Universita degli Studi di Padova
Dipartimento di Biologia
Corso di Laurea Magistrale in Biotecnologie Industriali

Engineered nanogels with catalytic activity towards
C-C bond formation

Relatore: Prof. Alessandro Moretto
Dipartimento di Scienze Chimiche

Controrelatore: Prof.ssa Silvia Gross
Dipartimento di Scienze Chimiche

Laureando: Beatrice Civili

Anno Accademico 2021/2022









SUMMARY

F Y o] o] =2V F= 11 o] o P SPUR 1l
Y 013 1 = Lo S P PP PP PP PPPRTPR v
N 11 170 To [T i [o ] IO E PP PP PPP PP 1
1.1  Gold NANOPAITICIES.......ccceeeeeeeeeeeeeeeeeee e 1
1.1.1 Gold nanoparticles optical properties..........ccceeeeveeeeeeeeeiceeeennn. 3
D (] (=11 o o] o] - TSR 4
1.3 Bovine Serum Albuming (BSA)......oooo i 6
1.4 HYAIOQEIS... ..ottt ettt e e e e e e e e e e e e e e 7
1.4.1 Free radical polymerization...............ocooeuieiimmmnsssenieieeee 10
1.5 Gold Nanoparticles hydrogels hybrids..............cciiiiicceeii, 11
1.5.1 Poly (4vInylpyridine).........ccceeeiiiieeeeeeeiiieeeieee e 13
1.5.2 Poly (N-Isopropylacrilamide)..............eveiiiiiiisieeeniiiiciee e 13
1.6 AldOl REACHIONS......cceiiiieieiiiecieeee e eeees e 14
1.6.1 Aldol reaction Proline catalyzed...........cccccceeviiiiiieeniiiiinienennn, 15
2 Materials and MethodsS...........oooeviiiiiiiieeeee e 17
2.1 Reagents and SOIVENTS...........cooiiiiiiiiiirren e 17
2.2 EQUIPEMENTS ..ottt eee et r e e e e e e e as 18
2.2.1  UV- SPECIIOSCOPY. .. ieerneeirteeieiieeamnnressaesesneeeesneessssmaaneeeesnns 18
2.2.2  High-Performance Liquid Chromatography..............ccccceeeennn. 18
2.2.3  Circular DICNIrOISM........uuuuuiiiiiiiiiiiiei ettt 18
2.2.4  Nuclear Magnetic RESONaANCEe.......ccccevieiiiiiiiiiieeeiee e, 18
2.2.5 Transmission @ctron MiCrOSCORY......ucveeiieeeieeeeiiiirieeeieeeeeeeeean, 18
2.2.6  Dynamic Light Scattering............coooooiiiimiimmmniiiieeeeee 19
2.3 Gold nanoparticles SyNthesis............ceeiiiiiiiiiiieeeiiiieieeeeeeee e 19
2.3.1 50 NM GNPS SYNtheSIS.......ccooeiiiiiiiiiiiiiee e 20
2.4 Nanoparticles stabilityith BSA..........oooiiiiiiiie e 20
2.5 BSA functionalization with EProline.............ccccoviiiiiiiiiccciiieeiiiiins 21
2.5.1 BSA functionalization with BodrolineOH. ..............cccoeeeiee. 21
2.5.2 BSA functionalization with Proline NCA.........cccccceeiiiiiiiiiieenes 21
2.6 BSA-Pro protein corona formation around GNPs................cccuu..... 22



2.7 2.3.2 GNPYBSA-Pro) functionalization with Fluorescein

1570] {1003 V7= T F= 1= 22
2.8 BSA functionalization with butanoic acid.............c.cccceeeeeiieeciccnnnn. 23
2.9  POIYMENZAtION........ccciiiiiieeeeeeeeme e e 23
122000 10 T o 1 o PSP 24
2.11 Solidphase SYyNtheSIS......cccciiieiieeiiiieiiieeeee e 25

3 ReSUlts and DISCUSSION........ccceeeeieiiiiiiiieiimme e e e e 28
3.1 Nanoparticles SYNtNESIS.........coouiiiiiiiiiiiiic e 28
3.2 BSA protein corona on GNPS surface..........cccccovviiiiicccee e 32
3.3 GNPS StaDIlitY....cceeeeieeeeeieeeee e 34
3.4 BSA modification with Proline..........cccoevviiiiiiiiiiieeeeeeeeeeee 35
3.5 BSA modification with Proline NCA..........ccccuviiiiiiiiiieeniiiiviieeeeeeen 41
3.6 BSA-Pro protein corona formation...................ouvivviccceiieieeeiiiiiinnn s 44
3.7 Circular Dichroism analysis on BSA modified with Proline........... 48
3.8 BSAlabelling With FITC.........ouuuiiiiiiieii e eeeeeeee 50
3.9  POlymMErization PrOCESS.........ccvvereuriiieiiiimmmreeeeeeserannae e e e e e e eeenrnnnnns 53
3.9.1 BSA functionalization with Butanoic acid.................ccccceevieee.. 53
3.9.2  Polymerization PNIPAM .......coooiiiiiiiiii e 54
.10 ELCRING ...t 57
3.11 CatalySiS raCHON. ......cccviiiiieeieie e 60

N @70 Tox (1] o] o PP 66
5  FULUIE PEISPECLIVES......uuuiiiiie e e e e e eeeee et meme e e 67
6 BIbliOGraphy .......ouueeiiiiiieie e 69
ACKNOWIEAGMENTS. ...t e e eeeee e e e e e e e e e e e e e e eeeaaanens 75



ABBREVIATIONS

ABBREVIATIONS RELATIVE CORRESPONDA NCE

AA Amino acid

ACN Acetonitrile

AcOEt Ethyl acetate

Boc Tert-Butyloxycarbonyl

BA bisacrilamide

CD Circular dichroism

DCM Dicloromethane

EDC 1-ethy}t3-(-3-dimethylaminopropyl)
carbodiimide hydrochloride

Fmoc Fluorenylmethyloxycarbonyl

GNPs Gold nanoparticles

HPLC High pressure liquid chromatography

HOALt 1-Hydroxy-7-azabenzotriazole

MeOH Methanol

MW Molecular weight

NaCt Sodium citrate

NIPAM N-isopropylacrilamide

PIP Piperidine

TFA Trifluoro acetic acid

TLC Thin layer chromatography

tR Retention time

uv Ultra violet

V50 2 , -a&zdfjis(2methylpropionamidene)
dihydrochloride




ABSTRACT

The aim of this experimental work is to combine three different nanomaterials to

create a new one able to perform catalytic activity towardCal@nd formation.

In our view, this work is an exploration of a novel chemical design and synthetic
strategiesat the nanometrimicrometric interface levels.Thus, starting from a
natural and abundant protein, BSA, we chemicallpved it into a catalytic
platform acting toward an aldol condensation. This novel approach is then
transfered to a metallic nanomatal, composed by gold nanoparticle (GNPs). To
do this we simply applied the Protein Corona effect, thus to strongly bind the novel
catalyst over a GNPs. Interesting we still recovered catalytic activity. To move over,
we built up a lhireedimensional hydrogls network all around the functionalized
GNPs. As a results, a core shell polymeric/metallic particle were obtained.
Importantly, the modified protein stapt the coreshell interface level. While in

one side the protein is only adsorbed on the GNPsherother side protein is
covalently fixed to the polymeric matrix of the hydrogels trough the polymerization
process. Finally, by sequestering the metallic core, the overall nanosystem now
consiss in anhadlow hydrogel microsphere where the inner castjully covered

by the catalytic protein.

The resulting material performed enhanced catalytic properties, respect the

counterparts in fully aqueous mad



1. INTRODUCTION

1.1 GOLD NANOPARTICLES.

Metal nanopatrticles are studied and utilized in different fields, as drug delivery
systems, catalysis, sensors, cancer therapy, fayXmaging or photodynamic
therapy. Varying reaction paramgdgsers 1ito
with different aspect (Fid.) that affect their characteristié&or this work we have

decided to obtain spherical nanoparticles as much as possible.

IO

Nanosphere Nanorod Nanoshell Nanocage  Nanoprism
(1-100 nm) (50 nm) (140 nm) (50 nm) (40 nm)

Figurel Gold nanosystems with different shape and size.

Inorganic nanoparticles, especially gold nanoparticles are very interesting and for
this reason have been studied within the past 20 years. They are inorganic
nanoparticles that consist of a gold atom inner coreséadullizing groups on the
surface. Theyare very useful especially for their optical, electronic, physico
chemical features, while their low toxicity make them outstanding tools in
biotechnology. Their typical surface plasmon resonance (SPR) band depends on
their morphology and physiology. Thaye also very easy to synthetiGNPs can

be synthetized through different methods that can be divided in two classes, bottom
up and top down.Ae method of Turkevicht al. with some slight modifications by
Frens, remains yet the most preferred one f@pgration of spherical gold
nanoparticles in agueous solution. As a matter of fact, Turketi@hwere the first

ones to demonstrate the possibility of changing the particles size, by controlling the

concentration of the reducing agent and the temperaff the reaction.



Nanoparticles morphology is influenced by different reaction parameters, such as

temperature, pH, reductants concentrations and time of reaction.

In this work wemadeuse of theTurkevich method that isperformed in an aqueous
medium by a reductant agent, sodium citrate that reduces HAar@ stabilizes

the solution of gold nanoparticles. The reaction is carried out at 120°C for about

20 minutes.

Indeed, the stabilization is essentially due to the mutual repulsion between
neighbairing GNPs that is causeIthe negative surface charge of the citrate layer.

Citrate binding is relatively strong and its action as a chelator stabilizes surface

reconstructions.
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Figure2 Schematic representation of GNPs formation with Turkevich methdlde graph the
curve describesaMer model for GNPs nucleation and growth.

