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Abstract

This report focuses on gold nanoparticle functionalization and checks their capability to
transfect cells with a DNA plasmid, so the possibilities of the gold nanoparticles as ve-
hicles for gene therapy can be explored. The nanoparticles were covered with a short
polymer as stabilizer and, by the formation of an amide bound, different molecules of
interest were conjugated to interact with a plasmid. Cell viability in presence of those
functionalized nanoparticles was checked, and, finally, a transfection assay was per-
formed. Transfected cells produced EGFP (Enhanced Green Fluorescent Protein), so
they could be identified with fluorescence microscopy. Though some cells were trans-
fected, the amount is really low, so more optimizations of the functionalization would

be required to improve the process efficiency.

Resumen

Con intencidn de explorar las posibilidades de las nanoparticulas de oro como vehiculos
para terapia génica, este trabajo se centra en su funcionalizacion y en comprobar su ca-
pacidad para transfectar células con un plasmido de ADN. En la funcionalizacion se han
recubierto las nanoparticulas con un polimero de cadena corta como estabilizante, y a
éste, mediante formacion de grupos amina, se le han conjugado distintas moléculas de
interés que puedan interactuar con un plasmido. También se ha comprobado la viabili-
dad de células Vero en presencia de las nanoparticulas funcionalizadas, y por altimo se
ha realizado un ensayo de transfeccion. Las células transfectadas producian EGFP (En-
hanced Green Fluorescent Protein) para ser identificadas por microscopia de fluorescen-
cia. Aunque algunas células si que se transfectaron en el proceso, la cantidad es muy
baja, por lo que se requeririan optimizaciones de la funcionalizacion para incrementar la

eficiencia del proceso.
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Acronyms / Abbreviations

NPs Nanoparticles
AUNPs Gold Nanoparticles
TEM Transmission Electron Microscopy

PEG-COOH a-tio-w-(propionic acid)octa(ethylene glycol)

EDC N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlorhide
S-NHS N-hydroxysulfosuccinimide sodium salt

TEPA Tetraethylenepentamine

EDA Ethylenediamine dihydrochloride

PEI Poly(ethyleneimine)

R’RsN* (2-aminoethyl)-trimethylammonium hydrochloride

TAMRA Tetramethylrhodamine 5-(and -6)-carboxamide cadaverine

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide


http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Thiazole
http://en.wikipedia.org/wiki/Phenyl

1. Introduction

1.1. Nanomaterials and Nanotechnology

The Greek word nanos —from which comes the prefix ‘nano’- means dwarf. In science,
‘nano’ is used to indicate a factor of 10 or one billionth. Despite the existence of dif-
ferent definitions of nanomaterials, according to the European Commission of Enviro-
ment, these objects have at least one dimension between 1 and 100 nanometers long®.
At the same time these new materials can be natural, incidental or manufactured de-
pending on their synthesis process and from now on, this work will be focused on the

manufactured ones because of being the main interest of the nanotechnology.

The progression towards downsizing to reach tighter results developed by the conjuga-
tion of many different sciences and their techniques (from chemistry, materials science
and physics to pharmacology, genetic engineering and so on) has given as result the
nanotechnology. That is why it is described as an interdisciplinary field, because the
different sciences that pursuit the control of processes and products in the nanoscale and
their applications can be considered part of the nanotechnology. Nanotechnology’s main
goal consists of controlling architecture, composition and physical properties with atom-

ic resolution?.

Just to give an idea of the increasing importance of this new field of investigation and
development, in Spain 342 research groups and companies are dedicated to it. Approx-
imately 2500 researchers, technicians, etc. work in these groups®.

Nanotechnologists highlight the new characteristics observed in these new materials.
Due to their size, nanomaterials present novel physical, chemical and biological proper-

ties, that make them suitable for a wide range of applications.?

Any material that can be built, resized, reordered or patterned with at least one dimen-
sion between 1 and 100 nm could be considered a nanomaterial. Nanoparticles (NPs)
are those materials which have all their three dimensions in that range of size. There are
two ways of obtaining NPs, depending on which material is used as precursor: when
bulk material (like gold slices) is divided into really small fragments as nanoparticles, it
is called a “Top-down” approach (i.e.: laser ablation of gold plates can provide gold

nanoparticles*); when compounds such as gold salts are used, gold ions are reduced and



then form small seeds or nucleus, that will grow and form the nanoparticles, that is a

“Bottom-up” approach (examples are explained in section 1.3.).

Among all of the materials that can be used to obtain NPs, because of their extraordi-
nary optical properties and their relatively easy functionalization, gold nanoparticles

have been chosen for this project.

1.2. Properties of Gold Nanoparticles and their applications

Gold nanoparticles (AuNPs) show some properties that vary depending on the size, the
shape, the distance between particles, the nature of the stabilizing coating, etc®. Some
reviews introduce the importance of the quantum size effect and the relevance of quan-
tum-mechanical rules in these metallic nanoparticles. The tunnel effect and similar phe-
nomena have great practical impact on the development of different systems such as

transistors, switches, biosensors or catalysis, among others.>®

As it has been widely described, AuNPs are biocompatible and non-toxic’, which make
them suitable for biomedical applications. Their high atomic weight allows them to

scatter X-ray, so they could be applied as image contrast in radiographies®, for example.

The exceptional optical properties of AuNPs have great interest for their characteriza-
tion and applications. They have ‘surface plasmon resonance’ bands, a phenomenon
produced by the electronic charge oscillations localized in the nanoparticle surface,
which increase the field amplitude when irradiated at the resonance wavelength. This
phenomenon was explained mathematically by Mie®, and it is also present in other me-
tallic nanoparticles. For gold, silver and copper, the resonance wavelength can be found
in the visible range (depending on size and shape) and for this reason it can be observed
by UV-Vis spectrophotometry. This technique provides the UV-visible absorbance
spectrum of AuNPs, which have a peak with the maximum at the resonance wavelength.
Peak shape and position (and therefore the resonance wavelength) is related with the

particle size and shape, and distance between particles™.

The plasmon band is influenced by particle shape, medium dielectric constant and tem-
perature®. Figure 1D illustrates the correlation between different shapes and their ab-
sorption spectra. Stabilizers and ligands closely attached to the surface of AuNPs,



change the refractive index, inducing also a deviation in the absorption band®. These

changes and its sensitivity has been exploited to build simple colorimetric sensors for
biological samples™.
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Beside this phenomenon, AuNPs can also induce a quenching effect on fluorophores
and a surface-enhanced Raman scattering which allows an enhanced detection of small
quantities of molecules attached to them. These properties have also been applied to

design sensors®.

In addition to all these possibilities, the photothermal properties of AUNPs may be used
for many applications. When nanoparticles get excited in the plasmon band wavelength,
the oscillation of the electron cloud and its energy can be released in form of heat, in-
creasing the temperature of the surrounding medium. This effect has been applied in
different applications such as photothermal therapy, sensors sensitive to changes in the
temperature and in drug delivery inducing the release of molecules attached to the sur-

face of the nanoparticle.?

For all these applications, the versatile synthesis and functionalization of AuNPs pro-
vides an important advantage, as it allows the possibility of modifying the gold surface

with a wide range of molecules or coatings, which broadens their possible uses.



1.3. Synthesis and functionalization of Gold Nanoparticles

AUNPs have been used since ancient times in glass,
ceramics and paintings, although there was no con-
science of the size, structure or components that
such materials had. In 1857, Faraday was pioneer
in reporting the synthesis of AuNPs —made from
the reduction of a gold salt using phosphor- and
studying their properties when dried into thin
films'2. In 1861, Graham et al. described these

nanoparticles in solution as colloids, from the

Figure 2: To obtain different colors in
French, colle, that means ‘mixture of dry ingredi- gjasses, they were stained with different

ents in a liquid™. nanoparticle coloids since middle age.

. ] Photography by Marta Palacio.
During the twentieth century, many approaches

were tested to produce AuNPs, obtaining nanoparticles of different shapes and sizes and
capped with different stabilizing agents.

The most common and reproducible techniques for the synthesis of AuNPs are “bottom-

up” approaches such as Faraday’s experiments and the examples described below.

In many studies sodium borohydride (NaBH,) has been used as reductor agent of gold
salts in aqueous media, in the presence of other molecules that act as stabilizing
agents™**®. In some others, molecules such as polysaccharides (i.e. chitosan) have been

used as both reducing and stabilizing agents®.

AuUNPs have been also synthetized in organic media by Schmid et al. (in benzene, using
Chloro(triphenylphosphine)gold(l) as precursor and diborane as reducer)'” and using a
two-phase system (in water-toluene and using dodecanethiol as reducer of HAuCl,) in
the so-called Brust-Schiffrin method'®. The disadvantage of these approaches is that

nanoparticles need to be transferred to water to be used in biomedical applications™.

