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Abstract

Sensing and recognition of bio-molecules igxtteme interest nowadays
because it allows for detection of specific targetsch can be the hallmarks
of diseases. Colloidal particles can be used asoweiful platform to
recognize bio-molecules and to perform a fast sengeof them. Indeed, in
most cases the surface of colloidal particles @pdsily functionalized with
agents which allow to control specific interactioetween the particles and
specific recognition. In addition, colloids with switchable recognition
mechanism, which can be externally triggered, wdwde a tremendous
impact in the field of drug delivery and bio-serggsin

“Smart” microgels are potentially suitable for $keapplications. They are
extensively studied due to their swelling respotsechanges in specific
environmental stimulii(e. pH, temperature, solute concentration, solvent
composition, ionic strength, light, or electric Ifig While a variety of
polymer systems have been explored, most attentias focused on
microgels based opoly(N-isopropylacrylamide) (PNIPAM). They exhibit an
extreme response to changes in temperature. LiAB#PAM has a lower
critical solution temperature (LCST) of 32 °C inuagus solution, at which
point the polymer reversibly switches from a fukpluble, hydrophilic
random coil at lower temperatures to an insolublebge at higher
temperatures. When cross-linked into a colloidal, geNIPAM-based
microgels exhibit this temperature responsivengssriaergoing a reversible
de-swelling volume phase transition between 323tC (the volume phase
transition temperature, VPTT).

Smart environmental triggers can be incorporate ithe PNIPAM

microgels by co-polymerization, to provide multidorie control over the



particle swelling like temperature and pH. The tiowalization of PNIPAM
microgels with carboxylic acid groups can provitlese proprieties and can
achieve several objectives. The VPTT behavior @& thicrogel can be
controlledvia carboxylic groups incorporation. Both the valuetlod VPTT
and the breadth of the deswelling transition canidfienced through
copolymerization of more hydrophilic monomers. Rimtalization can also
provide reactive sites for post-modification of thlgel, such as the
bioconjugation of ligands.

Our work has consisted in synthesizing tunatilermo- and pH-
responsive core-shell microgels basedMsisopropylacrylamide (NIPAM)
coupled with vynil acetic acid (VAA) groups. Thewolume sensitivity to pH
and temperature were monitored by small-angle oeuscattering (SANS)
and light scattering measurements. Ultra-structaralysis revealed core-
shell architecture of the microgels with the cooesisting of PNIPAM while
the shell composed by PNIPAM and VAA. Volume charmd the microgel
in response to environmental pH and temperaturee wWlewen by separate
mechanisms. Temperature sensitivity is conveyedimdily the PNIPAM
component while the pH sensitivity was impartedthg VAA component.
As consequence, pH volume changes affected mdielpater shell whereas
the temperature volume change is localized bothencore and in the shell.
Results indicated that by changing relative contpmsiof NIPAM and VAA
it is possible to tune the microgel VPTT and by radiag the relative
extension of core and shell compartment it is fdedio tune the sensitivity
of the gel to the environmental variation.

Afterwards, we set out to investigate whetD®IA conjugated microgels
were compatible with hybridization process, whishcommonly used for
manipulations of DNA in the design of DNA bioassaysbiosensors. First,
we performed a Quenching experiment, in order ¥@stigate the nature of
the interaction of DNA fragments with microgel (@igorption vs

hybridization) and thus, the specificity of hybmdtion on microgels.



Cyb5-labeled DNA oligonucleotide was conjugateith PNIPAM-VAA
particles and by using a full complementary DNA gohucleotide,
opportunely modified with Black Hole Quencher 2 @+2), we performed
the quenching experiment. Once confirmed the céipabf DNA conjugated
microgels to catch and recognize specifically cammntary DNA strands
we analyzed the effect of temperature and pH orhteidization event and
its stability.

The hybridization process was performed astetein terms of specific
catching of a complementary oligonucleotide andasssively, it was studied
in details, looking at the effect of microgel stiwal changes.

The effect of the shrinkage controlled by tenapure changes does not
drive any de-hybridization process. No dependentceéhe hybridization
process was highlighted during microgel conformmatchanging, neither
when the shell has collapsed nor when it is fulteaded outside the
microgel. Even analyzing the process as functionthef oligonucleotide
exposure towards the complementary oligo sequetime is no direct
evidence of its effects on the interaction procksetveen the two DNA
strands.

Eventually, DNA conjugated PNIPAM-VAA microgetharge proprieties
were exploited for a reproducible and facile applhoaoptimized for
physisorption of gold nanoparticles. The advancthisf approach consists in
the simple mechanism by which gold nanoparticlese adsorbed on
microgels templates, without dealing with sopheigcl chemical treatment
for their conjugation with the microgel. The resdltPNIPAAM-40nm gold
nanoparticles modes demonstrate that this appq@astides the capability to
tune the interparticle distance and therefore totrob and modulate the
Surface Enhanced Raman Spectroscopy (SERS) affupion temperature

changing.
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CHAPTER |

Introduction

1.1 TEMPERATURE SENSITIVE PNIPAM BASED MICROGELS

Microgelsare colloidally stable hydrogels whose size cary vaom tens
of nanometers to micrometers. Baker first coined trm “microgel” in
literature, where the word “micro” referred to thze of the gel particles,
while “gel” to the ability of a particle to swelihiorganic solvents [1].
Microgels behave much like hydrophobic colloids amacroscopic level;
they can be flocculated by the addition of salpolymeric flocculant and
they can be readily characterized by standard idoliechniques such as
electrophoresis and dynamic light scattering. Stmatly microgels resemble
a three-dimensional, covalently cross-linked neknand can swell in good
solvents. On this microscopic level, microgels hehamuch like a
conventional hydrogel and can be described in tefribeir water content,
average cross-link density, and characteristic worstants for swelling and
deswelling. This superposition of the favorable poreties of gels (i.e.,
elasticity, solvent retention, and dimensional itgh within the small
dimensions of colloidal particles (facilitating fas swelling kinetics and the

formation of ordered arrays) has made microgelsgafat interest in



industries such as cosmetics, coatings, lubricdots] oil recovery, drug
delivery, biotechnology, and industrial processing.

In recent years, considerable interest has fim@ised on the development
of “smart” aqueous microgels, whose proprietiesngeadramatically upon
the application of specific environmental stimWhile a variety of polymer
systems have been explored [2], most attentionfb@ssed on microgels
based on poly(N-isopropylacrylamide) (PNIPAM), armgent of this work.
PNIPAM-based proprieties display extreme tempeeat@nsitivity in water.
The basic structure of NIPAM is shown in Figure.1IPNIPAM microgels
are cross-linked monodisperse colloidal dispersicarsd are readily
synthesized by free-radical precipitation polymatian [3]. The particle size
can be easily tuned with size distribution veryroar They are composed by
NIPAM, which is a polymer having a lower criticablgtion temperature
(LCST) in water of ~32°C [3, 4, 5All the microgel proprieties are sensitive
functions of temperature in the range of 15-50°@e Thermosensitivity of
PNIPAM based aqueous microgels is inherited by gedsle of PNIPAM.
These microgels exhibit a volume phase transigonperature (VPTT) [6] at
around the LCST of PNIPAM. The essential tempeeasa@nsitive
proprieties are illustrated in Figure 1.2. At rodemperature, the microgel
particle is swollen with water content, by a lowefractive index difference
with water and a few electrically charges groupstbe chain ends. At
temperatures higher than the VPTT microgel partgtienks, passing to a
compact state (relatively hydrophobic); most ofevatontent is released, the
density of electrically charged groups is highed ahe refractive index

difference with water gets greater.
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Figure 1.1: Formula of a PNIPAM molect.

VPTT of PNIPAM microgel is close to the body tengtere, and the
responsive behavior of PNIPAM c¢ be tuned to deswell at any give
temperature simply by incorporation of monomers hwidiffering
hydrophobicity and hydrophilicii values [7]. As result, the ability t
modulate changes in the microgels particle sizel (lhus also the wate
content andpore size) in additic to the thermaesponsivity, le PNIPAM
basel aqueous microgelhold considerable potential in applicais that
demand environmentally triggered changes or itchable/intelligent”
materials [8, 9, 10Because of these unique proprieties, PNIPAM midr
has found numerous applications in biomedical aréhe most importar
research fieldsin this ambit are drug delivery [11], biomolecules

immobilization and absorptit [12], and sensors [13].

T<VPTT T>VPTT

Figure 1.2: A schematic illustration of a PNIPAM microgel swed.



1.2 THERMO- AND PH-RESPONSIVE PNIPAM MICROGELS WITH

CARBOXYLIC GROUPS

Smart environmental triggers can be incorgatainto the gel by co-
polymerization, to provide multivariable control esvthe particle swelling.
The responsive behavior of PNIPAM can be extenaedeact on further
stimuli as,e.g. ionic strengti{14], solvent compositiofl5], radiation [16],
selective reaction [17], and pH [18]. Carboxyligeatunctionalized
microgels based on PNIPAM exhibit reversible voltmeeswelling response
to the application of both thermal and pH stim@arboxylic groups are pH
ionizable, they produce electrophilic sites thahew ionized, increase the
osmotic pressure inside the particle retardingMR&T of the microgel. The
versatility of the thermo- and pH-responsive mi@isgenhances the number
of potential applications. In fact, the functiozaliion of PNIPAM microgels
with carboxylic acid groups can achieve severalecijes. The VPTT
behavior of the microgel can be controlled via oasghic groups
incorporation. Both the value of the VPTT and iteduith of the deswelling
transition can be influenced through copolymera@atof more hydrophilic
monomers. Functionalization can also provide regactsites for post-
modification of the gel, such as the bioconjugatibtigands.

The total number of carboxylic groups and rttegstribution within the
microgel play an important role in controlling issvelling behavior. The
distribution of carboxylic groups strongly affeck®th the local charge
density and the average chain length of PNIPAMh lwitwhich have been
found to influence the onset VPTT and the breadtihe volume phase
transition [2, 19]. In addition, the distributiomd the accessibility of the
carboxylic groups are critical in determining tlypds of applications suitable
for a particular microgel. Microgel suited for bagugation would contain

carboxylic groups at or near to the particle swefaghich are readily



accessible for subsequent chemical reactions, whitzogels targeted for
drug delivery applications would ideally contairteémal functional groups
whose access is diffusion-controlled.

The distribution of carboxylic groups had muattention in literature,
since it is very important for predicting the volermphase transition behavior
and the applicability of microgel systems. Zhou a&dau [19] performed
studies over a broad range of methacrylic acid (NVNAPAM copolymer
microgel. For MAA/NIPAM ratios in the range of 10%hey proposed a
core-shell microstructure model in which a MAA-amed shell exists
surrounding a NIPAM-enriched core. Kokufuta [20] 2arried out similar
investigations on an acrylic acid (AA)/NIPAM copatgr microgel with
extremely high acrylic acid content (30%) and cadeld that the bulk of
charges did not reside on the particle surface.

However, both copolymerization kinetics [22]nda experimental
observations [18] indicate that AA and MAA tendftom blocks within the
NIPAM-rich polymer chains. Carboxylated monomer®ckk inside the
NIPAM-rich chains increase theKp of the directly adjacent acid group,
decreasing the sensitivity to pH stimuli. This pautar behavior is known as
polyelectrolyte effect [23]. In addition a high ammtration of functional
monomer decreases the NIPAM fraction and subselyudre temperature
sensitivity.