The adsorption of the citrate consists of a strong coordination of the carboxyl
oxygens to the surface that can involve one or more groups. Consequently, citrate

limits the extension ohe surface reconstructich.
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Figure3 Representation of adsorption and desorption of citrate on gold nanoparticles surface.

Nanoparticles formation and their stability can be analysed in a first step through
UV spectroscopy. In factue to the nanoscale structure gold nanoparticles show a
defined absorption peak at 520 nm thanks to surface plasmon resonance.

1.1.1 Gold nanopatrticles optical properties

The GNPs optical properties are defined through their plasmon resonance, that is
related to collective excitation of conduction electrons and concentrated in visible
to infrared regions, depending on the structure, shape, and size of particle. High
absorption oefficients ofGNPs, permitting greater sensitivity in optical detection

techniques than the common dyes.

Light illumination of gold nanoparticles causes strong absorption or/and scattering
at certain resonance waveléngthat depend to a large extent on their morphology
and dielectric mediumJnderlight irradiation, the conduction electrons in a gold
nanostructure are driven by an electric field for collective vibration at a resonant
frequency relative to positive ions of the lattice. This phenomenon is known as

localized surface plasmon resona@c8PR)?



When light hits a gold nanoparticle, the free electrons of the metal form an
electromagnetic field and begin collective oscillations relative to the lattice of

positive ions at a frequency matching that of theédant light.

Surface Plasmon Resonance peak depends by different parameters, as nanoparticles
aspect ratio, size, shape, or state of aggregation.

Electromagnetic
field Metal

sphere

s

Electron
cloud

Figure4 Schematic illustration of collective vibration of the -
electrons in a gold nanosphere, which are responsible for £

1.2 PROTEIN CORONA

GNP has been widely accepted to form protein corona rapidly when introduced into

a biological medium. Proteins represent one of the major ligand used. Protein
adsorption | ayer form a so called fAcoron
characteristicbut plays an interesting role in their interactions between themselves

and other materials. The adsorption of proteins @fs surface is known to

depend on the surface property (chemical modification§NfPs, while in turn,

the corona formation coulchange the physicochemical properties and further the

biological patterns oGNP as welf

Protein corona morphology depends on the type of protein, size, shape and charge
of nanoparticl es, reactions conditions,

surfactanto, it is what is ultimately se

respase and interactions of NPs with living systems and so affects circulation



lifetime, cellular uptake, circulation lifetime, sighab, bio-diodistribution and

toxicity.®
Protein corona formation is a kimetic pr
coronao composed by | oosely bound protei

in solution; then this condition evolvestaAhar d protein coronao
bound proteins that do not desoth. J.Parat work, they try toresume some

analytical models to have quantitative data on protein corona formbgicause is

fundamental to understand how much this corona is stable, at which conditions, and

at which concentrations. Proteins can adsorb and desorb toamaciep surface,

and for this reason exists a model that describes this phenomenon, to understand
equilibrium and kinetic properties of Proteianoparticle system.
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Figure5 Protein corona formation(A) Corona thickness depends on how
protein can adsorb on NRB) Nanoparticles stability depends on prot
concentration. Protein corona can avoid NPs precipitation.

Protein corona is a smart solution to make nanoparticles invisible to immune
system, whethey are used in the case of drug delivery for example. There are huge
studies that concern their adsorption on biomaterials surface, to avoid adverse

reactions or material rejection.



1.3 BOVINE SERUM ALBUMINE (BSA)

Albumins are the most abundant {62%) total watersoluble proteins in blood
plasma. They are bio macromolecules acting as transporter fogfincamnd

delivering various endogenous and exogenous molecules, as ions or fatfy acids.

BSAsequence W

BTHKSEIAHRFKBLGEEHFKGLVLIAFSQYLQQCPFBEHVKLVNELTEFAKTCVABESHAGCEKSLHTLFGBELCKVASLRET
yGBMABCEKQEPERNECFLSHKBBSPBLPKLKPBPNTLCBEFKABEKKFWGKYLYEIARRHPYFYAPELLYYANKYNGVF
QECCQAEBKGACLLPKIETMREKVLASSARQRLRCASIQKGRALKWSVARLSQKFPKAEFVEVTKLVTBLTKVHKECCHG
BLLecABBRABLAKYICBNQBTISSKLKECCBKPLLEKSHCIAEVEKBAIPENLPPLTABFAEBKBVCKNYQEAKBAFLGSFL
YEYSRRHPEYAVSVLLRLAKEYEATLEECCAKBBPHACYSTVFBKLKHLVBEPQNLIKONCBQFEKLGEYGFQNALIVRYTR
KVPQVSTPTLVEVSRSLGKVGTRCCKPESERMPCTEBYLSLILNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPBETY
VPKAFBEKLFTFHABICTLPBTEKQIKKQTALVELLKHKPKATEEQLKTVMENFVAFVBKCCAABBKEACFAVEGPKLVVS

TQTALA o o
Ho o
58K to 58P 2~ oM OH
N H K OH NH, D

Figure6 BSA structue and amino acidic sequence gireenare underlinedAspartic
residues, imed Lysine residues

Bovine serum albumin structure is similar to Human serum albumin (HAS), in fact
is composed by a singf@lypeptide chain of 583 amino acids. This structure is
stabilized by 17 disulfide bridges of cysteine (Cys) residues. It has a molecular
weight of 66.8 kDa and it has three homologous domalhisahd each of them is

constituted by two subdomains, A aBadvith unique binding propertiés.

Thanks to Xray diffraction sixbinding sites have been found in the hydrophobic
cavities. For its peculiar structure and properties, especially for biocompatibility,
they have took place in several fields. An example is-deliyery and about this

it is reported a study of BSA nanopal#is loaded witlboxorubicin for overcoming
multidrugresistant in cancer cells. Or in another case magnetic nanoparticles can

be coated with BSA as curcumin carriers for anticancer drug.



We have decided to use Bovine serum al bu
protein shdlfor GNPs. Because of its zwitterionic character at his isoelectric point,

BSA can be used to label cationic silver (Ag+) or anionic gold (AuLibns.

Moreover is water soluble, stable in a pH range-8fahd especially is stable in

organic solvent, ¢ing that we have taken in consideration for this thesis purpose.

From a chemical point of view the most interesting things are its disulphide bonds

and sulfhydryl groups which allow protein to have interactions with organic and

inorganic materials’

In the case of BSA, therare different strategy to conjugate it WHNPS. As
reported in literaturethe most use for its simplicity and economy, is passive
adsorption, which exploits covalent or n@movalent interactions. Other methods,
are active adsorption, in situ strategy, desolvation dnoksig, emulsification or
thermal gelation.

1.4 HYDROGELS

Nanogels and microgels are soft, deformable and penetrable objects wilika gel
structure that is swollen by the dispersing solvent. More generally gels are three
dimensional polymer networks that are swollen by a solvent such as water, as is for
hydrogés. They represent a big research field for their properties that let them to
be useful for a lot of applicatiofsTheses y st ems are consi dered
because of their capability to sense environment, store andairdtyrmation, and

at the end respond to its surrounding. Moreover, to their physical characteristics
introduced at the beginning, they are appreciatgukecially for the capability to
respond to external stimuli, like pH, temperature, pressure, ionic strength and
various analytes. Because of their good stability, easy preparation and composition
heterogeneity, nanogels has been used in different fiéldgptication, like drug
delivery, catalysis, bisensing, cell therapy. There are some examples of imicro
and nanogels that have been used to create biomimetic catalysts for biomass
conversion reactions. Because of the capability of changing their plrstsieathey

can be applied as sensors. We report the example of glucose sensors. Very
interesting is the case of phenylboreamdfunctionalized microgels for their

glucosebinding equilibriuminduced changes in microgel ionization, resulting in

7



tunable changes in microgel swelling, microgel net charge, and/or microgel
transition temperature in response to glucose concentration cHénges.

One of the mairuse is for drug delivery, because of the porosity, composition,
flexibility and colloidal stability.

For their structure and other properties, they have been applied as building block
for bulk cell scaffolds. In other cases they can act as cell carrier&ncaxample

of this are nonalginate microgels based on PNIPAM and on poka2oline used

as carriers for neuronal cell$.

The story of hydrogels throughout previous decades is showe iigtire below.

1894: Introduction of Hydrogel in Literature
1958: PVA hydrogel cross-linked gamma radiation
1960: Landmark publication (pHEMA-hydrogel) by Wichterle and Li
1968: pNIPAAm solutions displaying a temperature depend
1970: PEG hydrogel cross-linked via gamma radiation
1972: Pluronic hydrogel for the controlled release of antimicrobials
1990: pNIPAAm hydrogel cross-linked via redox-mediated radial poly
1992: pNIPAAm hydrogel responding to both pH and temperature
1993: PEG-PLA hydrogel cross-linked via photo-polymerization
1993: Poly(oxazoline) hydrogel cross-linked by Co (1I) or Fe {I1l} ions
1994: Supramolecular PEG hydrogel corss-linked via inclusion com
1995: Hybrid hydrogel combining synthetic and natural polymers
1997: Temperature responsive PEG-PLA hydrogel
1998: Hydroge! from self-assembling artificial protein
2000: Stereocomplex dextran hydrogel
2001: PEG hydrogel cross-linked via Michael addition
2006: PCA hydrogel cross-linked via click chemistry
2010: Age of smart hydrogels
2011-2017:

Hydrogel a choice of material for Biomedi

delivery, biosensor, chemical sensors,

wearable patches, implantable deyi

s including for therapy, drug
ing, would healing, contact lens,

Investigation of novel alization and materials science to improve the

Yearly Publication

Figure7 Journey of hydrogels throughout previous decac




During time natural polymers with low mechanical strength are being replaced by
synthetic polymers and this helps to avoid contamination like viruses or toxins, a
typical risk of using animadierived materials. From a technical point of view there
are dfferent synthesis method to obtain nanogels with controlled properties. In the
work of Haag and his grotip they highlight the progress in covalent and
supramolecular crosslinking techniques to prepare m&rd nanogels.