Among all the techniques, one of the most used is the Turkevich method, in which a
chloroauric salt is reduced and stabilized using sodium citrate in aqueous solution®.
The size distribution obtained by this method was improved by Frens®!, allowing the
selection of the size of the final product. Spherical nanoparticles are obtained, with a
narrow size distribution and high reproducibility. Beside this, the AuNPs are dispersed
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in aqueous media, which allows their use in biological applica-

tions without the phase transference to aqueous medium re-

quired by other methods®"™*.

21,22

Some works““ point out the importance of the citrate concen-

Figure 3: Representa- tration and how it is related to gold particle size: a high citrate
tion of a gold nanopar-  concentration stabilizes small particles, whereas a smaller cit-

ticle stabilized by cit- .
y rate concentration does not completely cover those small

rate molecules. In Tur- H df | ol hat | H
kevich method. citrate AUNPs, that aggregate and form larger particles. That is why,
acts as both reductor  When controlling the citrate concentration, it is possible to ob-

and stabilizing agent. tain AuNPs of a desired size in a range from 9 to 120 nm?.

Because of their ionic nature, interactions between citrate molecules and the gold core
are weak, so stronger stabilizers are needed for the nanoparticles to remain stable in
biological conditions (high concentration of salts, pH around 7.4, etc.). Interaction with
the gold surface can be established through adsorption®®, quasi-covalent and covalent

interactions.

The interaction formed between sulfur atoms and the gold surface has been widely
studied®®. It is a strong bond, and has already been used for attaching many kinds of
molecules to the AuNPs surface®>'*?. This bonding has been chosen in the present

work for its strength and stability.

Besides the direct bonding with thiol groups, molecules can be conjugated indirectly,
by using the stabilizer already attached to the gold surface and/or linkers, as far as they
have the appropriate groups to interact between them. For example, molecules have
been attached to the stabilizer using click chemistry®® among other reactions. Moreover,
it is possible to grow polymer chains directly over the AuNPs surface when the stabiliz-
ing molecule acts as initiator of the polymerization, obtaining nanoparticles coated with
a polymer. The polymeric growth occurs spontaneously after adding the molecules that

become polymeric subunits after the reaction?’.

Another technigque to conjugate molecules is forming amide groups from the coupling
reaction between carboxyl and amino groups, process known to be favored in the pres-
ence of carbodiimide. The reaction does not occur spontaneously, so carbodiimide com-
pounds are used to ‘activate’ the carboxyl group. N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide (EDC) has been extensively used for conjugating and modifying bi-
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omolecules®®?. This molecule forms an intermediate with the carboxyl group (O-
acylisourea) more reactive in presence of amine groups, inducing the formation of a
covalent amide bonding between both groups. This process has some limitations, the pH
range in which it can be performed is difficult to set, because EDC is stable at neutral
and higher pH regions, but the range of pH in which the O-acylisourea is formed is 3.5-
4.5, and the amine groups require a pH above or near their pKa for promoting amide
formation®. In addition, the intermediate is susceptible of hydrolyzing in aqueous me-

dia®, or inactivation by intramolecular transference®.

In order to stabilize the intermediate, compounds such as N-hydroxysuccinimide (NHS)
have been simultaneously added with the EDC*. This molecule reacts with the inter-
mediate, producing a succinimidyl ester, more stable and more reactive towards amine

groups. The reaction yield has been notoriously increased when NHS is added™.

NHS derivatives, like N-hydroxysulfosuccinimide (S-NHS) are used for the same pour-
pose*’. EDC and S-NHS have been used in the present project for conjugating different
molecules to the nanoparticles.

The functionalization of AuUNPs varies depending on the final application. For biomedi-
cal purposes, it is convenient having fluorophores or other labels so they can be fol-
lowed inside a cell or organism. They may also present molecules that favor cell target-

ing, cell uptake and internali- _ )
Figure 4: Scheme of different

zation  —like CarbOhydrateS’ molecules that can be attached

peptides or antibodies— so they  to AuNPs, such as: 1 stabilizer

can get inside cells to accom-  ligands, 2 enzymes and proteins,
plish their function. Many 3 antibodies, 4 hydrophobic

) drugs, 5 carbohydrates, 6 fluor-
molecules of interest for the o
ophores and 7 nucleic acids as
DNA. All of them can be at-

DNA, proteins, enzymes, etC.—  tached directly to the gold sur-

can also be attached to the na-  face or by interaction with the
stabilizing coating, depending on

final application —like drugs,

noparticle surface through the

) ] ] the design and application.
described interactions. g PP
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1.4. Applications of AuNPs in delivery

AuUNPs have some advantages when used in delivery applications compared with classi-
cal delivery systems such as liposomes or polymeric capsules, mainly related with their
optical and photothermal properties, but also a lower toxicity, essential for working with
biological systems. Some other characteristics exploited for delivery are shared among
different kinds of vehicles, such as: appropriate size to enter into cells, high sur-
face/volume ratio to load a great amount of molecules, stability in solution, variety of

functionalizations and biocompatibility.

AUNPs can be functionalized with the molecules of interest through many approaches,
varying the strength of the attachment between both species®*. Many techniques involve
surface interaction, such as those drugs with thiols or free amines that binds directly
to the AuNP surface, or molecules conjugated to the stabilizer attached either by

covalent or ionic interaction.

In a previous review?, AuNPs application in delivery were classified depending on the
loaded molecule; thus AuNPs could be used as vehicles for gene therapy or for drug
targeting.

Gene therapy vehicles (also known as vectors) carry nucleic acids, either DNA or RNA
into cells, allowing the expression of the gene carried (in case that it is not expressed or
has undergone mutation in the target cell) or inhibiting the expression of one or more
genes, providing a treatment for a disease or condition originated genetically or with
genic consequences, such as cancer or some immunodeficiencies. The mechanism is
briefly explained in figure 5.

The usual vehicles in gene therapy are modified virus®®

, which already have the
mechanisms to induce gene expression of the nucleic acids that they carry. Their disad-
vantages are: the immune response that they produce (that limits their reaching to the
target cells), and poor control of the infection®. Some other strategies have been devel-
oped®*®, involving nanomaterials as a promising tool to deliver nucleic acids. AuNPs
have some advantages: they induce a low immune response and their flexibility of func-
tionalization allows a better targeting and a higher control of loading and release of nu-
cleic acids. Also, combinations of carriers —such as adenoviruses attached to AuNPs—

have been tested so advantages of both systems can be exploited™.
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Figure 5: Schematic representation of a cell and the
gene therapy process. There are many types of vehi-

cles (1) such as viruses and NPs, that need to enter

1 & )
\%Q 27 into cells (2) and release the nucleic acid. If it is DNA
2 — .
4 “”ﬁ“‘b

(3) has to enter into the nucleous and will be tran-

y scripted (a) and translated (b) into a protein. If it is

S RNA, it interferes with the translation process, avoid-
ing one or more genes to be expressed.

When gene therapy is performed with DNA and non-virus vehicles, transfection is
needed to be successful. Transfection is the process of introducing and expressing ex-
ternal genes in a cell. The usual molecule used in transfection is a DNA plasmid: a cir-
cular molecule of DNA that contains the gene of interest and able to replicate inde-
pendently. The sequence for replication in bacteria is used for obtaining plasmid copies
inside of bacteria cells, as, while these replicate, big amounts of plasmid can be ob-
tained (one copy at least for each bacterium that contains it). To allow the expression in
eukaryotic cells, the gene of interest needs to have appropriate sequences for transcrip-
tion and translation, so a protein will be formed in the host cell.

This work proposal goes in the direction of obtaining an efficient delivery vector for
carrying plasmids conjugated by ionic interaction. For this strategy, it is important to
reach a compromise in the strength of the attachment, strong enough to avoid releasing
the desired molecule before reaching the cell, but weak enough so it does not hinder its

release once inside the cell.

Different molecules have been used here for the functionalization, by conjugating them
to the outer stabilizing coating. All of them are positively, at least in physiological pH,
so they can interact with DNA plasmids, which are polyanionic due to the phosphate

groups present in their backbone.

Another function of cationic charges is inducing the disruption of endosomes mem-
branes, leading to the DNA liberation inside the cell, through a process known as ‘pro-
ton sponge’. This has been studied when polycations such poly(ethyleneimine) (PEI) of
high molecular weight are used for transfection®’. PEI and DNA complexes are endo-
cyted by the cell, provoking the entrance of lots of protons inside the endosome, cap-
tured by PEI, and inducing the uptake of chloride ions to equilibrate charges. The os-
motic pressure ends disrupting the membrane and the DNA can be liberated in the cyto-

14



sol. As the AuNPs used in this work have cationic charges in their surface, they could
induce a similar process but without the high cytotoxicity that high-molecular-weight
PEI has.

