solution.

The FT-IR absorption spectra of the thiolated Adpiides, S-protected by
the trityl (Trt) group, were obtained in GEl,, which is a solvent of low polarity
having no propensity to behave as a hydrogen-beodpsor. The analysis was
focused on the N-H and amide stretch modes.

The N-H stretch region (Amide A region, rangingnfr@500 to 3200 cif
is composed by a high-energy region correspondirigeg NH groups that are not

involved in hydrogen bonds and a low-energy regientaining to NH groups
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involved in intra- and inter-molecular hydrogen dsen(Figure 42 and 43). The
amide region ranges from 1700 to 1500'camd contains two main signals: the
one higher in energy is called Amide | and is ppatly related to the stretch of
the C=0O groups. The other, lower in energy, isecklAmide Il and is more

complex with an important contribution from N-H loigmg and C-N stretching

vibrations (Figures 44 and 45¥1%*

As we can see in Figures 40 and 41, for both thke phd minus series
there is a red-shift of the Amide | signal, as fleptide chain is made longer, as
previously reported for similar peptide series loniblo et al*®

In particular, these authors found that this reift-s optimized with the
octamer because of formation of a fully developdble intramolecular H-bond
network. Interestingly, we can observe a shouldethe amide | ofl- at high
energy. It thus appears that while for the the H-bond is more stable and the
signal is prevalently related to the H-bonded C#®teh, in the minus series the
H-bond is weaker and the C=0 component not involveduch interaction is

more evident.
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Figure42. The amide A region for the plus series.
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Figure 43. The amide A region for the minus series.
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Figure 44. Amide | and amide Il regions for the plus series.
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Figure 45. Amide | and amide Il regions for the minus series

Concerning the amide A region (Figure 42 and 48d are two signals: a
less intense signal at higher frequency and a nmbeese one between 3350 and
3300 cni. The first is related to free N-H groups. Accoglito the 3¢-helix
features, two N-H and two C=0O groups are not ingdhn intramolecular H-
bonds, as highlighted in Figure 46. As reportedrbyiolo et al*®®, the intensity
of the band related to the stretch of the N-H badngslved in intramolecular H-
bonds increases as the peptide is made longerreéthshift of the band tends to
become independent of the peptide length for geffity long peptides, meaning
that the 3g-helix is fully formed and stable. With our systemg observed the
same intensity increase and red shift. The intgridithe band related to the free
N-H groups does not change because the numbepsé throups (two) does not

vary with the peptide length.

9 e s AL
f\@ "H>-H“ = >gﬁ;ﬁhfh“‘ - &JHR%‘H A
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Figure 46. The C=0 and the N-H not involved in the intramalec H-bonds

(plus series) are circled in blue and orange, respely.
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To verify the extent of stability of thg@helices formed by the peptides of
the plus and minus series, we applied the samegsasadreviously described for
these systems. The ratio between the integratedsiy of the band of H-bonded
N-H groups to free N-H groups, divided by the numbieactual H-binds, should
display a dependence of on the number of intramatdedd-bonds that tends to
level off for sufficiently long peptides: this is andication of formation of stable
and stiff 3¢-helices*®

Figure 47 compares the results obtained with the phd minus series in
comparison with the data previously reported for(A),-OtBu (Z =
(benzyloxy)carbonyl, OtBu = tert-butoxy, n = 3-19J.If the values at large H-
bond values are taken as a reference, one canaéstimw the percentage of
intramolecular H-bonds changes as the peptide gentanger. This is illustrated
in Figure 48. The shorter oligomers, as expecteshlaly less stability but for
longer peptides of the investigated series we aarclade that the helices are

essentially fully formed, which implies stiffer peges.

- 3
E (@) @) o
) 8
O )
o [ J
T e °
pd o °
© (@]
@ 8
| —
<27 &)
©
C
o
fe) 6]
I
zZ © (Areaintra/Areafree)/nH Toniolo
o] ® (Areaintra/Areafree)/nH Trt plus series
9 @ (Areaintra/Areafree)/nH Trt minus series
'<—E' 1 L L L L
o) 2 4 6 8 10
H-Bonds

Figure 47. Dependence of the normalized ratio between thgiated intensity of
free and intramolecularly bonded N-H groups on thenber of H-bonds (for

explanations, see text).
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Figure 48. Dependence of the peptide stiffness on the nuaibi¢tbonds.

