Lydia Nadege Abreu dos Orfaos

A111|I|-

UNIVERSIDADE da MADEIRA

www.uma.pt

| 2020






Dendrimers

The fluorination approach
MASTER DISSERTATION

Lydia Nadege Abreu dos Orféaos
MASTER IN NANOCHEMISTRY AND NANOMATERIALS

SUPERVISION
Joao Manuel Cunha Rodrigues

CO-SUPERVISION
Helena Maria Pires Gaspar Tomas






> cam

I I . . CENTRO DE QUIMICA DA MADEIRA
UNIVERSIDADE da MADEIRA v

\\

MASTER IN
NANOCHEMISTRY AND
NANOMATERIALS

Dendrimers: The fluorination approach

Dissertation submitted to the University of Madeira for the fulfilment of the requirements for the
degree of Master in Nanochemistry and Nanomaterials

By Lydia dos Orfaos

Work developed under the supervision of Professor Jodo Manuel Cunha Rodrigues
and co-supervised by Professor Helena Maria Pires Gaspar Tomas

Faculdade de Ciéncias Exatas e da Engenharia
Centro de Quimica da Madeira
Campus Universitario da Penteada
Funchal — Portugal

February 2020



Declaration

| hereby declare that this thesis is the result of my own work, is original and was written by me. |
also declare that its reproduction and publication by Madeira University will not break any third-party
rights and that | have not previously (in its entirety or in part) submitted it elsewhere for obtaining any
qualification or degree. Furthermore, | certify that all the sources of information used in this thesis

were properly cited.

Funchal, February 13" 2020

(Lydia dos Orfaos)



Conference Contributions

Oral communication:

e Lydia dos Orfdos, Jodo Rodrigues, Helena Tomds. Fluorescent dendrimers - The fluorination

approach. 6" CQM Annual Meeting held in Porto Moniz (Portugal), O-27, page 45, 26™ - 27™ April 2019.

Poster communication:

e Lydia dos Orfdos, Claudia Camacho, Helena Tomas, Jodo Rodrigues. Functionalization of

generation four PAMAM dendrimer - the fluorination effect. XXVI Encontro Nacional da Sociedade

Portuguesa de Quimica held in Oporto (Portugal), CPM13, page 273, 24" - 26%™ July 2019.

e Lydia dos Orfdos, Cldudia Camacho, Helena Tomds, Jodo Rodrigues. Fluorinated and

Nonfluorinated Generation Four (G4) PAMAM Dendrimers. 11" International Dendrimer Symposium

(IDS11) held in Funchal (Portugal), PC34, page 134, 14" - 18% July 2019.

VI



Acknowledgements

The conclusion of this Master Thesis was only possible thanks to all the people and institutions

involved to which | would like to acknowledge and show my deepest gratitude.

To my supervisors Prof. Jodo Rodrigues and Prof. Helena Tomas for the guidance, the remarks,
and the opportunities to expand my knowledge and view in the field with the many conferences,
workshops and seminars promoted.

To Claudia Camacho and Duarte Fernandes for their help, patience, knowledge, for the tips,
advice, discussions, and most of all for the friendship and companionship. You were tireless and | am
thankful for that.

To all my colleagues, friends, and family that in one way or another walked this path alongside
me. Mostly to Nilsa Abreu and Beatriz Andrade for their always contagious good mood, friendship, and
sharing. To Yu Zou and Sabriie Vatansever, my master’s colleagues, that were there through the classes
and with whom | shared thoughts, experiences and know-how.

To the CQM — Centro de Quimica da Madeira and all its members for providing the installations,
materials, chemical reagents, and qualified personnel for the realization of the experiments. With
additional care to the LQCMM staff of CQM, Dina Maciel, Nilsa Oliveira, and those whom, passing by,
shared a kind and enthusiastic word and bite of knowledge, Carla S. Alves, Rita Castro, Nadia Nunes,
Ana Olival, Mara Gongalves and Marijana Petkovic. To the LBCC staff of CQM also, Filipe Olim for
guiding me through the biological studies, along with Ana Neves and Mariana Vieira. To the Chemistry
Department laboratory technicians, Paula Andrade and Paula Vieira, as well as Engineer Teresa Abreu
from CQM, for the laboratory support.

This work could not be developed without the support of FCT - Fundac¢do para a Ciéncia e a
Tecnologia (CQM PEst-OE/QUI/UI674/2019, Portuguese Government funds), Madeira 14-20 Program
through the project PROEQUIPRAM — Reforco do investimento em Equipamentos e Infraestruturas
Cientificas na RAM (M1420-01-0145-FEDER-000008), and the project M1420-01-0145-FEDER-000005
— Centro de Quimica da Madeira — CQM* (ARDITI - Agéncia Regional para o Desenvolvimento da

Investigagdo Tecnologia e Inovag¢do, Madeira 14-20 Program).

As the tiles are settled together, the journey comes to its end. The people, however, will always
remain and be remembered. For that, | thank you all for being who you are and for making this an

unforgettable voyage.

Vil



Abstract

The developments in materials science have provided new approaches for the detection, diagnosis
and treatment of several diseases. Dendrimers have been intensively studied for their unique
properties as probes and drug/gene delivery vehicles, mainly due to their multivalency and possibility
of surface functionalization with a wide variety of compounds.

This thesis aimed at the functionalization of generation four amine-terminated poly(amidoamine)
(PAMAMG,4-NH;) dendrimers with the compound 2,3,5,6-tetrafluoro-4-hydroxybenzoic acid (TFHBA)
for the obtention of new gene delivery vectors having increased transfection efficiency and high
cytocompatibility, taking advantage of the “fluorine effect”. The traceability potential of this system
using °F-TFHBA in nuclear magnetic resonance, although not studied in the present thesis, was also a
significant reason for the developed work. The functionalization of the PAMAMG,-NH, dendrimer was
performed with two functionalization degrees using TFHBA/dendrimer ratios of 32.5 and 64.5. A
control using 4-hydroxybenzoic acid (HBA), the non-fluorinated counterpart of TFHBA, was also used
at the same functionalization degrees. Several techniques were applied for the characterization of the
synthesized materials, such as Nuclear Magnetic Resonance (NMR), Fourier Transform Infrared (FTIR),
Ultraviolet/Visible (UV/Vis), and fluorescence spectroscopies, as well as Dynamic Light Scattering (DLS)
and Electrophoretic Light Scattering (ELS), to confirm the success of the conjugation. Biological studies
of the prepared compounds were performed, too, namely cytotoxicity, pDNA condensation and charge
neutralization capability, and transfection efficiency.

The functionalization of PAMAMG,-NH, dendrimers with TFHBA and HBA at both functionalization
degrees was achieved successfully. Compared to pristine PAMAMG,-NH,, the functionalized
dendrimers presented lower cytotoxicity, similar pDNA condensation ability, and better transfection
efficiency in HEK293T cells. Based on the obtained data, no significant differences were observed

between the TFHBA and HBA functionalized dendrimers as transfection agents.




Resumo

O desenvolvimento da ciéncia dos materiais providenciou novas técnicas para a detecdo,
diagndstico e tratamento de vdrias doencas. Os dendrimeros tém sido amplamente estudados pelas
suas propriedades de sensor Unicas e de veiculos de entrega de drogas/genes, devido sobretudo a sua
multivaléncia e possibilitarem a funcionalizacdo da sua superficie com uma variedade de compostos.

O objetivo principal desta tese é a funcionalizacdo de dendrimeros de poli(amidoamina) de quarta
geracdao (PAMAMG,-NH,) com o acido 2,3,5,6-tetrafluoro-4-hidroxilbenzéico (TFHBA) para a obtencdo
de novos vetores para a entrega de genes que possuam uma elevada eficiéncia de transfeccdo e
citocompatibilidade, tirando vantagens do “efeito do flior”. A possibilidade de utilizar ressonancia
magnética nuclear °F-TFHBA nestes sistemas, dotando-os de um potencial de rastreabilidade, embora
ndo estudada na corrente tese, foi, também, uma razdo importante para o desenvolvimento deste
trabalho. A funcionalizacdo do dendrimero PAMAMG,-NH, foi realizada com dois graus de
funcionaliza¢do distintos usando racios de TFHBA/dendrimero de 32.5 e 64.5. Foi, também, utilizado
um controlo com o 4cido 4-hidroxibenzdico (HBA), o homdlogo néo fluorado do TFHBA. Varias técnicas
de caracterizacdo foram usadas para a caracterizacdo dos materiais sintetizados, tais como,
espectroscopias de RMN, FTIR, UV/Visivel e fluorescéncia, bem como DLS/ELS, para a confirmacdo do
sucesso da conjugacdo. Estudos bioldgicos foram também efetuados, nomeadamente citotoxicidade,
capacidade condensacéao e neutralizacdo de carga do pDNA, e eficiéncia de transfeccao.

A funcionalizacdo do dendrimero PAMAMG,;-NH; com o TFHBA e o HBA em ambos graus de
funcionalizacdo foi bem-sucedida. Comparado com o dendrimero de PAMAMG,-NH; nativo o
dendrimero funcionalizado apresenta menor citotoxicidade, condensacdo e neutralizacdo de carga do
pDNA similar, e revela uma melhor eficiéncia de transfeccdo em células HEK293T. Até ao momento, e
baseado nos resultados obtidos, ndo se denota quaisquer diferencas significativas entre o dendrimero

funcionalizado com TFHBA e HBA como veiculos de transfecgao.
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Chapter I: Introduction

1.1. Dendrimers

The word dendrimer comes from the Greek where dendron means “tree” and meros means “part”
- this designation appeared for the first time in the work of Tomalia published in 1985 and was later
widely spread among the scientific community?. Indeed, although dendrimers were first synthesized
in 1978 by Fritz Vogtle, they became better known after the works of George R. Newkome and Donald
Tomalia in the 1980s>* Dendrimers are thus a particular type of hyperbranched synthetic polymer
having a 3D tree-like structure and characterized by being monodispersed when compared with the
classical hyperbranched polymers. While the latter are usually produced in a single step and using
relatively simplified reactions, dendrimers are prepared in a thoroughly and iteratively controlled
manner that will result in well-defined structures and molecular weights®. Dendrimers are thus
composed of a multifunctional core, different layers (generations) and an exterior surface consisting
of many terminal groups (the number of these groups is dependent on the dendrimer generation (Gy))

(Figure 1)%25,

Terminal
roups
@ sroup

Figure 1: Scheme of a dendrimer architecture. G1: Generation 1; G2: Generation 2, G3: Generation 3.