The packaging produced from the interaction between AuNPs and plasmids can also
protect DNA from lysosomal nucleases. This effect has been observed for polycation

complexes with DNA*, and may also be applied for cationic charged nanoparticles.

As final remarks, a DNA plasmid that codes for the reporter gene Enhanced Green Flu-
orescent Protein (EGFP) has been used in this project. This way, as the product of the
expression of that gene is a fluorescent protein, the efficiency of these AuNPs as carri-

ers for transfection could be evaluated directly by fluorescence microscopy.
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2. Objetives

The present work pursues the following goals:

Synthetize gold nanoparticles by the Turkevich method.

Functionalize the nanoparticles with a polymer coating (stabilizer) and set the
appropriate conditions to conjugate them to molecules with amine groups.
Characterize those nanoparticles.

Check interactions with a DNA plasmid and quantify plasmid/AuNP ratio.
Evaluate the cell viability on a selected cell line (Vero) when treated with the
different types of functionalized AuNPs, either with or without plasmids.
Perform transfection assays into epithelial cells (Vero), to check if these AUNPs

are suitable for DNA delivery.
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3. Material and methods

All the reactants were purchased at Sigma Aldrich unless it is specified another compa-

ny.

3.1. Synthesis of Gold Nanoparticles.

A solution of 80 mg of HAuCI, (Strem Chemicals) in 200 mL of milliQ water was pre-
pared into a round-bottom flask (previously cleaned in aqua regia and oven-dried), and
then heated and stirred in a bath under reflux. Once it started boiling, 5 mL of a 47.98
mg/mL sodium citrate solution were added, changing the solution color from pale yel-
low to black and in a few seconds it turned red. It was maintained for 30 minutes at
boiling temperature, and then, removed from the bath. During the process it was

wrapped in foil to avoid photodegradation.

3.2. Functionalization with PEG

The AuUNPs were coated with the commercial chain a-tio-o-(propionic ac-
id)octa(ethylene glycol) (PEG-COOH, Iris Biotech).

For the first assays, differences in functionalization were checked with different quanti-
ties of PEG-COOH and following two different incubation processes. Different amounts
of PEG-COOH (10-75 pL) from a stock solution of 1 mg/mL were added to a mixture
of 10 pmol of AuNPs, 2.5 puL of SDS 11.1 %, and 12.5 pL of NaOH 2M and MilliQ
water was added up to 1 mL. A group of samples were sonicated for 1 hour in a bath;
followed by incubation and stirring overnight at room temperature. The other group was

directly incubated overnight at room temperature without the sonication step.

After optimizing conditions, the reaction was scaled up functionalizing 500 pmol of
AUNPs per batch. Two types of functionalization were chosen for this scaling up: those
functionalized with 75 pug of PEG-COOH per 10 pmol of AuNPs with the protocol in-
cluding a sonication step, and those functionalized with 25 pg of PEG-COOH per 10
pmol of AuNPs without sonication.

17



In all cases, three cycles of washing were performed by centrifuging at 14000 rpm at

4°C during 30 minutes, eliminating the supernatant and suspending in milliQ water.

The Ellman assay was performed as follows: in an ELISA microplate 218 pL of each
sample were added into a well with 54.4 uL of TRIS buffer pH 8 and 27.6 uL of DNTB
2 mM in NaAc 50 mM. After 10 minutes, the absorbance was measured at 412 nm in a

microplate reader.

3.3. Further functionalizations

The carboxyl groups of the PEG-COOH coating were activated to allow their attach-
ment to amine groups of other molecules of interest. The activation was performed by
mixing N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydroclorhydre (EDC) and
N-hydroxysulfosuccinimide (S-NHS) in 500 pL of MES 0.1M pH 6. After 10 minutes
of agitation, 20 pmol of nanoparticles and milliQ water (until reaching 1 mL of volume)
were added, and the mixture was incubated and stirred for 20 minutes. After that, the
excess of EDC and S-NHS was removed by centrifugation with Amicon-Ultra®
100KDa (Millipore) at 13400 rpm for 5 minutes and resuspended in 500 pL of milliQ
water. Then, the conditions were as follow in each different assay.

e Using (2-aminoethyl)-trimethylammonium hydrochloride (R’RsN"):

After removing the excess of EDC and S-NHS, the activated nanoparticles were divided
into two duplicates with 250 uL of MES 0.1M pH 6 each and the appropriate quantity
of R’RsN™ from a 100 mg/mL solution was added. Samples were incubated for 2 hours
at room temperature under agitation. Then, nanoparticles were washed 3 times by cen-
trifugation at 14000 rpm at 4°C for 30 minutes, the supernatant was removed and they

were resuspended in milliQ water.

To check the appropriate conditions for the activation, different amounts of EDC (0-40
puL) and S-NHS (0-80 pL), both from a 100 mg/mL solution, were used for the activa-
tion, while keeping constant the amount of R’RsN* (20 pL of a solution 100 mg/mL).

To confirm the appropriate quantity of R’RsN” to induce changes in the net charge of
the particles, the activation was performed with 2.5 pL EDC and 5 pL S-NHS (both 100

18



mg/mL) and different amounts of R’RsN* (0-40 pL from a 100 mg/mL solution) were

added afterwards.
e Using Tetraethylenepentamine (TEPA):

In the first assay, performed to check the appropriate conditions, activation was done
with 5 pL of EDC and 10 pL of S-NHS (both 100 mg/mL) in MES pH 6 50mM. After
removing the excess of these compounds, nanoparticles were divided into duplicates
and resuspended in different buffers: MES pH 6, NaP pH 7.5 and borate buffer pH 9; all
of them 50 mM of final concentration. Then, 4 pL of a 1/100 solution of the commercial
TEPA solution, with similar pH to the buffer, were added to each duplicate. Samples
were incubated for 2 hours at room temperature under agitation. Then, they were
washed 3 times by centrifugation at 14000 at 4°C for 30 minutes, the supernatant was

removed and they were resuspended in milliQ water.

Further assays with TEPA were developed in borate buffer, with the convenient amount
of TEPA from the 1/100 solution at a pH close to 9.

In order to check the appropriate conditions for the activation, different amounts of
EDC (0-20 pL) and S-NHS (0-40 pL) -both from a 100 mg/mL solution- were used and
4 uL of the TEPA solution were added afterwards.

To check the appropriate quantity of TEPA needed, 5 and 10 pL of EDC and respec-
tively 10 and 20 pL of S-NHS (from 100 mg/mL solution) were used for the activation,
and different amounts of the TEPA solution (0-10 puL) were added. The incubation and
washing steps were performed as described before.

e Using Ethylenediamine dihydrochloride (EDA):

The first experiment was performed using also different buffers, right after the activa-
tion with 5 pL of EDC and 10 pL of S-NHS (both 100 mg/mL). MES pH 6, NaP pH 7.5
and borate buffer pH 9, all of them 50 mM of final concentration, were used. After that,
7 pL of an EDA solution (1 mg/mL) were added, and the incubation and washing pro-

cesses were developed as described before.

In further experiments, MES buffer was used during the whole functionalization. To
check the activation conditions, different amounts of EDC (0-20 pL) and S-NHS (0-40
uL) -both from a 100 mg/mL solution- were used for that process, and 7 uL of an EDA
solution (1 mg/mL) were added after removing the excess of activation compounds.
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They were incubated for 2 hours and washed by centrifugation in the same conditions as

In previous assays.

Finally, different quantities (0-15 pL) of EDA were used after activation with 10 pL
EDC and 20 pL S-NHS solutions, following the same procedure for incubation and

washing.
e Using Poly(ethyleneimine) (PEI)

In the first assay, activation carried out with 5 uL EDC and 10 pL S-NHS (both solu-
tions of 100 mg/mL), and, after removing the excess, different buffers were used in the
next step: MES pH 6, NaP pH 7.5 and borate buffer pH 9; all of them at a final concen-
tration of 50 mM. Then, 12 pL of a 1/1000 solution from a 50% wt stock of PEI were
added and the next steps followed the same process of incubation and washing as be-

fore.

The activation in next assays with PEI was also performed with 5 pL EDC and 10 pL S-
NHS (both solutions of 100 mg/mL) and the convenient quantity of PEI (varying from 0
to 12 L of a 1/10 solution) was added to each sample. The incubation and washing

processes were developed as described before.

e Using Tetramethylrhodamine 5-(and -6)-carboxamide cadaverine (TAM-
RA) Q

H
>—N—(CH2]5NH2
A

TAMRA (Anaspec) is a fluorophore used for tagging the
AUNPs. Its amine group allows coupling with EDC and S- §
NHS activated carboxyl group. It was conjugated simultane- ~\ \ﬁ/

ously with the other molecules.
Figure 6: TAMRA’s structure.