We should finally note, however, that the FT-IRheique alone does not
allow one to unequivocally establish the specifdidal structure adopted by the
peptides. Full assessment also requires extendmagacterization by NMR
spectroscopy. For the peptides here investigalesl aspect was previously dealt
with, and will not be discussed furtiérHere, if suffices to stress that the
presence of the;ghelical structure was fully confirmed for mosttbe peptides

here investigated.
3.2.3 Characterization of Aib-Homopeptides SAMs

Vibrational spectroscopy is a powerful technique &wdying peptide
structures and interactions. In the previous sectie@ discussed the IR absorption
behavior of the free (protected) thiolated peptided, particularly, how the N-H
stretch region (amide A) allows us to distinguigivieen the N-H groups that are
involved in intramolecular hydrogen bonds and those involved in such

interactions. We also saw that other important rmfation on the g-helix
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structure and stability can be obtained from thedanm (and amide II) region.
IRRAS spectroscopy was utilized to obtain information the structure of the
peptide SAMs and to further investigate their digbi In fact, the same
information provided from FTIR of free ligands claa obtained from the position
and intensity of the IRRAS peaks. In addition, mfation on the organization of
the monolayer can be gathered by taking advanthtjfeeonetal-surface selection
rule.

The two series of peptides, self-assembled ontefady annealed gold
surfaces (see Experimental) were thus studied BRAR the spectrum od+,
however, could not be satisfactorily analyzed bseanf its week signals. Figure
48 shows the full spectrum of the SAMs formed fridme peptides of the plus
series. The presence of bands that clearly ineraashe peptide length increases
is evident. We will first comment the Amide A regicand then the Amide | and
Il regions.

Plus Series;

le-3

—— FTIR5+
8e-4 || — FTR4+
—— FTIR 3+

FTIR 2+

6e-4 1| Frris
4e-4
2e-4

0

Absorbance

-8e-4 : : : . .
3500 3000 2500 2000 1500

Wavenumber (cm‘l)

Figure 49. The FTIR-RAS spectra for the plus series corresgbottom to top)
to 1+ (pink),2+ (green),3+ (blue),4+ (red), ands+ (black).
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Hydrogen bonding and the coupling between tranmsitipoles are among
the most important factors governing conformatiosahsitivity of the amide
bands:®

The N-H stretch region, from 3200 émto 3500 crit, clearly shows
(Figure 50), that compared to the free moleculesithnd corresponding to the
two free N-H groups disappears, which means thahalN-H groups are bonded
either intra- or inter-molecularly. In fact, we sit@ consider that while in the
SAMs the peptides are forced to organize closath ®ther. In this way, the free
N-H are conceivably involved in intermolecular iatetions and thus the high-
frequency band disappears. This conclusion alsdiesighat neighbor peptide
adsorbates should provide C=0 groups that are &lreavolved in intrachain
C=0-H-N hydrogen bonds. These three-center hydrogedsatiow formation
of a strong interchain bonding network and, singe the plus series they are
embedded inside of the monolayer, they are largebffected by an increase of
the peptide length, as already observed for theesponding 3D SAMs formed
on gold nanoclustef§.

The Amide A region also shows that as the peptidgenclength increases
the frequency of the N-H stretch band of intramolady H-bonded peptides
decreases, which is a marker of the increase dideeptiffness (see Figure 51).
As we discussed in the previous section, basedhenwork of Toniolo and
coworkers one can relate the percentage of intecatr H-bonds of the;@
helix type to the number of residu®s.

We applied the same treatment to the trityl-pr&edhiolated peptides of
the plus series and could estimate that even $dithelicity is more than 70%,
eventually becoming 100% for the longest peptideese data highlight the
outstanding efficiency of the Aib unit in stabihgj folded and helical species
even in very short peptides, but also explain tloadiness of the IR bands, which
result from a combination of contributions from tiple conformation$?

Since the helicity percentage requires to computactor including the
integrated absorbance of the free N-H groups,ddlisulation cannot be applied to
the peptides in the SAM. On the other hand, thg femt that the peptide is inside
the monolayer implies less freedom degrees andttieugelix is expected to be

even stiffer than in solution. This is also knowan $§imple alkanethiols, where the
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all-trans conformation is stabilized by Van der \lgaateractions with neighbor
molecules in the SAM® We are thus confident that not only the-Belix forms,
as already inferred from the IR spectra of the fre#ecules in solution, but also
that it is probably even stiffer.

From the comparison between the amide A band ofrdee peptides and
those self-assembled on the gold surface, anatieresting aspect emerges (see
Figure 51). In general, we notice that the pepliteth dependence of the band
maximum for the free (trityl-protected) peptidessimlution and that for the self-
assembled peptides is approximately similar. Figdi@ shows that the
wavenumber of the amide A band for thleis series linearly decreases with an
increase of the number of H-bonds. The main diffeeebetween the two series is
an almost constant shift: tipdus series of chemisorbed peptides is shifted toward
lower wavenumbers by ~4 émThis is probably related to what said before:
while in the SAM, the peptides are stiffer.