T
H;{ &,‘PZEKN

2:“:,,,,,, N _”Yi\/ + DAV

QL\,\,\[ ., }\ ;5 |o

Microgel

Figure 8 (A) Formation of microgels by crosslinking hB& PEG via Michael additior{B}
Supramolecular hydrogel formation crosslinked by multiple hydrogen bonding and
composition.

Covalent crosslinking pernsitcovalent coupling of the functional groups in the
monomers or macromolecular precursoReactions include the free radical
polymerization, click chemistries, Schiffase reaction, thiadisulphide exchange
reaction and photoreaction. In figuB¢A) there is a representation of microgels
formation through a click chemistry reaction, Michael addition. It consists in a base
cataly®d nucleophilic addition of an enolate anith,-umsaturated carbonyl

containing compountf.

With supramolecular crosslinking, nanogels formation is given by various physical
interactions, as ionic, Hydrophobic and hydrogen bonding 8B).The difference

with the previous strategy is that this case does not need a crosslinking agent. In
factitcould provide unwonted interactions with molecules. An important difference
between the two methods is that nanogels prepared with supramolecular
crosslinking may have less mechanical strength and stability, especially if we think

in an in vivo conditiort!



The most used is the free radical polymerization, for its flexibility, versatility, and
simplicity. In fact, is usually conducted in an aqueous solytiana temperature
range between 680°C. Its flexibility is due to the fact that can be used with a large
amount of different monomers and permits the introduction of different functional
groups using comonomers or through post modifications. Polymerization begins
with free radical, generated by initiator molecules, then monomers are crosslinked
through crosslinkers to form nanogel netw&tkWe have chosen polyN-
Isopropylacrilamide) to form nanogels, so the scaffold of the entire structure which

is formed through free radical polymerization.

1.4.1 Free radical polymerization

The hydrogels formed in this work are obtained through a free radical
polymerization(FRP) 13 In this synthesis weave used a vinyl termination to start

polymerization.
Generally a polymerization has constituted by three steps:

1- Activation;
2- Propagation;

3- Termination.

During activation, there is the activationioitiator. Initiatoris a molecule that can

be activated with different stimuli, such as heat or light. Radical are then
transferred from iriator to monomer molecule3he nitiator can be activated
through thermal decomposition, photolysis, redox reactions, electrociemic
method or ionizing radiatiort?

Then there is propagation. After the radicaliator is ready, it attacks a monomer

So one time chain has beestarted it propagates and other monomers add
continuously.After a certain number of propagation states, there is a stop point, so
termination, when a polymeric chaimeets another polymeric chain growth during
propagation phase. When these two radicals r#aae is polymer formation with

a specific number of repetitive usit

10



Initiation:
initiator initiator-derived radical
primary radical
]2 — |-

initiating radical

CHz=C
Y X
I+ ——= I-CHyC+
Y
Propagation:
X propagating radical
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X Y X X
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¥ Y ¥
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n
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| 1 ] I
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n

disproportionation n

Figure9 Schematicepresentation of FRP mechanisvith the step of activation, propagation and
termination.

In addition to this, many other termination reactions are possible, such as that of
disproportionation, and that of transfer, in which the chain bearer reacts with the
various chemical species pees$ in the system, producing more or less reactive

radicals.

1.5 GoLD NANOPARTICLES-HYDROGELS HYBRIDS

Recently it has been report a detailed study based on the work of Centreras
Caceres and his colleagtieghat concerns the oxidation of spherical gold
nanoparticles GNPs) encapsulated into thermand pHresponsive microgels.
Initially, two types of hybrid systems structured as 50 nm spherical gold
nanoparticles coated with a therresponsive (Nsopropylacrylamide) or a pH
responsive (4inylpyridine) microgel are syhesized. Then, a gradual gold
elimination is achieved introducing each nanohybrid system into a mixture of
cetyltrimethylammonium bromide (CTAB) and gold chloride (HAuCI4), finally
obtaining hollow colloidal structures with potential application in calgd drug
release. The synthesis of Au@pNIPAM and Au@p4VP systems is performed at

11



different crosslinking densities (5, 10 and 15%), and the decrease in the gold
plasmon absorption band with the oxidation time is monitored at the two possible

microgel stats (swollen and collapsed).

Au@pNIPAM/Au@p4VP

S0nm )
AuNPS 5% BA 10% BA 15% BA

AuCl/CTAB =———>

Hollow microgel

N
N | i 1
A‘/ \( X \)J\ NN JJ\/
0 P H H
N-lsopropylacrylamide 4-Vinylpyridine N,N'-Methylenebisacrylamide
(NIPAM) (4VP) (BA)

Figurel0Schematic representation for the synthesis of Au@pNIPAM and Au@4 V P microgels using
5, 10 and 15% BA (up). Au core oxidation and fabrication of holioregels.

The described wotkshow tte interesting possibility for the fabrication of hybrid
microgels with tunable accumulation or release capability that may be applied in
biomedical applications in in temperature controlled catalysis. More importantly,
the fabricated hollow microgels cae lbised as microcontainers for the transport

and delivery of biological specimen in nanomedicihe.

In fact, the fabrication of hollow colloidal structure at the nanoscale level is a

promising method for encapsulation of different molecules or in our case for the
formation of a catalytic site. Respect to traditional drug delivery systems, as
vesicles, liposome®r micelles, nanogels are much more stable and show a high
degree of flexibility and moreover they have the capability to respond to changes
in the external environment. This characteristic allows the system to exist in two

different stats, swollen and allapsed.
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In this workl® they investigate two types of polymers and their characteristics, poly
(N-Isopropylacrilamide) (pNIPAM) and poly {inylpyridine) (p4VP). They
chose tlkese two monomers because possess thermand pH responses

capabilities.
1.5.1 Padly (4-vinylpyridine)

Poly (4vinylpyridine) is a functional monome€oncerning p4VP it has a phase
transition state at pi4.8.1’Below this valie the nitrogen atom in pyridine groups
are protonated and for the repulsive electrostatic forces, so nanogels swell. Above
that pH value instead the protonated nitrogen is neutralized and for the contribution

of the vinyl group provides a collapse nanodl

4-Vinylpyridine
(4VP)
Figurell4-vinylpyridine
monomer.

1.5.2 Poly (N-Isopropylacrilamide)

The most extensively studiedthermaesponsive polymer is poiN-

isopropylacrylamide)

,//\O(“\r

N-Isopropylacrylamide
(NIPAM)

Figurel2 N-Isopropylacrilamide
monomer
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| PNIPAM  WATER

Swell
(hydrophilic) (hydrophobic)

L['h sL~» PNIPAM backbone

—ir? ““o = -  amide groups

Poly(N-isopropylacrylamide)

Figure13 Graphical representation gcNIPAM behaior
depending on LCST

It has a volume phase transition temperature at about 32°C in water. Below this
temperature nanogels network form hydrogen bonds between acrylamide groups
and water molecules, so it results in a swollen state.

Above 32°C hydrogen bonds are broken, and hydrophobic forces takes water
molecules out of nanogels, so the system collapse. The conformational change to a
globule form buries most of the amide groups, whethases a significant amount

of water, and hides the hydrophilic groups and exposes the hydrophobic ones,
respectively. This process is reversible and by lowering the environmental
temperature below the LCST. Below this temperature nanogels network form
hydrogen bonds between acrylamide groups and water molecules, so it results in a
swollen state pNIPAM chains extend to their coil form, rehydrate and regain

solubility and wettability?®

1.6 ALDOL REACTIONS

The aldol reaction is one of the most importar€ @Mondforming reactions. It
involves two carbonyl compounds as reactants, one acts as the latent enolate and

theothes er ves as the el ect r-bydroxgdamdaylgl f or t he

o o . O R4
aldol reaction OH
1J'k/ RZ T 3J'l\ 4 R1u\(‘<R3
R R* R R2
(latent enolate) [S-hydroxy carbonyls

Figurel4 The classical mechanism of aldol reaction.
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The synthetic potential of the aldol reaction has been demonstrated over several
decades in the formation of many structurally challenging organic molecules.
Because of the amount of bi ol-bydroxg al |'y ac
carbonyl motifs, condierable efforts have been dedicated to develop cheeto

and stereoselective versions. In fact, the stereochemical principles related to aldol
reactions, its application in the context of total synthesis of natural prahdthe

catalytic asymmetc aldol reactions have been weighed up so minutely that the

evolution of the organic chemistry from its beginning to the recent state of the art

can be viewed through the lens of the aldol reaction and its vafants.

A lot of enzymatic transformations have a synthetic counterpart. Often though, the
mechanisms by which natural and synthetic catalysts operate differ a lot. The
catalytic asymmetric aldol reactnimn as a
chemistry and also biology is an interesting case in this respect. Chemically, this
enzymemediated reaction is dominated by approaches that utilize preformed
enolate equivalents in combination with a chiral catalyst. Typically, a metal is
involved in the reaction mechanismA lot of enzymes, however, use a
fundamentally different strategy and cataythe direct aldolization of two
unmodified carbonyl compounds. Clag$ aldolases utilize an enamine based
mechanism, while Class Il aldolases mediate this process by using a zirtorcofac

In 1998 it was discovered the first smalblecule asymmetric class Il aldolase
mimics have been described in the form of zinc, lanthanum, and barium complexes.
However, amindased asymmetric class | aldolase mimics have not been described

in the literature.

1.6.1 Aldol reaction Proline catalyzed

Importantly, in 2008*24 it was proposed that the amino acid prelis an effective
asymmetric catalyst for the direct aldol reaction between unmodified acetone and a
variety of aldehydes.
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Figurel5Proposed Enamine Mechanism of the Preliaalyzed
Asymmetric Aldol Reaction.