In order to set appropriate conditions for simultaneous bond-

ing, activated nanoparticles and a control of non-activated AuNPs (non-sonicated
Au@COOH) were incubated with TAMRA (0-6 pL of 1mg/mL solution per duplicate)
in MES 50 mM pH 6 during different times (from 0 to 60 minutes) before adding 1.3
uL of R’RsN* (100 mg/mL) per duplicate. Then the mixture was kept stirring for 2
hours and washed 5 times by centrifugation, taking supernatants and adding PBS-tween
0.1% (supernatants were kept for indirect quantification of TAMRA bonded). As 60
minutes were needed to obtain an important difference of TAMRA bonded to the nano-
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particle before adding R’R3N", next assay with sonicated Au@COOH was performed in

that conditions.

To simultaneously conjugate either EDA or PEI to the nanoparticles, the same condi-
tions were applied, using 15 pL of a 1 mg/mL EDA solution or 12 pL of a 1/100 of the
PEI comercial solution per duplicate in each case. Assays with EDA were performed
only with sonicated Au@COOH.

The conditions were different from the described above when bonding TAMRA and
TEPA to the nanoparticles: incubating at pH 9 (in borate buffer 50 mM) with TAMRA
induced the aggregation of the nanoparticles and TAMRA lost fluorescence. Best re-
sults were obtained when activated AuNPs were incubated with TAMRA in MES 50
mM pH 6 for 45 minutes, then washed by centrifugation and resuspended in borate
buffer 50 mM pH 9, to end with the addition of 1uL of TEPA (1/100 dilution from
commercial solution) per duplicate, and stirring during two hours before washing by

centrifugation with PBS-tween 0.1% three times and with milliQ water two times.

TAMRA was indirectly quantified by diluting 1:2 in PBS-tween 0.1% the supernatants
in a 96-well plate. In the same plate increasing quantities of TAMRA (from 0 to 1 pg)
were prepared in PBS-tween 0.1% by duplicate to set a calibration curve. A plate reader
Synergy HT (Biotek) provided amount of fluorescence when the sample was excited at
560 = 40 nm. Emitted fluorescence was measured at 620 + 40 nm. Correlation between
fluorescence and TAMRA quantity was established and calculus and histograms were

made in Microsoft excel.

3.4. Characterization

The nanoparticles were characterized using UV-Vis spectra, measured in a Varian Cary
50. This technique was also used for calculating the concentration of nanoparticle solu-
tions, as the extinction coefficient of 14 nm spherical AuNPs at 450 nm is known to be
1.76:10° M™*.cm™.*

TEM images were taken with a Tecnai T20 (FEI) microscope, with a thermoionic gun
and 200KV of acceleration voltage. The samples were highly diluted in water and a drop

was placed over a carbon covered cupper grid (Electron Microscopy Sciences). About
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100 NPs were measured, using Image J software (http://rsbweb.nih.gov/ij), and histo-

grams were made with Microsoft Office Excel.

The electrophoretic mobility of the nanoparticles was analyzed by electrophoresis in
gels with 0.8% of agarose (Lonza) in buffer TBE 0.5X (Tris-Borate-EDTA) at 90V for

30 minutes.

Hydrodynamic diameter was measured using dynamic light scattering (DLS) and
AUNPs net charge by measuring Z potential. Samples were diluted up to 0.4 nM in mil-
liQ water, previously filtered with filters of 0.2 um pore. Finally pH was adjusted using
NaOH 0.01 M and HCI 0.01M. Both techniques were performed in a Zetasizer nanoser-
ies (Malvern Instruments) using the software provided with the equipment. For DLS,
data analysis was made using gold refracting index (2.64 real part and 1.63 imaginary

part) and number percentage values were used.

3.5. Plasmid obtention

The plasmid was extracted from the bacteria culture using NucleoBond® Xtra Midi kit
(Macherey-Nagel), following its instructions. The concentration was calculated by ab-
sorbance measurements at 260 nm using a microplate reader and a pDrop™ Plate

(Thermo Scientific).

3.6. Plasmid and nanoparticles incubation

Different quantities of pEGFP plasmid (0-1 pmol) were incubated with 0.2 pmol of na-
noparticles, in a 40 pL solution, during 30 to 60 minutes. Then, the mixture was washed
by centrifugation at 8000 rpm 45 minutes at 4°C two times, resuspending with milliQ
water. Plasmid was quantified directly in the final sample and indirectly in the first su-
pernatant. Proper samples for the calibration curve were also prepared (from 0-1 pmol).
Samples were loaded in an agarose gel 2% (w/V) with 3 pL of the nucleic acid interca-
lator GelRed 100X in 100mL of TBE 0.5X, and ran at 150V during 35 minutes. Plasmid
could be observed and quantified because the GelRed emits fluorescence when it is in-
tercalated into the DNA and illuminated with UV light. Gel reader GeneGenius
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(Syngene) and a UV-transilluminator were used to take the pictures, which were ana-

lyzed with ImageJ, and Microsoft excel was used to make the histograms.

3.7. Cell culture and viability assays

VERO cells were cultured in culture flasks (TPP) in DMEM medium (Dubelcco’s mod-
ified Eagle’s medium, Lonza) completed with inactivated fetal bovine serum (10% v/v),
2mM of L-Glutamine, 100 units/mL of penicillin and 100 pg/mL of streptomycin. They
were incubated at 37°C and 5% CO,.

For viability assays, MTT (Invitrogen) method was performed, following the manufac-
turer instructions. Cells were cultured in ELISA plates (96 wells), with 5-10° cells per
well, and 200 pL of DMEM medium in each one. After 24 hours, the medium was re-
moved, and 200 pL of new media was added to the positive control (100% of viability),
200 pL of water to the negative control (0% of viability) and 200 uL of different solu-
tions of AuNPs diluted in DMEM (the content was never higher than 10%) to the other
wells. All of the experiments were made in quintuplicate. They were incubated 24 hours
at 37°C and 5% CO,. Then, the medium was removed and 180 pL of new medium and
20 pL of MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazol bromide, 5
mg/mL) previously filtered (with 0.2 um filters) were added. Cells were incubated 4
hours at 37°C and 5% CO,. Afterwards, the microplate was centrifuged for 30 minutes
at 6000 rpm to make sure that the cells were fixed to the bottom of the well. The medi-
um was removed and 100 puL of DMSO was used to solubilize the crystals produced in
the cells. The absorbance of this solution was measured in a plate reader at a wavelength
of 570 nm.

3.8. Cell transfection

For a preliminary screening, in a 96 well plate, 10* cells were seeded per well in 200 pL
of DMEM medium without antibiotics. After 24 hours, wells were washed with PBS
and 50 pL of transfection medium (DMEM without antibiotics or FBS with the ap-

propiate transfecting agent and plasmid amount for each sample) was added.
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The transfection agent used in the positive control was Lipofectamine™ 2000 (Invitro-
gen), added to the transfection medium and incubated for 5 minutes, and then mixed
with the pEGFP plasmid in different concentrations (0.2-0.5; 0.6-1 and 1.2-1 pmol of
PEGFP per uL of lipofectamine). The mixture was incubated for at least 20 minutes
before been added to the cells. The transfection with nanoparticles was performed at
two different concentrations: 0.1 pmol or 0.2 pmol of AuNPs previously incubated with
10-fold excess in pmol of plasmid were added in the same transfection medium.

Cells were incubated with the transfection medium for 4-6 hours, and then the media
was removed and 200 pL of fresh DMEM medium with antibiotics and FBS were add-
ed. After 24 hours the transfection was evaluated in a fluorescence miscoscope. After 48
hours from the transfection, fluorescence microscope Eclipse Ti (Nikon) was used to

take micrographs with the software NIS-Elements (Nikon).

In the final assay, a 24-well plate with coverslips at the bottom was used, and 5-10*
cells per well were seeded. The procedure was performed as before, using 0.2 pmol of
AUNPs previously incubated with a 10-fold excess in pmol of plasmid (2 pmol) and 0.4
pmol of plasmid with 1 pL of lipofectamine for positive controls in each well. Controls
with 0.2 pmol of AuNPs without plasmid were also prepared. After 48 hours from trans-

fection, cells were fixed and stained when necessary.

3.9. Cell fixation and staining

Cells have been previously grown over coverslips in a 24-well plate, as indicated the
previous section. Medium was removed and wells were washed with DPBS (Lonza) 3
times. Then cells were fixed with 4% formaldehyde/PBS (Electron Microscopy Scienc-
es) during 20 minutes at 4°C under agitation. They were washed again 3 times with

DPBS, leaving the cells that would not be stained in that solution.