3e-4 - )
4+
5+
S
Q 2e-4
©
2
@]
3 le-4 f
<
O L
3500 3400 3300 3200

Wavenumber (cm'l)

Figure 50. Amide A band for the peptide SAM of the plusesemvith the only

exception ofl+ because it had a different behavior, so it waatid later.
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Figure 51. Comparison between the wavenumbers of the amidand for the
plus series of the free protected peptides (bluerrand for the plus series of the

self assembled peptides (red color).

The band of2+ shows the presence of two components. The low-
frequency component appears to be present also thiegoeptide is made longer
(the overall bad is very broad), but the red sbifthe main band prevents its
detection for 4+ and 5+. The low-frequency component is typical of
intermolecular H-bonds, as already found and dsedisn detail with Aib-peptide
protected gold nanoclustéts.We here made the assumption that the low-
frequency component @+ is present for all peptides.

To better appreciate the relative similarities difterences, also in terms
of absorbance maxima, we thus normalized the Nrétcét region (Figure 53) by
taking into account the number of molecules pef €Rable 4). These data were
calculated using the average of the chang@)(per cni obtained in reductive
desorption measuremeritsBy this approach, one can take into account theahc
difference between the surface concentrationstheravords, the low-frequency
band of 2+ could be normalized for the concentration and thasue was

subtracted from the normalized broad band of thergbeptides. The contribution
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of the N-H band of intermolecularly H-bonded pepsidwas obtained by
deconvolutiofi* of the spectrum d?+, as illustrated in Figure 52.

Table 4: Values of Surface Coverage.

H-Bonds Plus Series (mol c/) Minus Series (mol ci)
0 4.15+0.25 - 1¢° -
1 4.03+0.24 - 16 6.40 £ 0.70 - 1&f
2 3.84+0.20 - 1¢f -
3 4.99 +0.43 - 1¢f 3.70 £ 0.05 - 1¢f
4 459 +0.34 - 16 -
5 4.31+0.26 - 1¢f 3.14+0.12 - 1¢f

This deconvolution clearly shows that the signal be deconvoluted as
the sum of two non-linear least square Gaussiandite due to the intramolecular
bonds at 3349 cthand the other due to the intermolecular bond3388 cn'.
The latter frequency is as found with Aib-peptigiestecting gold nanoclustéfs
in the end, we are comparing very similar systems main difference being that

small Au clusters tend to be roughly spherical G&M).

6e-5

4e-5

Absorbance

3500 3400 3300 3200
Wavenumber (cm'l)

Figure 52. Deconvolution of amide A region f.
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Figure 53. FTIR-RAS spectra for the amide A normalized byntaknto account
the concentration and the presence of the N-H lmdndtermolecularly H-bonded

peptides.

As already noted, shorter oligomers exhibit in solua small percentage
of intramolecular H-bonds. In SAMs, on the othendhathe presence of neighbor
molecules reduces the freedom degrees of each awlaod should thus make
the helix more stable and stiffer. This is true fost Aib peptides. Notably,
however, Figure 51 shows that the amide A banti-adoes not have the classical
signal related to an intramolecular H-bond (acauydio Figure 48, a band at
~3360 cnT was predicted). Although weak, the only detectaialieds are at lower
energies. These frequencies are typical of inteeowér H-bonds, as already
discussed. It appears, therefore, that wheis self-assembled on a gold surface
it undergoes a significant change of its secondanycture. The free energy of the
system would thus be lowered when the intramoled@g-helix like) H-bond is

broken in favor of intermolecular H-bond(s).
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Figure 54. Deconvolution of amide A region bf.

As already noted, information on the peptide camfation can be obtained
from the amide | and Il regions (Figure 55). We imhthat the fine structure of
these bands is quite complex because they areun@thpodes but, instead, consist
of several components. Let us focus our attenti@vglently on the comparison
of the two amide bands, the main reason beingftbat the ratio between the
corresponding intensities the tilt of the peptides@bates can be estimated.

Whereas the intensity of the amide | band, whictresponds mostly to
the C=0 stretch and occurs at 1680 — 1672,cimcreases with the number of
residues for the plus series, the intensity ofahede 1l band, centered at ~1530
cm?, is almost constant (see Figure 55). The mainuiaqy is roughly constant
for peptides3+, 4+ and5+, but the value decreases for peptidesand 2+ (see
Figure 56). The different sensitivity of the twonila on the peptide length are
related to the metal-surface selection rules, alegrto which the transition
moment related to the amide | band is more perpefatito the surface, while the

transition moment related to the amide Il is onijdig affected.
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Figure 55. IRRAS spectra of the amide | and 1l bands for tlas peries.