Dendrimers are extremely versatile molecules, and their properties can be finely tuned, either by
changing the generation/molecular weight or by playing with their chemical composition. The
functionalization of the terminal molecules with distinct functional groups can also be done and this
may affect their solubility, photophysical properties and chemical reactivity>’. The “dendritic effect”,
or “dendrimer effect”, shown by these systems is one of their most interesting properties. This term is

commonly used to describe the unusual physicochemical trends or property patterns observed in both




dendrimers and dendrons. The dendritic effect may be a generation effect where, upon the increase
of the generation, there is a variation on the properties; or a multivalency effect related to the
presence of multiple surface groups close to each other®°,

It is not by chance that the name dendrimer became the most widely used to characterize this type
of polymers. The dendritic architecture can be found in countless examples in nature, such as snow
crystals, lightning patterns, vascular systems of animal and plants, tree roots and branching?®, and

neurons¥1?

. Dendrimers can also be found in many applications, such as catalysts®®, sensors,
bioimaging®®, and dyes'®. They are particularly interesting for biomedical applications since their
terminal groups enable multivalent binding to biological receptors and since they can carry drugs® or
proteins!” by encapsulation inside their internal void spaces or by chemical conjugation to the chemical
groups at their surface. As nanocarriers, dendrimers may show a high drug loading capacity, help in
the reduction of the required drug dose, increase the drug delivery to the target, allow multiple
administration routes, control the biodistribution of the drug, and reduce mortality and morbidity
since they contribute to a decrease in the adverse effects of the drug'®2°. Nevertheless, little is known
concerning their exposure pathways and effects on processes and biochemical pathways in

mammalian systems, and their implementation and development costs can also constitute

problematic issues?.

1.1.1. Types of Dendrimers

Since their discovery and until nowadays, a wide range of dendrimers has been synthesized in the
search for the best performing ones, or the ones presenting the most interesting features.

Depending on the application or wanted properties, several types of dendrimers can be used, such
as PolyAmidoAmine (PAMAM) dendrimers?’’, Poly(Propylene Imine) (PPl) dendrimers??3,
metallodendrimers®*?®, Poly(aryl ether) dendrimers?®?”2%  polyester dendrimers®, Polylysine

3031 carbosilane dendrimers®?, triazine-based dendrimers33, among many others.

dendrimers

PAMAM dendrimers (Figure 2) can be prepared with high yields and at molecular weights ranging
from several hundred to over one million Daltons, depending on their generation!!. These dendrimers
usually contain a diamine (DA) core, methyl acrylate repeating units®* and different terminal groups

such as NH,3>38,
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Figure 2: PAMAM dendrimer of generation four. Adapted from reference>.

PPI dendrimers or POMAM (another designation for these dendrimers that stands for Poly
(Propylene Amine)) (Figure 3) are usually synthesized by a divergent method and using
dioaminobutane (DAB) or EDA as the core. They have primary amines as terminal groups, and the
interior comprises numerous tertiary tris-propylene amines. These dendrimers are extensively
explored for drug delivery applications and are commercially available until generation five (Gs)**%.
However, as the generation increases, the number of cationic groups at the surface increases and can
induce cytotoxic effects. As such, the outermost part of the dendrimer needs to be modified or

functionalized to reduce the cytotoxicity before its use in vivo!®?33,
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Figure 3: PPl dendrimer of generation four. Adapted from reference>.
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Metallodendrimers (Figure 4), another type of dendrimer, that combine the properties of these
hyperbranched molecules with those of metals/metal complexes, are very interesting since they may
be used as catalysts, being regenerable and ecologically viable. Their efficiency can even equalize that
of the homogenous mononuclear catalysts and they can be straightforwardly recovered and re-used®.
They may also be applied in other fields such as photo-physics, molecular light-harvesting, drug
delivery, and redox anion recognition?**°. In a metallodendrimer, the active centre can be situated in
different locations: on the outer edge, within the branches, or at the centre. In the area of catalysis,
the most common metals and oxidation state used in the preparation of metallodendrimers are Co
(1), Rh (1), Pd (I1), Cu (I1), Ru (I1), and Fe (I). They can be prepared by thiolene reactions, click chemistry,

azide-alkyne reactions, and also Diels-Alder reactions®® among others.

Figure 4: Metallodendrimer. Adapted from reference2.

Poly(aryl ether) dendrimers (Figure 5) are, as their name indicates, dendrimers constituted of aryl
ethers. These dendrimers have been shown to have haemolytic activity against blood cells of rat*’. The
convergent synthesis of these polyether dendrimers was developed by Hawker and Fréchet who were
successful in obtaining monodispersed macromolecules® that were later analysed by Matrix-Assisted
Laser Desorption lonization Mass Spectrometry (MALDI-TOF)*.. They were mainly studied as drug
carriers since they allow the encapsulation of a drug inside their cavities acting as a shield against the

unfavourable environment of the body?®4%43




Figure 5: Poly (aryl ether) dendrimer with imidazolium end groups. Adapted from reference?6.

Polyester dendrimers (Figure 6) are very similar to the polyether ones, with the only difference
being that instead of ether they have ester linkages in their structure. The ester bond is quite
advantageous since it is a hydrolysable linkage and, as such, allows the biodegradability of the
dendrimer®. This property, along with the non-toxicity of this type of dendrimer, has made them the
object of interest for many applications. Mostly in the biomedical field and, the development of

aromatic polyester dendrimers has been growing ever since®,




Figure 6: Polyester dendrimer. Adapted from reference??.

Polylysine dendrimers (Figure 7) are the most commonly used peptide-based dendrimers that
contain L-lysine in their branching parts. Since they contain amino acids in their structure, they may
present protein functionalities3**4. Apart from being employed in drug delivery, such as the previous
dendrimers, these molecules have been studied for their ability to show antiangiogenic activity in solid
tumours after intravenous administration®’, as well as their capability to be quickly removed from
plasma after systemic administration, even though they are metabolized, and the released L-lysine

enters in endogenous synthetic processes®!
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Carbosilane dendrimers (Figure 8) have silicon and carbon atoms in their skeleton and differ from
the other dendrimers by the high mobility of their peripheral branches and the core apolarity. They

have been studied for their antiviral (e.g. anti-HIV), and viscoelastic properties3**¢*® among others.
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Figure 8: Carbosilane dendrimer. Adapted from reference’.

Triazine-based dendrimers (Figure 9) have, as a core or in the branching units, the 1,3,5-triazine
ring, and can be synthesized in various manners, such as, by a cycloaddition reaction, for the formation
of the triazine ring, by a cyanuric chloride (C3NsCls) nucleophilic aromatic substitution, or by the
cyclotrimerization of organic cyanates, more commonly used for the preparation of hyperbranched
polymers®*#, Triazine, particularly melamines, are interesting due to their capacity of molecule
recognition by the acceptance and donation of hydrogen bonds, n-t interaction, and metal chelation.
These abilities, associated with their electromechanical and electroluminescence properties®, ease of
synthesis and control of their composition, make them very attractive for molecular recognition, gene

and RNA oligonucleotide delivery vehicles, and the preparation of metal complexes and dendritic

IIga nds33,49,51,52
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Figure 9: Triazine-based dendrimer. Adapted from reference’.

Phosphorus-based dendrimers (Figure 10) are dendrimers that possess at each branching point, at
specific places, phosphorus atoms. Their synthesis, quite straightforward and straightforward, is
commonly owed to the existence of very reactive groups, either aldehydes or P(S)Cl, groups®. These
polymers hold fascinating properties and are being studied for several applications in the field of
biology, materials science, and catalysis. The latter has been the most commonly investigated since
the existence of atoms of tricoordinate phosphorus, typically at the end groups, enable the

complexation of a multitude of organometallic derivatives with catalytic properties®>>,
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Figure 10: Phosphorus-based dendrimers. Adapted from reference®.




1.1.2. PAMAM dendrimers

PAMAM dendrimers were successfully synthesized by Tomalia in 1985, using a modified synthetic
methodology employed by Végtle and co-workers*!!. The synthesis of such dendrimers involves a two-
step process, namely a Michael addition of an initiator core of amine with methyl acrylate, and
extensive amidation with an excess of ethylenediamine (EDA) of the resulting esters, where the
iteration process leads to the next generation®3*. The first generations that arose from such polymers
were from generation 1 (G;) to generation 7 (G;). Then, after some time, a group of researchers
synthesized PAMAM dendrimers up to generation 11 (G11)®. However, an important strain occurs
throughout the structure of the Gio PAMAM dendrimer and intensely increases for the next
generation, which can be explained by the availability of the surface area per monomer, causing a
significant stretching of the dendrimer interior ¥*457, The steric interactions of the surface groups
prevent the growth of complete generations beyond Gig, being this the limiting generation for this kind
of dendrimer®. Other difficulties concerning dendrimer growth, already discovered in Tomalia’s
synthesis include terminal functionality solvolysis, intramolecular cyclization, fragmentation due to
retro-Michael addition, and incomplete Michael addition®.

Considering that the growth of dendrimers is done by increasing the generation number, the
terminal groups, molecular weight, and the number of atoms all increase exponentially throughout
the generations, although the radius only increases by 10 A per generation. PAMAMG4-NH,, for
instance, has 64 primary amine terminal groups, a molecular weight of 14215 Da, and, in solution, have
a spherical conformation with a diameter of approximately 4.5 nm>?°%, An important point needs to
be considered regarding the dendrimer terminal groups since, when the dendrimers are growing, a
considerable folding back of these groups is observed which influences the surface group availability
and the dendrimer conformation®®.