The first step for staining was adding permeabilising buffer (sucrose 0.3 M, NaCl 50
mM, MgCl, 6.3 mM, HEPES 20 mM and 0.5% Triton X in PBS pH 7.2) for 10 minutes
at room temperature. After washing 3 times with DPBS, 1% BSA/PBS was added and
incubated in the wells for 1 hour at room temperature. They were washed twice with
DPBS. Then, anti-B-tubulin 1gG from mouse (Vector Laboratories) 1:50 solution in 1%
BSA/PBS was incubated for 1 hour at 37°C. Cells were washed 3 times with PBS/0.5%
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Tween and the secondary antibody anti-mouse from horse biotin-conjugated (Vector
Laboratories) was added in a 1:100 solution in 1% BSA/PBS and incubated for 45
minutes at room temperature. Again, PBS/0.5% Tween was used for washing. Streptav-
idin-texas red (Atom, Vector Laboratories) from a 1 mg/mL stock was added in a 1:50
proportion in 1% BSA/PBS. Cells were washed then with DPBS 3 times. From a 5
mg/mL DAPI solution, a dilution 1:100 was added over the coverslips in PBS, and
maintained for 10 minutes at room temperature. Then they were washed with DPBS and
immersed on milliQ water before mounting them over a microscope slide, using Pro-
Long Gold Anifade (Invitrogen). Finally, slides were kept protected from light over-

night.
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4. Results and discussion

4.1. Synthesis

AuUNPs were synthesized by reduction of HAuCl, with sodium citrate. This method is
quite simple and highly reproducible, and the proportion of citrate and gold precursor
determines the size of the particles®®. In this work, a molar ratio of 1:4.02 of chlorauric
acid:citrate was used. The higher amount of citrate, the smaller the particles would be (it
has been already discussed in the introduction that a high concentration of citrate pre-
vents small particle from aggregation and forming bigger entities). TEM images were

taken and AuNPs were measured, they have 13.43+1.12 nm of diameter.

The size of the AUNPs can be correlated to their UV-Vis absorbance spectrum®, show-
ing a maximum of the peak 519 nm. To identify aggregation, absorption spectrum is a
useful tool, as interactions between AuNPs induce changes in the peak shape and max-

imum location, which is displaced to longer wavelengths.

However, the peak displacement is not only produced by aggregation; when some lig-
ands are in contact with the gold surface, the dielectric constant changes and the peak
may be slightly displaced too. The difference between aggregation and ligands effect is

the length of the displacement and the observable change of the shape.

Absorbance spectra were used in this work to identify when nanoparticles aggregated or

when their surface changed.
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Figure 7: TEM image of the AuNPs, histogram with their size distribution and their spectrum of

absorbance.
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4.2. Functionalization

4.2.1. Stabilization

The next step consisted of providing the nanoparticles of a higher stability and at the
same time adding functional groups that could be modified lately so as to attach a broad

family of compounds for different applications.

The molecule used was PEG-COOH, which binds tightly by its thiol group to the gold
atoms of the particle core, and has a carboxyl group on the other end that can be at-
tached to other molecules. The polymeric nature of PEG provides a steric hindrance,
producing repulsion between nanoparticles, which is strongly increased by the negative
charges of the carboxyl groups. Additionally, it forms a coating that prevents adsorption

of proteins and opsins***

, inhibiting for longer time the uptake by the reticulo-
endothelial system and other clearance mechanisms, therefore allowing a more lasting

circulation of the nanoparticles in biological systems.

Different quantities of PEG-COOH were incubated with the citrate-covered AuNPSs in
presence of SDS and NaOH. This assay provided information about differences in the
coverage of the AuNP surface, and different covered nanoparticles were obtained to
continue assays with the more appropriate ones. In addition, two protocols were com-
pared: in one of them, nanoparticles were just incubated overnight at room temperature,
and in the other, nanoparticles were sonicated for one hour before incubated overnight

at room temperature again.

The histogram in Figure 9 compares the PEG-COOH chains attached to a nanoparticle.
These data were obtained when applying Ellman’s procedure to the washing superna-
tants. Those supernatants contained the excess of PEG-COOH molecules that did not
react with the gold surface. The compound DNTB produces a colored complex in pres-
ence of thiol groups, and so, when added to the supernatants, the amount of color pro-
duced is proportional to the quantity of molecules with thiol groups. Those molecules
can be quantified thanks to the color produced when reacting with DNTB (see figure 7).
From the resulting thiol groups measured, PEG-COOH molecules that have been at-

tached can be indirectly calculated.
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Figure 8: Reaction between DNTB and thiol groups. The obtained compound has a yellow color,
with the same quantity of DNTB, the higher the number of thiol groups, the more intense the color

is, as it can be observed in the picture on the right.

In figure 9, differences among the two incubation protocols can be observed. In every
case, sonication produces higher PEG-COOH chains per nanoparticle ratio, except when
25 pg of PEG-COOH was added (but observing the mean error bar, the protocol could
also produce a little higher ratio). The sonication protocol helps to increase a little the
PEG-COOH ratio, probably due to the higher dispersion that it produces and that the
sonication is likely helping to dissociate the citrate from the gold core and maybe even
facilitating the approach of the thiol groups to that surface by keeping the PEG-COOH
molecules extended.

Comparison of PEG-COOH functionalization
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Figure 9: Histogram of the PEG-COOH chains calculated to be attached to one AuNP in two

different conditions: sonicated before incubated overnight or just incubated overnight.

Two different conditions were chosen to continue with the functionalization: AuNPs
were functionalized with the protocol without sonication and adding 25 pg of PEG-
COOH per each 10 pmol of AuNPs (these are Au@COOH); AuNPs were also function-
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alized using sonication with the biggest quantity (75 pg) of PEG-COOH per each 10
pmol of AuNPs (these are distinguished as sonicated Au@COOH).

These two different conditions were chosen to maximize the differences between the
two kind of nanoparticles obtained, so they could be compared later on, when further
functionalizations were done. However, due to the impossibility of testing the large
number of types of nanoparticles that were produced, in DNA interaction assays, cell
viability tests and transfection experiments only sonicated Au@COOH (after conjuga-

tion with adequate molecules) were used.

Though the number of PEG-COOH chains in the particle surface of both types of
AuNPs was different, the Zeta Potential values obtained were quite similar. Data is
shown in the next table.

Table I: Z-Potential of both types of Au@COOH

Sonicated Au@COOH Non-sonicated Au@COOH

Z-Potential (mV) -211+1.44 -19.8 + 0.66

Once the nanoparticles were stabilized, the external carboxyl groups could be used for
attaching different aminated molecules molecules through the EDC coupling reaction.
When incubated with EDC and S-NHS, a reactive intermediate is formed, as it has been
explained in the introduction, and amine groups can be attached to them, forming an
amide group. In the next sections, activation conditions will be explained for each com-

pound used in the conjugation.
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Table 11: Compounds conjugated to the AuNP surface and their main characteristics.

Primary

Molecule amine

groups

(2-aminoethyl)-
trime- 1
thylammonium

Tetra-
ethylenpen- 5
tamine
Ethylendiamine 2

Poly(ethyleneim

. Plent
ine) y

Tetramethyl-

rhodamine  5-

(and -6)- 1
carboxamide

cadaverine

Reason to be chosen

Permanent positive charge
in quaternary ammonium

group

The different amine groups
will have positive charges
depending on their pKa and
the pH of the solution.

The different amine groups
will have positive charges
depending on their pKa and
the pH of the solution.
Lower number of amine
groups.

The different amine groups
will have positive charges
depending on their pKa and
the pH of the solution.
Higher number of amine
groups.

Fluorescence. Easy conju-
gation thanks to amine
group.

Advantages

The permanent charge can
interact in any range of pH
with  negatively charged
molecules as DNA

Charges that change with
the pH could be useful to
release the DNA inside the
cell.

Charges that change with
the pH could be useful to
release the DNA inside the
cell.

Plenty of charges that
change with the pH and that
cover a higher volume
could have a strong interac-
tion with the DNA. Already
used for gene transfection.

Disadvantages

That permanent charge
could bind too strongly the
DNA to allow its release
and expression inside the
cell.

To bind the molecule with-
out producing crosslinking,
different pH must be tested.

Just one amine group will
be exposed on the surface,
the charge varies depending
on pH, interaction with
DNA could be too weak.

It is bigger than the other
molecules and the high
quantity of groups could
produce NP crosslinking.
The amount of positive
charges could bond too
strongly the DNA.

4.2.2. (2-aminoethyl)-trimethylammonium as functional group

|
HCl
H N

Figure 10: (2-ami-
noethyl)-trimethy-
lammonium hydro-
cloridre.

(2-aminoethyl)-trimethylammonium (R’R3N*) is a molecule with a
quaternary ammonium positively charged in all the pH range. On the
other side of the molecule, it has an amine group, which can form an
EDC and S-NHS mediated bond to carboxyl groups. Using this mole-

cule to functionalize the AuNPs, permanent positive charges will be

present in nanoparticle’s surface, allowing strong ionic interactions

with negative charged compounds as DNA. This kind of functionalization was tested

before®, producing AuNPs with positive Z potential that were unable to induce trans-

fection. It was suggested that the high amount of charges could retain the plasmid with
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the AUNP complex, and, in this project, the aim was functionalizing with less amount of
R’R3N" and conjugating also with TAMRA, to check nanoparticle’s entrance to cells by

fluorescence.