Currently? it is still assumed that this aldol reaction occurs via an enamine
mechanismRigurel5) . Pr ol i ne ,-alad ¢ 8 thamavides botmthec r o
nucleophilic amino group and an acid/base cocatalyst in the form of the carboxylate.
This cocatalyst may facilitateevery individual step of the mechanism, the
nucleophilic attack of the amino group (a), the dehydration of the carbinol amine
intermediate (b), the deprotonation of
bond forming step (d), and both steps of the hydrolysis of the imiaidoi
intermediate (eand f). The tricyclic hydrogen bonded framework provides for

enantiofacial selectivity.
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2 MATERIALS AND METHODS

2.1 REAGENTS AND SOLVENTS
Carlo Erba ACN per HPLC

Fluka NaCl
Nitrobenzaldehgle
Acetone
Cicloexanone
DIPEA

EurisoTop  Deuterated chloroform
Honeywell  Boc-L-Proline

Merk KHSO4
NaHCO3
NacCt

Anhydrous sodium sulfate

SigmaAdrich AcOEt
BSA
EDC
TFA per HPLC
TFA ReagentPlus
HAuUCI4
NacCt

N-isopropylacrilamide
N-N methylemisacrilamide

2 ,-&ohis(2methylpropionamidene) dihydrochloride
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2.2 EQUIPEMENTS

2.2.1 UV- spectroscopy

The acquisition of the absorption spectra in the-WY¥ field is done with a
Shimadzu UV2501PC spectrophotometer. Such instrumentation covers a range
that goes from 190 to 900nm through the use of a double monochromator, one for
low wavelengths and onea®d for high wavelengths. The detector is a828

photomultiplier.

2.2.2 High-Performance Liquid Chromatography.

The HPLC measurements were performed using an Agilent 1200 apparatus (Palo
Alto, CA), equipped with a UV detector at various wavelength andl@anro
Agilent extendC18 (stationary phase). Eluants: A= 9:A0ACHCN, 0.05 % TFA;

B=1:9 HO/CH:CN, 0.05 % TFA.

2.2.3 Circular Dic hroism

The tool used for DC analysis is Jase@5D0. The cuvette is made of quartz

with an gotic path of 0.1 cm. It works in thgV region and in the infrared district.

2.2.4 Nuclear Magnetic Resonance.

'H NMR, *C NMR, and 2BNMR spectra were recorded at 25°C on Bruker
Avance400 or 500 MHz instruments! and**C spectra were referenced relative

to the solvent residual peaks and chemic
tetramethylsilane (CDGU  H: 7.26 ppm, @GNCG H:7.1694$pmp
DMSO U0 H: 2.50 ppm). The nduas bribmddisci ty of
singlet; d, doublet; t, triplet; m, multiplet.

2.2.5 Transmission electron microscopy

The images acquired through TEM (Transmission Electron Microscopy) were made
by using the FEI TECAI G12 instrumentation, which uses a tungsten wire as a

source of electrons for the thermionic effect. Liquid samples that have been
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observed with this type of transmission electron microscope are prepared by placing
a drop of the highlgiluted sample solution onto a 400 mesh copper screen covered

with a carbon film, which acts as a support

(Acquisitions made in the Department of Biology)

2.2.6 Dynamic Light Scattering

DLS measurements were made with dhalvern's ZetaSizer Nanoi@strument
using a laser operating at 633 nimeasures the intensity of diffused light at 176°.
Cuvettes inplastic with an optical path of one centimeter in thermostated cell

holders with &Peltier system

2.3 GOLD NANOPARTICLES SYNTHESIS .

Gold nanopatrticles synthesis is based on Turkevich method. It provides an aqueous
solution containingsold (II) chloride hydrate that is reduced using a solution of

trisodium citrate (NaCt)lt starts using a roundottom flask and an hotplate. We

makeast ock solution, adding first 100 ml o
mg of HAuCL-3H20 (339.785 g/mol + 54.045 g/mol; 0.128 mmol)

Then we prepare, independenti$adium citrate dhydrated solutin (NaCt2H>0)
(258.06 g/mol + 36.03 g /mol; 0.5 mmol) in 10 mL of water.

Figure 16 Gold nanoparticles synthesis process. In the first image yellow solution
HAuUCI; in the second one is just after NaCt addition; the third image is when process
to finish.
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The flask containing HAuGlsolution is heated gradually until reaching a
temperature of 120°C. In order to avoid evaporation a bubble refrigerator is set up
over the flask. When solution reaches boiling point NaCt solution is rapidly added

to HAuCls solution, under a vigorous siing. The initial solution is yellow, after
reductant addition it becomes transparent, then becomes black and at the end deep
red. The reaction took 20 minutes and it is complete when solution color no longer

changes.

Dialysis is used to purify nanopaitg¢to purify from salts i.e. sodium citrate .
Dialysis membrane is made to swell with deionized water. When membrane is
hydrated, one end is closed with a clip. After solution is put inside membrane,
another clip is used to close the other end. Membsmpetiinside a baker fill of
water overnight. Dialysis is preferred to centrifugation, to avoid excessive

nanoparticles aggregation and precipitation.

Nanoparticles solution is stored in the dark at 5°C.

2.3.1 50 nmGNPs synthesis.

First the initialstock solution of GNPs is diluted in 50 ml of water. Then we have
prepared a fAgrowt h s gWith20Deoln dAGCIa3H0a qu e o u s
and 50 mg of NaCt-240D.

2.4 NANOPARTICLES STABILITY WITH BSA.

In this experiment we have tested nanoparticles stability in different condition of
osmolarity, to mimic harsh environmental conditions. To change ionic strength we
have used different amount of Sodium chloride (NaCl). Change of stability has been
shown wth UV-spectrum. Enhancing ionic strength, nanoparticles gradually
aggregate and precipitate, but they show a different behaviour when there is a
protein layer on their surface. It is possible to demonstrate this phenomenon with

two experiment:

1° experinent: Nanoparticles solution at different NaCl concentratibhs spectra
were taken adding0e L o f il Of evety@Gneasure.
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2° experimentNanoparticles with BSA monolayer in NaCl solution.

The same nanopatrticle solution from the previous experiment is incubated with
BSA solution (0.0003 mM). As made before for every UV measuee 10 of Na Cl|
10mM are added.

2.5 BSAFUNCTIONALIZ ATION WITH L-PROLINE.

2.5.1 BSA functionalization with Boc-Proline-OH.

In a roundbottom flask is weighted 200 mg of BSA and it is dissolved in 10 mL of
H20 Mq,

In another randorbottom flask it is necessary to prepare the other reactants to
make peptide bond between BBwmline and Lysine residues of theof@in. In a

volume of 4 mL of acetonitrile are added:

- 500 mg of BoeProline (MW = 215.25 g/mol);

- 270 mg of Nhydroxysuccinimyde (MW= 115.09 g/mol);

- 444 mg of 1Etil-3-(3-dimetilamminopropil)carbodiimmide, EDC (MW=
155.24 g/mol.

Reaction course is controflavith HPLC analysis.

Then rotavapor is used to remove acetonitrile from product. Boc removal is got

adding:

- 10 mL of Trifluoroacetic acid (TFA);

- 2 mL of water.

Also in this case, TFA is removed by rotavapor, then sample is foeiete From
this reaction we have obtained 156 mg of modified BSA. At this point BSA is

incubated with GIRssolution

2.5.2 BSA functionalization with Proline NCA.

2 gr of BocL-Pro-OH (0.009) mol were dissolved in 20 ml of &tk. To this

solution 2 gr of oxalyl chloride (05 mol) were added, follow by the addition of
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three drop of anhydrous DMF. The reaction was allowed under stirring for 3 hrs.
Solvent was removed under reduced pressure. The resulting crude, was taken with
ethyl acetate, and the organic layer was washeditne with a NaHC®saturated
solution, and finally with brine. The organic layer was treated with anhydrous
NaSQy, filtered and removed in vacuum. Pro NCA was obtained in 65 % yield as

a withe solid?’

An agueous solution of BSA (0.3 mM) is prepared under magnetic stirring in a
volume of 5 mL of water. To maintain a basic pH, 1 mg of sodium bicarbonate
(NaHCOB3) is added to the solution.

Proline NCA is diluted in 2 mL of Acetonitrile (G&N). This soluton is added in

two times spot, under magnetic stirring at 37°C:

- T1A 100e L of Proline;
- T2A 200e L of Proline.

Reaction course is controlled through HPLC analysis. After characterization sample

is dialysate for one night and then freelrieed.

2.6 BSA-PRO PROTEIN CORONA FORMATION AROUND GNPs.

At this point oneitne that BSA has been modifieZD mg of BSAPro (0.3 mmol)

aredissolved in2 ml of water(0.15 mM)

5 mL of GNPs are put in a round bottom flask and incubatétl, 1 mL of the
previous solutionlt is necessary to add the protein solution slowly, possibly drop
by drop, to avoid protein aggregatiokfter about 30 minutes, 1 mL of the BSA
solution is added again so to improve protein corona formation and reali@ed

corona on GNPs surface.

2.7 2.3.2GNPs-(BSA-PRO) FUNCTIONALIZATION WITH
FLUORESCEIN ISOTHIOCYANATE .

GNPs with L-ProlineBSA layer is put in a rountdottom flask and under magnetic
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stirring is incubated with 2 mg of fluorescein isothiocyanate (FITC) (389.38 g/mol;
0.005 mmaol).

After the reaction is let go on for 30 minutes at room temperaturs, ithe
certrifugated at 4500 rpm to remove FITC. In fact supernatant is yellow, so contain

FITC that hasiotreact. Pellet is storage, redispersed and centrifugated again.

2.8 BSAFUNCTIONALIZATION WITH BUT ANOIC ACID .

BSA functionalization with Bunoic acidoccurs incubating previous product, 220
mg of EDC in 4 mL of water for acid carboxylic activation. When EDC is dissolved
200e L o BnoiBaeitl are added (86.09 g/mol). Reaction is stopped after 20

minutes.