On the basis of these considerations, Pelttnodaoced multiresponsive
microgels with a kind of “core-shell” morphologygmaring microgels based
on PNIPAM functionalized with vinylacetic acid (VAA [18]. Its
morphology consists in a NIPAM-rich core and a acef shell consisting of
low cross-link density NIPAM chains which are catpderminated. Such
morphology is arisen exploiting the tendency o¥ladl monomers such as
VAA to behave as chain transfer agents instead@bggating monomers in
free radical environments [24]. This particularusture allows VAA-

microgels to ionize over a narrow pH range and laihilarge increases in



volume upon ionization. Such a microstructure piesi both the sharp
thermal sensitivity (NIPAM-rich core) and sharp gensitivity desirable for

triggering and bioconjugation-related application.

1.3SWELLING PROCESS OF PNIPAM BASED MICROGELS

The behavior of any polymer in a solvent iate to the balance between
solven-solvent, solvent-polymer and polymer-polynmgeractions. For the
case of PNIPAM in water, the polymer hydrogel boads related to water
through the amide side chains. However, isopropgligs on the side chains
induce hydrophobic structuring of the water. THisigtured water leads to
entropically driven polymer-polymer interactionsusad by the hydrophobic
effect [5]. Under conditions where PNIPAM has adam-coil structure, the
solvent-polymer interactions are stronger than thelymer-polymer
interactions. At higher temperatures, the hydrodemds to the water
molecules break and there is an entropically favomease of bound and
structured water, leading to the formation of a bglar polymer
conformation. In this case the polymer-polymer lopdrobic interactions
become stronger than the polymer-solvent interasticand the polymer
phase separateBhe temperature at which this phase separationrgdsiihe
LCST.

Significant effort has been invested in pradgthe swelling behavior of
hydrogel systems. The most widely use of these caubies is the Flory-
Huggins thermodynamic theory [25], which treats s$iaeelling in terms of a
series of osmotic pressure effects: the mixinghefgolymer chains with the
solvent, the elastic resistance of the cross-linketivork to expansion or
shrinking and the Donnan equilibrium of mobile ctarons within the gel

network.



The first to apply semi-empirical extended If#btuggins theory to predict
the volume phase transitions of PNIPAM microgelss viRrausnitz™ group
[26]. Some of the model parameters were obtaineth fthe experimental
proprieties of linear PNIPAM solutions. The predatvVPTT was about 1°C
higher than the LCST of linear PNIPAM. However, gwelling predictions
were significantly less accurate than those ackiew#h smaller, more
homogeneous particles [27].

Flory-Huggins theory has been remarkably sssftg in describing the
swelling of a wide range of bulk. This successaisilitated by the fact that
bulk hydrogels can be considered as largely homamenhon the microscale,
with any microscopic inhomogeneous averaged out ¢the macroscale
dimensions of the gel. Microgels, however, exhibgystematic
inhomogeneities within their nanoscale dimensi@tisng, systematic trends
in radial cross-linking density [28, 29] and fumctal group density [18, 19,
30] have been observed in PNIPAM-based microgetesys. Given the
critical importance of the cross-link density t@ thlastic contribution to gel
swelling and the functional group density to tharge contribution to gel
swelling, such nanoscale gradients may have vepyifgiant effects on the
swelling responses. Chain stiffness and direct geiaharge repulsion
between the fixed network charges cannot be adebtassing the basic Flory-
Huggins model.

Combining the polyelectrolyte gel swelling ding of Hasa [31] with the
direct polyelectolyte repulsion term derived by &wtlsky and Michaeli [32],
Hoare and Pelton [33] has published an approaclkthwbeneralizes and
describes the pH dependence of copolymer PNIPAMagals containing
carboxylic groups (COOH groups). This analysis $aleto account the
electrostatic interactions between the fixed chargihin the polyelectrolyte
(repulsive, driving swelling) and the salt coumtes and the polyelectrolyte

(attractive, driving deswelling).



1.4BIOMEDICAL APPLICATIONS OF PNIPAM MICROGELS

Hydrogels are now widely used as biomateridlsese materials are
biocompatible because their physicochemical prtipgeare similar to those
of the living tissuese. g, high water content, soft and rubbery consistency
and low interfacial tension with water or biolodi€aids. In addition, many
hydrogels can alter their swelling degree in respoto changes in their
environment, such as pH, temperature, or ioniagtre Therefore hydrogels
have found many applications in biomedicine anddaionology, including
tissue engineering scaffolds, biosensor, biomediesgices, and drug carriers
[34, 35, 36].

Microgels are miniature hydrogels with a sianging from tens of
nanometers to several microns [37, 38]. Similabutky gels, microgels are
usually biocompatible [39], and, due to their snsale, they exhibit many
advantages over bulky gels when used as biomate@ale major advantages
Is that rate of the microgel responding to extestahuli is much faster than
bulky gels [40, 41], as the rate of volume chargedaled ad™?, wherel is
the relevant length scale of gel [42]. Secondlyoodal microgel particles
allows for minimally invasive administration whesad as drug carriers.

Because of unigue PNIPAM microgels proprigtisach as the size
particles tunability, the thermo-responsivity, aiie possibility to extend
their sensitivity to other stimuli, they have foumdimerous applications,
especially in biomedical areas. In particular PNWAnicrogels have been

exploited for drug delivery and biosensing.

1.4.1 PNIPAM microgels for drug delivery

As drug carrier, PNIPAM microgels combine thdvantages of both

hydrogels and nanoparticles. The advantages, suchhyarophilicity,

8



flexibility, high water absorptivity, and good bmmpatibility, are
characteristic of hydrogels, while the advantaggshsas long life span in
circulation and the possibility of being actively passively targeted to the
desired biophase.g.tumor sites, originate from their size which fatisthe
colloidal range. As recognition by the reticuloetiddial system is the
principal reason for the removal of many colloidaug carriers from the
blood compartment [43], size of nanoparticle drugrriers should be
controlled to be below 200 nm to extend their bleadulation time, which
can be easily achieved for PNIPAM microgels.

PNIPAM microgel particles have a sponge-likausture with interstitial
spaces filled with solvent. Usually the drug canlb&ded by equilibrium
partitioning between the solution and microgel @sa$44]. Electrostatic
interaction [44, 45], hydrophobic interaction [4dhd hydrogen bonding [46]
may play an important role for the drug loadingu@s can also be loaded by
the so called “breathing-in” method [47], in winiche lyophilized microgels
are resuspended in an aqueous solution of the drog.payload can be
completely imbibed by the hydrogel network, resgtiin high loading
efficiency. Similar to bulky gel carriers, the mastmmon mechanism of
drug release from PNIPAM microgel is passive difbus [48]. The
responsibility of PNIPAM microgels to various extat stimuli, e.g,
temperature [49], pH [50], light [51], and glucofe2], has been widely
exploited to achieve controlled drug release.

PNIPAM microgels have been tested for the cdietio release of
anticancer drugs [50, 52]. Their small size (be@® nm) allows for the
optimal extravasation into tumors. The drug canirtm®rporated by either
physical means or covalent attachment. Numerousasel mechanisms,
which may be induced by biological stimuli such ashange in pH or
interactions with enzymes, ions, or proteins, am@lable for the design of a

controlled release system.



The presence of various surface functional gsoalfpws for conjugation
with targeting species, leading to targeted dejivar the drug to specified
sites [47, 53]. For example, Nayak [17] synthesiaedore-shell PNIPAM
microgel with a fluorescently labelled core, whiehables particle tracking,
and a shell conjugated with folic acid, a targetiiggand. Both the folate-
conjugated microgel and the non-conjugated comiofogel were incubated
with KB cells with overexpressed folate recept@aly the folate-conjugated
particles are internalized by the cells, revealihgir potential specific
targeting of cancer cells.

Through rational design, Das synthesized a pgeoesive PNIPAM
microgel to delivery anti-cancer drugs to cancéisdé0]. The microgel size
was controlled to be small (=150 nm), which maxesizxtravasation into
tumors. Receptor-specific ligand (transferrin) wesnjugated onto the
microgel surface for targeting the diseased cdlsigs were loaded by
physical meansv(a electrostatic interaction), instead of covalet@@iment,
which may potentially alter the drug’s effectiveses release mechanism,
which is triggered by biological stimuli,e., pH change from 7.4 in the
extracellular matrix to 4.5 in lysosome, was s@dctAn in vitro study
reveals that the bio-functionalized, pH-responsiverogels can selectively
carry the chemotherapeutic agent into tumor celld aause significant
cytotoxicity.

PNIPAM microgels are also good carrier fortpna/peptide drugs. As a
particulate drug carrier, microgels may protect thrags from enzymatic
degradation. High stability is one advantage of AN microgels over
other particulate carriers, such as liposome oreli@c Particulate carriers
from hydrophobic polymers may cause denaturatiorproftein drugs. In
contrast, the PNIPAM microgel is hydrophilic, thasoids this problem.

It is well-known that insulin should be supaliaccording to the blood
glucose level of the patient. To achieve this, fwmd others authors [52,

54, 55], synthesized glucose-sensitive p&hgopropylacryamide-co-3-
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acrylamidophenylboronic acid) (P(NIPAM-AAPBA)) magels using
phenylboronic acid (PBA) group as glucose-sensirgety. Glucose can
bind with PBA and transfer it from a neutral, hydhobic form to a
negatively charged, hydrophilic form, which resutisswelling of the PBA
containing microgels. Two approaches have been usedsynthesize
P(NIPAM-AAPBA) microgels. The first one directly polymerizes NIPAM
and AAPBA [54, 56]while the second one introduces the functional gsou
by modification of a precursor pol{isopropylacrylamide-co-acrylic acid)
(P(NIPAM-AAC)) microgel [52, 55]. The first approaadoesn’t seem very
successful, as the glucose-responsibility of treultent microgel strongly
depends on its initial state, which depends itselthe initial temperature and
the functionalization degree of the partitievas postulated that the microgel
might have an “island/ocean’- like heterogenougnmwstructure with PBA-
rich domains as the “islands” and PNIPAM segmeassthe “ocean” [56],
which results in the complicated behavior. In casty microgel synthesized
via the second approach shows excellent glucose-sétysitAt [Glu] =
0.01M, the hydrodynamic radius of the microgel @ases one-fold, which
correspond to a seven-fold increase in volume [32f high glucose
sensitivity may be attributed to the relatively hmyenous structure of the
microgel, which it inherits from the P(NIPAM-AAcY@cursor microgel [57].
Control over the permeability of a drug diffug from the interior to the
outside of microgels is key for their applicatiom @ntrolled drug delivery
systems. For self-regulated insulin delivery, teenpeability of the microgels
should be able to be tuned by glucose. To demdasthas, a core-shell
microgel was designed in which the core can beatkgt by NalQ while
the P(NIPAM-AAPBA) shell is glucose-sensitive [58]he polymer debris
from the degradation of the core diffuses out tgfothe shell, which can be
traced conveniently by turbidity. It was found tlia¢ polymer debris can be
held by the P(NIPAM-AAPBA) nanoshell because oflda®/ permeability,
while they diffuse freely through a P(NIPAM-AA) dhelhe permeability of

11



P(NIPAM-AAPBA) nanoshell can be tuned by temperataind pH, but more
importantly by glucose. An increase in glucose emi@tion increases the
swelling degree of the shell, thus its permeabilipich in turn allows more
polymer debris to be released. If insulin is loadedhe core area, it is
expected that its release rate will increase witlraasing glucose sensitive
P(NIPAM-AAPBA) microgels were studied using a migeb monolayer as
the platform [59]. It was found that the drug rekeat low temperature can
be described as passive diffusion of the drugslewdti temperatures higher
than VPTT, the drugs are released via a “squeeaymchanism Figure 1.3.
There glucose enhances the release of insulinnatdmperature, but retards
it at high temperature. However, drugs can binchvABA groups through
reversible phenylboronate ester bonds and glucokanees their release at
all temperatures. Therefore there may be two wayachieve self-regulated
insulin release. One is the modification of insukith diol structures, so it
can bind with PBA groups and glucose will enharnseédlease by competing
for PBA binding site. A second way is to createeeeshell structure [58, 60,
61], in which the drug is loaded in the core, witile glucose-sensitive shell

will control the release of the drug, as we sugegegreviously [58].