Concerning the Amide | band of the free and the Spdptides (Figure
53), the frequency of the signal slightly decreagesthe number of hydrogen
bonds increases. This behavior is related to arpssge stabilization of;g-helix
with an increase in the number of residthdJnlike amide A, the amide | band
of the self-assembled peptides is shifted by ~Z ¢mhigher wavenumbers than
in the corresponding free peptides. This behawoguite intriguing because it
would point to a less strong helical structure led peptides while in the SAM.
This is in contrast with the amide A behavior, thater being easily
understandable because of the reduced freedomedegrade the SAM. At the
present stage of investigation, we have no explamabf the different trend
showed by the amide | data. As for the Amide A oagil+ displays some
different features from the other peptides of thesseries. This is evident from
the shape of the amide | band (Figure 57) thatoimposed by more than one
component. We will see that a similar complex gitirais also displayed bg-
and, particularlyl-. The complex pattern of the Amide | band confiiwas initial
hypothesis that whed+ is self-assembled on a gold surface it undergoes a
significant change of its secondary structure.
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Figure 55. Comparison between the wavenumbers of the amidandl for the
plus series of the free protected peptides (bluel) far the plus series of the self-

assembled peptides (red).
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Figure 56. Comparison between the wavenumbers of the amidend for the

plus series of the free protected peptides (bluerrand for the plus series of the

self assembled peptides (red color).
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Figure 57. Deconvolution of amide | region &

The frequency of the main bands of the plus seftgs)oth the Amide A

and the amide carbonyl regions, are gathered iheTab

Table 5: Values of wavenumbers obtained for each peptidhéoplus series.

H-Bonds Region Wavenumber (cm-1)*
1 Amide | 1679.6 (1668.1, 1690.6)
Amide Il 1511.6
Amide A 3305.2 (3219, 3277)
2 Amide | 1679.0
Amide Il 1524.7
Amide A 3349.8 (3308.2)
3 Amide | 1677.1
Amide I 1530.4
Amide A 3334.7
4 Amide | 1674.8
Amide I 1532.3
Amide A 3323.8
5 Amide | 1672.7
Amide Il 1532.3
Amide A 3316.0

! The frequency values obtained from deconvoluti@nim parenthesis.
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Figure 58. The FTIR-RAS spectra for the minus series cormggbottom to top)
to 1- (blue),3- (red), ands- (black).

We now focus on the minus series. This series stargly displays
absorbances significantly lower than those of theespondinglus series. This
is related to both a lower surface concentratiee (Bable 5) and other factors, as
explained in the following.

The spectral region pertaining to the amide A bgfidure 59) shows that
1- has a high-energy band in the region of free NeHds, and botli- and3- do
not show the intramolecular band at the expectetcemambers, but show a broad
band at lower energies that most likely correspornds the stretch of
intermolecularly-bonded NH groups. We should mantlwowever, that fo8- this
behavior is less reproducible, as if for this pépthe SAM structure is very much
dependent on the preparation of the SAM. We beli@ee below) that this is
related to this peptide being near the “transitibatween forming 3-helices and

other, more intramolecularly H-bonded structures. 3-, however, we observe a
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behavior very similar to that of peptides fr&@h to 5+, albeit with a quite lower
intensity.

Whereas the spectral region pertaining to the arat® 11 bands (Figure
60) does not show significant differences 8rand5- with respect to the plus
series (beside the intensity of the signdlsyisplays a band that is quite different
from that of the other peptides.

It appears, therefore, that peptidels 3- and, particularlyl- undergo a
heavy conformational change when organized in SAKs gold surface. This
was already emphasized in previous work from taotatory, showing that the
packing degree dof- is particularly largé® The value, 6.40 + 0.70 - 1B (Table
4), can indeed be compared with the surface coeetggical of alkanethiols’
SAMS on Au (111) lattice, i.e., 7.76-10mol cm?.1%?

Generally, for the other peptides the packing igegsmaller because the
peptides have a more complex and bulky structuam th simple alkanethiol
chain. The coverage calculated foy however, is as much as 82% the alkanethiol
value, witnessing a very similar packing and sutiggsthat for this particular
peptide the helical structure is probably lostaudr of a more elongated structure
(note: ideal alkanethiols’ SAMs are formed by males adopting an all-trans
conformation).

The frequency of the main bands of the minus seftgsboth the Amide

A and the amide carbonyl regions, are gatheredbierl6.