When using this type of dendrimer, safety and toxicity are relevant concerns. The toxicity of
PAMAM dendrimers is dependent on their generation, concentration, and charge. That said, the
cationic derivatives will present significant toxicity compared to their negatively charged or neutral
counterparts, and their cytotoxicity will increase with an increase in concentration and generation®”>,

The amino groups of PAMAM dendrimers are the ones accountable for the positive charge of the
dendrimer. Cationic molecules, in this case, the PAMAM dendrimers, may cause cell lysis since they
destabilize cell membranes®. However, the amine groups within the PAMAM dendrimer are very
sensitive to the pH of a solution. In fact, at a very high pH, the tertiary amines at each branching point
in the dendrimer are not protonated, the primary amines start to protonate at a pH of approximately

9, and all the tertiary amines are protonated at a pH of 4954,




Nevertheless, the positive charge of these amine terminated PAMAM dendrimers also has some
advantages since it allows for the condensation of DNA (negatively charged due to the phosphate
groups in the DNA backbone) into a nanometric globular size and, subsequently, facilitates transfection
and favours the interaction with the negatively charged membrane of cells. The high amount of tertiary
amine groups present inside the PAMAM results in a “proton sponge” effect during the escape of the
polyplex from the endolysosome>%61,6365,

The surface modification or functionalization of dendrimers is widely used to decrease their
cytotoxicity. One of the most commonly used molecules for this purpose is polyethylene glycol (PEG),
since it presents hydrophilicity, shields the positively charged terminal groups of the dendrimer, and
may increase tumour accumulation due to the Enhanced Permeability Retention (EPR) effect and
plasma circulation®°, Other molecules have also been used for a variety of applications. A study from
2008% used PAMAM dendrimers functionalized with [Ru"(EDTA)(H.0)] to deliver, in a controllable
manner, Nitric Oxide (NO) into a specific location. In another study from 20147°, the surface of PAMAM
dendrimers was modified with lipids to deliver drugs/genes into the central nervous system; the
system was then compared with the pristine PAMAM-NH;, showing that the lipid-PAMAM dendrimers
were less toxic than the ones containing amines. Also, in a study from 20187, amine-terminated
PAMAM dendrimers were functionalized with multiwalled carbon nanotubes (MWCNTSs) to afford P-

MWNT/PANI (PAMAM-multiwalled nanotube/polyaniline) electrodes with supercapacitor properties.

1.1.3. Fluorescent dendrimers

1.1.3.1. Fluorescence

Fluorescence is a physical phenomenon that requires energy absorption (Figure 11). The absorbed
energy will take the molecule from the ground state to an excited electronic state that is not stable.
There are different pathways for the electrons to return to the ground state, namely radiationless
transitions (without photon emission) and radiational transitions (relaxation of the molecule from the

excited state to the ground state with the emission of photons)’*73,

10



Excited vibrational
and rotational

levels of T,
5, electronic state
Internal
conversion ——— T.
:__E Intersysterm
I crossingtoT,
i S— Intersystem ———Rs
& — crossing to S, —
IE_ ———
m Pz L )
i Absorption Fluorescence
——— (107%s) (10810 *g)
— R,

Phosphorescence

(10 0=s)
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Vibrational relaxation is, generally, the first process that occurs after the absorption of an
ultraviolet or visible photon. In this transition, the vibrational energy is transferred, through collisions,
to other molecules, usually the solvent. Part of the energy of the absorbed photon is converted into
heat that spreads throughout the entire medium’2.

Two categories are present in the radiationless transitions: intersystem crossing (ISC) and internal
conversion (IC). In the first case, the transition occurs between states that have different spin quantum
numbers while, in the latter one, the transition takes place between states with equal spin quantum
number’>74,

The emission of a photon (radiation transition) can be done in two different ways - by fluorescence
or by phosphorescence. Probably, the most important difference between these two types of
luminescence is their kinetics, that is, while fluorescence has an emission lifetime of 1 ns to 1 s,
phosphorescence has an emission lifetime that goes from 1 ms to seconds or even minutes. This effect
is due to the spin quantum number change between the final and the initial states. If the spin quantum
number is different, the transition is spin forbidden and it is called phosphorescence. If, on the other
hand, these quantum numbers are equal, the transition is spin-allowed and it is a fluorescence
phenomenon’%757¢,

Fluorescence is a relevant, exciting and convenient property of certain materials that allow for the
development of probes and markers that are widely used in the medical and biological sciences. It may

provide knowledge of the surrounding local environment of the fluorescent molecule, the molecular

composition of the sample, and the location of the probe. Endogenous fluorophores commonly used
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for tissue characterization in biological studies include structural proteins, like collagen, collagen cross-
links, elastin, aromatic amino acids (e.g. phenylalanine, tyrosine and tryptophan), porphyrins, flavin
adenine dinucleotide (FAD), and enzyme metabolic co-factors, like Nicotinamide Adenine Phosphate

Dinucleotide (NADPH)”7~20,

1.1.3.2. Dendrimers as fluorophores

The developments in material science have contributed to a rise in nanomaterials with quite
attractive luminescence properties, combined with high sensitivity and biocompatibility, which allows
for their use in biological imaging®. A fluorescent probe should, ideally, follow some requirements,
such as being non-toxic, not affect the cell metabolism, and specifically and efficiently be internalized
by cells®l, Among the fluorescent probes, dendrimers are considered interesting objects of study due
to their already discussed properties. Concerning the fluorescence of such molecules, it has been found
that dendrimers with tertiary amines at their branching points emit fluorescence with a signal that
varies upon the adjustment of the pH value. PAMAMG, dendrimers show an increase in fluorescence
intensity with a decrease of pH from 6 to 2.5, being this last value the maximum fluorescence intensity
reached by this dendrimer generation®+%,

The incorporation of luminescent units into the dendritic structure is a common procedure to
ensure the fluorescence properties of such molecules and, especially, to give a signal intensity
adequate for the intended application. This incorporation can be done non-covalently by surface
adsorption or encapsulation of the luminescent units inside the dendrimer’s cavities; or covalently by
binding the unit to the surface terminal groups of the dendritic structure®®. Various studies proposed
different kinds of fluorescent dendrimers, such as the use of a copolymer-based dendrimer-PEG for
fluorescence sensing®”, PAMAM dendrimers with sulforhodamine B covalently attached to the core as
a potential diagnostic tool for biomedical tracing®®, a water-soluble dendrimer with a carboxylated
perylene bisimides dye as core and PAMAM dendron arms for long-term imaging of live cells®,
fluorescent carbazole dendrimer as an accelerant and nitroaliphatic taggants detector®, among many

others.

1.1.3.3. Non-traditional intrinsic fluorescence of dendrimers.

The traditional luminescence paradigm involves the excitation of electrons (from the ground state
to an excited one) due to the absorption of high energy radiation, and the emission of a particular

lower energy radiation when the excited electrons relax back to the ground state. This emission of
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luminescence is recognised to be generally quenched by aggregation (or at a high concentration) and
to be concentration dependent®%2,

PPl and PAMAM dendrimers were initially designed to be soluble in aqueous media, where their
nitrogen atoms, under acidic conditions, are protonated. However, blue background fluorescence was
observed in these molecules which was, at first, considered as owed to contaminations, since there
was not any building block in the dendrimer structure that could be considered as a traditional
fluorophore®*=%°, This weak blue fluorescence assigned to the PAMAM dendrimers, especially when
excited at near or in the ultraviolet (UV) region, was later attributed to their intrinsic fluorescence®°°.

The background blue fluorescence that appeared in the PAMAM dendrimers was further
investigated. Since the traditional luminescence paradigm did not fit with some of the phenomena
observed with this fluorescence, a new concept emerged that was recently named “non-traditional
intrinsic luminescence” (NTIL)?>%,

NTIL differs from traditional luminescence since it involves hetero-atomic sub-luminophores
(HASLs), such as oxazolines, esters, amines, amides, imines, hydroxyls, carboxylic acids, and the
emission is enhanced by the confinement, rigidifications and/or aggregation of the assemblies that
contain these HASLs. It comprises the physicochemical confinement and/or the clustering/aggregation
of electron-rich, hetero-atomic, usually non-emissive, functional moieties, and happens in the absence
of traditional luminophores. The NTIL systems can present aggregation-enhanced emission or
aggregation-induced emission (AIE) and when in aggregated states and concentrated solutions, are
highly emissive®9%%,

Unlike aggregation-caused quenching (ACQ), in AIE the aggregation induces the emission of
fluorescence. That is, when in discrete form, the chromogens are poorly luminescent, but when they
aggregate, they become more luminescent. Since its emergence, this phenomenon has appeared in
the literature to explain the NTIL of several compounds®-1°°,

Larson and his co-worker Tucker, in their study on the intrinsic fluorescence of PAMAM-
carboxylate-terminated dendrimers®, proposed that this emission of fluorescence might be due to a
n—=>1t* transition from various amino groups®°*. Another study from 2004°, working with OH-
terminated PAMAM dendrimers, suggested that the blue luminescence was not due to the backbone
of these dendrimers but to their terminal groups; however, when adjusting the pH value, the
dendrimers with tertiary amines in their branching points emitted a strong fluorescence, which
indicated that the backbone of the dendrimer would contribute to the fluorescence®84195:107.108 Qther

studies associated the fluorescence emission of the PAMAM dendrimers to the tertiary ammonium

and the imidic acid amide resonance found in their structure®9>1%%11% Not only PAMAM dendrimers
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but also PPl and polylysine ones with NH, terminal groups were found to have this type of

fluorescence®23111,

1.1.4. Fluorinated dendrimers

Fluorine (F), with an atomic weight of roughly 19 Da and electronegativity of 3.98 is not readily
available for biological systems since the insoluble form of terrestrial F prevents its uptake by
bioorganisms!'?11 However, fluoride is common on the earth’s crust and can be found in air, soil, and
water. Fluoride plays an important role in dental health especially on the calcification of the enamel of
children of age below eight years, and as an agent in the prevention of dental caries. The fluoride ion
decreases the solubility of the hydroxyapatite mineral phase in mineralized tissues and biomaterials,
increasing their stability, and it also disturbs bacterial cells through cellular enzyme inhibition, such as
glycolytic enzymes and H*-ATPases. The cytoplasmic pH and the permeability of the membrane are
also affected by this ion, decreasing the acid production of glycolysis!*>1°,

The incorporation of fluorine in molecules is a strategy used in the development of several drugs,
such as Atorvastatin (Lipitor), Capecitabine (Xeloda), Moxifloxacin (Avelox), Fluoxetine (Prozac®),
among many others'?122 This incorporation of fluorine into the molecule moieties, or “fluorination”,
increases the pharmacokinetic behavior of the drugs and improves protein stability without biological
alteration. Fluorine reduces the basicity and enhances the acidity of a basic group or an adjacent acid,
correspondinglyt3123:124,

Fluorinated compounds display a huge phase separation tendency in both non-polar and polar
environments and exhibit lipophobic and hydrophobic characteristics. Fluorinated polymers will
preferably associate, at low concentrations, with each other since they have low surface energy. The
unusual chemical, biological, and/or physical behavior and properties of fluorinated compounds are
sometimes referred to as the “fluorine effect” 13125126,

Fluorination of cationic polymers will reduce their cytotoxicity, increasing their capacity for gene
delivery®?’. Therefore, the fluorination of PAMAM-NH, dendrimers has been shown to improve their

transfection efficiency, due to a significant protection and DNA condensation ability, serum stability,

cellular uptake, endosomal escape, and easier intracellular release of the carried DNA (Figure

12)113,124,127—133.
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Figure 12: Transfection mechanism highlighting the effect of fluorination. Adapted from reference!?4.