4 T~ VPTT T> VPTT

Figure 1.3: Drug release mechanisms at different temperatutel &, the

drug release follows a passive diffusion mechan&nemperature close to
the VPTT of the microgel, the diffusion of the drsigetarded by a thin
dense “skin layer”. At temperature higher than tk®TT, the drugs are

squeezed out due to the quick shrinkage of theogtr
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1.4.2 PNIPAM microgels for biosensing

PNIPAM microgel particles offer good platforf biosensing because
of their large surface area, narrow size distridoutand the versatility of
functional groups on the surface. As an example,[@2] achieved DNA
manipulation on a PNIPAM microgel surface. As shawrrigure 1.4, a 5 -
amine modified DNA oligonucleotide (DNA1) was firsbupled onto the
microgel using EDC chemistry. Then the coupled DN#ds ligated with a
second DNA oligonucleotide (DNAZ2) in the presentd4 DNA ligase and
a template oligonucleotide. Rolling circle ampldion (RCA) was carried
out for signal amplification. Finally hybridizatiowith a fluorescent DNA
probe (DNA3) allows signal detection. Paper stiimpsnobilized with DNA
oligonucleotide modified microgels were further dm®ped, which can be
used to perform ligation/RCA-mediated amplificatioprocedures for
sensitive detection of DNA [63].hese DNA sensors have great promise in

the identification of biological sources, such psdfic pathogens.

DNAZ
g
—(I)—>
T4 DNA ligase

O Il[ Phi29 DNA
(¢) polymerase

[ I: DNA coupling  II: DNA ligation III: RCA  IV: DNA hybridization ]

Figure 1.4: Schematic illustration of DNA manipulations on PRIPAM
microgel. (I) Covalent coupling of DNA with micrédsy EDC/NHSS; (11)
DNA ligation; (Ill) RCA; (IV) signal generation bkybridization with a

fluorescent DNA probe.
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In the above examples, PNIPAM microgels only @ a platform. The
most prominent property of the PNIPAM microgel is isensitivity to
external stimuli. Sensors can be designed if thipgrty is coupled with a
suitable reporting method. Compared with sensosedan bulky hydrogels,
the microgel-based sensors have the benefit tegtrtsspond much quicker.

Based on the glucose-sensitivity of PBA-fumiclized microgel, Wu [64]
designed an optical glucose-sensor using fluoréspgemtum dots (QDs) as
optical labels. As shown in Figure 1.5, the flucers CdS QDs were
synthesizedn situ in the interior of the copolymer microgels. Theukant
hybrid microgel remains glucose sensitive,, it swells to a larger degree in
the presence of glucose. The swelling of the migrogsults in an increase in
the number of emission quenching centers locatetherpolymer—-CdS QD
interface, which in turn results in the quenchirdgthe fluorescence of the
CdS QDs. Therefore the optical detection of gluccee be achieved from
the glucose induced fluorescence quenching. Thissose was further

improved by using a PBA with a low pKa [65]. As esult, the sensor can

detect glucose at physiological pH.

In situ synthesis
of CdS QDs

+ Glucose

—_—r
—
- Glucose

Figure 1.5: Reversible fluorescence quenching and anti-quegcbinCdS
QDs embedded in interior of glucose sensitive ngiel® in response to the

change in gluocose concentration.
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CHAPTER Il

Engineering tunable temperature and
pH responsive PNIPAM/AA core-shell
microgel particles

INTRODUCTION

Sensitive microgels are colloidally stable togkls responsive to external
stimuli such as ionic strength [1], solvent composi [2], radiation [3],
selective reaction [4] and pH [5]. PNIPAM is the shovidely investigated
temperature-sensitive microgel system, with patgizes ranging from tens
of nanometers up to micrometers. Generally, PNIPAN¢rogels have a
LCST of 32 °C and, when chemically cross-linkeédgueous solution, show
pronounced particle deswelling if heated above WRIT [6]. PNIPAM
microgels nowadays are present in a wide rangdaooshdxical applications
such as drug delivery [7], biomolecules immobili@aatand absorption [8] or
sensor [9].

PNIPAM thermo-responsive microgels benefitnirdheir capacity of
being easily tuned to deswell. The possibility tmeé the VPTT becomes
important for potential applications that demandiemmentally triggered
changes in the microgel structure, surface chamgegal hydrophobicity. The
tuning of the hydrophilic and hydrophobic groupsaaffers the possibility
to modulate the VPTT of microgels [10]. This turiipican be achieved by
using PNIPAM together with a copolymer containiragbmoxylic groups [5]
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to encode the pH sensitivity in microgels. Indeearboxylic acid groups
inside the microgels are ionized by increasing pie which causes an
increase in the osmotic pressure inside the parfdiie to the counter-ions)
and shifts the VPTT of the microgel to higher solottemperatures.

Hoare and Pelton [11] introduced multi-respomsnicrogels of core-shell
morphology based on PNIPAM functionalized with Vawetic acid (VAA).
Such morphology consists of a NIPAM-rich core arsligace shell made of
low cross-link density NIPAM chains, which are aaxig-terminated. These
features are due to the tendency of allylic monemsuch as VAA- to
behave as chain transfer agents instead of prapggatonomers in free
radical environments [12]. The spatial separatioh teo different
components -each responsive to a single stimuligesgan important
contribution to the modulation of responsivity. $hparticular structure
allows VAA-PNIPAM microgels to ionize over a narrgeH range and to
exhibit a large increase in volume upon ionizatithprovides valuable
features such as faster rates of swelling and apsh@ermal and pH
sensitivity. The influence of the relative coresieell ratio implies an
additional tuning factor for microgel responsive.

In this work highly monodisperse VAA-PNIPAM niale samples were
prepared and the effect of changes in pH, temperatnd core-to-shell ratio
has been investigated by transmission electron ascopy (TEM) and
scattering techniques. In particular, the partisteelling was followed by
neutron and light scattering techniques duringled&aon. The non-uniform
swelling resulting from small angle neutron scatigr(SANS) and static
light scattering (SLS) was interpreted in terms afcore-shell model,
consolidating the structure proposed by Hoare agltbi® [11]. The studied
VAA-PNIPAM particle resulted composed of a NIPAMi core, whose
volume varies according to the PNIPAM LCST, and nodshe VAA groups
localized in the shell, whose volume varies depampdon the relative
alkalization. When the pH is lower than thi,p- 4.8 of VAA, all the acid
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groups are non-ionized and the shell shrinks. AlibegK,, the shell is fully
swollen and microgels exhibit a phase transitioiftis, which depends on
the pH value and on the relative size of core &llsAs a consequence, the
control of the microgel structure becomes fundasaietot modulate how the
acid shell thickness influences the microgel respaty. Form factor
analysis indicates that, by changing the mutudlarice of core to shell, it is
possible to modulate the sensitivity of the micloge the environmental

variations.

2.1MATERIALS AND METHODS

2.1.1 Materials

N-Isopropylacrylamide (NIPAM, 97%), vinylacetic ad/dAA, 97%), N,N-
Methylenebisacrylamide (MBA, 99%) as cross-linkeotassium persulfate
(KPS, 99%) as starter, and sodium dodecyl sulf8@S) were purchased
from by Sigma-Aldrich and used as received. Wasedun the synthesis and

characterization was of Millipore Milli-Q grade.

2.1.2 Microgel Preparation

Two separated microgel samples were synthesiZdd\-SDS-CS and
VAA-CS. The composition in terms of monomers andsetlinkers was
equal, while differentiation in size was obtainedridg VAA-SDS-CS
synthesis by SDS addition to get a smaller micrege.
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The microgel particles were synthesized wittstandard precipitation
polymerization method [11]. Polymerizations wereriea out in a 200 ml
three-necked flask equipped with a condenser asittrar. NIPAM (1.4 g),
MBA (0.07 g), SDS (0.05 g), and the functional mows VAA (0.07 g)
were all dissolved in 50 ml of water and heatedtlie polymerization
temperature of 70 °C under a nitrogen purge. A3@min. 5 ml of initiator
solution (KPS) were injected to initiate the polymation, which were
carried out for 5 hours. After cooling, all micrdgewere cleaned by
dialyzing against pure water for 15 days. The ngets were stored at 4 °C

at a concentration= 2.5 wt%.

2.1.3 TEM micrographs

A solution of VAA-CS at a concentratiorrd).5 wt% was prepared. The
anionic functional groups in the microgel were stlely stained by mixing
a 0.05 ml aliquot of the microgel suspension with @l of a 1 mM uranyl
acetate solution and stirring the mixture for JAhsingle drop of the stained
suspension was dropped on a Formvar-coated coppkt grid and dried
overnight. TEM micrographs were acquired at 200 (REI Company —
TECNAI G2 20, Hillsboro, USA).

2.1.4 Light Scattering experiments

The apparatus used to perform the dynamic siatic light scattering
(DLS/SLS) experiments was an compact goniometeMARSER GmbH —
ALV/ICGS-3, Langen, Germany) operating at a wavetlengf 633nm in
vacuum and a time correlator (ALV-LASER GmbH — AINGE-5003,

Langen, Germany) to perform the DLS experimentschEaample was
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measured in highly diluted and temperature stabhelitions (c= 0.01 wt%).
The sample temperature was controlled by an eXtehsating and
refrigerated bath (JULABO — FS18, Seelbach, Germahye pH value was
adjusted the day before the measurement with HQNa®®H, respectively,
and controlled with a pH-meter (METTLER TOLEDO -vBa easy,
Columbus, USA) directly before each measuremeng. Sdattering angle,

was varied from 20° to 140°.