Table 6: Values of wavenumbers obtained for each peptidéheominus series

H-Bonds Region Wavenumber (cm-1)"

1 Amide | 1685.8 (1669.8; 1699.19)
Amide Il 1556.5
Amide A 3421.3

3 Amide | 1673.0
Amide Il 1531.1
Amide A 3303.6

5 Amide | 1671.7
Amide I 1535.2
Amide A 3314.8

! The frequency values obtained from deconvolutienimparenthesis.
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Figure 59. Amide A band of the peptide SAM of the minus series
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Figure 60. Amide | and Il band of the peptide SAM of the mearges.
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Based on the IRRAS observations, we can thus cdedhat while in the
SAM the plus series affords a more stable secondary struchae theminus
series. The shortest peptides give less staptdedices, probably preferring to
form intermolecular H-bonds. Disruption of theg8elical structure is more

evident with theminusseries.

3.2.4 Determination of the Orientation of the Atixd

Molecules

The orientation of the absorbed molecules withim 8AM is determined
by several factors such as the adsorbate—-subsirateng strength, the geometry
of the binding site, the intermolecular interacfometween the adsorbed
molecules, and the solvent-adsorbate interactitns

As a result, the orientation of the peptide hebkxsawith respect to the
substrate's surface normal is better described dsstebution of values. An
orientation distribution function is thus necesdarynterpret the IRRAS spectrum
and calculate the average tilt angle from bandnsitees. Thus, Samulsky and
coworkers® employed a Gaussian orientation distribution fiomcto infer the
peptide helix axis orientation in the SAM on goldhe helix axis orientation was
obtained by optimizing the agreement between thieaievalues for the amide |
to amide Il absorbance ratibD, (see equation 7), and the obserzdalue from
the IRRAS experiments.

Figure 61 shows the coordinate system that describe interaction
between the polarized, incident IR electric fielddathe molecular transition
moment in the grazing angle IRRAS experiment. Dueghe surface selection

e'® the only active electric-field component of theident light () is parallel

rul
to the Z-axis of the laboratory systenX(Y, Z), the gold surface being in the

X=Y plane. The transition moment (amide | or amide Il band) is located in a
molecule (helix)-fixed framex(y, 2) by its respective polar and azimuthal angles
(o, B). Thex, y, zframe is oriented with theaxis along the helix, and that axis is

located in the laboratory system byand®. vy is the azimuthal angle about the
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helix axis. Using the relations among the Eungles® the projection om onn

Is given by:
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Figure 61. Coordinates of the laboratory (X, Y, Z) and molacyk, y, z) system

for a tilted peptide on gold surfac

The IRRAS absorption intensityA, is proportional tonm-nf’. Assuming
uniform azimuthal distribution about the helix ¢ —vy is uniformly distributec

over the interval [0, — Samulski found that

Thea-dependence is simultaneously averaged by this gggmfory. As
the angles between the transition moment and the &ds were determined i
be 39° forp; (amide | band) and 75° f@, (amide Il band}°’ A can be written a
A(0), where6 describes the tilt angle between the helix axis #rel surface

normal.
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The observed IRRAS absorption intensiy,Q depends on the orientation
distribution of the helices in the film. Thulgys is the weighted superposition of
contributions,A(6) W(0) do, whereW(0) is the normalized helix axis orientation

distribution function. Hence, we have

T

(5) Agps = f Z 4w (6)do f 2(jm - nJ2), W(0)d(6)
0 0

Similarly, the average of any functiofiof the tilt angle of the helix axis

relative to the surface normal is

Vs

©) ()= f X)W (©6)d(6)

0

The amide | to amide Il absorbance ratio is

My JIm nl?), W (6)d(6)

AII

(7) D=K 3
obs JE(Im - n|2)w(6)d(6)

whereK is the scaling factor that relates the intrinsiscidlator strength” of the
amide | and amide Il vibrational modéswas determined to be 1.35 + 2 from the
transmission FTIR spectrum of a peptide KBr péeffét.

The Gaussian orientation distribution function thats used to model the
helix axis orientation distribution is

(8) W(8) =N"lexp —Tiz(@ —6,)?|sin(0)

whereN is the normalization constant:

Vi

3 1
©9) N= f exp [—F(e)—eo)z sin(0)d(6)
0
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Assuming the monolayer to be an ideal isotropim fivith a uniplanar
distribution of helix axis confined to the gold strate, 6 results constant.
Therefore, the helix-axis orientational distributig a delta function: V@) = d(6 -
90°). This distribution is certainly reasonable éoir monolayer.