In the conjugation assays, electrophoresis in agarose 0.8% was used to check the reten-
tion of the samples. The electrophoretic mobility can be related to the net charge of the
sample, and a complete retention in the well of the gel could be considered as a com-
plete suppression of negative charges. This method is quick and simple; it provides in-
formation of the charge change in the AuNPs surface, though it is not quantitative.

Different quantities of EDC and S-NHS (always in 1:2 weight proportion) were used to
activate nanoparticles for the conjugation with R’RsN”, and, even from the smallest
amount (0.25 mg of EDC and 0.5 mg of S-NHS per 20 pmol of AuNPs), all the samples
were retained in their wells when electrophoresis was performed. This was observed in
both kinds of Au@COOH particles. The smallest quantity of EDC and S-NHS written

above was used in further assays, as it already produced retention.

Figure 11: Photography of the agarose gel after the electrophoresis is developed. Different quanti-
ties of EDC and S-NHS (from 0 to 4 mg and from 0 to 8 mg, respectively, as it is written above the
wells) were added in each kind of sample which was afterwards divided in duplicates. The same
quantity of R’RzN* was added in this case (2 mg per duplicate). When different quantities of
R’R;N" were added (from 0 to 2 mg per duplicate, and 0.25 mg of EDC and 0.5 mg of S-NHS were
used) it could be observed the same result: all the samples were retained in the wells except those
duplicates with 0 mg. These results were the same when sonicated and not-sonicated Au@COOH

were used for the conjugation.

When different quantities of R’RsN™ were checked for the functionalization, every sam-
ple was retained in the agarose gel at the well level again. This was observed in both
kinds of Au@COOH particles.
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The following assays aim was to set the conditions to functionalize the AuNPs simulta-
neously with R’RsN™ and the fluorophore TAMRA. The fluorophore was added previ-
ously for avoiding interactions with R’RsN" that could limit the reaction interfering with
the activated carboxyl groups. One hour of incubation before adding R’RsN* was suffi-
cient to have differences (see figure 12) with the control (Au@COOH not activated).
TAMRA was indirectly measured by quantifiying the fluorophore in the supernantans
obtained after the washing steps.
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& 500 &
Z w00 Z 300
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300 w Sammnl 200 - Samnl
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Z 100 = Control 5 100 m Control
0 0
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C. 1 hour D. 1 hour
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0 = 0
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TAMRA/AuUNP added TAMRA/AuUNP added

Figure 12: Histograms with the TAMRA per AuNP ratio at different times of incubation before
adding R’R;N*. The difference between the samples is the TAMRA quantity added. Controls are
AuUNP in the same conditions but without activating with EDC and S-NHS their carboxyl groups.
The mean error is calculated with two duplicates. Histograms (A), (B) and (C) are the results for
non-sonicated Au@COOH; sonicated Au@COOH are represented in histogram (D). In (A) TAM-
RA quantity added was twice by mistake. As it can be observed, at short times (0 and 20 minutes)
there was not enough difference between sample and control to consider that the TAMRA was

being conjugated.

4.2.3. Tetraethylenepentamine as functional group

This molecule has five amine groups along HN H NH
] . . . . . 2 NN TN \/’\N/\/ 2
its chain, by conjugating it to the nanoparti- H H

Figure 13: Tetraethylenepentamine structure.
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cles, a surface that depends on pH to have positive charges was obtained.

This compound can induce AuNPs aggregation as it can react at the same time with
carboxyl groups from different particles. That is why different pH conditions were
checked in the first assay, as each amine group group has different pKa, and the amide
bound is formed only when deprotonate amines are present, if many of them are proto-
nated, crosslinking can be avoided. When the reaction with activated AuNPs was incu-
bated at pH 6, aggregation and precipitation of particles were produced, but not at pH
7.5 nor at pH 9. At pH 9 the electrophoretic mobility was lower, probably because more
groups could react, changing more the nanoparticle net charge, so that condition was

used in following assays.

In this case, assays with different quantities of EDC and S-NHS and with different
quantities of TEPA provided nanoparticles whose electrophoretic mobility was different
between them. That can be observed in figure 14. There is a correlation between the
quantity of the reactants added and the mobility in the gel. As it has a correlation with
nanoparticle’s charge, the more they move the more negative charges they have. That
can be explained by the reactants quantity, the more there is the more can react, less free
carboxyl groups would be present in the nanoparticle and more positive groups would
be attached, therefore the net charge would be more positive and the mobility would be

reduced.

Figure 14: Images from agarose gel of samples functionalized with different quantities of EDC and
S-NHS (left image) and different quantities of TEPA (image on the right) for sonicated
Au@COOH. Quantities in mg are written over the wells for EDC / S-NHS per sample and in pL of
a 1/100 solution for TEPA per duplicate. In A, TEPA quantity was 4 pL from a 1/100 solution. In B,
AuUNPs are activated with 0.5 mg of EDC and 1 mg of S-NHS. Similar results were obtained for not-
sonicated AuU@COOH.

These results provided the possibility of comparing the efficiency in transfection of dif-
ferent AuNPs as function of their surface net charge.

But, when performing assays of simultaneous conjugation with TAMRA and TEPA,
nanoparticles were easily aggregated. Firstly, if TAMRA was added with the activated
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AuUNPs in pH 9, they were quickly precipitated. Somehow the
mixture of TAMRA and activated AuNPs at pH 9 induced that
effect (which was not produced at pH 6 or at pH 9 with non-
activated AuNPs). As no fluorescence was observed in the

washes, it is possible that the TAMRA reacted in a non-desired

way with the carboxyl groups, producing at the same time na-

Figure 15: Image of the
noparticle precipitation and degradation of TAMRA. In figure  sample conjugated with

10 that effect can be observed. TAMRA at pH 9 after
45 minutes of incuba-

That was solved by adding the TAMRA and the activated tion (left) and the non-
AuNPs in a pH 6 MES buffer solution instead, and, after 45  ,.tivated control
minutes, centrifuging them, removing the supernatant and re-  (right). AuNP precipi-
suspending them in the pH 9 borate buffer for the incubation ~ tates are observed in
with TEPA. the sample.

The next problem to solve was AuNP aggregation during washing, as the high amount
of salts present in PBS with tween 0.1% induced that effect. When nanoparticles were
conjugated with a small amount of TEPA, they could be resuspended after a couple of
washes with water, but if the amount of TEPA was slightly higher, they remained pre-
cipitated. That is the reason why only AuNPs with small amount of TEPA were simul-
taneously conjugated with TAMRA and used in further experiments.

4.2.4. Ethylendiamine as functional group

HoN A~ This diaminated molecule is also used to change surface charges.
N, bation of the activated ith ffecti
Figure 16: Ethylen- Incubation of the activated AuNPs with EDA was more effective
diamine structure. in pH 6. The AuNPs had to be activated with 1 mg of EDC and 2
mg of S-NHS to maximize the differences between the functionalized AuNPs and the
non-functionalized control, as EDA has only two amine groups (figure 16), and one is

bonded to the carboxyl group in the AuNPs, instead of five as TEPA has (figure 13).

Different amounts of EDA were tested, and the highest was chosen to perform the next
assays, as the difference with the control was very low for the rest of the samples.
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Figure 17: Pictures of electrophoresis in agarose gel show samples with different EDC / S-NHS
amounts (in mg per sample, image on the left) and different EDA quantities (in pg per duplicate,
image on the right). In the left image, 7 pg of EDA is added per duplicate, and in the right image
the amount of EDC and S-NHS is 1 mg and 2 mg respectively. The retention produced by the sur-

face change is smaller than for other compounds, but differences can be observed.

Simultaneous conjugation with TAMRA was also performed. No precipitation problems
were observed while washing with PBS tween 0.1 %, suggesting that they are more sta-
ble than AuNPs with TEPA and TAMRA.

300 Figure 18: Histogram with the differences
250 - in TAMRA per AuNP ratio observed
%zou . between activated sonicated Au@COOH
-t
% 150 - and the same NPs but non-activated
u Samples
< 100 u Control (control) when TAMRA is simultaneously
50 - conjugated with EDA. EDA was added 1
0 - hour after adding TAMRA to the solution.

544 1089
TAMRA/AuUNP added

4.2.5. Poly(ethyleneimine) as functional group

Poly(ethyleneimine) (PEI) is a cationic poly- N, K\H/\/NHﬁ'
mer which has been already used in transfec- = H.n N\/\H/\/N\/\N/\/N NH,
tion and other delivery applications both NH

HoN™ " NH,

46,47

n

. It can
Figure 19: Structure of Poly(ethyleneiming).

alone®™ and in nanoscaled systems
be purchased in many sizes and configurations.