Then is centrifugated at 4500 rpm for 30 minuallet is redispersed in a volume
of 5 mL of water and the centrifugated again. Pellet is isolated from supernatant

and dispersed in 5 mL of water and storage.

2.9 POLYMERIZATION

Functionalized nanoparticles are redispersed in 50 ml of 4mM CTAB. The excess
of butanoic acid is removed by centrifugation at 4500 rpm for 30 minutes. The
supernatant is discarded and pellet is redispersed in 10 ml of water wghl1255 m
CTAB.

5 ml of this solution is put in a randebottom flask, and is heated to 70°C. In order

are added:

- 0.070 g of Nisopropylacrilamide monomers (NIPAM)

- 0.010 g of bisaglamide (BA) (154,17 g/mol)

- 50 e L -azbbis(ZnetBylgropionamidene) dihydrochloride (V50),
(271,19 g/mol) concentration of 0.1M.

After 3-4 minutes red solutiohecomes turbid, and reaction is allowed to proceed
for 2 hours at 70°C.
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After this period polymerization is stopped and solution is allowed to cool to room

temperature, under stirring.

Then it is diluted with 50 ml of water and centrifugated at 4500 rpm for 30 minutes,
in this way it is possible to separate nanogels from reagents thatdtaeact. The

pellet contais nanogels. Supernatant is discarded; the pellet is diluted and
centrifugated again. This operation is allowed to proceed for a couple of times, to
have a good sample. At the end of last centrifuge, pellet has been dispersed in 5 mL

of water.

Figure 17 Solution of GNPs aft
polymerization process.

2.10ETCHING

Gold core oxidation has been achieved followiitgrature proceduré®. First a
solution of CTAB/ HAuCl hasbeen prepared. HAugtoncentration is 0.275 mM,

is added to a CTAB solution of 100 mM in a volume of 5 ml of water. The previous
solution of GNPspNIPAM nanogels is heated at 50 °C and the CTAB/HAuUCI
solution is added rapidly. Reaction is allowed to géoorabout30 minutes, during

while purple solution becomes gradually transpat@ne time that is stopped, it is
allowed to cool at room temperature. Also these time is necessary totimedée
centrifugatios to separate hydrogels just formed, whichiarthe pellet, and gold
ionswhich are in the supernatant part. Centrifugation are made at 4500 rpm for 30
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minutes. The final pellet obtained from the final centrifugation is dispersed in 5 mL
of water and storage at 5°C.

Figure 18 Solution ofpNIPAM nanoge
after gold core oxidation.

2.11 SOLID -PHASE SYNTHESIS.

The aldolic reaction catatgd by gold nanoparticles decorated with the dipeptide
CysteineProline€®, is used as control reaction to see the product formation and to
compare this to the one catadg by BSAPro. In the revew they do not specify
how to make the dipeptide so we have decided to useudise peptide synthesis.

Figure1l9 Schematic representation of molecule
immobilization on the polymeric support.

Solid phase synthesis of peptide is based on the elongation of aminoacidic sequence
while it is anchored to a solid support. The main advantage dgtttisique is that

is easy to remove reagents and solvents from the peptide. The solid support is a
resin which is inert and insolubf.It has specific functionalization that alcathe

immobilization of the first molecule on the resin. Then is necessary a linker to attach
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the small molecule on the resin. Peptide growth starts with #teen@nal amino
acid and proceeds to-términal. The reaction of coupling between the two amino
acidsis a condensatigietween the amine group of the&minal residue and the
carboxylic group of the Nerminal residue. Is necessary to protect the amine group

of the second amino acid to guararttesg this one reastvith the one just present.

The protector groups used in this experiment are: Boc group to protect amine
function of Proline, Fmoc group to protemminegroup of Cysteig, and Trityl
group which protedhe sulphur of Cysteiné!

Figure20 Graphicrepresentatior
that describes the reactor usec
for solidphase peptide synthes

We have use@® g of 2-chlorine trityl resin, that must be swelled with 15 mL of
Dimethyl sulfoxide (DMF).The entire process takes place in a small reactor which
has two exit, one for solvents flux, and one for nitrogen fivery passage need

to be under nitrogen fluto guarantee a continuous mixinthe bondbetweerthe

resin and Cystei@is made preparing a solution w26 g ofFmocCys(Trt}OH

and 700g Lof N,N-Diisopropylethylamine (DIPEA)n 15 mL of DMF. The
reaction is let to go on for 1 hour. After this we make a wash with Divi the
with a solution which contain DCM, MeOH and DIPEA (80:15:5). Westwtit
under N flux for 20 minute. The resin is washed three times with DCM and the
three times with DMF.

At this point there is the deprotection step of Cysteine, with Fmoc remotion. We

add to the reactor a solution of PIP at 20% in DMF for 20 minutes. After this time
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we make a wash with DMF and the process with PIP is repeated.résiaris
washed with DMF, DCM and at least with DMF, there is coupling step.

We prepare a solution containing 2.5 g of Bc-OH, 4g of HATU and 163 mg
of HOA, in a volume of 15 mL of DMF and 2 mL of DIPEA. Coupling can stay
for 1 hour after continuoustrogen flux. Then resin is washed with DMF and then

with DCM to dry the resin and remove DMF.

At this point the peptide must be detached from the résitihe reactor we add a
solution containing DCM and hexafluoroisopropanol (7:3) and let standiny for
hour.This procedure is repeated another time and at the end the mischizrged

in a flask and dried to obtain the solid product. We have adddirt00 g of

product.

Now we use a thin layer chromatograp{®L.C) to visualize the product and
separate it from the bgroducts.The eluent used is a mining of DCM and MeOH
(95:5). Purification is obtained using a silica column with the same eluent of TLC.

The product is collected in a round bottom flask and dried netdovapor.

The deprotection of the two residues happens simultaneously, with a solution
containing TFA, DCM and’IS. Solution becomes red. Reaction is followed with
TLC. The solution is dried with rotavapd@eprotectiorof Trt is executed washing
solutionwith water, because peptide is soluble in water, while Trt not. Then solution
is filtered and freezdried. So at the end we have obtained 1.200 g of product, that

can be used to decorate GNPs.
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3 RESULTS AND DISCUSSION

3.1 NANOPARTICLES SYNTHESIS

As described in previous chapters the creation of these nanogels is a step process,
composed by different pieces that have been characterized. First step is gold
nanoparticles synthesis with Turkevich method. We have characterized

nanoparticles formationith UV-spectroscopy and TEM images.

In the graphin figure 22 it is possible to see maximum absorption at 519 Tine
intensity and position of surface plasmon oscillation peak are related to various
parameters. In this case, shape symmetry and alscctitedapeak width is narrow
indicate that colloidal gold has good monodispersity and spherical Siapterm
monodispersity is related #cluster of objects that haapproximatelythe same

size and shape

This feature is visible in the TEM image of GNIFgy. 21 ). Looking at the scale it

is possible to measure nanoparticles diameters, it is in a range26f i and

about shape, most of them are spherical, but it is possildbserve the presence

of interesting shape, triangular for example. For our aim, we have assumed that
spherical shape would be the best choice.

Figure21 TEM image of GNPs solution
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Figure22 U\tspectrum of GNPs solution. The peak at 51!
is given by surface plasmon.

Thanks to Dynamic Light Scattering measures we have a precise size distribution
value ofnanoparticles sizédLS gives information about tHigght scatteredy the

objects present in the sample. DLS uses thermal energy of particles in suspension
which move with a Brownian motion. When in solution, nanoparticles move
randomly in all directions and they collide with solvent molecules. These collisions
take tohave a certain energy which induces NP movement. There is a relationship
betweenparticles movement speed and their size that is described by the-Stokes
Einstein equatio¥?l n t he e qu dtfiusn oD oiesf fdi ci ent |,
constantfiTois temperaturegs € OE O A, OfiEihé hydrodynamic radius.

o —

From this equation the system is able to give as output the hydrodynamic radius of

every NP.

In the graph below there is also the ter@I)Rvhich stands for polydispersity index
and this value describ#ise broadness of particle size distribution. When this value

is in a range between 0 to 1 the distribution in quiet monodisperse.
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Instead ZAverage Diameter is the intensity weighted mean hydrodynamic size
derived from the cumulant analysis; it dependstaby aggregates presence or

contaminants presence.

From this first GNPs sample we have obtained a single peak so the sample in

monodisperse and the average diameter is 20.86 nm.

Size (d.n... % Number  Width (d.n...

Z-Average (d.nm): 103,8 Peak1: 20,86 100,0 6,202

Pdl: 0,277 Peak 2: 0,000 0,0 0,000

Intercept: 0,930 Peak 3: 0,000 0,0 0,000

Result quality Good
Size Distribution by Number
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Figure23 Size distribution of GNPs with DLS measures.

There are works that describes very well how nanoparticles size and diameter

depend on molar ratio of the reagent mixture, and temperatur€ too.

For this reason we have tried to syntietbigger nanoparticte as shown in the
figure 24. The procedure essentially follows Turkevich synthesis. It starts from
GNPs stock solutionvith a diameter of ~15 nm t hi seedssoltuhd ofm® . A

Aigrowth solutiono is prepared, 1in this c:
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acid, which is essential for the vinyl terminatiémthis aqueous solutiothere are
all the othereagents, so HAuzhnd NacCit.

——— 100 nm

Figure24 TEM images of growth GNPs.

In this image obtained by TEM, is evidence the difference respect to the stock
nanoparticlesaverage diameter is about 50 nvoreover GNP samplebemmes

more polydisprse, there are nanoparticle with different diameter and various shape,
not only spherical, but also triangular and nanorédiso DLS measures confirm
this. In fact respect to th peak in Fig23, this peak is largegnd also PDI value is

bigger than the first sampl&o, the sample is not monodisperse there is more

inhomogeneity.
Size (d.n... % Volume Width (d.n...
Z-Average (d.nm): 68,84 Peak 1: 51,42 100,0 36,34
Pdl: 0,282 Peak 2: 0,000 0,0 0,000
Intercept: 0,884 Peak 3: 0,000 0,0 0,000

Result quality Good

Size Distribution by Volume

Volume (%)
o

Size (d.nm)

Figure25 Size distributiomf growth GNPs with DLS measures.
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For this reason in this casee have proeed the other experiments following the

initial protocol, to have a batch solution with precise characteristics.