Since F Nuclear Magnetic Resonance (NMR) is a very sensitive probe, similar to *H NMR, the
incorporation of fluorine in dendrimers may make them suitable for °F NMR enabling the use of these
systems as contrast agents in bioimaging and guided drug therapy. In addition, the absence in natural
systems of organofluorine compounds giving no background spectra makes it appropriate for probing
biological systems. It is also, due to its highly sensitive chemical shifts of local conformation and

environment, suitable for the characterization of unfolded structures!3134135,

1.1.5. Dendrimers as transfection agents

Transfection is a process whereby foreign nucleic acids (DNA or RNA) are introduced in cells,
generating genetically modified cells. Transfection aims to inhibit (gene silencing) or enhance (gene
delivery) protein expression®136,

DNA by itself is unstable in biological environments and, as countermeasures, living bodies
developed strategies such as the nucleus and the cell membrane to prevent changes in their genome
by endogenous or exogenous species that may leak from the immune system. Therefore, for successful
transfection, the vector that will deliver the nucleic acid needs to protect the compacted gene from
the immune system and needs to assist in crossing biological membranes. Vectors that are capable of
this task are divided into two main categories: viral and non-viral. Other strategies are also used for
gene delivery that do not require vectors, being them physical methods®137:138,

Physical methods, as mentioned before, do not need the use of vectors. Instead they use various
physical tools for the delivery of the nucleic acid. These methods force the entry of the nucleic acid
into the cell. Several tools are used for the accomplishment of transfection, such as microinjection!*
where the genetic material is injected with a syringe into the desired location; electroporation, where

pores are formed in the cell membrane by applying an electric field greater than the cell membrane

capacitance; sonoporation, where the cell membrane is permeabilized with the use of ultrasounds;
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photoporation, that creates pores in the cell membrane with a single laser pulse to enable the entrance
of the nucleic acid; among others. Nevertheless, these methods are rough, demand specialised
equipment, skillful users, and are often harmful to cells®>136:137.141,

Viral vectors are those in which viruses, like lentivirus, adenovirus or retrovirus are used to deliver
the nucleic acid into the desired cells. Due to their natural ability of transfection, these vectors are very
efficient in transfection and usually lead to high gene expression levels. However, safety concerns such
as inflammatory effects, immunogenicity, cytotoxicity, and the possibility of an interruption in the

activation of vital genes or oncogenes are major drawbacks in the use of these delivery methods36142-

144'

Nonviral vectors, as the name indicates, are vehicles that do not make use of viruses to deliver
nucleic acids to cells. Chemical entities such as cationic lipids, cationic polymers, and calcium
phosphate may be used as non-viral vectors. Although these vectors are less efficient than the viral
ones in terms of the transfection process, they usually have lower toxicity and immunogenicity and do
not carry extra DNA nor lead to mutagenesis. Their efficiency often depends on the pH of the solution,
molar charge ratio, and cell membrane conditions. The positive charge of these chemicals will compact
the negatively charged nucleic acid forming vector/nucleic acid complexes. The negatively charged cell
membrane will be then attracted by these complexes!36:138:143,144

Cationic polymers are interesting for gene delivery since they are capable of nucleic acid charge
neutralization and condensation, thus helping DNA to be effectively internalized by cells. However,
due to their excessive positive charge, they can show severe toxicity, and most of them are non-
biodegradable!#?14314> The most studied cationic polymer, polyethylenimine (PEl), even though it has
excellent properties as a vector (e.g. condensation of DNA and transfection efficiency both in vivo and
in vitro, as well as effective endolysosomal escape and cell uptake of the formed complexes), it
aggregates and establishes non-specific interactions with the blood, and is cytotoxic4*24¢,

Polycationic dendrimers, such as PAMAM dendrimers, have been studied as gene carriers since
they exhibit a rather high gene transfection efficiency, a well-defined structure, and the possibility of
surface functionalization. The amino groups of the PAMAM-NH; dendrimers are responsible for the
positive charge of the dendrimers, which contributes to the condensation of the nucleic acid and their
inherent cytotoxicity. Nevertheless, the functionalization of dendrimers can result in the shielding of
the positively charged groups, decreasing the dendrimer cytotoxicity and improving its transfection
EfﬁCiency61’137’142’147.

The endolysosomal escape of dendrimers complexed with nucleic acids is thought to be due to the

proton sponge effect. This phenomenon happens because, inside the acidic environment of the

endolysosomes, the dendrimer tends to absorb protons which will result in an increase of the influx of
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H* (in fact H30%) into that vesicle. This influx of protons will cause an influx of CI, thus increasing the
osmotic pressure in the endolysosomal interior and, ultimately, its bursting to release its content to

the cell cytosol®148-1%0,

1.1.6. Main chemical reactions used in dendrimer chemistry

The synthesis of dendrimers is done by an iterative process that can begin inside and move
outwards (divergent synthesis) or that begins from the outside and moves in (convergent synthesis)>?3.
The divergent approach entails a stepwise process of activation and coupling of monomers. The inner
core of the molecule will react with the monomer that will have a reactive site and two protected
groups. Then the protected groups are activated for the coupling of more monomers giving the next
generation. These steps are repeated until the desired generation is reached?%37:6285,

The synthesis of PAMAM dendrimers (Figure 13), developed by Tomalia and coworkers in 19852,
is an example of the divergent method. Synthesis involves the Michael addition of methyl acrylate to
ammonia and the conversion of the resulting ester into primary triamine with a reaction involving an
ethylenediamine excess. The repetition of these reaction steps leads to the different generations of
PAMAM dendrimers. As previously reported, it is possible to synthesize these dendrimers up to

generation eleven®%148,
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Figure 13: Tomalia's synthesis approach for PAMAM dendrimers. Adapted from reference?.
The increase in the dendrimer generation decreases its perfection and purity. Most of these

imperfections and impurities are due to Retro-Michael addition, missing repeat units, or

inter/intramolecular cyclization. This leads to a point where beyond a certain generation, a limiting
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generation, a perfect structure is impossible to be prepared®*91%°, The increase of generation by the
divergent approach exponentially increases the space needed for the terminal groups, resulting in the
crowding of the outer shell of the dendrimer. This dense packing of terminal groups will limit further
reaction, leading to growth defects?.

The convergent synthesis approach is also performed by an iterative process of coupling and
activation. However, since the number of simultaneous reactions for each growth step is small, the
control of the dendrimer structure as well as its purity is higher than with the divergent approach. This

improves yield and increases the rate of reaction?%62151

. Beginning with the terminal groups, the
branches or dendrons are grown inwards by an iteration process of protection/deprotection of the
monomer sites, until the desired size. The dendrons are then connected to a central core, leaving the
end groups unmodified throughout the dendrimer synthesis®”#,

The convergent method of dendrimer construction is, however, limited to lower generations due
to steric issues at the nanoscale upon the linking of the dendrons to the core, and the modification of
the surface group is hampered. Nevertheless, this approach has several advantages such as good
symmetry and monodispersity, low level of impurities (since the purification of the dendrons before
their connection to the core is better) and the possibility of production of dendrimers with diverse core
functions 828151 An example of this method is the synthesis of polyether dendrimers that was used
by Fréchet and coworkers (Figure 14)2, For this, a two-step synthesis was needed. First a 3,5-
dihidroxybenzyl alcohol with benzyl bromide reaction was performed, and then a transformation of
the benzyl alcohol into the benzyl bromide allows the coupling of more monomers, repeating the

reactions steps?.

oo, O L Q, O
\@/ (P [18]Crown 6 CBrlePh
: 9

OH

w @ C ?

@ :<<
L

il 8]Crown -6

>
AR - @roﬁjﬁ¢fioﬁ©

Br

Figure 14: Fréchet’s convergent synthesis approach of polyether dendrimer. Adapted from reference?.
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1.2. Objectives

The main objective of this thesis was to develop PAMAM dendrimers functionalized with the
compound 2,3,5,6-tetrafluoro-4-hydroxybenzoic acid (TFHBA, Figure 15 a) for the obtention of new
gene delivery vectors, presenting high cytocompatibility and increased transfection efficiency by taking
advantage of the “fluorine effect”. A schematic representation of the work is presented in Figure 16.
Although not tested herein, the future possibility of using 1°F-TFHBA in these systems endowing them
traceability potential by magnetic resonance bioimaging techniques is also an important reason

underlying the developed work.
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Figure 15: The chemical structures of a) TFHBA and b) HBA.