2.1.5 Dynamic Light Scattering Analysis

The hydrodynamic radiR,, of the particles were determined by fitting
the long-time baseline of the intensity correlatfomction [13]. The used
formula is a derivate of the moment-based exprasBmm Pusey and Van
Megen [14] and the Siegert relation [15] for thdedifield time
autocorrelation function, and is written as:

g® =B+ B exp=2T0 (1 + %12)2 (1),

where the factoB is referred to the baseling,the factor of the experimental
geometry, and the delay time of the normalized autocorrelationction of
the scattered light intensity. For monodisperseiglas in solution the field-
correlation function decays exponentially with acale ratel” = Dg?, with
the diffusion coefficienD = kzT/6mnR,, where kg is the Boltzmann
constant,T the temperature, angl the dynamic viscoysity of the Stokes-
Einstein relationR;, is the hydrodynamic radius of a sphere that walde
the same average diffusion constant as the scwjtgrarticles [13]. The
magnitude of the scattering wave veajor (4mtn/A,) sin(6/2), withn the
refractive index of the solvent, amt, the laser wavelength of the used

goniometer.

24



2.1.6 Small Angle Neutron Scattering experiments

SANS experiments were performed on the instnish SANS-I and
SANS-II at SINQ, Paul Scherrer Institut, SwitzedaiVith a radius close to
100 nm, the VAA-SDS-CS patrticles have a size thatelatively large for
SANS. Therefore, the instruments were set up tahrdaw g values. On
SANS-I, two setups were used: The sample-detecistarcce and the
collimation distance were equal and were 18 m 5md, the wavelength was
8 A. These two settings give access todtmnge from 0.025 nihto 1.14
nm'. SANS-Il is a smaller instrument, where also tiffegent settings were
used: The sample-detector and collimation distamesm® equal and chosen
to be 6 m and 2 m with a wavelengths of 10.5 A &/ respectively. These
two settings give access to therange from 0.023 nihto 1.1 nni. The
samples were suspended in(Dto improve the scattering length density

contrast and were measured in quartz cuvettesanthickness of 2 mm.

2.1.7 Small Angle Neutron Scattering and Static Ligt Scattering

Analysis

Particle interactions can be neglected forffigehtly diluted colloidal
dispersions or polymer solutions and scatteringnsity can be described by
the form factorP(q). Two different form factors were used to fit the
experimental data of pH and temperature sensiti&a Yhicrogels.

It is well known that PNIPAM microgel structuris presumably
composed by a uniformly cross-linked core and bghall in which the
polymer density decreases towards the surface efptuticle [16]. The
particle form factor for an inhomogeneous sphegg,(q) can be modeled,

in reciprocal space, as the product of the forntofaof a homogeneous
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sphere and a Gauss function with a characterigimgth scaleog,¢

proportional to the thickness of the shell [17,.18]

[sin(qRc)— qRccos(qRc)] (surf 1) 2
1nho (Q) - [ C(ch)gc < exp (_ > ;f )] (2):

Within this model, the polymer density decreasebalb of its core value at

the core radiuR, and reaches the overall particle size (core +l)sla¢l
Res = Re + 204y,
For polymer particle composed by a core-s$telicture, a different model
is used, with a polymer density (Figure 2.1 b) wedi as
p(r)=1 0 <r < R*
P(r) = @spen Re*< 1 < Res™
p(r)=0 R*<r

The particle core-shell form factéy, (q) is differently calculated, given by:

5] (q) _ 3@shel1qRcs €08 (qRcs")=3(=1+@she1) (qRc" €S (qRc)=sin (qRc"))=3@shensin(qRes”)
cs - * *3
a3 ((—1+@shel)Rc" ~@shellRes ™)

]2(3),
whereR_" is the core radius arR].;" is the overall particle size.

In these two models, polidispersity has besriuded by assuming a
Gaussian radius distribution by

(R-R)

1
———eX 4
A 2m polsz P [ polsz] ( )

whereR is the average particle radius amgl,, denotes the relative particle

w (R,R, Gpoly) =

size polydispersity. For simpliciti is assumed to b, or R..", in order if it
has been calculated usiig,,,(q), or P.s(q). The solution form factor for
the whole solution is thus described by

P(q)= [P(q)-W (RR,0,01) (5).

SANS can investigate highgrvalues than SLS, thus scattering intensity
results also by the fluctuations of the network. @ocount for this
contribution, a Lorentzian functioh = I, (0) / [1 + ¢%&*] was added to the
form factor model used to analyze the SANS datarefican be considered
related to the microgel mesh size [19, 20, 21232 24].
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2.2RESULTS AND DISCUSSION

2.2.1 Transmission electron micrographs

Core-shell microgels based on PNIPAM functlizeal with VAA are
characterized by a NIPAM-rich core and a surfacell stonsisting of low
cross-link density NIPAM chains, which are carbdgyminated. Two
different samples VAA-SDS-CS and VAA-CS, expectedhaive the same
morphological and structural proprieties were sgaibed in this work. The
swollen microgel structure for a pH level above pKg of VAA is illustrated
in Figure 2.1a. The functional groups distributioh VAA-CS sample is
shown in the TEM micrograph in Figure 2.1b, whdre PNIPAM microgel
structure with a uniformly cross-linked core aneé ttorresponding shell in
which the polymer density decreases towards thiairof the particle is
illustrated. PNIPAM-VAA microgels present a coreeBlstructure, where the
stained functional groups are localized on the an@f This particular
distribution is mainly due to two factors: the beloa of VAA monomer as a
chain transfer [12, 25], like all the allylic moners; and the NIPAM
monomer propagation rate, which is several orddrsmagnitude faster
compared to VAA [12]. The first factor contributés the production of
single vinylacetic groups incorporated on the ckends of NIPAM, while
the second factor causes the rich core of NIPAMbéoformed before the

VAA-containing oligomers are produced via chaimgier.
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Figure 2.1: TEM micrograph of VAA-CS microgels. (a) Cryo-TEM swiollen

microgels; (b) shrunken microgel with anionic sjtaghere the PNIPAM microgel
structure with a uniformly cross-linked core ane ttorresponding shell in which
the polymer density decreases towards the surfatdgeqoarticle is illustrated. The
sample illustrates a core-shell structure, whereAvgroups are localized on the

surface.

2.2.2 Hydrodynamic radii and swelling ratio

Both VAA-SDS-CS and VAA-CS particles are temgtere and pH
sensitive. The dependence of the swelling ratidesnperature is shown in
Figure 2.2 for both samples at different pH valudgsnerally, VAA-SDS-CS
and VAA-CS particles have different radii dependargpH, in particular -at
25 °C- the VAA-SDS-CS radius is measured to be 760 nm, while the
VAA-CS radius is 450 - 600 nm.

Both samples present approximately the samalisg ratio values for
equal pH levels, which ensure similar microgel cwee and morphology.
Generally, the swelling of the particle is strongifluenced by the presence
of carboxylic groups. When pH levels increase, tkeulsion between
lonized acid groups becomes stronger, creatingsarotc pressure inside the

particle that delays the shrinkage, resulting mgaer particle size. In fact, in
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the pH range of the Ky of VAA, the VPTT is similar to the LCST of
PNIPAM. Swelling profiles are rather sharp in terofsboth the narrow
temperature range of their volume phase transiaod the degree of
volumetric deswelling observed upon heating. Spedly, for pH 3 the

VPTT is ~32 °C. By increasing the pH level above K, of VAA, the size

distribution of the measured patrticles increasektha VPTT shifts to higher
temperatures. For pH 8, where most of the carboxgroups are
deprotonated, the VPTT shifts up to ~39 °C for VARS-CS and ~45 °C for
VAA-CS, besides showing a broader swelling profts/entually, at high

temperatures all the radii at all pH collapsed rte single size. At very low
pH and high temperatures both samples tend to ggtpe because acid
groups become fully protonated and repulsions i@mized, as the particles
are in a collapsed state. This behavior limits teciig measurements for
VAA-SDS-CS the pH 3 sample at temperatures undé€C30
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Figure 2.2: Swelling ratio of VAA-SDS-CS (a) and VAA-CS (byifferent pH
values measured by DLS. At pH 3 the VPTT is ~3®profiles are rather sharp.
At higher pH values the particle size increases #émel VPTT shifts. For high

temperatures all radii at all pH values collapséamne single microgel size.
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2.2.3 Structure of VAA-particles

The structure of microgel particles in solatis obtained by analyses of
the form factor using SANS and SLS measurementdlSSand SLS data for
pH 5 and pH 8, obtained from our core-shell pagticht three different
temperatures are shown with corresponding fits igufe 2.3. The form
factor minima indicate that polydispersity is smallth an average of ~12%
(see Table 2.1 for SANS and Table 2.2 for SLS)h#t ©f the form factor
minimum toward higheq values is observed with increasing temperature and
decreasing pH because of the shrinking particke. siz

(a) SANS -VAA-SDS-CS
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Figure 2.3: SANS (a) and SLS (b) scattering graphs at diffetemperatures for
pH 5 and pH 8. The index INHO in the legend indisathe inhomogeneous form
factor fit, while CS is used for the core-shell Aitl corresponding fitting curves are
plotted as gray line.
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2.2.4 Small Angle Neutron Scattering

We calculated the VAA-SDS-CS particle radibsough the core-shell
model. In Figure 2.4 core and shell radii are reggb as function of
temperature at two different pH values, pH 5 and&HMicrogel cores are
pH independent, while shells vary with pH. At 25, °@hen microgel
particles are fully swollerR.” is about 30 nm. By increasing the temperature
up to 37 °C, significantly above the PNIPAM LCSH," reaches the fully
shrunken state of 21 nm and remain collapsed fgrhagher temperature.
This effect is due to the high NIPAM concentratianthe core. Otherwise,
R, remains swollen for high pH and increasing temjpeeabecause of the
VAA in the shell.R.;*of 53 nm for pH 5 and 59 nm for pH 8 was measured
at 25 °C. Whereas by increasing the temperatur® 37 °C, the pH 5 shell
collapse toR..* of 33 nm, while pH 8 shells are still swollen. Fliehavior
agrees with the swelling ratio values at 37 °C igufe 2.2a, where pH 8
particles have not collapsed yet, while pH 5 phlesicare almost shrunken.
Also the polymer densitypsne, confirms this behavior (see inset in Figure
2.4). The polymer distribution at 25 °C is equallgtributed for both pH
levels, while for 37 °C at pH 5 most of the shallymers go into the core
whereas shells are still swollen at pH 8.

In terms of LCST, a VPTT shift to higher temgieire and pH values is
recognized. This shift implies a change of the tnedacore-to-shell ratio,
which can be used to modulate the microgel phasesition. Eventually, at
45 °C the pH 5 and pH 8 shells collapse &ad is 32 nm (see Table 2.1).
The patrticle size from SANS measurements is in gagictement with the

hydrodynamic radius.
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Figure 2.4: Radius of VAA-SDS-CS patrticles calculated from SAld&surements
at pH 5 (red circles) and pH 8 (blue circles). Hokircles represent the pH-
independent NIPAM-rich cores.”, while open circles givek.* with the pH-

dependent VAA shell structure. The inset showpdhener density of the microgel

shell as function of temperature at pH 5 (red @s)land pH 8 (blue squares).

Table 2.1. Summary of the structural parameters obtained frBANS data

analysis.

pH T R* Opoly”  Pshell” & Res*
[°C] [nm] [%]  [%]  [nm]  [nm]

5 25 28 12 51 11 53

5 37 21 14 92 7 33

5 45 21 12 98 7 32

8 25 30 15 46 12 59

8 37 21 17 45 6 47

8 45 21 13 92 4 32

*refers to values obtained by core-shell form fadlQ(q) analyses.
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2.2.5 Static light scattering

The inhomogeneous sphere model was used &b 8tdata for pH 3 and
pH 5 and temperatures higher than 40 °C. Otherwie core-shell model
was used (pH 6 and pH 8).