3.2 BSAPROTEIN CORONA ON GNPS SURFACE

BSA interactionwith 20 nm GNPs surface has been investigated with three
methods.

By UV-spectroscopy, in presence of BSA, GNPs plasmonic peak hassaifted

and a broadening of absorption band. These changes indicate BSA adsorption on
GNPs surfaceStartingfrom the same sample GNPs, four addition of BSA, at

the same concentration (0.0003 mM ), were made.

—— AuNPs
—— AUuUNPs-BSA (1c
1,0 —— AUNPs-BSA| (5C¢C
—— AUNPs-BSA (5¢C
AuNPs-BSA (1 ml)
0,8 -
(¢}
(&)
g 0,6
£
(@)
[%2]
Q
<O,4—
0,2 -
010 T T T T T T T T '“”""VV‘"\UI
400 500 600 700 800 900

Wavelenght (nm)

Figure26 U\tspectrum of same GNPs sample incubated with BSA at different concentrations.
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Sample Wavelenght(nm)
AuNPs 519
AuNPsBSA (10 ¢l 523
AuNPsBSA (50 ¢l 252
AuNPsBSA (500 ¢ 526
AUNPsBSA (1 ml) 530

Tablel Uv absorption shidfter GNPs are incubated with increased BSA
concentration.

Below (Figure Z) there are EM images o060 GNPs incubated with BSA. In the

first image protein corona is visible around nanoparticles, thanks to staining. In the
second image there is the same sample but is without staidyirgiecond figure it

is possible to assume that BSA can stabiiPs, infact nanoparticles are more

dispersed and less aggregated

Figure27 TEM images of GNPs incubated with BSA

The main contribution on BSA conjugation with GNPs is given by the presence of
non polar hydrophobic growgthat actthe main effect on the bindings of colloidal

gold and serum albumindn literature are reported various mechanism of
interactions between BSA ar@NPs. First of all the electrostatic interactien
between the positive charged lysine of the protein and the negative citrate layer
covering NPs surface; then the particular ditsgbof thiol-Au bond, given by
cysteine residues. In particular G4, which seems to be one of the major cause
of fAligand exchargeo , to displace ci
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3.3 GNPs sTABILITY

At this pointwe investigatdhow BSA can stabite GNPs, untilunder aggregation
condition Generallynanoparticles aggregate and precipitate in an aqueous solution
that has a pH and ionic strength as human blood plasma. For this reason we have
made two experiment using the same conditions, same pH, and same ionic

strength®

Nanoparticlesaggregation and precipitation is optically visible, because solution
gradually change it color, from red to violet and by USpectrum given by
plasmon couplingThe typical plasmonic peak of sthibed nanoparticle at 520 nm,
has alargeredshift. This phenomenon is due to citrate anions interactions with
Na+ cations in solutigrthat takes systems to collap$ée experiment is reported

in fig. 29. It is clear visible that subsequential addition of incremental amount of
NaCl affect the aggregation of the nanosystem as shown from tshifedf the

plasmonic band.

m— AUNPS
m— AU-NaCl 1
1,2 1 = Au-NaCl 2
= Au-NaCl 3
= Au-NaCl 4
m— Au-NaCl 5
110 ] = Au-NaCl 6
m—— AU-NaCl 7
= Au-NaCl 8
== Au-NaCl 9
0,8 1 \ —— AU-NaCl 10
(O]
o
[
3
5 0,64
[%]
Q0
<
0,4
0,2
0,0 ]

T T T T T T T T E
400 500 600 700 800 900
Wavelenght (nm)

Figure28 UV-absorption spectrum of same GNPs sample but at increased ionic $tangtition
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The very same experiment has been repeated, after the &NRs point the
experiment has been repeatefter thatGNPs have been incubated with BS
(0.0003 mmol)As it can be seen from fig. 30, after tinereaseof ionic strength

we do not see any change in plasmon resonance.

Thus BSA adsorption on nanopaitécsurface enhances colloidal stability even

when salt concentration increase.

—— Au-BSA(+NaCl 1)
—— Au-BSA(+NacCl 2)
— Au-BSA(+NacCl 3)
—— Au-BSA(+NacCl 4)
—— Au-BSA(+NacCl 5)
—— Au-BSA(+NaCl 6)
—— Au-BSA(+NacCl 7)
—— Au-BSA(+NacCl 8)
— Au-BSA(+NacCl 9)
—— Au-BSA(+NacCl 10)

0,8 1

0,6 A\

Absorbance

0,41

0,2 1

0,0

T T T T -
600 700 800 900
Wavelenght (nm)

T T
400 500

Figure29 UV absorption spectrum of GNBSA at increased concentration of NaCl.

This is an interesting result for the following step for nanogels formation. This
means that we can use it as stable fAscaff

modifications without the risk of nanoparticles aggregation and precipitation.

3.4 BSAMODIFICATION WITH L-PROLINE.

In the way to mimic proline as catalyst toward a stereoseledltlod condensation
we plan toadd chemically Proline to the Lys amine on BSA proteihich is
classified as a polabasic amino acidor the ammine groupresenceThe novel

protein is supposed to displayed comparable stereoselective capability than the
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original proline. This because e may assume that the adjacent Asp and Glu residues
along the primary sequence of BSA will give the required assistance of the
carboxylic unit to the secondary amine of the proline, as occurring in the case of
the single amino acid (PrdSA aminoacidic sequence contai8l ysine residues

that are useful for our aim, to make a peptide bond with Prline.

BSAsequence ST

BrHKseIAHRFKBLGEEHFKGLVLIAFSQYLQQCPABEHVKLYNELTEFAKTCVABESHAGCEKSLHTLFGBELCKVASLRET
veBmaBcekaeperRNECFLSHKBBSPBLPKLKPBPNTLCBEFKABEKKFWGKYLYEIARRHPYFYAPELLYYANKYNGVF
QECCQAEBKGACLLPKIETMREKVLASSARQRLRCASIQKGRALKWSVARLSQKFPKAEFVEVTKLVTBLTKVHKECCHG
BuiecaBBrABLAKYICBNGBTISSKLKECCBKPLLEKSHCIAEVEKBAIPENLPPLTABFAEBKBY CKNYQEAKBAFLGSFL
YEYSRRHPEYAVSVLLRLAKEYEATLEECCAKBBPHACYSTVFBKLKHLVBEPQNLIKQNCBQFEKLGEYGFQNALIVRYTR
KVPQVSTPTLVEVSRSLGKVGTRCCKPESERMPCTEBYLSLILNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPBETY
vPKAFBEKLFTFHABICTLPBTEKQIKKQTALVELLKHKPKATEEQLKTVMENFVAFVBKCCAABBIKEACFAVEGPKLVVS

TQTALA ° o
HaN o
58K to 588 oM OH
A H K OH NH, D

Figure30BSA structure and primary amino acidequence.

About 3635 Lysine of BSA have primary amines tlaaé capable of conjugation
When BSA is in aqueous solution is essential teefeabasicpH, for this reason
Sodium bicarbonate is added. A basic pH ensures tograt@nated Lysine, so a

good nucleophile®®

For peptide bond formation between Lysine and Proline, it is reaggesise Boe
L-Proline Boc, which stands for terzbutilxy-carbonyl is a protector group, used

to avoid amine group reactivity of the amino ad¢rdnsforming it in an amide.
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H3C+CH3
CH,

Figure31 BocProline chemical structure. Boc group is underlined in red.

The previous preparation of B&roline with EDC and Ndroxysuccinimide, is
fundamentato have the produ@&oc-L-proline N-hydroxysuccinimide ester (Bec
Pro-OSu) N-hydroxysuccinimide is used with EDC, a coupling reagent, and the
amino acid of interesNHS is widely used in the activation of carboxylic acids to
NHS-esters to promote coupling with nucleophil€sere is the formation of acid
intermediate very reactivén this way Proline carboxylic group is activated and
ready for the coupling with Lysine ammine grolgelow there is aschematic
representationfdhe mechanism of the reactiqfig. )

c, CH;
o e N A \\
NH (EDC) T
Boc” OH g NH )i\ CHs
Boc— 0 N /\/\N -
R |
R CHs
O-acylsourea
+
o) OH

| — o __o
BOC/NHW)\O/N\M\ p— ——
0

R

N-hydroxysuccinimide
Active ester

Figure32 Schematicepresentation of active ester formation from a Boc protected general a
acid.

The final product, for Bod-Proline activation, is the molecule represenited
figure 3:
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H3C+CH3

CH,

Figure33 BocL-ProlineN-hydroxysuccinimide chemical structufdwe redstructure is Boc.

At this point, activators and byproducts are removed thr@ugaries of washes.
First an acid one, witKHSOs, then a basic wash with KOH and at least a neutral
wash with Brine solutionThe product is redispersed with ethyl acegaie dry with

calcium phosphate, to remove every possible water molecule.

When this product is incubated with our protein, there is the coupling with Lysine
residues. The evolution of coupling has been aealyhrough HPLC analysis. We
have used a C18 column

To see BSA functinalization, it is necessary to inject every analyBes.to obtain
the real product, it has been centrifugated, and both pellet and supernatant have
been injected in HPLO he difference in retention tin{&) can helpto distinguish

the final product from the other reagents.

In the chromatogram belo{#ig. 34) there is only BSA course dissolved in water.
tris 6.696.