The observed ratio of the amide | and amide ligraged intensities, §s=
A'sdA" s is thus calculated from the equation, for whichkmew W(@®) = &(6 -
90°). Therefore, the orientation of the peptidesoaled on the gold surface was

determined according to the following equationuasgsg an isotropic monolayer:

Abps  (Im!'-n|?) (3cos?8 —1)(3cos?f; —1) +2
Al (|m! - n|?) "7 (3cos20 —1)(3cos2 B, —1)+2

obs

(10) D=K

1

oD ;| 9D g 1 ; A I

A'sps and Algs are the observed absorbances of amide | and arhide |
bands,0 is the tilt angle of the helical axis, afd and 3, represent the angles
between the transition moment and the helix akisse value were taken to be
39° and 75°, respectively’

In order to take the maximum value of observed dizswe, we selected
the two zones of the spectrum where the amide laamide Il bands are present.
Then, we employed three different nonlinear regoesanalyses (the Gaussian,
the Pseudo-Voigt, and the Lorentzian fitting me#)ow optimize the agreement
between the theoretical values for the amide Inade Il absorbance ratio, and
the observed D value from the IRRAS experimentserAgeveral tests, we opted
for using only the Gaussian regression, which gheebest peak$n some cases,
to find the best values of maximum absorbance, lse ased a deconvolution,
and to calculate the corresponding error, we udexdl donventional linear

propagation:

A1) y=yo+a-e 7]
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a(x — xo)ze[_o's(x_bxo) ]

b3

X—Xo\2

(12) 6y =8y, + e[—o.s( 5) ] -Sa +

- 6b

a(x — xo)e[_o's(x_bxo) ]
532

¢ 5x0

Then, to calculate the tilt angle of each peptidd ¢he corresponding

errors, we used the following equations, obtaimethfequation 10.

(13) 6 = arcos

2K — 2D 1 1
(D-(Bcoszﬁz—1)—(3coszﬁ1—1)l{+ )§

(14) 66 =< — !

1_( 2K — 2D +1)_1
D-(3cos?B, —1)—(3cos? B, — 1K 3
1 1

2 2K — 2D 1
\/(D-(Bcoszﬁz—1)—(3c052,81—1)K+1>'§

1 2
§<D -(3cos?By,—1) —(3cos?B; — 1K
(3cos? 8, —1)(2K — 2D) >} 5D

" (D-(Bcos? B, — 1) — (3cos? By — DK)?

{ 1
+{\_\/1_< 2K — 2D +1)-%

D-(3cos?f,—1)—(3cos?B; — 1K
1

N =

2K — 2D 1
\/(D-(3coszﬁ2—1)—(3cosz,81—1)1(+1>'§

Uy

2
§<D +(3cos?2B, —1) — (3cos? B, — 1)K
K(2K — 2D) >} sk

* (D-(3cos?B, —1) — (3cos? B, —1)K)?
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From these calculations, we obtained the valuewsho Table 7.

Table 7. Amide | to Amide Il Absorbance Ratio and relafivie angle.

H-Bonds D=A/A" Tilt Angle 0 (degrees)
1+ 1.16 54.7
2+ 1.68 49.5
3+ 2.06 44.6
4+ 2.80 37.9
5+ 5.90 22.4
1- 1.20 57.8
3- 1.25 56.7
5- 1.38 54.2

Of course, all these data rely on a series of aggans. First, we assume
of having a monatomically smooth Au(111) surfacd #mat there is no surface
roughness (i.e., an angular spread resulting fromesa-than-flat surface that
should be convolved with the angular distributidnttee helix axes). This is a
significant assumption as the IR beam size is nsgoqc in areal dimensions and
it is doubtful that a uniform surface (other thasiagle crystal) describes such a
large area. On the other hand, in the Experimesdation we stressed that the
freshly annealed surface is mostly a (111) surf@oe the roughness factor is
close to 1, being 1.16 + 0.08. Second, we assuatetlie SAM is isotropic and
defect-free, and this is something that is obvipusbt true as thoroughly
commented upon in the introducing chapter. Findllgw well is the helix axis
defined? At the polypeptide-air interface, for exden we expect some dynamic
behaviour that introduces some uncertainty aboaitdéfinition of the helix axis
itself. That the helices are stable is true for lthregest peptides of the plus and
minus series, but it is not completely valid fooskr peptides, particularly those
of the minusseries. For these peptidéd, and €, may thus be slightly different.
Because of these assumptions, we consider thatrana# at least +5° is more
reasonable than that of £1° deriving from our clttans. Figure 63 shows that
the long peptides of th@us series are less tilted than shorter ones.

We should stress that the figure also incluttesnd1-, although the error

on the determination of their amide Il intensitglicates that the calculated tilt
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angles suffer an even larger error than that iteccan the figure. Noteworthy,
Figure 63 shows that when the number of H-bondseases the tilt angle
decreases smoothly. Therefore, it appears that peptjdes are suitable to better
self-assemble on the surface. In other words, tleemigid is the secondary
structure of the peptide, the more the SAM is adeand the molecules are
perpendicular to the surface. It is also intergstm note that in theninusseries
the tilt angle depends very little on the peptigiegth. These angles are similar to
those ofl+ and2+. This means that the peptides of tinéhus series are, on
average, significantly more tilted than those efgglusseries.