VAA-CS
S0 F 3 o FE [P 0 01 0, 9 LSS s
,g = pH3
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400-_D LI W pHB
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20 25 30 35 40 45 50 55

Temperature [°C]

Figure 2.5: Radius of VAA-CS patrticles calculated from SLS oreasents at
different pH levels. Solid squares represent theid¢pendent NIPAM-rich cores,
R.*, while the open squares give thie," with the pH-dependent VAA shell

structure.

In Figure 2.RR.” andR.," from SLS data analyses are reported as function
of temperature at pH 3, 5, 6 and 8. As it was etqiedrom SANS
measurements, particles are composed of a mainingépendent core and
a pH-dependent shell, implying a tunable microg®ITV¥. For pH 3 cores,
the VPTT is ~32 °C and increases until 35 °C for&lhdicating that only a
small amount of VAA is localized in the core. A 2C the averagg.” has
been calculated with ~353 nm. When increasing ¢hgperature up to 40 °C,
R.” reach the shrunken state of about ~237 nm andimezolapsed at higher

temperatures, apart from pH 8, whose size is ${idigger.
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Table 2.2.Summary of the structural microgel parameters otgdifrom SLS data

analyses.

pH T Rc Gpoly Qshell i Res
[°C] [nm] [%0] [%0] [nm]  [nm]

3 22 352+6 20x7 6x1 - 392 +20
30 319%12 0 11+1 - 319+ 12
35 247+10 O 6+4 - 247 + 10
40 243+3 0 7+£2 - 243+ 3
45 219+2 O 71 - 219+2

5 22 358+3 25+7 8+1 - 408 + 17
30 333+4 12+2 101 - 357+8
35 248+26 0 743 - 248 + 26
40 232+3 0 7+1 - 232+3
45 221+1 O 6+1 - 221+1

6 22 35211 - 13+2 42+3 402+20
30 3444 - 21+1 52+7 374+10
35 248+2 - 5+41 693 271+9
40 2301 O 8+1 - 230+ 1
45 229+1 O 14+1 - 229+ 1

8 22 351+8 - 14+1 43+4 461+9
30 344+5 - 24+6 42+3 449z+3
35 300+15 - 11+1 62+6 385%3
40 242+6 - 15+3 64+7 331x10
45 219+1 O 5+1 - 219+ 1
50 218+1 O 6+1 - 218+ 1

*refers to the values obtained by core-shell foatidr P.;(q) analyses.

The VPTT changes according to pH levels. AtQ@2te microgel shells are
swollen withR_;* of 400 nm and 476 nm at pH 6 and pH 8 are, resbgt
By increasing the temperature up to 40 °C -wheeectbre has reached the

shrunken state- pH 6 shells collapse and pH 8 ststdirt shrinking. This
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behavior agrees with values at 40 °C in Figure ,2vitere pH 8 patrticles
have not collapsed yet, while pH 6 particles amost shrunken. At 45 °C all
measured particles are collapsed, with a value eoape to the
hydrodynamic radius size.

These results are in good agreement withalitee [11], as shown in our
TEM micrographs, where microgel particles are coseggoby a non-pH-
sensitive core and a pH-sensitive shi|l. depends mainly on temperature,
implying high concentration of PNIPAM chains, whaé# the vinylic groups
are concentrated in the pH-sensitive shell, affigcthe shell thickness and

the VPTT of the microgel particles
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Figure 2.6: Shell volume fraction of VAA-CS and VAA-SDS-CS. VAA-CS
microgel shows a significant smaller shell volumeetion compared to VAA-SDS-

CS at all temperature levels, until the microgedlghcollapse at 45 °C.

A comparison of the core-to-shell ratio for lbohicrogels (Figure 2.6)
concludes the discussion. The shell volume frastiohVAA-CS microgel
show significant smaller values compared to VAA-SOS at all
temperature levels. Moreover, an increased relgivelependence of VAA-
SDS-CS from 25 °C to 37 °C compared to the otherpda is recognized.
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This indicates a different degree of deswellingwasin the two microgel

types, according to the applied pH values, unélrficrogel shells collapse at
45 °C. Smaller sized microgels are highly respansivexternal triggers due
to their internal structure.

CONCLUSIONS

We tuned the PNIPAM-VAA microgel sensitivity iterms of VPTT
features: position, width and induced degree ofllswge The swelling
behavior of differently sized core-shell microgelspending on pH and
temperature changes has been proofed by SANS a@id $#cattering
measurements. We were able to obtain a higher werlalegree of shell
swelling by modulating the core-to-shell ratio i, particle size and
temperature variations.

The result is a microgel composed of a NIPA&Mhrcore and a surface
shell consisting of low cross-link density carbdeyminated NIPAM chains,
which collapse for pH values smaller than tlkg pf the VAA. Increasing the
solution temperature, at pH levels above tKg, phe core passes through a
phase transition equal to the PNIPAM LCST, while #fhell remains swollen
at a degree that depending on the applied pH Ié&gh consequence of an
increased pH value, the VPTT position and widththed microgel shifts to
higher values, providing the possibility to tune A®RNIPAM microgel
phase transition using external triggers. At terapges above 40 °C all
microgel shells collapse and no specific pH sensitcan be observed.

The ability to independently tune the VPTT otlgh the core-shell
architecture increases the relevance of PNIPAM aogel. In fact, it can be
used in applications that rely on switch on/off megisms of interaction

between the microgel structure and the surrouneimgronment.
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Chapter Il

DNA hybridization process on
PNIPAM-VAA microgels particles

I NTRODUCTION

DNA not only serves as a carrier of generiforimation in living
organisms, but also founds important applicatiomsmany areas such as
disease diagnosis [1, 2], gene therapy [3, 4, 3],&iosensor [8, 9, 10, 11],
and nanotechnology [12, 13, 14, 15, 16].

In many cases, DNA is combined with suitalié/mers or solid supports
to achieve its full potential. DNA microarrays havecome useful tools in
genomic studies and drug discovery [17, 18]. Unldtber hybridization
formats, microarrays allow significant miniaturiat, as thousands of
different DNA fragments or oligonucleotide probeancbe spotted onto a
solid support. Therefore, this technology is idealextensive gene profiling
studies and multiplexed detection of nucleic admtsdiagnostic purpose. In-
fact, DNA microarray is one good example where DiNAmmobilized onto
a solid support to facilitate simultaneous analysgiall RNA transcripts in a

given organism [19, 20]. Therefore, surface imminhtion of nucleic acids
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is one of the most important criteria to considar developing DNA based
bioassays or detection technology.

In recent years, latex colloidal particleshvgubmicron size have been
shown to be suitable materials for the surface itmfization of biomolecules
such as proteins and DNA, through both physicabgud®n and covalent
coupling [21, 22]. The large area, low dispersiyd versatility of functional
groups on the surface make colloidal particlesi@agrly desirable for this
purpose. It has been shown that cationic latexgbest conjugated to DNA
oligonucleotides can be used in the Enzyme Linlg@lucleotide Sorbent
Assay (ELOSA) technique to detect nucleic acidhwiicreased sensitivity
[21, 22, 23]. Among the colloidal particles, PNIPANIcrogels are a class of
cross-linked colloidal particles possessing intemgsphysical proprieties of
swelling and shrinking under external stimuli. Besa of these attractive
proprieties, PNIPAM microgels have been extensiuahgstigated for use in
many biomedical and industrial applications asaalyediscussed in Chapter
1.

In this chapter we set out to investigate WwhetDNA conjugated
microgels were compatible with hybridization prageghat is commonly
used for manipulations of DNA in the design of DN#oassays or
biosensors. First, we performed a Quenching exmimin order to
investigate the nature of the interaction of DNAgments with microgel
(physisorptionvs hybridization) and thus, the specificity of hybzaltion on
microgels.

Quenching of a fluorophore can occurs as altre$ the formation of a
non-fluorescent complex between a fluorophore amatheer fluorophore or
non-fluorescent molecule. This mechanism is knowfic@ntact quenching”
[24]. In contact quenching two molecules interacipboton-coupled electron
transfer through the formation of hydrogen bonds.afueous solutions
electrostatic, steric, and hydrophobic forces antihe formation of

hydrogen bonds. When this complex absorbs enemgy fight, the excited
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state immediately returns to the ground state witlemission of a photon
and the molecules do not emit fluorescent lightariks to the nature of this
phenomenon the fluorescence emission switch off lsanthe result of
hybridization and does not occur in case of asjgealfsorption on microgel
surface.

Thus, Cy5-labeled DNA oligonucleotide was jogated with PNIPAM-
VAA particles and by using a full complementary DNoAgonucleotide,
opportunely modified with Black Hole Quencher 2 @#2), we performed
the quenching experiment. Once confirmed the céipabf DNA conjugated
microgels to catch and recognize specifically cammntary DNA strands
we analyzed the effect of temperature and pH orhjteidization event and

its stability.

3.1MATERIALS AND METHODS

3.1.1 Materials

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 2-\-
morpholino)ethanesulfonic acid (MES) were provideg Aldrich. DNA
oligonucleotides reported in Table 3.1 were puredagrom Diatech-
Eurogenetec. Tris(hydroxymethyl)aminomethane) (JRMas provided by
Applichem. Water used was from Millipore Milli-Q aple.
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Table 3.1List of oligonucleotide sequences used to teshifidization process

on PNIPMA-VAA microgel particles

T melting

Name Sequence 5» 3" | 5 modification | 3" modification )

ACC-CGG-GTA-
Cy5-DNA AGG-AAA-CAA- AMINE C6 Cy5 54.2
CTG-TAG-G

CCT-ACA-GTT-
BHQ-complementaryy GTT-TCC-TTA- BHQ-2 - 54.2
CCC-GGG-T

TCC-ATG-GTT-
BHQ-random CAG-ACG-TTG- BHQ-2 - 54,2
CAT-GCT-G

CCT-ACA-GTT-
FITC-complementary GTT-TCC-TTA- 6-FITC - 54.2
CCC-GGG-T

TCC-ATG-GTT-
FITC-random CAG-ACG-TTG- 6-FITC - 54.2
CAT-GCT-G

3.1.2 DNA conjugation on PNIPAM-VAA microgel particles

1 mg of PNIPAM-VAA microgels were left overmigin 250 uL of the
buffer solution (MES, pH 4.8). The coupling reantwas carried out at 4 °C:
EDC (0.05 M, final concentration, dissolved in #wupling buffer that was
freshly prepared just before use) was added tdotifier solution, followed
by the addition of 500 pmol Cy5-DNA oligonucleoti¢gee Table 3.1). The
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total volume reaction was 0.5 mL. The reaction sofuwas covered with
alumina and left overnight on a shaker at 4 °C. fdaztion mixture of Cy5-
DNA conjugated microgel was then precipitated ddwrultra-centrifugation
at 50000 rpm for 50 min. at room temperature. Preoit was re-suspended
in 1 mL of Milli-Q water. This washing step was egped three more times.
The microgels were resuspended at a final conderraf ~1 mg/mL. A
control experiment was done using the same proeetut without EDC

being added.