[ VWD1 A, Wavelength=226 nm (CATALISI DAP TEO\BEABSANPS003867.D)
] PMP1, SolventB

Norm. 7 8

1 ©
b
I

15.248

Figure34 BSA chromatogram.
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For the second reagent, Boc-L-proline N-hydroxysuccinimide ester, there are

two peaks. The first one which hagraof 2.772 is Nhydroxysuccinimide that

hasndét stil]l react ,trowWl®35lis¢hedstere s econd
[ VWD1A, Wavelength=226 nm (CATALISI DAP TEO\BEABSANPS003869.D)
[ PMP1, Solvent B
Norm. 8
@
l‘r
3000 |
‘\
2500 -
i
2000 ||
/|
1500 - o ‘
g ‘
S
| ||
10004 | ) |
M [
el |
| |
500 §'§ 2 ‘
(:i-\\ P 3 @S | s e~ 8 §
) :] o828 g8 A 8% | | & 3% 8 8
P R 2 T - Y % po = N — T
——— : N —— ‘ : ‘ —
1] 2 4 8 8 10 12 14 minf

Figure35 BocPro-OSu chromatogram.

Thechromatogranin figure 3 is referred to supernatant. The first peak at 2.850 is

N-hydoxysuccinimide The second peak at 8.870 could be BSA, the product or

Proline.

1 PMP1,SolventB
Norm.
3500 -]
3000 |
2500 "
2000 ‘

1500+

500

1000 e

)7.184

VWD1 A, Wavelength=226 nm (CATALISI DAP TEO\BEABSANPS003865.D)

T>8.870

_114.879—

Figure36 Chromatogram of supernatant sample from BB@cProline reaction.
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In the figure ¥ this peak is only referred to pellet injection. Taking into account
the previous chromatogram, it is easyhypothesize that that = 8.039 is proline
peak, that in the Fig5is 7.935

VWD1 A, Wavelength=226 nm (CATALISI DAP TEO\BEABSANPS003868.D)
[ ] PMP1, SolventB

Norm. 1
800 |
500—: g ‘I
400—:

200

e 2811\
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|
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|
1.602
<2908
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\
14.503
15131
|F5 838
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H6.381
6876
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L[
9.157
|
410 638
\
— 5011

B T —— T T T T
0 2 4 6 8 10 12 14 mH

Figure37 Pellet chromatogram recovered after centrifugation of the solution.

From these resultsve havedecidedto exclude the pellet, because we have

undersbodt hat was only Proline which hasnot

Instead supernatant is storage and incubated again with another aliggot-af
proline N-hydroxysuccinimide esteto see how reaction proceed$e first peak

at 2.863 min is always dHydroxysuccinimide; this time the second peak at 9.353
min is the same peak of figuB8, butwith a shift It means that our protein has
been further functionalizedand that after centrifugation the product is in the

aqueous phas&lHS presence can be removed by simpajydis.

[ VWD1 A, Wavelength=226 nm (NRMCONTRL003876.D)
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1 @
4 ™N
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1 “
3000
2500 ‘
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.
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Figure38 Chromatogram of the product after the second addition of B@EOSu.
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Boc removalafter couplingstep is generally madeith TFA andDCM in ratio

1:13" In this case we have seen by mass characterization that after Boc removal,
BSA undergoes degradatioln figure 3 in the first spectra is possible to dbe

native BSAmass spectra, which gives as output a relative mass of 66,4 kDa, so in
according with literature data. In the second image instead, there is the mass spectra
of BSA functionalzed with Proline after Boc deprotectidrooking at the peak is
evident that thgare distributed to lownass value, so it means that protein has been
degraded.

I ALBUUOVO_004 141 (2.401) Cm (102:176) TOF MS ES+
A53/B53:1254.3492 4.40e4

1 100 c57.2888 12310088 1330.2528 A 664386751517
786.5520 1384.9613 B:  66444.16:18.01

1414 9498

o b
600 700 800 | 900 ' 1000 | 1100 ' 1200 ' 1300 1400 1500 1600 ' 1700 1800 1800
ALBUMINA_BO_001 66 (1.133) Cm (45:73) TOF MS ES+
767.4292 3.37e4
1004  679.3829 10267.742199
B: 42323.05£0.38
. 9462.53+1.54
D: 14429.68+1.86
E: 25404.8520.55
F: 12187.62+1.52
¢
K
L.

miz

811.4512 gs54770
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10315751 1075 6036

A
C
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19784.02+1.15
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28924.63+0.99
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41.29
+0.77
iz

1163.6422 12584501 00000 1640,6150 J

0
500 700 500 900 1000 100 1200 1300 1400 1s00 | 1eoo ' 1700 1800 1900
ol 200 13X 1800 160 X

Figure 3 Mass spectromey spectra of native B§A)and BSA modified with ProliiB).

This fact takes to the problem that in this way is difficult to quantify how much
Proline has been coupled with every molecule of BSA. For this reason we have

decided to proceed in another way.

3.5 BSAMODIFICATION WITH PROLINE NCA

The use of Proline Mdarboxyanhydrid¢Proline NCA) is useful because it does not
require protecting groups, and so avoid the use of solvents as TFA or DCAM.
are highly reactive and they are usedgdeptides preparation by the rhogening
polymerization of eamino acid Ncarboxyanhydrides. Ring opening of NCA,

during peptide chain formation, consists in the release of one molecule of carbon
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dioxide and exposition of primary amine, which can react with the target molecule

38

Figure40 Proline NCA chemical structure.
Proline NCA is dissolveth acetonitrile and added to BSA solution at different time

spot to follow reaction course through HPLTBis time wehave used a C8 column

and The gradient is indicated in table 2

Time (min) %B
0 5
12 55
13 100
15 100
16 5
Table2 Gradient for BS/RroNCA detection —T0
; —T1
— T2
1.0
0.8
C
£ 064
2
] -
2
0.44
0.24
004, —
0 2 4 6 8 10 12 14

Time (min)

Figure 41 Chromatogram and relative absorption spectra of
functionalization with Proline NCA. Black curve is relative only to nativi
Red curve is reaction after the first addition of Proline NCA. Blue curve
the second additioof Proline NCA.
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TOA 9.294
T1A 9.853
T2A 10.131

The threeetentiontime evidence the gradual functionalization of BSA during time.
Every addition has been made every 20 minutes.

From mass characterization spectr(ffig. 2B and £C) is possible to see that
protein has not been degradéad the spectra B and @eaksarerelated to BSA
modification with Prolineln figure A instead thee are the peaks relative to
native BSA used as reference. It is evidettoe shift of modified BSA to high mas
value. If we want to have an approximately idea of how many Proline has bee
coupled with the protein we can make same calculai®can make an estimate
looking at spectra @nd charge distribution in spectraPor example we can take

the peak at 5886649 and the relative charge, whichs we obtaina molecular
weight of 68.312,5907. Seespect to BSA there is a mass shift &1P59 Da. If
Proline has a MW of 115,13 g/mol it means that this molecule has been
functionalized with about 16 Prolineatecules. Instegdf we take the peak at
1.875,0302 and its relative charge, 36, we obtain a MW7&04.,0872. In this case
about 9 Proline residues have been couglads by mass spectrometry measures

it is possible tassume that BSA has been modifweith Proline in a range between
10-20 molecules of Prolintr each protein molecule.

1004 A52,852:1279.0509
7.7667 AS0B50,50;1330.2217

1357.3992
357.7052

e i

t T A s A AL B i AR B s A i miz
800 900 1000 1100 1200 1300 1400 1500 1600 1700

500 600 700 19
BSA_034 877 (3.425) Cm (860:920)
1007 15521486 1683337
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2.72e4
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BC2 0371022

==

500 600 700 800 200

Figure 42 Mass spectrometry spectra
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Figure43 Graphical representation of BSA second
structure functionalized with Proline. In yellow is
possible to see Lysine residues.

3.6 BSA-PRO PROTEIN CORONA FORMATION .

Thescaffold for our system formation can be used to create a protein corona around
gold nanoparticlesAs described in the introductionye have made different
addition of BSA The characterization has been made on GNPs that have been
growth, so that with aaverage diameter of 51.42 nifhrough TEM images we

have tried to show the difference between the soft corona and hard corona.

In the first sample soft corona has been obtainedbating GNPs with modified
BSA with Proline

The first TEM imagéFig. 44) has been collected after the first dideh of BSA-
Pro. It is possible to appreciatiganks to staining protocol a thick shell around

nanoparticle

1 50 nm

Figure44 TEM image of growth GNPs with soft protein corona.
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In Fig. n. % instead, there is the same sample, but in this case during sample
preparation BSAPro solution has been added one more time, so here there is the

double protein presence in solution.

It is not difficult to see the protein shell which cover NRusin the second image

I's possible to see what is

Figure45 TEM image of growth GNPs with h
protein corona.

generally

In the graph in figure @ the DLS measures help us tave a quantitative idea of

system size. While naked nanoparticles have a diameter of 52 nm, the first sample

average diameter is 64 randin the second one is about 86 Arhusthe difference

between naked nanoparticle and functionalized ones is abaun3Z his value

could beindicative to have a first estimate of how many BSA molecules has

adsorbed on GNP surface.

Corona effect on 50m of GNPs Py VY
TR e ] N S PR RT RS e
Green GNPs rked 52 nm :
;\? 20 - Red GNPS modrﬁed BSA (l) 64 nm I I: ............... ; ...............
& | Blue GNPs modified BSA (2) 86 nm |
S [ITAR :
= 10 I RREEEEELEREEEE SRR Peety o . ...............
,\\\
0 } —————t} T -+ it
0.1 1 10 100 1000 10000

Size (d.nm)

Figure46 DLS measures on GNPs modified with BSA.
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But from an analytical point of view is not sufficieh. fact is necessary to take
into account that in that shellarious BSA molecules stands together, and not only
are involved in thadsorption on gold surface, but also have contact with each other.
Looking at BSA structuréFigure47), we have measulghree distances thinking
about the maximum distance between some residingbe three measures, the
highestdistance value is abo8tnm. This is not sufficient to calculate how many

BSA molecules stay in that layer volume.