PAMAMG;-NH:

at

32.5 and 64.5

Biological studies

Cytotoxicity
pDNA condensation and
neutralization
Transfection

Figure 16: Schematic representation of the developed work.
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In more detail, this thesis aimed at:

a) The preparation of PAMAMG,-NH; functionalized with TFHBA to study the effect of
fluorination. The dendrimers were also functionalized with the compound 4-hydroxybenzoic
acid (HBA, the non-fluorinated counterpart of TFHBA, Figure 15 b) which was used as a control.
Both were surface modified at two different degrees through stoichiometric control (ratios of
compound/dendrimer of 32.5 and 62.5 were used);

b) The characterization of the prepared dendrimers by suitable physicochemical techniques,
namely by NMR, Ultraviolet/Visible spectroscopy (UV/vis), Fourier Transformed Infrared
spectroscopy (FTIR), Fluorescence spectroscopy, Dynamic Light Scattering (DLS) and
Electrophoretic Light Scattering (ELS);

c) The study of the stability of the dendrimers along time;

d) The evaluation of the in vitro cytotoxicity of the fluorinated and non-fluorinated dendrimers
using a metabolic activity assay (resazurin reduction assay);

e) The study of the capacity of the fluorinated dendrimers to condense pDNA and neutralize its
charge (that is, the study of dendriplexes);

f) The evaluation of the in vitro transfection efficiency achieved by the fluorinated dendrimers
vs the non-fluorinated ones; additionally, the evaluation of the effect of the degree of

functionalization over transfection efficiency.

The TFHBA molecule (Figure 15 a) has a molecular weight of 210 Da and was chosen as the source
of fluorine since there is not much done with this molecule in terms of conjugation with PAMAM
dendrimers. Besides, the combination of fluorination and dendrimers may reveal properties that might
be interesting for future applications (such as in the field of °F NMR imaging, drug/gene delivery).
TFHBA has been used in the synthesis of polymeric activated resins for the production of pure

compound libraries!

, in the development of activity-based probes for non-invasive optical imaging of
cancer™, and in the construction of tetrafluorophenol acrylamide 3D gels for the synthesis of small
molecules and the generation of an amides’ library using the catch-and-release chemistry®®.

The HBA molecule (Figure 15 b), used for preparing the control dendrimer conjugates due to its
resemblance to TFHBA, is small with a molecular weight of 138 Da and has a high affinity for sigma and
dopamine receptors. Sigma receptors have a substantial predominance at the mitochondria-
associated endoplasmic reticulum membrane, and both of them (sigma and dopamine receptors) are
abundant in the central nervous system 6718, This molecule also has antimicrobial activity against a

vast number of either Gram-positive or Gram-negative bacteria %2713, It also has potential properties

for biomedical applications, such as targeted therapy and diagnosis®®.
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Chapter Il: Materials and Methods

2.1. Materials

The reagents HBA (99+%), potassium bromide (KBr, spectroscopy grade), and Petri dishes for cell
culture (10 cm?) were bought from Thermo Fisher Scientific (MA, USA); TFHBA (>98.0%) was from TCl
Chemicals (Japan); the ultrapure water used throughout the work was obtained using a Millipore
Water Purification System (> 18.2 MQ/cm); PAMAMG,-NH, dendrimers, 19.06% (w/w) in methanol,
were purchased from Dendritech®, Inc. (MI, USA); dialysis membranes were acquired from Spectrum™
(Spectra/Por™).

Dulbecco’s phosphorus buffer saline powder (PBS, without calcium), deuterium oxide (DO,
99.99%), Dulbecco's Modified Eagle's Medium (DMEM), bichinchoninic acid (BCA), copper(ll) sulfate
(4% w/v), Luria-Bertani (LB) medium and resazurin were obtained from Merck (Germany); trypsin-
ethylenediaminetetraacetic acid (trypsin-EDTA, 0.25%), Tris-EDTA at 0.25% (TE 20x), fetal bovine
serum (FBS), antibiotic/antimycotic solution (100X), and collagen (collagen | rat protein, tail) were from
Gibco™. The 1x RLB lysis buffer and Luciferase Assay System kit were from Promega (USA). The Quant-
iT™ PicoGreen® double-stranded DNA (dsDNA) Assay Kit was from Invitrogen (USA).

2.2.Synthesis of the conjugates

The conjugation of the PAMAM dendrimer with the compounds (either HBA or TFHBA) was done
at room temperature.

To accomplish this, PAMAMG,4-NH; was dialysed with a 6-8 kDa dialysis membrane against two
litres of distilled water for 24h and changing water seven times. After the dialysis, the PAMAMG,-NH,
was freeze dried (Labconco FreeZone® 4.5 Liter Freeze Dry Systems) and stored in the freezer at a
temperature of -20°C.

The conjugation of PAMAMG,-NH; with the compounds was done at different functionalization
degrees of HBA and TFHBA, namely using 32.5 and 64.5 compound/dendrimer ratios. The amount of
compound needed was weighed out, dissolved in ultrapure water and the pH was read with a VWR®
benchtop pH meter (SB21 sympHony™). The amount of PAMAMG4-NH; required, which was set to 50
mg at a concentration of 20 mgmL?, was also dissolved in ultrapure water and the pH assessed.

Having the two solutions ready, the PAMAMG,-NH; solution was put in a round bottom flask
under magnetic stirring and then the solution containing either compound (i.e. HBA or TFHBA at 32.5

or 64.5 ratios, respectively) was added dropwise into the stirring PAMAMG,-NH; solution. The mixture
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was left to react for 48h (the final volume of the solutions were of 13.0 mL, 20.7 mL, 17.0 mL, and of
27.8 mL for G4_HBA 32.5, G4_HBA 64.5, G4_TFHBA 32.5, and G4_TFHBA 64.5, respectively).

After the reaction time ended, the pH of each reaction mixture was read and a purification step
was performed. For this, a 3.5 kDa dialysis membrane (standard RC tubing) was used and the dialysis
was done for 24h against 2 L of distilled water, changing the water 5 times (at 30 min, 1h, 2h, 3h and
overnight). The product(s) was then lyophilized and characterized. Table 1 shows all the compounds

involved in the synthesis, the final products and their designations.

Table 1: Compounds used and their designations.

Compounds Designation Molecular Weight (gmol?)
Generation four amine terminated PAMAM
PAMAMG,-NH; 14215
dendrimer
4-hydroxybenzoic acid HBA 138.12
2,3,5,6-tetrafluoro-4-hydroxybenzoic acid TFHBA 210.08
PAMAMG;-NH; conjugated with 4-hydroxybenzoic
G4_HBA 325 18058
acid at 32.5 molar equivalent
PAMAMG;-NH; conjugated with 4-hydroxybenzoic
G4_HBA 64.5 21902
acid at 64.5 molar equivalent
PAMAMG;-NH; conjugated with 2,3,5,6-tetrafluoro-
G4_TFHBA 32.5 20361
4-hydroxybenzoic acid at 32.5 molar equivalent
PAMAMG;-NH; conjugated with 2,3,5,6-tetrafluoro-
G4_TFHBA 64.5 26507
4-hydroxybenzoic acid at 64.5 molar equivalent

2.3. Characterization of the conjugates

2.3.1. NMR Spectroscopy

The H, 3C, F NMR, correlation spectroscopy (COSY) and heteronuclear single-quantum
correlation spectroscopy (HSQC) characterizations were performed on a Bruker NMR Spectrometer,
UltraShield™ 400mHz Plus Ultra Long Hold, Avance I+, For the stability assessment of the conjugates,
the probe was set at a temperature of either 25°C or 37°C. The samples employed were the lyophilized

ones (approximately 10 mg) and were dissolved in D,O. The data treatment and acquisition were made
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with the TOPSPIN Software (version 4.0.6). All the 'H NMR spectra were calibrated using the residual
solvent peak for the chemical shifts.

The magnetic properties of the atomic nuclei are the physical foundation of NMR. A magnetic
nucleus under a magnetic field will assume one of the allowed different energy orientations. The
magnetic moment can point in the opposite direction of the field or in the same direction. An energy
(AE) that depends on the magnetic field strength and on the nuclear magnetic moment size, that is,
the interaction strength between the field and the nucleus, separates these two states. Applying a
radiofrequency radiation, the AE can be measured since this radiation will induce the flip from a lower
to an upper energy level, assuring the resonance condition AE= hv (where h is Planck’s constant and v

the frequency)®+-16¢,

2.3.2. FTIR Spectroscopy

FTIR analysis was performed with the use of KBr pellets on a Perkin Elmer Spectrum Two
Spectrometer and the data was obtained with the Spectrum Software with a range of 4000 -400 cm?,
a resolution of 4 cm™, and 36 scans. The samples used for this analysis were the freeze-dried ones,
except for the pure compounds that were directly removed from the flask.

In FTIR spectroscopy, an infrared (IR) radiation is used to irradiate the sample. When the molecule
is exposed to IR energy, it will absorb only frequencies that correspond to the molecular modes of
vibrations in the electromagnetic spectrum region between microwaves (short waves) and red
(visible). The bands that emerge in the vibrational spectrum, characterized by their amplitude and

frequency, will arise from changes in vibrational motion’¢7,

2.3.3. UV/Vis Spectroscopy

UV/Vis spectra were acquired using a Perkin Elmer Lambda 25 spectrometer, employing a quartz
cuvette, and the data was assessed with the Perkin ElImer UV WinlLab software (version 5.2.0.0646).
The samples used for this analysis were weighed out, dissolved to a concentration of 1 mgmL? and
diluted at a ratio of 1:480 with ultrapure water.

UV/Vis spectroscopy is based on the light that a sample absorbs upon emission of a light source.
In other words, the UV/Vis spectrophotometer will scan a range of wavelengths and compare the
intensity of the light before and after passing through the sample, giving an absorption spectrum. The
light source of the near-UV radiation is usually a deuterium lamp while the visible radiation is produced

by a tungsten filament!6%16°
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2.3.4. Fluorescence spectroscopy

The fluorescence data acquisition was made using a Perkin Elmer LS 55 Fluorescence
Spectrometer with a quartz cuvette and the Perkin Elmer FL WinLab Software (version 4.00.03). The
samples for the acquisition of the spectra were weighed out and diluted with ultrapure water to a
concentration of 50 uM. The excitation and emission wavelengths used were 335 nm and 430 nm,
respectively, with an excitation slit at 10.0 nm and emission slit at 13.0 nm.