The tilt angles that we calculated are generallgda than those of
alkanethiols, ~30°. On the other hand, helical idegt show tilt angles in the
range from 20° to 5591991101 |ine with our results. The majority of

literature calculations are based on IRRAS data.
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Figure 62. Dependence of the ratio between the absorbanamiole | and that of

amide Il on the number of H-bonds for the plus #m@minus series.
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3.2.5. Determination of the Thickness of the Mogeta

The thickness of the monolayelty Can be calculated from the tilt angle
(0) and the length of the peptid@. (The lengths of the investigated peptides have
been calculated (for perfeciodhelices) from molecular models. The length was
calculated from the hydrogen of the SH group (mkimig Au) to the hydrogen of
the most distant Ciof thetert-butyl group. The calculated lengths ate; 11.6
A; 2+, 13.6 A;3+, 15.2 A;4+, 16.7 A;5+, 18.6 A;1-, 11.3 A;3-, 15.2 A;5-, 18.9
A. As shown in Figure 64, the thickness of the mlaper can be calculated by
applying a simple trigonometric formula. This caétion logically brings with it
all the approximations made with the calculationtlee tilt angle. Although the
calculated values are affected by a non-negligdster, a relative comparison

between peptides of thus andminusseries can still be carried out.
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Further investigations on the monolayer thicknesgehbeen planned for
future work using other methods of analysis, suslelipsometry and ARXPS
(angle resolved X-ray photoelectron spectroscdmg:is a technique in which the
photoelectron take-off angle allows reducing thetdefrom which the XPS
information is obtained; its most important apgiica is, in fact, the estimation of
the thickness of thin films and thus SAMs), andvhkies will be compared. This
comparison will provide a useful way to validate thethod based on the amide |
and amide Il ratio.

As Figure 62 shows, the thickness of the monolaj@rshe plus series
increases with the number of H-bonds but, due & décrease of the tilt, not
according to a linear function. For th@nusseries it appears that the thickness
increases in a similar way, but with an averagellesmalope. To conclude, the
minusseries forms thinner monolayers than phes series. If we now consider the
surface coverages of Table 4, a smaller thicknesese monolayers is probably
determined by a less effective packing on the serfavhich may allow the

peptides to tilt more significantly.

103



—
oo

I;'f ®
—_— Ih=1.cos
5 16
o
° 14 +
E &
o
e 12 - ®
E *
= 40 F
o L
n 8t ’
O
C o
S 6F ¢
E
4 1 1 1 1 1
1 2 3 4 5
H-Bonds

Figure 64. The graph shows the trend of the monolayer thickassa function of
the number of hydrogen bonds for the plus (blueles) and the minus series (red
circles). The inset shows a graphical represematiomwing how the calculation

was carried out.
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4. Conclusions

Nowadays the Enzyme-Linked Immunosorbent Assay $Bl Ibased on
optical absorbance is the standard bioanalysis adethith claimed detection
limits as low as 3 pg/mL for Prostate Specific Ayeti (PSA):*? ELISA, however,
suffers limitations in analysis time, sample siaad multiplexing. Preliminary
studies in Jim Rusling’s laboratories suggest gpoténtial for nanoparticles to
make bioelectronic sensor array platforms to meastollections of cancer
biomarkers simultaneously, at high sensitivity @ample the detection limit for
PSA was obtained as low as 0.5 pg/Mland without compromising analysis
time or sample size. To assess the accuracy duhi# sensor in real biomedical
situations, a collection of human serum samplef wérying PSA content were
used. These samples were also assayed by stand&4 method. As Figure 65
shows, immunosensor results indeed display a veog gorrelation with ELISA
from sub-ng/mL concentration range to above 10 hg/ffor this representative

serum samples sét.

10"
B ELISA
PSA, B AuNP Sensor
pg/mL

1000

100

10

LNCaP 2 3

Figure 65. Validation of AuNP sensor results for human sersamples by

comparing against results from ELISA determinafiemsame samples.
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It was thus demonstrated that the AuNP platforecoimpetitive with other
state-of-the-art approaches in terms of both ggitgiand detection limit in real
samples, and may prove to have marked economicntayes in future array
fabrication. On these grounds, we employed thisd kif electrochemical
immunosensor to a new biomarker that may be ineblve carcinogenesis of
cervix and progression of cervical carcinoma. Weudth stress, in fact, that
nowadays researchers still do not know the detediimit of this particular
biomarker; similarly, the difference of concentoatibetween healthy individuals
and patients with cancer is still unknown.