3.1.3 Spectrofluorymetry

For the design of fluorescent hybridizatiorols that utilize contact
guenching, it is reported in literature that Cybhest quenched by the BHQ-2
(Figure 3.1)[25]. Thus, BHQ-2 quencher was set both on two differen
oligonucleotides: 1) BHQ-complementary, the commatary sequence to
Cy5-DNA; 2) BHQ-random, for which the sequence amdom and well
chosen in order to avoid any type of interactiothwCy5-DNA (see Table
3.1).

The quenching experiment with BHQ-complemeiiQ-random and
Cy5 DNA strands was previously tested in solutioroider to ascertain the
electronic interaction of the two fluorescent preb20 pmol of Cy5-DNA
were mixed to 20 pmol of BHQ-complementary in 0.1TRIS, pH 8 buffer
in a final volume of 20QiL and incubated at 25°C for 90 min. The specificity
of the quenching event was evaluated by using Bai@@om oligonucleotide.
Each sample was loaded onto a 96-well microplaid the fluorescence
emission intensity was measured in 2300 EnSpirdiladug| reader (Perkin-
Elmer, Waltham, MA) by setting thBeycyaninest633 andAem(cyanines)=650.
The quenching efficiency was evaluated by compatimg fluorescence

emission in presence of BHQ-complementary withftherescence of Cy5-
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DNA oligonucleotide alone. The fluorescence emissieeasured in presen
of BHQ-+andom oligonucleotide was used to evaluate thesemee o
aspecific interactionThe experimental uncertainties indicated reent the

standard deviation of three replica

\
_\ O
N@N\ /N@NOZ
R—/ N N’
o
\

Figure 3.1: Molecular structure of Cy5 (a) and BHR)b).

3.1.4 Quenching experiments on C\-DNA coupled PNIPAM-VAA

microgels patrticles.

Quenching solutions were prepared diluti0.050 mL of Cy-DNA
conjugated microgel(1 mg/mL) in 0.450 mL of pH 8, 0.1 ITRIS buffer.
Successivelyl4 pmol of the BH(-complementary/BHQ@andom vere added

to the solutionand incubated for 10 min at 25 °C. 2uL aliquots of
quenched particles were analyzed by confocicroscopy Aexcyanines) =

633NM; Aem(cyanines= 650NmM)
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3.1.5 Hybridization on PNIPAM-VAA microgel coupled with Cy5-DNA

Hybridization solutions were prepared dilutiegdd50 mL of Cy5-DNA
conjugated microgels (1 mg/mL) in 0.450 mL of 0.1TRIS buffer. Then,
14 pmol of the DNA were added to the solution f@r rhin. to allow the
DNA hybridization. We tested the hybridization pess with two
fluoresceine labeled DNA sequences: the complemersiaquence, named
FITC-complementary, and the random one, FITC-ran¢kea Table 3.1).

Hybridization process on PNIPAM-VAA microget®upled with Cy5-
DNA was analyzed as function of temperature in s&ts of experiments: 1)
the hybridization was carried out on Cy5-DNA corgteyl PNIPAM-VAA
microgels at 25C at two different pH values (pH 3 and pH8). Susbesy,
the microgels were analyzed over an increasing éeatpre range (25, 30,
35, 40, and 45°C); 2) different aliquots of Cy5-DNAnjugated PNIPAM-
VAA microgels were heated at different temperatys 30, 35, 40 and 45
°C) at which the hybridization was carried out. mstcase we analyzed
microgels hybridization process only at pH 8. Facle experiment 200L

aliquots of hybridized particles were analyzed lynfocal microscopy

()\ex(ﬂuoresceine): 488 nm?\em(ﬂuoresceine): 530nm).

3.1.6 CLSM imaging for fluorescence quantification

200ul of microgels diluted solution (~0.1 mg/mL) frorhet quenching
experiment and hybridization experiment (paragrapids4 and 3.1.5)were
loaded onto thermal chamber, illuminated at corlfoleser scanning
microscope Leica SP5 using Helium Neon laser 633Angon laser 488 nm
and fluorescence images of microgel were collec@jective: HCX PL
APO CS 40.0x1.10 water, section thickness [Im2, scan speed 700 Hz,
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Excitation Laser Argon 488 NMgniuoresceinefange 500-530 nm, Excitation
Laser Helium neon 633 NM\em(yanines) range 680-780 nm, image size
77.5x77.5um?.

For microgel experiments, 100 microparticlgere selected for each
sample to be analyzed and their fluorescence dieahtAll captured images
were analysed with a public domain image-processmage J (versionl,43i,
NIH, Bethesda, MD)Briefly the images were thresholded by Otsu albaonit
and then processed with the Image J Analyze Pestidunction to
computationally determine the number of single faszent particles sizing
in the range of Am. The fluorescence mean and standard deviaticgact
sample were calculated. The experimental unceytaggresents the standard

error of the mean of three replicates measurements.

3.1.7 Dynamic Light Scattering Microgel Characteriation

We determined the hydrodynamic radius of theigdarusingALV — CGS-
3 compact goniometer (ALV-Laser GmbH, Langen, Gery)aperating at a
wavelength of 633nm in vacuum and a time correl&b¥ — LSE-5003
(ALV-Laser GmbH, Langen, Germany). From the measurme-average
intensity correlation functiong® (g, t) the translational free diffusion is
determined and the particle hydrodynamic radiugaektd by common
procedures [26]. We restricted the analysis totsgayg angle® = 40, 60,
80, 100, 120.
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3. 2 RESULTS AND DISCUSSION. STUDY OF THE HYBRIDIZATION

PROCESS ONPNIPAM-VAA MICROGELS

Our investigative plan in this study is illuged in Figure 3.3, which

includes: 1) covalent coupling of

5-amine modifie€y5-DNA

oligonucleotide to carboxylic groups of PNIPAM-VAAnicrogels; 2)

hybridization with a fluorescent probe (FITC-compkntary/FITC-random).

At the end of this process we analyzed the hylatthn process as function

of temperature by confocal microscopy imaging.

Epmplareyms b ay mhgmeems ol gl sbm el
1 Pt i v worem Vi B Gl

T =Ty .""'-__.'-"r

Fybeticdiz aticns Fhoohesedn i
Flprrsooeims kew = $6H
Lwm e 5 R0 mm

Figure 3.3: Schematic illustration of DNA coupling and hybration on PNIPAM-

VAA microgels.

We first synthesized the microgels as repome@hapter 2. In order to

confirm the covalent conjugation, the coupling teac was conducted

without EDC as control sample. After three washinfighe particles, they

were re-suspended in 1 mL of Milli-Q water and ségnconfocal (Figure

3.4). The particle images show that the microgeilstrol sample does not

show any fluorescence emission (Figure 3.4a), gutint any possible Cy5-

DNA aspecific absorption on the particles.
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We analyzed the effect of the hybridization on tABIPAM-VAA
hydrodynamic radiu

Two hybridization experiments we analyzed next by confoc
microscopy: quenching experiment and the hybritbpatexperiment ar

described below.

Figure 3.4: Confocal images of PNIPA-VAA particles after coupling reaction: (.
Cy5DNA added in the coupling mixture without EDC; ®y5-DNA coupled tc
PNIPAMVAA patrticles via EDC reactiol

3.2.1 Hydrodynamic Radi

The particle size and the shrinkage play an importale in the

interaction of the microgel with oligonucleotide bstrates, in terms «

48



surface extension and electronic interactions. émrted in Chapter 2, the
effect of a polyelectrolyte conjugation, like inighcase DNA or an

oligonucleotide sequence, could suppress the netsagermo-responsivity.

pH 8
700 , : B naked O naked-TRIS |
1 ® coupled O coup-TRIS
] hybdridized ~ hyb-TRIS ‘
600 ]
] " . ]
500 1 . i ]
_— ] g * [
E 400 5 .
= 300:
a4 ] . ]
] ° e
200 " B ]
100_""!""l""l""l""I""[""_

20 25 30 35 40 45 50 55
Temperature [°C]

Figure 3.2: Size characterization by DLS of naked PNIPAM-VAAigas (blue
squares); PNIPAM-VAA particles coupled with Cy5-DN#ed circles); and
PNIPAM-VAA patrticles.

The experimental data (Figure 3.2) shows tiellgsig profile for i)
naked-, ii) Cy5-DNA coupled- and iii) FITC-complentary hybridized-
PNIPAM-VAA microgels at pH 8 in BD and in TRIS buffer. Naked
particles size profile at pH 8 is rather broad.tBobre and shell are swollen
and the VPTT is shifted up 4& as described in Chapter 2. In proximity of
the phase transition the total radius in water eses as function of
temperature from ~531 nm to ~216 nm. As alreadynted by several
authors [27, 28], the hydrodynamic radius of PNIPANtrogels depends on
the nature and the concentration of the electrolytee addition of TRIS
buffer and the effect of DNA coupling and hybridiba do not produce a
completely shrinkage of the hydrodynamic radius dodnot suppress the

microgel thermo-responsivity.
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3.2.2 Cy5-DNA conjugated PIPAM-VAA microgels capabity in

catching specific DNA oligonucleotides: hybridizaton or adsorption?

The use of fluorescent nucleic acid hybrid@atprobes that generates a
fluorescence signal only when they bind to thengea enables real-time
monitoring of nucleic acid detection assays. Ingpecific, the use of BHQ-2
guencher, attached both on the complementary aligjentide sequence to
Cy5-DNA and on the random one, allowed us to ingest the specificity of
hybridization process on Cy5-DNA PIPAM-VAA conjugdtmicrogels.

We first validated the DNA probe design by leaéing the quenching
efficiency of the Cy5-DNA oligonucleotide in soloki in presence of the
complementary and non complementary oligonucleotitee Figure 3.5a
reports the Cy5-DNA emission fluorescence in preseof the BHQ-
complementary and BHQ-random oligonucleotide segeiein presence of
BHQ-random, Cy5-DNA maintains the same fluoresceacgssion value,
which drops when in presence of the complementaguence, BHQ-

complementary.