This type of spectroscopy is based on the emission of light of the sample upon excitation by a laser
beam. The result is a wavelength distribution of the emission measured at a fixed excitation
wavelength, that is, an emission spectrum. An excitation spectrum is also possible to be acquired upon
the scanning of the excitation wavelength and measurement of the emitted light at a fixed emission

wavelength 170171

2.3.5. DLSandELS

For these analyses a Zetasizer Nano ZS (Malvern Instruments Ltd.) equipment was employed. For
the DLS, polystyrene latex disposable cuvettes DTS0012 were used and measurements were acquired
at a temperature of 25°C, with 11 runs done in triplicate. For the ELS, polystyrene latex disposable
folded capillary cells DTS1070 were used and measurements were acquired at a temperature of 25°C,
with 15 runs in triplicate. Several dilutions of the conjugates and the dendriplexes were made to obtain
final concentrations of 0.1; 0.25; 0.5; 0.75; 1.0; 1.5; and 2.0 mgmL™, and of 0; 0.1; 0.2; 0.3; 0.5; and 1.0
MM, respectively, using ultrapure water as the solvent. The data processing was done using the
Zetasizer Software (version 7.12).

The DLS of both the conjugates and the dendriplexes and the ELS of the conjugates at a
concentration of 1 mgmL™? (the concentration that gave the most coherent results) can be found in
sections 6.2 and 6.3 of the annex. Since the results obtained from this technique was not coherent,
mostly due to the small size of the produced nanomaterial and the high polydispersive index (PDI), the
data was not discussed.

ELS and DLS employ the potential difference of electrophoretically mobile particles at the
characteristic slipping plane and the properties of colloid dispersion to assess the hydrodynamic radius
(see Figure 17). In DLS the Doppler shift and the Brownian motion induced by the laser beam provides
information about the size distribution and the size of the particles in suspension. The small frequency
change in the scattered light, compared with the non-scattered one, the Doppler shift, after the
irradiation of the suspension of particles in Brownian motion by a monochromatic laser beam is what

provides the information about the size of the particles’%173,
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Figure 17: Schematic representation of the electric double layer on a negatively charged particle. Adapted from
referencel’3.

The ELS measures the zeta potential, which is the potential difference between the electric
potential at the slipping plane in the electric double layer (EDL) and the potential in the bulk of the
solvent. In an aqueous media, a colloidal dispersion develops an electric charge at its surface that will
affect the ion distribution of the surrounding interfacial region. The increase in the concentration of
counter ions close to the surface results in the formation of the EDL. This EDL comprises an outer layer,
the diffuse layer, where the ions are not strongly associated, and an inner region, the Stern layer,
where they are firmly bound. Inside the diffuse layer, a plane or boundary can be noted in which the
particles and the ions form a stable entity. Upon the movement of the particles due to electrophoresis,
the ions that are found inside the plane move with it while the ones beyond the plane will stay with

the bulk dispersant. It is the potential at this plane, the slipping plane that gives the zeta potential'’>174,

2.4, Stability studies of the conjugates

Stability studies at 25°C and 37°C of the conjugates were performed with times t of 0; 30 min; 1h;
2h, 5h; 7h, 24h, 48h, 1 month, and 2 months. These stability studies were done by 'H NMR for the
G4 _HBA 32.5 and G4_HBA 64.5 conjugates and °F NMR for the G4_TFHBA 32.5 and G4_TFHBA 64.5

conjugates.
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2.5. Biological studies

2.5.1. Cytotoxicity of the conjugates

The cytotoxicity of the conjugates was done with a resazurin assay using the human embryonic
kidney cell line (HEK 293T; ATCC® CRL-3216™). The cells were thawed and allowed to grow in
DMEM media containing 1% of antimycotic and antibiotic and 10% of FBS (complete medium), on
a Petri dish, in an incubator (37°C with 5.0% CO>) until the desired number of cells was attained
and the confluence did not reach 100%.

A 96-well plate was treated with collagen at 50 pgmL™?, left for 20 min to 1h, and washed with
PBS. After that, the Petri dish containing the cells was washed with 3 mL of PBS, 1 mL of trypsin
was added, and the dish was incubated for 7 min to detach the cells from the bottom. After that
time, the cells were resuspended in 2 mL of complete medium to stop the action of trypsin and
the cells were counted. Then, each well of the 96-well plate was seeded with 5000 cells per well
and the cells were incubated for 24h.

For the preparation of the conjugate solutions, ultrapure water was filtered with a cellulose-
acetate filter of 0.22 um and a syringe, and then the different samples were prepared to get a final
concentration of 0.1; 0.5; 1.0; 2.0; and 5.0 uM in the wells (8 replicas were done for each sample). The
medium in each well of the 96-well plate was removed and was replaced with 180 pL of complete
medium plus 20 pL of sample to a final volume of 200 pL in each well. The plate was then incubated
for more 48h.

Past incubation time, the medium in each well of the 96-well plate was removed, and the wells
were washed with PBS (+ 50 pL) to remove any residual sample. Then, a solution of resazurin
(containing complete medium and 10% of resazurin (1 mgmL™?)) was added into the wells (200 uL) and
the plate incubated for 2h. After this period, 100 uL of each well was transferred to a white 96-well
plate and the fluorescence was read in a microplate reader, Perkin Elmer VICTOR3™ 1420 equipment,
with an excitation wavelength of 530 nm and an emission wavelength of 590 nm.

The resazurin assay is a method where the blue resazurin dye is internalized and metabolically
reduced in the cells to resorufin, a fluorescent pink compound that is released from the cells. This
reduction of resazurin into resorufin is thought to be mediated by mitochondrial enzymes. As such,

the quantity of resorufin generated is proportional to the number of viable cells’>77,
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2.5.2. Plasmid DNA (pDNA) extraction

Plasmid DNA encoding enhanced Green Fluorescent Protein and Firefly Luciferase (pEGFPLuc, 6.4
kb) was used after amplification using the DH5a Escherichia coli (E. coli) strain and after purification.

To extract the pDNA, it was first needed to pre-inoculate the bacteria containing the desired
plasmid in LB medium. For this, 2 mL of kanamycin at a concentration of 25 mgmL™ was added into 1L
of LB medium, 4 mL of this medium was then transferred to a 50 mL falcon and 10 pL of an E. coli
glycerol stock was lastly added. This was done for two falcons. The tubes were placed on a shaker at
37°C for 6h. The content of both falcons was, afterwards, moved to the LB medium, gently shaken,
distributed into sterile 500 mL Erlenmeyers, and placed on the shaker at 37°C overnight. The extraction
itself was performed using an extraction kit (GenElute™ Endotoxin-free Plasmid Maxiprep kit) from
Merck following the manufacturer’s instructions.

For the quantitative analysis of the pDNA, 10 uL of the pDNA solution was mixed with distilled
water to a final volume of 1 mL. The absorbance was read at 260 nm, and 280 nm, and the purity and
quantity of the pDNA were calculated according to Equation 1 and Equation 2. A solution containing

1.64 pgul? of pDNA was obtained with an acceptable purity degree for the realization of the studies.

Equation 1: Calculation of the purity of the extracted pDNA.

OD at 260 nm

—>1.6 >for the pDNA to be reasonabl re
ODat280nm 167 P ypu

Equation 2: Calculation of the pDNA quantity.

OD at 260 nmx50 pgmL xdilution factor

2.5.3. pDNA condensation and neutralization studies

The PicoGreen® assay was performed to evaluate the DNA condensation capability of the
synthesized conjugates. Therefore, a Tris-EDTA 1x (TE 1x) solution was prepared from a TE 20x solution
to dilute the pDNA to a concentration of 0.1 pgulL? and to prepare the conjugate solutions for the
analysis. The dendriplex solutions were prepared with the conjugates at concentrations of 0.1, 0.2, 0.3,
0.5and 1.0 uM, and a fixed volume of pDNA solution (10 pL) in a final total volume of 1 mL. The samples
were then incubated at 37°C for 15-20 min to allow the conjugates to condense the pDNA (that is, to
form the dendriplexes).

The PicoGreen® solution was prepared in the meantime by diluting the stock solution 200 times.

After the incubation time, a 100 pL volume of the dendriplexes was transferred to a white 96 well plate
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and 100 pL of the PicoGreen® solution was added to each well. This was done in triplicate and a blank
containing 100 uL of TE 1x and 100 pL of PicoGreen® solution was also done. The plate was incubated
for 5 min at 37°C and, afterwards, the fluorescence was read in the microplate reader with an
excitation wavelength of 485 nm and emission of 535 nm.

PicoGreen® is a fluorescent probe that selectively binds dsDNA and forms a bright fluorescent
complex. When in solution with relaxed dsDNA, that is, DNA that is free in solution, the fluorescence
is at its maximum. If the dsDNA is compacted, the PicoGreen® will be unable to bind with the dsDNA

and the fluorescence will decrease’®7°,

2.5.4. Cytotoxicity of the complexes

The resazurin assay was also used to assess the metabolic activity of the HEK 293T cells in the
presence of the dendriplexes. The methodology used was the same as for the cytotoxicity of the
conjugates. The dendriplex solutions were prepared as previously described for the PicoGreen® assay
at conjugate final concentrations of 0, 0.1, and 0.5 puM, and adding 10 pL of pDNA at 0.1 ugulL™ to each
sample. The assay was performed after 2h of incubation.

The BCA assay for protein quantitation was also performed using a kit (Sigma) and was used to

compare and verify the cytotoxicity of the complexes (this assay is explained in the next section).

2.5.5. Transfection studies.

On a collagen treated 48 well plate, an amount of 10 000 HEK 293T cells per well were allowed to
grow for 24h. On the next day, the cells were exposed to the complexes at concentrations of 0, 0.1 and
0.5 uM, and incubated at 37°C, with 5% CO,, for 48h. Afterwards, the medium of the wells was
completely removed, the wells were washed with PBS and the plate was observed by fluorescence
microscopy (Nikon TE2000-E). A digital image recording and image analysis were performed with the
NIS Elements Advanced Research (version 2.31) software. Lysis buffer was then added to each well and
the plate was put under ultrasounds for 5 min, and then frozen for a later assessment of the total
protein and Luciferase activity.