Branched 25 kDa PEI is the most used for gene delivery and cell transfections, but it has
showed a high cytotoxicity”’. The one used in this work is represented in figure 18 and

has an average molecular weight of 1300 Da.

This molecule has many amine groups that could interact with the nanoparticles, which

means that AuUNP aggregation could be easily produced. Activated AuNPs at different
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pH were used in the first assay, to check the appropriate pH to have at least an amine
group deprotonated, so it could react with the activated carboxyl group but not too
many, to avoid many amines reacting and producing cross-linking between particles and
therefore their precipitation. After 1 hour under agitation, nanoparticles at pH 7.5 and
pH 9 were already precipitating, while AuNPs at pH 6 had experienced a color change
but remained solubilized. When AuNPs were washed, as they were in duplicates, one
was resuspended in water and the other in NaCl 1M to check the nature of the interac-
tion (if it was just ionic, precipitated nanoparticles could be resuspended again when the
amount of salts reduced those interactions). Only those at pH 6 could be resuspended,
so the interaction between PEI and AuNPs was stable. In both duplicates, absorbance
spectrum was measured, and a displacement of the peak was observed. The AuNPs in
NaCl were clearly aggregated, but those on water did not have a great peak displace-
ment. Moreover, the right side of the spectrum did not have high absorbance values, so

there was no contribution from big aggregates.

o
[=
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o
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Figure 20: Picture of the AuNPs samples conjugated with PEI at different pH (those written over
the microtubes) after the washing. On the right, absorption spectrum of those at pH 6, only them

could be resuspended. The peak was displaced, but not as much as in aggregated AuNPs.

The color change produced in the solution and the displacement of the absorbance peak
could mean that some aggregation is produced. Though the peak was more displaced
than when it is just due to small changes in the surface (changes in dielectric constant),
the shape of the spectrum was not very different from normal ones. When aggregation is
produced, usually there is a greater absorption in the right side of the peak, due to con-
tributions of bigger clusters of AuNPs. In this case, absorption in the right side of the
peak remained similar to the observed when no aggregation is produced, so no big ag-
gregates were formed. Somehow it could be a ‘controlled’ aggregation, where small

AUNPs clusters were formed and remained stable in solution for some time.
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Further experiments with different amounts of PEI showed that the higher the PEI quan-
tity added, the less displacement of the peak of the functionalized AuNPs was observed.
In addition, when PEI was added slowly and stirring, the sample had a greater color
change and the peak in the absorbance spectra was more displaced, while when PEI was
added quickly and mixing the sample immediately, the color change was not so great
and the peak was less displaced. That may suggest that when AuNPs were quickly cov-
ered by a big amount of PEI, the interactions between two or more nanoparticles with
the same PEI molecules could be less probable. PEI covering the whole AuNP would
repulse another covered nanoparticle, while partially covered AuNPs could interact with
the same PEI molecules, inducing aggregation. The first ionic interactions are probably

decisive in the process, and they may guide how the covalent bond is produced.

Table I11: Peak position in absorbance spectrum depending on the PEI amount

PEI/AUNP 4.6-10° 4.6-10* 46-10° 4.6:10° 2.3-10" 46-100 7.7-10°
Peak (nm) 521 Aggregated 538 532 527 526 526

Though quite stable particles could be produced by this process, they were less stable
than those conjugated with other molecules, and after one or two weeks they finally

precipitated.

When functionalization was performed simultaneously with PEl and TAMRA, in the
washing steps, the addition of PBS-tween 0.1% induced nanoparticle aggregation, but
they were totally resuspended after two washes with water. Unfortunately, when they
were in cell medium or any medium with relatively high amount of salts as TBE or

PBS, particles aggregated and precipitated again.

350 - Figure 21: Histogram of the TAMRA per

300 - AuUNP ratio, comparing activated sonicated
% 250 1 Au@COOH reacting and non-activated
= 200 -
5 controls. PEI was added after 1 hour of in-
= 150 - = Samples
2 100 - a Control cubation with TAMRA. Similar results were

50 - obtained with non-sonicated Au@COOH.

O -
544 1089

TAMRA/AuNP added
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4.2.6. Comparison between the different functionalizations

In the following table, main characteristics of the AuNPs are shown. The hydrodynamic
diameter was measured by light scattering. Electrophoretic mobility percentage was
calculated by comparing the displacement from the wells of the control and the sample,
being 100% the displacement of the control and 0% was considered when the sample
remained in the well. The distance was measured from the middle of the well to the

middle of the electrophoretic band.

They have differences in Z potential that can be correlated to their electrophoretic mo-
bility.
The hydrodynamic diameter measured can be affected by the fluorescence or the ab-

sorbance that the sample presents.

Table 1V: Main characteristics of selected AuUNP types

AU@R'R:N'@ AU@TEPA@ Au@EDA@ Au@PEI@
TAMRA TAMRA TAMRA TAMRA

Hydrodinamic diameter 555041040 28.10£960  1350+0.78  551.9+535

(nm)
Z Potential (mV) -1.66 £ 0.47 -18.1 £ 0.58 -21.0+2.41 -11.5+£0.25
Electrophoretic mobility -
(%) 0 82 90 0
Absorbance Peak (nm) 520 544 520 530
TAMRA/ AuNP 4582 +16.85 79.22+19.79  46.24 £9.06 67.67 £2.30

*AU@PEI@TAMRA aggregated inside the gel well.

4.3. Interaction between nanoparticles and DNA plasmid

As the nanoparticles were devised to carry a DNA plasmid, interactions with that plas-

mid had to be measured, so the quantity of DNA per nanoparticle could be determined.

For that purpose, different quantities of plasmid (pEGFP) were incubated with 0.1 pmol
of the different AUNPs. DNA was quantified directly from the mixture and indirectly
from the washes that were made. Both quantifications provided pEGFP/AuUNP ratio,

which is shown in the histograms in figure 22.
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A. pEGFP/AuNP ratio calculated directly
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Figure 22: Histograms with the plasmid/nanoparticle ratio, calculed directly (A) and indirectly (B).
Three different experiments in the same conditions are used to calculate the mean error, except for
AUu@PEI@TAMRA, which has only two different experiments.

Both results differed from each other, and pEGFP/AuUNP ratio was bigger when it was
measured indirectly and smaller when it is calculated directly. This difference may re-
spond to the interactions between AuNP and the plasmid, which may interfere with the
DNA intercalant dye (GelRed) —in the interaction between DNA and the intercalant or
even by quenching effect in the fluorescence. These events would increase the differ-

ence, producing an underestimation in the direct calculus of pEGFP quantity.

Beside this, a precipitate was formed in every sample (although in samples with higher
PEGFP/AUNP ratio this precipitate could be partially or entirely resuspended). It con-

tained AuNPs because the color in the mixture that indicates presence of AuNPs faded
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and in some cases even disappeared. In those samples where color disappeared pEGFP
could not be detected in the electrophoresis, which means that the pellet also contained
PEGFP. In samples with precipitate, as some plasmid could be lost in it, it would not be
completely measured, therefore DNA calculated with the supernatants could be slightly

overestimated. In any case, the mean error was quite high in every sample.

Indirect estimation was used to calculate the quantity of pEGFP/AuUNP ratio when 1/0.1
pmol were used in the mixture (as it provided the higher ratio of pEGFP per AuNP in

any of the cases, these quantities were chosen for the next experiments).

Table V: pEGFP/AUNP ratio for each AuNP type

Au@RR:N*@  Au@TEPA@ Au@EDA@ Au@PEI@
TAMRA TAMRA TAMRA TAMRA
IR el 3.17 +1.18 2.00 +0.21 1.77 +0.73 2.00 +0.01

calculated indirectly

These results were a guide to calculate plasmid quantities used as positive controls in

transfection assays.

Using electrophoresis in presence of GelRed has some limitations: the amount of DNA
saturated the GelRed at the higher quantities, so maybe another technique could be more
appropriate. DNA can be directly measured by spectrophotometry, but the amounts used
might be too small to measure them by this way. Also direct measures of DNA and
GelRed mixtures could be taken by fluorospectrofotometry.

4.4. Viability tests in Vero cells

Before applying the nanoparticles to their final purpose, the next step was evaluating the
cell viability when exposed to AuNPs. Though AuNPs are biocompatible’, changes in
the surface would vary their properties, condition enough to increase nanoparticles’ tox-
icity. As their possible toxicity would be more intense in presence of a higher amount of
nanoparticles in the media, different concentrations of nanoparticles were used to test
their effects over cell growth and survival through an MTT assay. This procedure uses
the compound 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)to
relate the number of living cells in the sample with the absorbance at 570 nm that can be

measured at the end. When cells are active and viable, their mitochondria have
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NAD(P)H-dependent oxidoreductase enzymes working, which can oxidize MTT to
formazan, which is formed as insoluble crystals. Dissolving formazan in DMSO, the
optical density of each sample can be measured, and with appropriate positive and nega-

tive controls, it can be related to the number of viable cells that are in the sample.