Since we did not know the range of the expressibnthe Nanog
biomarker, we started by adopting the same apprthethwas previously adopted
for the PSA biomarket.Step by step, we optimized the experimental cooit
by changing the concentrations of the several wmoisitused for preparing the
immunosensor. Inhibition of non-specific bindinglabeled detection antibodies
was the most crucial step, because if the condemiraf BSA was too high the
signal was annihilated, but if the concentratiors\@o low the signal was not
reproducible.

Since a significant number of biomarkers have nérdexels in the low
pg/mL range, we aimed at reaching sensitivity is toncentration range in order
to make a sensor capable of measuring both normdbw) concentrations
representative of cancer-free patients and eleviteels indicative of cancer.
Therefore, we implemented our immunosensor usingP4-bioAk-bioHRP that
conferred the best sensitivity and the best detedimit, due to the high number
of labels on each magnetic bead. In fact, as detraded in the Results and
Discussion, we obtained a calibration plot thatvwahdigh sensitivity, good
reproducibility and the low detection limit of Oph/mL; this will allow the study
of serum samples from both healthy individuals gratients with cervical
carcinoma. Integrating the electrochemical biosemsim a purposely designed
electrochemical microfluidics device proved to b&emy promising strategy to
improve the sensor further. We believe that, astandardization of the method,
this immunosensor should be readily adaptable tasome Nanog biomarker
expression in real patients, for point-of-care eattection and monitoring of

cancer disease.
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We also carried out an investigation of the prapsrof two series of
peptide SAMs in order to check their potential asgible templates for building
the above biosensor/s. In a well-performing elattemical biosensor, the control
of the ET through the monolayer is of paramountartgnce. The ET behavior is
dictated by the properties of the SAM in termslet&on tunneling and quality of
the SAM itself. Aib-homopeptides were chosen fagithpeculiar properties to
form stable and robustghelices even for short oligomers. For these sysi¢he
ET rate is favored by the stiffness of the secopddructure, which in turn is
associated with the presence of an extended netefarkramolecular H-bonds.
Two series of thiolated Aib-homopeptides were stddiaplus series with the
positive pole of the dipole moment on the sulfutesand aminusseries whose
dipole moment is reversed. In each series the nuofoesidues was varied. For
the plus series, the number of residues was varies from@, alowing to study
the effect of having from 0 to 5 intramolecular BAdls (according to the;@
helix). For theminusseries we focused on peptides with 1, 3, and 5 ko

The structure and the stability of the secondanyctire of the adsorbed
peptides while in the SAMs were studied by IRRA8cmscopy. We observed
differences as a function of both the peptide lenghd orientation. The data
showed that stable;@helices form for most peptides, while for the sbsr
peptides competition between intra- and intermd&ctl-bonds makes things
more complex. In general, we found that when pegtidre organized in the
SAM, a wide network of lateral interaction is esistiied, which contributes to
increase the stability of the SAM itself and strigr@yms the secondary structure of
the SAM constituents. This is particularly true tbeplus series that proved to be
slightly more stable, as helices, than the cornedjmg series of free peptides in
solution.

Complementary information on the organization & 8AM was gathered
by calculation of the tilt angle. We found that tbleis series gives SAMs with
more vertically oriented molecules and thus thicB&Ms than for theminus
series. It thus appears that the reversed dipolmant of theminus series is
somehow slightly destabilizing the structure of tBAM relative to theplus

series. Because of this destabilization, the peptmf theminusseries prefer to
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adopt a more pronounced tilt angle with respeth¢osurface normal. With- the
3io-helical structure is totally modified (or eventosm favor of later interactions.
From our study, we conclude that long peptidehieptus series are liable
to provide the most stable and ordered monolayéisreas shorter peptides form
SAMs that are less stable and more prone to def€hts evidence, together with
the excellent ET properties of the long peptidetheflus series® thus suggests
that sufficiently long peptides of thplus series may provide a particularly
convenient support for the construction of effitielectrochemical biosensors.
This Thesis was made possible by the collaborafenxmd friendship)
between my supervisor, Prof. Flavio Maran, anduuesvisor, Prof. Jim Rusling.
The research proceeded smoothly and although sepexta are still waiting to
be addressed, the general outcome of the two delapécs was as all of us hoped.
New challenges are, however, around the cornemmpeoove the efficiency of the
biosensor, we are about to optimize the immunosemso changing some
elements of the transducer, particularly by usinigrpeptide SAMs which should
lead to very fast electrode kinetics. We are afs@stigating the possibility of
increasing the active surface of the electrode tsaties for example by using
nanostructured gold electrodEsas an alternative to a bed of AuNPs. Some
attempts in this direction have been carried out,this an aspect that for time

limitations of this Thesis could not be covered.
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