After thawing the plate, the total protein assay was done using the BCA protein assay kit following
the supplier’s information (can be found in the annex in section 6.5). The luciferase activity assay was
performed with Promega’s luciferase kit following the supplier’s instructions too (can be found in the

annex in section 6.6). The plates were then read in the microplate reader.
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The luciferase assay is based on the transformation of the luciferin substrate, through the
luciferase enzyme, to produce the non-reactive bioluminescent oxyluciferin which can be
measured&18,

The BCA assay requires the conversion of Cu?* to Cu* under alkaline conditions, which is then
detected by the reaction with BCA resulting in an intense purple colour with an absorption maximum
at 562 nm. The Cu* production is a function of incubation time and protein concentration and as such,
for the assessment of the protein content of the samples, a spectrophotometric comparison with a

known protein standard is required®2. In this study, the standard used was bovine serum albumin.

2.6. Treatment of the results

The data handling was done by using different equipment software or handled with the Microsoft
Office 365 suite (version 16.0.11929.20.300) by the Microsoft Corporation and the Spectragryph

software®® (version 1.2.9) by Friedrich Menges.
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Chapter Ill: Results and Discussion

3.1.Synthesis and characterization of the conjugates

The synthesis of the conjugates, as exemplified in Figure 18, was performed using HBA and TFHBA
at compound/dendrimer molar ratios of 64.5 and 32.5 in order to obtain 100% and 50%
functionalization degrees, respectively. The reagent solutions were prepared in ultrapure water, with
PAMAMG,-NH; at a concentration of 20 mgmL™? (1.41 mM) and the compounds at a concentration of
4 mgmL?(28.96 mM for HBA and 19.04 mM for TFHBA). For the synthesis, the compound solution
(HBA or TFHBA) was added dropwise into a stirred PAMAMG,-NH; solution and the reaction mixture
was left under stirring at room temperature for 48h. The solutions maintained their transparency
throughout the reaction, with no change in color nor precipitate formation occurring. After dialysis
against distilled water and freeze drying, the compounds were characterized by different techniques.
The compounds obtained after lyophilization were a yellowish sticky material for the PAMAMG,-NH;

functionalized with HBA and a puffy, shining white material for the PAMAMG,-NH, functionalized with

TFHBA.
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Figure 18: Schematic of the synthesis performed for the construction of the conjugates.

3.1.1. pH assessment before and after the synthesis reaction

At the beginning of the synthesis process, the pH of the reagent solutions was measured as shown
in Table 2. As expected, the dendrimer solution was basic due to the presence of 64 amine groups in
the molecule (pH=10). At a pH of 10, the PAMAMG,-NH, is not protonated, only starting to protonate
at a pH of nearly 9, beginning with the primary amines; the tertiary amines are protonated in a two-
step manner at pH 6.4 and pH 3.5%*64%11°_ On the contrary, the HBA and TFHBA solutions were acid at
the starting conditions (pH=3 and 2, respectively) due to the presence of the carboxylic group in their

molecular structure. Owing to the presence of fluorides in its structure, TFHBA is a stronger acid than
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HBA. At the end of the reaction, the addition of either HBA or TFHBA to the dendrimer solutions
resulted in a decrease in pH of the overall solution as the reaction involved the amino groups in the
dendrimer with the carboxylic groups in the added compounds. At the end of the reaction, as can be
seen in Table 2, the pH was dependent on the functionalization degree of the dendrimer, decreasing
when the molar ratio of HBA/dendrimer or TFHBA/dendrimer used in the synthesis increased from
32.5to 64.5. In the case of HBA, the reduction in pH was from 8.0 to 6.0, while TFHBA was from 7.0 to

5.0. These changes in pH indicate that a reaction has occurred between the reagents.

Table 2: pH measurements of the synthesis products.

Starting reagents | pH | pH at the end of the reaction Final product
PAMAMG,-NH; 10.0
8.0 G4_HBA 32.5
HBA 3.0
PAMAMG,-NH; 10.0
6.0 G4_HBA 64.5
HBA 3.0
PAMAMG,-NH; 10.0
7.0 G4_TFHBA 32.5
TFHBA 2.0
PAMAMG,-NH; 10.0
5.0 G4_TFHBA 64.5
TFHBA 2.0

3.1.2. NMR characterization of the conjugates

The successful conjugation of the compounds with the dendrimers was evaluated using NMR
spectroscopy using D0 as the deutereated solvent. This data was later complemented with the data
obtained with other techniques (such as UV/Visible, fluorescence, and FTIR spectroscopies). In Figure
19, the 'H NMR of the dendrimer functionalized with HBA is depicted. As can be seen, the signals of
the PAMAMG,-NH; change position after functionalization with HBA, namely the ones corresponding
to the proton that may be found at the end of the branches of the dendrimer!®8, This switch in
position and the appearance at 7.83 ppm and 6.91 ppm of the doublets characteristic of HBA with a
small shift to the upperfield confirms the conjugation of HBA with the dendrimer. Interestingly, the
doublet corresponding to the protons near the carboxylic group has a more significant shift than the
one corresponding to the protons near the hydroxylic group. This tell us that something happened at
the end of the carboxylic group of HBA and provides support that this group is involved in the
conjugation of PAMAMG,-NH; with HBA. The 3C NMR (Figure 20) shows the same tendency seen in
the 'H NMR, with the shift of the signals corresponding to the carbons near the carboxylic group of
HBA, thus confirming that this group is involved in conjugation with PAMAMG,-NH,. COSY and HSQC

analysis were performed in order to determine which signals in the *H NMR as well as in the 13C NMR
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belong to which part of the molecules. In Figure 21 and Figure 22, COSY and HSQC analysis of the
sample G4_HBA 32.5 is shown. With the use of Equation 3 the number of HBA molecules linked to the
dendrimer could be determined®®. In the synthesis with 32.5 molar equivalents of HBA, the achieved
functionalization was 32 in 64 (50%), whereas the synthesis with 64.5 molar equivalents of HBA
resulted in 54 of 64 (84%). Probably, the full functionalization of the dendrimer was impaired by steric

hindrance®®,

Equation 3: Calculation of the number of HBA attached to the PAMAMG,-NH,187,
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Figure 19: 'H NMR in D0 of a) PAMAMG4-NH,, b) G4_HBA 32.5, c) G4_HBA 64.5, and d) HBA.
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The 'H NMR of the G4_TFHBA conjugate functionalized with 32.5 and 64.5 molar equivalents can
be found in Figure 23. Similar to the case of HBA, the functionalization of the PAMAMG,-NH; with
TFHBA led to a shift in the same signals of the dendrimer. Since the aromatic ring would not present
any signals on the 'H NMR, since instead of hydrogen atoms, it contains fluorine in the same positions,
a F NMR analysis was performed, and the results are presented in Figure 24. The characteristic signals
of TFHBA are depicted in Figure 24 (a) at 142.45 ppm and 162.28 ppm and, when bonded to the
dendrimer, there is an upperfield shift of approximately 6.0 ppm for the signal corresponding to the F
near the carboxylic group (for both compound/dendrimer ratios) and of 4.5 and 4.1 ppm for the signal
of F near the hydroxyl group (for the synthesis with 32.5 and 64.5 molar equivalents,
correspondingly)®. Similarly to what happens with HBA, the shift of the doublet corresponding to the
fluorines near the carboxylic group has a bigger shift than the one corresponding to the doublet
corresponding to the fluorines near the hydroxylic group. From this the same conclusion can be taken:
the carboxylic group of TFHBA is involved in the conjugation of PAMAMG,4-NH; with TFHBA. These
shifts, as well as the change of position of the dendrimer signals, confirmed the conjugation of TFHBA

with PAMAMG4-NH,.
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Considering that there are no signals of the aromatic ring in the *H NMR, the equation used for
HBA cannot be considered here to determine the functionalization degree achieved in the synthesis.
Nevertheless, for further calculations, the degree of functionalization was assumed to be the same as
HBA, when either TFHBA or HBA were used.

Complementing data such as 3C NMR, HSQC, and COSY can be found in section 6.1 of the annex.

These data were acquired to confirm the signal position of the prepared compounds in the NMR

spectra.
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Figure 24: 19F NMR in D,0 of a) TFHBA, b) G4_TFHBA 32.5, and c) G4_TFHBA 64.5.
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3.1.3. FTIR characterization of the conjugates

FTIR analysis of the compounds did not provide enough evidence to confirm the conjugation of
the dendrimer with HBA (Figure 25) or TFHBA (Figure 26). Nevertheless, the shift of the peaks of Amide
| and Il of PAMAMG,-NH; to the right for HBA and to the left for TFHBA might be a result of the
conjugation involving the -COOH of HBA or TFHBA with the NH; of PAMAMG,-NH,156:190:191,
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Figure 25: FTIR analysis with a KBr pellet of the dendrimer functionalized with HBA.
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Figure 26: FTIR analysis with a KBr pellet of the dendrimer functionalized with TFHBA.
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3.1.4. UV/Visible characterization of the conjugates

Figure 27 shows the UV/Vis spectra for the free HBA, the free TFHBA, the pristine PAMAMG,-NH,
dendrimers, and the functionalized PAMAM dendrimers. In the 225-300 nm wavelength range, the
pristine PAMAMG,-NH, dendrimers have a very low absorption, but when conjugated with the
absorbing compounds HBA or TFHBA, the absorption is enhanced which is an evidence of the success
of conjugation. This conclusion is also supported by the observed shifts in the wavelength of maximum
absorption when comparing the results obtained with the conjugated HBA/TFHBA molecules and the

free ones.
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Figure 27: UV/Visible spectra of the conjugation of the dendrimers with the compounds (concentration of 1 mgmL? and
diluted at a ratio of 1:480 with ultrapure water. a) Conjugation of the PAMAMG,-NH, dendrimer with HBA at
dendrimer/compound ratios of 32.5 and 64.5; b) Conjugation of the PAMAMG,-NH; dendrimer with TFHBA at
dendrimer/compound ratios of 32.5 and 64.5.