Figure47

In fact, protein corona formation is a phenomenon tied to deal with complex
kinetics parameters and equilibrium properties. According to the law of mass
action, the partitioning between the various species (Free RB&in saturated
NPs free proteingrotein bound to NPs) is described by, Khe dissociation

equilibrium coefficient.

Q

c(PnNP): Protein saturated nanoparticles concentration;

c(NP) : Protein bound teanoparticles concentration.
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As reported in literature is difficult to have a complete characterization of protein
corona, first for thedifficult in NPs concentration determinatiott would be
necessary to use other techniques, as fluorescence correlation spectroscopy (FCS)
and photothermal absorption correlation spectroscBpgn if we do not have a
precise quantification of protein corond,tle beginning of our experiments we

have used chromatography, in the specific, Size exclusion chromatography (SEC)

In SEC chromatography molecules are sdpdrdased on their size, through a
filtration with a gel 3 Gel is usually made of spherical beads containing pores with
specific size distribution. Small molecules diffuse ibwads and their flow and
detection is retarded. On the contréagge molecules elute first, because they do
not enter the pores. Sanolecules are eluted in order of decreasing molecular
weight. Eluent is composed by water amghosphate buffer (PBS). In the
chromatogram in figure 8} is possible to obsee the different retention time
relative to a sample of GNKBSA-Pro). By previous analysis we have sdabat
native BSA is detected after 12.085 minufébe three distribution instead, are
related taGNPs covered with BSAro.Naked gold nanopatrticles cannot be eluted
in this type of column because citrate layer binds covalently to the matrix, which is

composed by polysaccharides.

By peaks retention timés evident that there is a certain size distribution, according
to TEM images and also DLS measures.

80 “,‘H

\
60| T

40+ | ‘

i

2 4 TTE 8 10 T2 11 16 "mir

Figure48 Chromatogram relative to GNfBSAPro)sample.
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3.7 CIRCULAR DICHROISM ANALYSIS ON BSA MODIFIED WITH
PROLINE.

Circular Dichroismspectroscopy let to analyze chirality in biomoleculesugh
their optical activity. The output is a spectrum given by the difference in the
absorption of left and right circularly polarized light. It is used to study protein

folding.

There are twabsorption bands that make up theW CD spectruma strong
transition” A “* at 190 nm and a weaker and broadgr n * transition
range of 21@220 nm

For the native BSA the two negative peak at 210 and 22 nm are charactetistic of
helical structure of proteihe typical spectrum for BSA, is the black one indicated

in the graph below

o]
o
I

—— BSA
—— BSA-ProNCA
—— BSA-Pro after TFA

D
o
1

CD (mdeg)
N Iy
o o
1 L

o
1

N
o
1

A
S
1

T T T T 1
200 220 240 260 280
Wavelenght (nm)

Figure49 CD spectra .

The shape of the spectra ggvies the idea of the difference between the three
samples.By the CD spectra in figure8we can observe thd&SA and BSA
modified with Proline NCAcurvesare approximately overlappethstead The
BSA-Proline treated with TFA for Bacemoval is very different. To evaluate helix
typology it is possible to use R parameter, which indicates ti@ o molar

ellipticity between the two maximum negative.
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WhenR=1 the structure is dothelix and when R>1 indicates aggregates presence.

Based on the calculated R value for the three samples we can say that in the first

case, protein even if is modified, it keeps is natural structure. On the contrary the
second samplieas an Rralue smaller than the other tw®o in this case protein has

lost is native folding, probably due to degradation and formation of small peptide.

Sample d208 d222 R= d222d208
BSA -36.35 -34.97 0.96
BSA-ProNCA -36.07 -33.55 0.93
BSA-Pro (TFA) |-37.11 -20.98 0.56

Table3 Values of ellipticity and relative ratio for each samp

Circular Dic hroism analysis on GNPs covered with BS#ro

Same analysis wemnade on GNPs incubated with native BSA and with BSA
modified with Proline NCAWavelengh range has been set between 180 and 280

nm to have the curves referred only to protein adsorption.

15

10

a1
1

CD (mdeg)
o

-10 4

—— GNP- (BSA)
—— GNP-(BSA-ProNCA)

180

Figure50 CD spectra.

T T T
220 240 260

Wavelenght (nm)

1
280

Sample d208 d222 R= d222d208
GNP-BSA -8.40 -7.50 0.90
GNP-(BSA-Pro) |-7.08 -6.66 0.94

Table4 Values of ellipticity and relative ratio for each samp
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3.8 BSALABELLINGWITH FITC

BSA conjugation with FITC is useful to see nanogels one they are formed thanks
to confocal microscopy. FITC is a common fluorophore used to label molecule.
Every fluorophoe has a chromogenic property and various reactive groups that can
couple to specific functional groups of the target molecule. In this ttese
conjugation is a simple mechanisithe isothiocyanate group binds fluorescein to
the amino and sulfhydric grogpresent in the protein. FITC fluorescence is due to
its threering planar structure.It has a naximum absorptionat 495 nm, while
fluoresceice emission is about 521 nnisothiocyanates are reactive toward
nucleophilic group such as amines, sulfhydryls, and the phenolate ion of tyrosine
side chains. However, FITC is highly selective fortdMminal amines in
proteinsbecause it is able to form stable products only with prymamine
groups. The reaction proceeds with the attack of the nucleophile to the
electrophilic carbon of the isothiocyanate group. Then, a thiourea bond is formed

between FITC and the protein without leaving grodps.

Figure51 FITC chemical structure.

Also in this case the real functionalization with FITC has been folldhaoks to

HPLC analysisin this case we have used a C4 columngmnadient isn table 5:
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Time (min) % B
0 5

8 50

9 100
12 100
13 5

Table5 Gradient

In the first chromatograr{Fig. 52) there is only BSA injection, that is detected
after9.784 minutes. This is the first reference.
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Figure52 Native BSA chromatogram.

The second reference instead is the peak relative to @iBS3). In this case is

necessary to change lamp wavelength for its detection, to 521 Im@. TF is
12.339 minutes.
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Figure53 FITC chromatogram.
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FITC addition and BSA labelling is gradually followe&fter incubation BSA peak

has a shift andk increases gradually. In this chromatogram we can say that the
second peak is FITC, thanks to the reference injection made before; the first peak
at 10.196 minutes is BSA that is gradually functionalized WititCF
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Figure54 BSAFITC chromatogram after 30 noites.

After 1 hour of incubation we have made another injection that has revealed that

FITC was continuing to label the protein. In fact the first peak has jiftt algain
and is detected after 10.473 minutes.

At this point the reaction is stopped, because inctise FITC is just a tool to have

a direct visualization of our systems, one time that they are syatheti
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Figure55 BSAFITC chromatogram after 1 hour of incubation.
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Figure56 BSA structure after labelingith FITC.

3.9 POLYMERIZATION PROCESS .

At this point our system is composed by a gold nanoparticle with a hard protein
corona composed bBSA protein functionalized with Proline amino acid and

labelled with a fluorophore for the direct visualization.

Polymerization is our second step synthesis. For this aim BSA has to be further
functionalized, because polymerization needs different elament

- Radical for polymerization starting poiAt Vinyl termination;

- CrosslinkerA N,N -Methylenebisacrylamide;

- MonomerA N-Isopropylacrylamide /4inylpyridine;

- IniziatorA 2 ,-&dbis(2methylpropionamidene) dihydrochloride

3.9.1 BSA functionalization with But anoic acid.

Butanoic acid isused to give to BSA vinyl terminatiorior the polymerization
beginning.So the metallic core acts as seed for the procEss.presence of

carboxylic group is used to bond this molecule to amine group of BSA residues. In
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this way we obtain a protein with a lot of vinyl termination. When butanoic acid is

incubated with proteint becomes more hydrophobic

O

|
Ho/\/\CH2

Figure57 3-butanoic acidchemical
structure.

Its contribution to polymerization has revealed essential. Invidetn we have tried

to have a polymerization of NIPAM with mator and crosslinker, but without the

vinyl function on BSA, nanoparticles solution collapse and precipitate. This
happens because, without a fAstarting poi
hydrogel s has not a A g umatizton,thdtbaeatch e s ul t

nanoparticles, make them unstatife.

Figure58 BSA structure with vinyl termination after
modification with butenoic acid.

3.9.2 Polymerization p-NIPAM
Polymerization occurs through a classical free radical polymerizattivated by
heat, in fact reaction is made at 704C.

We have opted to use NIPAM as monomer for hydrogels formation, based on the
work of ContrerasCaceres and his colleagues. In the fiert of theirexperiments

they prepare hydrogels with 4VP using as template gold nanoparticles. Looking at
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TEM images preent in their work it is evident that polymerization does not happen
homogeneously around NP. In fact NP remains in a peripherical localization. They

have described these strucemei t h a fAJanu®% o morphol ogy.

For this reasorwe have syntheted pNIPAM hydrogels, because in this case there
is @a homogeneous polymerization around the spherical nanoparticle.

TEM images below show the complete systatithe centeis possible to see GNP.

Figure59 TEM image after polymerization arount
GNPs.

Despitethe centrifugationpurification stepcould force the aggregation of these
nanogelsFHom figure60it is clear that after the redispersion of geflet, nanogels

are not aggregated.

Looking at our aim, for catalytic process, this is an interesting aspect abowt the re
use of these nanogefor exampleafter the catalytic reaction is finished, it could

be easy to separate products from catalysts, simply by centrifugation. The pellet
contains aggregated nanogels, that can be separated just dissolved then in an

appropriate water volume.
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Figure60 TEM imags.

Thanks to DLSit is possible toestimate the hydrodynamicsize (volume
distribution) of these hybrichanosystemd he two peaks visible in the graph below
evidence the presence of two distributitimat indicate also a small population of
aggregate nanogelBut looking at peak height is normal to take into account only
the first one

Figure61 DLS spectra.
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