—/— BHQ-random
a) — sox10740) —O— BHQ-complementary |
—_ =
S 1.0x10°4 < -
<, : 4.0x107 A £
b A
N ) i 1
z = A e
B7) S 3.0x107
= 2
g .8 :
=] 2.0x107 4
@ 5.0x10" ]
51 c
£ 3 1oxi07q
3 3
172]
9] 5 : JN
2] =) 0.0
s = =
= 0.0 -1.0x107

Cy5-DNA  BHQ-complementary BHQ-random 20 2‘5 3‘0 3‘5 46 4‘5 50

Temperature [°C]

Figure 3.5: Quenching experiment performance: (a) Fluorescentnsity at 25°C

of Cy5-DNA free, in presence of BHQ-complementany i presence of BHQ-
random oligonucleotide in solution. (b) Fluorescenintensity of Cy5-DNA
conjugated on the PNIPAM-VAA microgels as funcobtemperature in presence

of BHQ-complementary or BHQ-random oligonucleosdguence.
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Then the quenching experiment was performed Gy-DNA conjugated
microgel in order evaluate their ability to spexaliy hybridize the complementary
DNA strand. The experiment was performed by indalgatthe Cy5-DNA
conjugated microgels with BHQ-complementary, or tihendom oligonucleotide
sequence, BHQ-random. As shown in Figure 3.5b vBig@-random is dispersed
in solution, microgel particles still emits fluoocefnce which does not change with
temperature. Otherwise adding BHQ-complementarys @yorescence emission
on PNIPAM-VAA particles surface turns off. This denstrates that there is a
direct interaction between the complementary secpiand the Cy5-DNA attached
on the microgel surface. The two strands form abBogtrand structure and the

hybridization process occurs on the particles serfa

3.2.3 Effect of temperature on on Cy5-DNA conjugatt PNIPAM-VAA

microgels hybridization

Hybridization process on PNIPAM-VAA microget®upled with Cy5-
DNA was analyzed as function of temperature andagel shrinking in two
sets of experiments. In the first experiment theperature effect on the de-
hybridization process was evaluated at two diffepgh, pH 3 and pH 8. In-
fact, as we reported in the Chapter 2, these twoghbles correspond to two
microgel structures: at pH 3 value, the externallsh completely collapsed
on the core of the particle; at pH 8, shell ancecare swollen and microgel
reaches the largest degree of swelling. Our exmerirnvas set to evaluate
whether the different degrees of swelling of thecnogels (in terms of
different temperatures) at two different architeetu could drive the de-
hybridization process on the surface of PNIPAM-VAAcrogel particles. In
Figure 3.6 we show the FITC-complementary/FITC-m@nd emission
fluorescence measured on the particles heated WiC49his temperature

value is far away from the temperature value o23€., which corresponds
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to the Melting Temperature gling, See Table 3.1) of used DNA
oligonucleotides sequences. Both sequences intewabt the microgel
particles, for which it is possible to detect aoflescence value. The
interaction between Cy5-coupled PNIPAM-VAA microgebnd FITC-
random is aspecific and the fluorescence value unedn the particles is 4
times lower than the one measured using the conguitary sequence. The
guenching experiments discussed above demonstth&tdthe interaction
between Cy5-coupled PNIPAM-VAA microgels and FIT@igplementary is
specific and the hybridization process occurs @ @y5-DNA conjugated
particles. Increasing temperature, the FITC fluceese value measured on
particles remain constant both for pH 3 and pH I8es This means that the
particle shrinkage and the degree of swelling haee effects on the
hybridization process. The fluorescence intensitpth 3 results lower than

the one at pH 8. This is due to the fact that FilliGrophore is pH-sensitive.

—— FITC-complementary-pH8
—— FITC-complementary-pH3
! ! —/\— FITC-random-pH8
5.0x107 4 —/\— FITC-random-pH3

4.0x107 @,__O\,/{>\ o -
3.0x107

2.0x107 .

1.0x107

Fluorescence intensity [a.u.]

A
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20 25 30 35 40 45 50
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Figure 3.6: Fluorescence intensity measured on Cy5-DNA congey&NIPAM-
VAA microgels incubated with FITC-complementary ardTC-random
oligonucleotides as function of temperature and pHIC-complementary and

FITC-random were added in the microgel solutiorobeheating.
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In the second experiment we analyzed the Haiion process as
function of Cy5-DNA chains exposure on the microgelrface to the
complementary and random oligonucleotide sequentfe. performed
hybridization process on Cy5-DNA coupled microgby adding FITC-
complementary/FITC-random at different temperat(2&s 30, 35, 40 and 45
°C).

The analysis of the particles fluorescencession is shown in Figure 3.7.
Also in this case the emission fluorescence leveasured on microgels is
the same at each hybridization temperature te§tbs. result means that
different exposure degree of Cy5-DNA does not hamg effects on the
hybridization in terms of process efficiency. THaofescence emission f
values measured in Figure 3.7 are comparable wg¢hvialues shown in
Figure 3.6.
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Figure 3.7: Fluorescence intensitygneasured on Cy5-DNA conjugated PNIPAM-
VAA microgels incubated with FITC-complementary arf@lTC-random
oligonucleotides at different temperatures. FIT@napbementary and FITC-random
were added in the microgel solution and the hykaton analyzed at each

temperature tested (from 25 to 45 °C).
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CONCLUSIONS

Thermo- and pH-responsive core-shell PNIPAMA/Anicrogels were
synthesized in order perform the hybridization psscon them. They were
opportunely engineered with carboxylated functi@adions on the shell to
conjugate amino modified DNA sequences. The hybaithn process was
performed and tested in terms of specific catchoiga complementary
oligonucleotide, ruling out any aspecific absorptan the microgel surface.
Successively, the hybridization process was stuthetktails, looking at the
effect of microgel structural changes.

The effect of the shrinkage controlled by tenapure changes does not
drive any de-hybridization process, whereas itcffehe particle degree of
swelling. No dependence of the hybridization preogas highlighted during
microgel conformation changing, neither when thellshas collapsed nor
when it is fully extended outside the microgel. Bwmlly, even analyzing the
process as function of the oligonucleotide exposuoavards the
complementary oligonucleotide sequence, there islirect evidence of its

effects on the interaction process between thesligonucleotides.
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Chapter IV

High efficient SERS substrate
formulation by self-assembled gold
nanoparticles physisorbed on PNIPAM
thermoresponsive hydrogels

I NTRODUCTION

There is a big variety of analytical techniguihat can be used for
molecular detection of pollutants [1,r&rcotics [3, 4] and bio-molecules for
health and life science. Usually, the real samplesin complex media of
compounds that need to be quantified. This probteamplified when trace
analyte detection is required, as signals from gemknd molecules can
overlap the signal of the analyte. One techniqa¢ tiolds great promise in
this regard is Surface Enhanced Raman Spectros(8RRS). It is an
extremely sensitive technique that can be taildoeprovide the detection of
specific analytes through their unique vibratiofagerprints [5]. The narrow
line width of Raman spectra allows for multiple-gt@ detection within
complex mixtures, including detection down to tigke molecule level [6,
7]. The enhancement of the Raman signal comes i@&sudt of exciting
localized surface plasmons within metallic nanagtrices [8]. A further
increase in the signal strength can be achievedaliyring the metallic

substrate, thereby lowering the limits of detect{@®D). This increment
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comes mainly from the multiple hotspots that aréndpegenerated in a
uniform fashion over a larger substrate producimgh Isignal enhancement
[9] across this area. There are various methodalincate such structures
including lithographic [10, 114nd chemical approaches [12, 13]. However,
minimizing the gap between particles or cavitiesl dhe complexity of
substrate preparation -while maximizing uniformity-crucial in optimizing
the electromagnetic field enhancement [14]. Precisnofabrication
techniques capable of achieving these goals catobiy, time consuming
and non-scalable.

In SERS, it is well known that the plasmonmupling effect between
nano-particles induces huge electromagnetic ennagtethat allows SERS
signals to be detected even with single-molecutesiseity. Many studies
have showed that small structures and gaps (ardQmnmim) are required to
generate the “hotspots” typically associated wiigh SERS activity [15, 16,
17]. Various approaches to prepare regular substraith a plethora of
hotspots for SERS detection have been demonstfaed. 9, 20]. Actually,
fabrication of uniform and efficient SERS substsatemains challenging due
to the complex processes and high cost. So, itdvbalfavorable to design
and fabricate SERS substrates with a simple methadprovides a much
more uniform hotspot formation with high enhancetfactors. The control
of the inter-particle distance should be also dd# in order to optimize the
Raman enhancement factor for each different ex@eriah condition. In most
cases, once Au nanoparticle assemblies are fortmedpatial distribution of
Au nanopatrticle building block is fixed. Thus, & highly advantageous to
fabricate responsive Au nanoparticle assemblies,which the overall
dimensions and inter particle spatial distances pespond to external
stimuli.

During the past decade, intelligent hydrodkét can adjust their volume
but also their properties in response to ambiemusit have drawn enormous

research interest in biomedical and pharmaceugagglications [21, 22].
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Among them, PNIPAM has been detailed studied wabard to its well-
known phase behavior in aqueous solutions, whishtia sharpest transition
in the class of thermo sensitive alkylacrylamidéypwrs [23, 24]. Indeed, it
undergoes a reversible phase transition at abod€3a pure water from a
swollen state to a shrunken state upon increasmg@érature (see Chapter 1).
These phase transitions in the PNIPAM hydrogel expected to induce
dramatic modifications in the optical propertiestbé substrate [25]. The
seed growth of Ag and Au nanoparticles and nanorods PNIPAM
hydrogel has been reported [26, 27, 28, 29] buhistipated chemistry were
required. PNIPAM were also used as a switch betwleegold nanoparticles
and the gold surface. However, most of the afor¢imieed approaches
required complex and sophisticated chemistry ferabnjugation of the gold
nanoparticles on the surface of the hydrogels.

Herein, in this work we report on a robustproglucible and easy to
handle method for the engineering of PNIPAM-VAA rime- and pH-
responsive (see Chapter 2) hydrogel surfaces gmtnior physisorption of
gold nanopatrticles and the fabrication of SERSvacturfaces. These modes
show the capability of tuning the interparticletdiece and therefore control
and modulate the SERS enhancement factor becaubedeys templates

change their size upon temperature changing.

4.1 M ATERIALS AND METHODS

4.1.1 Materials

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide  (E) and 2-N-
morpholino)ethanesulfonic acid (MES) were purchasenn by Sigma-
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Aldrich and used as received. DNA oligonucleotide-GCC-CAG-TAA-
GGA-3) was 5-amine modified and were purchasedmfrDiatech-
Eurogenetec. 40 nm gold nanoparticles was purchagsedBBI. Water used

in the synthesis and characterization was of MillgoMilli-Q grade.

4.1.2 DNA coupling reaction with PNIPAM-VAA microgels and

absorption of gold nanoparticles

For the DNA coupling 1 mg of microgel parteieere dissolved in MES
buffer 0.1M at pH 4.5. Particles were left overrigh the buffer solution.
The coupling reaction was carried out at 4 °C. BER& added before the
addition of 500 pmol DNA. Total volume reaction wa$ mL and EDC
concentration was 0.5M. The reaction solution wageced with alumina and
left overnight on a shaker at 4 °C. The reactiomtune of microgel-DNA
conjugated was then precipitated down by ultrardeigation at 50000 rpm
for 50 min at room temperature. Precipitant wasusgpended in 1 mL of
Milli-Q water. After the coupling of PNIPAM-VAA mimgels, gold
nanoparticles were added to the solution and &fianin of incubation were

adsorbed on hydrogel.

4.1.3 UV-Vis absorption spectroscopic measurements

UV-Vis absorption spectroscopic measurementrewperformed on
peptide-gold nanoparticles conjugates solutionsgaan 1 cm path-length
guartz optical cuvettes. Spectra were recorded wit@ary 100 UV-Vis
spectrometer from 200 to 800. The estimated resoluivas 1nm and

background was corrected with Milli Q water.
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4.1.4 Dynamic Light Scattering measurements

The Dynamic light scattering measurements wereopad with an ALV
— CGS-3 compact goniometer (ALV-Laser GmbH, Lang&grmany)
operating at a wavelength of 633nm in vacuum aticha correlator ALV —
LSE-5003 (ALV-Laser GmbH, Langen, Germany.