The protocol was applied with AuNPs conjugated to R’RsN*, TEPA and EDA (all of
them simultaneously conjugated with TAMRA), and the results obtained are shown in
figure 22 histogram. It is possible that some nanoparticles tightly attached to the cell
surface or inside cells interfere with the absorbance measured, and that may explain
why AuNPs with TEPA and EDA had higher viability percentage than the control.

MTT Assay Results

140 ~

| = AU@R'R3N+@TAMRA
i = AUGTEPA@TAMRA
7 AU@EDA@TAMRA

' ' 4 ' 2 ' 1

Control 6
AuNP concentration (nM)

[y
N
o

=
o
o

o]
o

Cell Viability (%)
3

IS
o

N
o

o

Figure 23: This histogram shows the data of the percentage of cell viability calculated by absorb-
ance in a MTT assay. Cells are incubated in culture medium with different concentrations of

AUNPs and the control does not have AuNPs but their volume in water.

Besides the error of this technique, some problems made impossible measuring cell via-
bility with PEI functionalized AuNPs: they easily aggregated and precipitated in culture
medium due to salt concentration, and AuNPs got attached to the bottom of the well.
When measuring optical density, nanoparticles interfered, providing aberrant data. In
one occasion, wells without cells were incubated with the AuNPs in culture medium to
deduct their optical density from the one measured with the cells, but, as they did not
have cells covering part of the surface, they precipitated even more, so the data was still

aberrant.

Some other techniques could be used to measure cell viability, as long as the aggregated

nanoparticles do not interfere with the measuring method. In this direction, the
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LIVE/DEATH® kit (from Life Technologies) uses two fluorescent dyes that binds spe-
cifically to death or alive cells, allowing visual detection of both. This protocol does not
require absorbance measures, however, AuUNPs may have some quenching effect in the
fluorophores, and the test could not provide the exact amount of death and alive cells. A
simpler assay could be used instead: the membrane integrity of the cells can be checked
using trypan blue, a dye that only enter in death cells. The main drawback is that it is
much more time-consuming, as it requires counting all the cells, death and alive, present

in the sample.

Due to the lack of time available, this technique was not implemented, but a check in
the microscope allowed knowing if the cell morphology had changed and if the number
of cells were visually fewer. In this case, such conditions were not observed; cells
seemed unchanged compared to controls without nanoparticles (figure 24). This check
did not provide quantitative data, just gives an approximate idea of how the cells were.

In any case, aggregates could have influence in cell uptake of AuNPs.

Figure 24: Cell pictures corresponding to (A) control cells and (B) cells incubated with 1 nM of
Au@PEI@TAMRA for 24 hours. Big nanoparticle aggregates can be seen in (B).

Also, a viability test with AuNPs incubated with the plasmid was performed. Results are
shown in figure 25. The viability is maintained in almost any case, except for
AUu@PEI@TAMRA, where could seem slightly reduced in the highest amount used.
Anyway, it was not very significant, so these AuNPs did not induce a high cell death.
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MTT Assay with pEGFP
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Figure 25: Histogram with the results of the viability assay performed with the AuNPs conjugated
to the plasmid. Two amounts were added to the culture medium. Percentage was calculated with

the absorbance measured.

4.5. Transfection assays in Vero cells

The transfection capability of these functionalized AuNPs was tested by conjugating
ionically the DNA plasmid and incubating the cells with them for 6 hours in media lack-
ing antibiotics and FBS. A positive control with Lipofectamine and DNA plasmid was
performed simultaneously. Also, controls with AuNPs without plasmid were used to
check if they reached and entered into the cells.

In those controls, TAMRA should have been useful to check cell internalization, how-
ever, AuNPs are probably producing a quenching effect. This is not produced when
used with other metallic NPs, but AuNPs optical properties does. Some other techniques
should be used to check cell internalization, such as TEM imaging of cell sections™ or
microscopy in dark field*®, which make possible detecting AuNPs in the cells. Due to

the lack of time, these were not performed.

Cell samples treated with Lipofectamine showed morphology changes and high cell
death but a great GFP expression. Lipofectamine has a great transfection capability, but

also a toxic effect that produces cell death and changes in morphology.

43



On the contrary, none of the types of nanoparticles used induced such great changes in
morphology. Cells were similar to those on the negative control, which means that their

toxicity was quite low compared to Lipofectamine.

However, the GFP expression was much lower than the produced with Lipofectamine.
In a first screening neither AU@R’RsN"@TAMRA nor AU@QPEI@TAMRA produced
fluorescent cells in the assay. Instead, AUGTEPA@TAMRA and AUQEDA@TAMRA
did, but it was just a few cells in the entire well. In the final assay, when cells were

fixed and dyed, some fluorescent cells were also found in all cases (Figure 26).

The fluorescence in some cells demonstrated that the nanoparticles were able to trans-
fect a DNA plasmid inside the cells and allow its expression, which means that it was
released from the AuNPs. The low amount of cells with EGFP found indicated that at
some point of the transfection process the efficiency was not high enough. It could be
possible that the charges in the AuNPs were not strong enough to retain the plasmid
before entering the cell. On the other hand, AuNPs with the plasmid could not be enter-
ing into a big amount of cells, as they entered just by endocytosis and not by specific
target. Finally, the problem could rely in releasing the plasmid inside the cells, if the

interactions between AuNPs and the DNA were too strong.
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GFP GFP, DAPI & microtubules Bright Field

Figure 26: Images from fluorescence microscope of the transfected cells. In (A) cells were incubated
with AU@R’R;N"@TAMRA, in (B) with AU@TEPA@TAMRA, in (C) with AUQEDA@TAMRA
and in (D) with AU@PEI@TAMRA. The positive control is (E), and it was incubated with lipofec-
tamine. GFP channel in grey scale is shown in the left images, GFP, DAPI and microtubule staining
is shown in central pictures and bright field images are on the right. Microtubules were not well

stained in some samples. Cell staining was not performed in control sample (E).



5. Conclusions and future perspectives

Along this work, differently functionalized AuNPs were produced with one type of cat-
ionic molecule and a fluorescent label. They were incubated with a DNA plasmid to
check their interaction, to obtain appropriate vehicles for a transfection assay. Also, cell
viability in presence of the AUNPs was tested.

During the functionalization, four types of AuNPs were selected and used in the next
assays, one for each type of cationic molecule (R’RsN*, TEPA, EDA and PEI). The
different molecules provided different characteristics to the nanoparticle surface, which
could affect to the interaction with the DNA plasmid and to the cell viability.

During the optimization process of the functionalization many variants of the selected
AuNPs were discarded, because not all of them could be tested in the available time.
But maybe some of them could work better than the selected ones, so in future experi-

ments, more types should be tested.

The ratio of plasmid ionically bonded to the nanoparticles was different when it was
calculated directly or indirectly, so just indirectly measurements were considered to

calculate plasmid amount attached to AuNPs in further assays.

The viability assays showed that 3 of the selected types of AuNPs were not cytotoxic,
so they were suitable for working with biological systems. However,
AU@PEI@TAMRA could not be tested with the MTT assay due to their aggregation
and contribution in the absorbance measurements. Some other type of assay should be
used to test properly the suitability of these nanoparticles for their use in biological sys-

tems.

Finally, the AuNPs were tested in transfection assays, where they induced EGFP ex-
pression in a few cells. Though they were working as transfection vehicles (some cells
exhibited fluorescence), the efficiency is really low compared to the positive control. As
they have advantages compared to Lipofectamine (this compound has high cytotoxicity,
induces cell death and changes in morphology whereas AuNPs do not produce that ef-
fects), further optimizations of the nanoparticles should be assessed to increase the
number of transfected cells. Maybe conjugation with a higher amount of cationic com-
pounds could increase the conjugated plasmid, but if the strength of the bonding is too
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high it may not be released inside the cells, so the equilibrium point should be found

through more transfection tests.

Beside this, further test on cell internalizacion should be performed, such as TEM or
dark field microscopy to discard AuNPs reach and entrance into the cells as the problem

that affects the efficiency.

If these nanoparticles, once optimized their functionalization to have higher transfection
efficiency, were used in more ambitious applications, like gene therapy, they would
need some other molecules in their functionalization, such as peptides or carbohydrates,
to target specific cells. In that way, not only they would transfect specifically the type of
cell of interest, but also the transfection would be more efficient*, because it would be
more probable that AuNPs interacts with the cells thanks to targeting. All that would
require further optimizations to increase the types of molecules attached without affect-
ing to their stability. Beside this, in vivo assays would be required to test the behavior of

these AUNPs in a complex biological system.
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