4.1.5 TEM micrographs

Electron microscopy samples were prepared o20@ mesh fromvar
copper TEM grids from Agar scientific. One dropsoiution was applied to
the grid from a pipette. After solution evaporatitve grid was washed with
deionized water in order to remove salt excess fgoith surface. Scanning
transmission electron microscopy was performed wih Cryo-TEM
tomography TECHNAI 20 FEI COMPANY. The images weaguired on a
Vacuum generator operated at 250KV with camera-&&EGLE) exposure

time of 1 second. The estimated point to pointltggm was 2 A.

4.1.6 Raman spectroscopy

The Raman spectra were excited with a diosker @80 nm. An 10x/x0,25
objective was utilized to focus the laser beam th®well plate which were
filled with gold nano-colloidal suspensions. The niRken spectra were
acquired with a DXR Raman spectrometer from Thersober Scientific

with 20 mW laser power.

62



4.2 RESULTS AND DISCUSSION

As mentioned above, the advance of this agbreansists in the simple
mechanism by which the gold nanoparticles are &esbion a hydrogel
template. More detailed, the PNIPAM-VAA microgelrface is engineered
and optimized for the physisorption of gold nandiples. This physical
adsorption is based on electrostatic interactiats/éen the positive charge
of engineered PNIPAM-VAA microgels and the negatsiearge of Au
nanoparticles. The most important part of the stisdyhat surface charge
inversions have been taking place after the DNAptog giving us the
possibility for electrostatic based interactionswaen the hydrogels and the
gold AuNPs. This charge inversion, which sounds/\strange as far as on
negative surface charged PNIPAM-VAA microgel atedthalso negative
charged DNA strands, is based on the universalryhebcharge inversion
and the idea of a strongly correlated liquid ofaatied counter-ions [30]. The
absolute values of thé-potential measured before and after the DNA
coupling was -25 and +20 respectively. The ovepaticess is presented
schematically in details in scheme 4.1 on whichsitdemonstrated the
experimental procedure step by step. The greatrdaiga of using DNA in
order to inverse the surface charge of PNIPAM ngets is that DNA does
not generate important SERS spectra. It is extrgnmaportant that the
engineered and fabricated SERS surfaces posseasithatage for as much
lower spectral background as possible; in our thseligonucleotide plays

this role successfully.
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Scheme 4.1:The experimental process for the engineering of FAM-VAA
thermo-responsive microgel surfaces optimized fdrysgsorption of gold
nanoparticles. A) as prepared PNIPAM-VAA microgelgh negative surface
charge because of the presence of the COO- , Bjgehaversion after the
coupling of the DNA and final on C) the surfaceded PNIPAM-VAA microgels
with AuNPs.

For the characterization of the PNIPAM-VAA-ABN composites, we
started with the kinetics studies of this adsorptioocedure. This study was
of paramount interest because it will help to batteerstand the system, but
also to decide for the appropriate experimentadpaters. Therefore, 40 nm
gold nanoparticles were added continuously in aFAM-VAA microgel
solution. UV-vis absorption spectra were acquirecach sample with the
time and presented in Figure 4.1. We can see froth kxperimental
procedures that the adsorption of AUNPs is fastsa®ins to stop for a ratio
around 300 AuNPs per microgel. More specificallg, @an see that there is a
continuous shifting of the absorption band for se\Ps ratio’s 50, 100 and
150. At higher AuNPs concentrations (200 and 2%@pat no changes were
observed with time. Another important outcome af #xperiment is that the
adsorption at each one of the different AUNPs cotmagons was fast as far
as no more spectroscopic changes were observed l&tenin as clearly

shown in the Figure 4.1. Finally, it was found tf@teven higher loading no
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spectroscopic changes were appeared that meansnohahore AuNPs
adsorbed on the hydrogel template. After this kinstudy, the conclusion
was that the adsorption of AUNPs on PNIPAM-VAA noigels are a fast

procedure and the maximum loading is found to berzat 250.
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Figure 4.1: (Top) UV-vis absorption and (bottonf}potential measurements at
PNIPAM-VAA-Au composites at different 40 nm AuN@dihg with the time.
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Similar results were found aftérpotential measurements. Sdexlly, on
PNIPAM-VAA-ssDNA with {-potential around 20 mV, AuNPs were added
continuously and thé&potential was measured as a function of time. éens
in Figure 4.1, the&-potential drops with the time as long as the guisam
procedure continues. The biggest differences appeatrthe first moments of
the AuNP addition, and after 15 min, the change®wssignficant. We have
also verfied in this way that the maximum adsorption was @ao@50

AuNPs per microgel because the changéspaotential were eliminated.

Figure 4.2: TEM images of PNIPAM-VAA-Au composites for diffedan loading
(A=50, B=150, C&D=250.)

Continuing, in Figure 4.2 we present the Tnaission electron
microscopy (TEM) images of PNIPAM-VAA microgels eaitthe gold
nanoparticle adsorption at different gold nanophati concentrations.
Specifically, 50,150 and 250 AuNPs per PNIPAM-VAAicnogels were
added and the difference can be easily visualizeitid TEM images. As it is
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clearly demonstrated from Figure 4.2, the adsomptmf AuNPs was

successful at all of the different AUNPs loadingrtRermore, higher quantity
of AuNPs added on the starting hydrogel solutioramsebigger amount of
physisorbed AuNPs on the hydrogel template.

Thermoresponsive PNIPAM-VAA-Au composites welearacterized by
DLS. Figure 4.3 exhibits the variation of the hydiynamic radius as the
temperature changes from 15 to%@for PNIPAM-VAA-Au templates with
250 AuNPs per hydrogel. The reversibility of thisage transition was also
clearly demonstrated in this figure as far as #wus on 15C after the first
heating cycle is almost the same as in the begynfiihe critical temperature,
where the radius changed rapidly, was at arountC3®r our system. Since
the measured LCST is similar to that of the purdFAWI-VAA microgel,
the presence of vast Au nanoparticles does notifisigmntly affect the
swelling behavior of the PNIPAM-VAA template. Spezlly, the radius on
15 °C for the totally swelled hydrogels measured 670amd for collapsed

ones on 468C was around 390 nm, as demonstrated clearly ir€ig.3.
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Figure 4.3: Temperature dependence of the Radius of PNIPAM-NAA-
composites for high AUNPS loading (250).
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In Figure 4.4 UV-vis absorption spectra werecorded on the
aforementioned system at different temperature® @HNPs per PNIPAM-
VAA microogel). The difference on plasmon resonawnteAuNPs on the
PNIPAM-VAA microogel surface was crucial for thebfecation of SERS
active substrates. In Figure 4.4 we present alBsdJ¥-vis absorption spectra
at different temperatures. It is clearly demonstiathat, as temperature
increases, the absorption band of AuNPs at 525 hamges. In detail, a
continuous broadening of the band is shown un®#l LHCST; above this
temperature changes were intense and a secondabankigher wavelength
around 700 nm appeared. This band results fromcthpling of surface
plasmons between closely spaced particles. In ggtgd colloids, the
particles are physically connected, but it is eBakto note that direct contact
is not always needed to observe collective plasmodes. In fact, even if the
spacing between particles is narrowing comparetigovavelength of light,
these collective plasmon modes can be observetdisiicase, the interparticle
spacing became narrow because of the decreasee iIAUNPSs-PNIPAM-
VAA radius resulting in this new red shifted abgmp band at ~700 nm.
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Figure 4.4: UV-vis absorption spectra of PNIPAM-VAA-Au compessiupon

temperature changes.
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In order to better understand the dynamic gharthat were taking place
because of the hydrogel template shrinkage, theuledion of the
interparticle distance between the adsorbed AuN&s evitical. Assuming
uniform dispersed AuNPs on the hydrogel and hathegscheme in the inset
of Figure 4 in our mind, we calculated the intetigde distance between the
gold nanopatrticles at different temperatures. ltaileassuming cubes with
dimension 80 + @as it is clearly shown from the scheme and calingahe
area of these cubes knowing the total surface ef Hidrogel, we can
determine thed, which gives the distance between two gold nartmbes.
For example, for 264 gold nanopatrticles, thereGfrecubes in which these
particles are placed (4 AuNPs per Cube). The areaadh cube can be easily
calculated and, as far as the area of the hydrageach temperature is
already known from the DLS measurements, the iatégle distance was
calculated for the high AuNPs loading (256 Au pes per hydrogel) - as

demonstrated in Figure 4.5.
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Figure 4.5: The interparticle distance at different temperaturealculated
assuming uniform dispersed gold nanoparticles oe ®NIPAAmM hydrogels

surface.
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The SERS enhancement of the aforementione@/RMNiVAA-Au modes
was tested using adenine as an analyte. 500 ngfrademine solution were
added in PNIPAM-VAA-Au composites and left somedim order to let the
adenine molecules to adsorb on Au nanoparticleenThOO uL of the
aforementioned solution were added in a well pkte placed under the
microscope. The spectra were collected using a XXD®5 objective at
different temperatures. The recorded spectra weesepted in Figure 4.6
demonstrating the intensity dependence on the texhpe. As it is clearly
shown in the figure, the intensity of the adenibasd at 735 wavenumbers at
20 °C is very low, but -as the temperature increasée- intensity also
increased dramatically. Such a result was expeetben the radius of the
composite decreases, the AuNPs comes closer, ttspdt® are created,
resulting in high enhancement on Raman spectra.oln case the
enhancement factor changed from 104 to 106 upopédsature increase. It is
also important to report the dependence of thengiitg on the interparticle
distance. It would be interesting to observe therggriate interparticle
distance for the higher enhancement on the Ramectrap These results are
presented in Figure 4.6, which demonstrate thengiiie versus the inverse of
the interparticle distance (for better observatioi)e interparticle distance
with the higher enhancement was at around 15 noseclo the theoretical
studies that predict a hotspot generation at iartigle distances of around
10 nm [15, 16, 17].
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Figure 4.6: (Top) SERS spectra of 500ng/mL adenine solutiondiierent
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plot of SERS intensity at 735 ¢m
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CONCLUSIONS

In conclusion, in this work we have presentednew, simple and
reproducible method of physisorption of 40 nm gaidnoparticles on
PNIPAM-VAA thermo- and pH-responsive microgels toe fabrication of
highly efficient SERS substrates. We tuned therpa#icle distance of the
adsorbed gold nanoparticles because hydrogelsxaatohanged their size
upon temperature variations. We also studied thetiis of this absorption
and found that at around 15 min the process waseratinished. We
performed a deep characterization with dynamictlggattering and UV-vis
absorption spectroscopy for either the size orjradicle AUNPs observation
upon temperature variation, or the optical charaagon of the system.
Finally, we collected SERS spectra and were ableveofy the strong
dependence of the intensity on the interparticitagice of the adsorbed
AuNPs. These results stress the capability angadentiality of the usage of
smart polymer or even bio-polymer templates for SEBut also for other
plasmonic applications. The big advantage of tlies®lates is that -beside
the well-known role of concentrators- a second amach more crucial
parameter that can enhance the information can dogiirad from this
concentrated analyte, the Raman spectra in our taskers the possibility

for extreme low LOD.
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