In the case of G4_HBA (Figure 27 a), the conjugation resulted in a slight hypsochromic shift of the
maximum absorption wavelength to a higher energy (i.e. blue shift) from 251 nm to 247 nm. Also, the
absorbance increased with the degree of functionalization, which was expected as a higher number of
HBA molecules were conjugated to the dendrimer. Comparing the absorbance values measured for
the conjugated compounds and the pure ones, the UV/Vis studies seem to support the idea that the
attained dendrimer functionalization was effectively stoichiometric. Interestingly, when TFHBA was
used (Figure 27 b), the conjugation resulted in a bathochromic shift of the maximum absorption
wavelength to a lower energy (i.e. red shift) from 236 nm to 263 nm corresponding to a shoulder in
the spectrum®*19, While it is clear that HBA presents much higher absorbance than TFHBA, the
uncertainty in the molar concentration of the TFHBA-conjugated dendrimers does not allow to make

conclusions from the correspondent absorption intensities depicted in the graph.

3.1.5. Fluorescence characterization of the conjugates

When excited with light at 335 nm, PAMAMG4-NH; shows an emission peak of around 430 nm.
The effect of the conjugation of HBA and TFHBA on the fluorescence behaviour of PAMAMG,s-NH; was
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evaluated by fluorescence spectroscopy and is shown in Figure 28. Since there is uncertainty regarding
the degree of dendrimer functionalization when TFHBA is used and taking into account that
fluorescence spectroscopy is a very sensitive technique (fluorescence intensity can vary significantly
upon small changes in concentration), one will not discuss these results regarding the fluorescence
intensity. However, after functionalization, it is possible to observe a slight shift in the maximum
emission wavelength for the peak that corresponds to the intrinsic fluorescence of dendrimers (around
430 nm)®%, Thus, the fluorescence spectra indicate that the PAMAM dendrimer conjugation to HBA
and TFHBA was effective.

The small bump between 360 nm and 400 nm in all the spectra are due to the solvent used,

ultrapure water, and correspond to the Raman scattering band of water!%>1%,
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Figure 28: Emission spectra (Aex.= 335 nm) for the pristine and functionalized dendrimers in UP H,0. a) G4_HBA 32.5, G4_HBA
64.5, and PAMAMG,-NH,; b) G4_TFHBA 32.5, G4_TFHBA 64.5, and PAMAMG,4-NH,. The concentration of the samples was of
50 puM.

3.2. Stability Studies of the conjugates

Stability studies of the different conjugates made can be found in section 6.4 of the annex. From
Figure 29 to Figure 32 the stability of G4_HBA and G4_TFHBA at the 64.5 compound/dendrimer ratio
for the stability done at 25°C and 37°C are shown. Both functionalizations of the PAMAMG,-NH>
dendrimer, that is, the grafting of either TFHBA or HBA onto PAMAMG,-NH,, led to stable systems at
25°C and 37°C for more than one month.

In the *H NMR spectra for the conjugates with HBA, only after 1 month at 37°C a change in the
signals between 3.5 and 2.0 ppm corresponding to the PAMAMG,4-NH, can be seen. At 25°C this change
is not so visible. Moving to the F NMR spectra done for the conjugate with TFHBA, after 2 months at
25°C and 1 month at 37°C, a small doublet at 145 ppm and another at 166 ppm appears and grows in
prominence with time (from 1 month to 2 months at 37°C). These changes indicate that the system

started to break.
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A more thorough analysis of the spectra revealed that the breaking of the system does not occur
in the linkage of the aromatic ring with the dendrimer. If it was so, then the signals appearing in the
1%F NMR would be in the same region as the signals of the pure compound and that does not happen.

This may indicate that the PAMAMG,-NH; dendrimer is breaking inside-outward.
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PAMAMG,-NH,; and f) HBA.
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Figure 30: 1°F NMR stability studies of G4_TFHBA 64.5 at 25°C in D;0. a) t = 24h; b) t = 48h; ¢) t = 1 month; d) t = 2 months;
and e) TFHBA.
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Figure 31: 'H NMR stability studies of G4_HBA 64.5 at 37°C in D,0. a) t = 24h; b) t = 48h; c) t = 1 month; d) t = 2 months; e)
PAMAMG,-NH,; and f) HBA.
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Figure 32: 1F NMR stability studies of G4_TFHBA 64.5 at 37°C in D,0. a) t = 24h; b) t = 48h; c) t = 1 month; d) t = 2 months; e)
TFHBA.

3.3. Biological studies of the conjugates

After the synthesis and characterization of the conjugates, their biological behaviour was
evaluated, namely by studying their cytotoxicity and transfection efficiency. HEK 293T cells were used

in all assays.

3.3.1. Cytotoxicity of the conjugates

A metabolic activity assay, the resazurin reduction assay, was used as an indirect measurement
of cell viability. That is, only viable cells are metabolically active. As shown in Figure 33, the study was
done with compound concentrations ranging from 0.1 to 5 uM and the metabolic activity values were
expressed as a percentage of the control (cells cultured only in the presence of culture medium). From
the results it is clear that the metabolic activity of the cells decreased with an increase in the dendrimer

concentration and that, in all cases under analysis, significant toxicity is only observed at
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concentrations above 2.0 uM. At low concentrations (0.1 and 0.5 uM), the functionalization of the
PAMAMG.-NH; dendrimer with either HBA or TFHBA seems to improve cell viability. Moreover, cell
viability increases with the degree of functionalization of the dendrimer. The same happens at higher
concentrations (1.0 uM and higher), except for the G4_HBA 64.5 conjugate that seems to be the most
cytotoxic. Overall, the dendrimers functionalized with TFHBA show the best cytocompatibility
behaviour, particularly G4_TFHBA 64.5, which possesses a higher fluoride content. This decrease in
cytotoxicity upon fluorination is in accordance with what is reported in the literature for other

fluorinated dendrimers24127-130,
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Figure 33: Cytotoxicity evaluation by the resazurin metabolic activity assay of the conjugates at different concentrations
after 48h incubation at 37°C. Results are expressed as a percentage of the control + standard deviation.

3.3.2. pDNA condensation and neutralization studies

In order to be good transfection agents, dendrimers should be able to neutralize the charge of
pDNA and lead to its compaction. One possible method that can be used to assess pDNA compaction
is the PicoGreen® assay. PicoGreen® shows a high fluorescence intensity when intercalated with pDNA,
which happens when the nucleic acid is in an extended conformation. When pDNA is compacted, the
dye cannot intercalate with pDNA and the fluorescence intensity is low'’®”°, Figure 34 shows the
PicoGreen® assay results obtained after the addition of the dye to the dendriplexes (complexes of
dendrimers and pDNA) prepared from either the PAMAMG4-NH, dendrimers alone or the conjugates
at different concentrations. The pDNA concentration was kept constant in all situations. It can be
observed that even at a concentration of 0.1 uM all of the dendrimers (pristine and functionalized
dendrimers) completely condense the pDNA with no visible differences among them. For the pristine
PAMAM dendrimers, this efficient compaction of the pDNA has been attributed to their positive charge

at near-neutral pH>>®. In the case of the dendrimers functionalized with HBA and TFHBA, other types
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of interactions may also occur with pDNA that result in its compaction. One possible type of interaction

that may occur in the systems that possess TFHBA is halogen bonding®7-2%,
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Figure 34: pDNA condensation assessment using the PicoGreen® assay (value t+ standard deviation). Dendriplexes were
prepared at different dendrimer concentrations.

3.3.2.1. ELS and DLS of the dendriplexes.

The pDNA compaction was also assessed by DLS and the results are shown in section 6.3 of the
annex. The hydrodynamic diameter of the dendriplexes was shown to be much lower than that
measured for pDNA and have similar values for all the dendrimers studied (around 400 nm). Nucleic
acids possess a high negative charge due to the phosphate groups present along their chains and, since
the cell membrane also has a net negative charge, repulsion may occur between both. As such, it is
important not only to compact pDNA, but also to neutralize its negative charge in order to obtain a
high transfection efficiency. Having this in mind, the ability of the pristine and functionalized
dendrimers to neutralize the pDNA charge was evaluated by measuring the zeta potential of the
dendriplexes.

In Table 3 the zeta potential of the dendriplexes prepared using dendrimer concentrations of 0.1
and 0.5 puM are shown. The complete set of results assessed for the dendriplexes prepared using
dendrimer concentrations ranging from 0.1 to 1 uM are presented in section 6.3 of the annex. The
results show that all dendriplexes presented positive zeta potential values though not highly positive,
which could compromise the cell viability. Positively charged particles are best to cross the cell
membrane but, if too positive they might disrupt the cell membrane and lead to cell death4%147:201,
Also, although not very markedly, the zeta potential increases with the concentration of the
dendrimers used in the dendriplex formulation, which was expected since a higher number of

protonated dendrimers will interact with the pDNA. Maintaining constant the concentration of
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dendrimers used in the dendriplex preparations, the achieved zeta potential was higher in the case of
the dendriplexes containing the pristine PAMAMG4-NH; dendrimer as it has a higher number of
protonated amine groups available to interact with pDNA. For the functionalized dendrimers, the
number of available amines at the dendrimer surface is lower (decreasing with the degree of
dendrimer functionalization) and that has a clear effect on the zeta potential of the correspondent
dendriplexes. In fact, the zeta potential values are less positive for all except G4_TFHBA that with the

increase in the functionalization degree the zeta potential increases.

Table 3: Zeta potential of the dendriplexes (value * standard deviation).

Zeta Potential (mV)
Dendriplexes

0.1uM | 0.5puM

PAMAMG,-NH,/pDNA | 4.2+0.2 | 4.5+0.4

G4_HBA 32.5/pDNA 26+0.2|39+04

G4_HBA 64.5/pDNA 14+0.2|3.0+04

G4_TFHBA 32.5/pDNA | 0.7+ 0.6 | 3.9+ 0.6

G4_TFHBA 64.5/pDNA | 1.3+£0.4 | 3.70.2

3.3.3. Cytotoxicity of the dendriplexes

Upon selection of the two dendrimer concentrations, 0.1 and 0.5 uM, the resazurin assay (Figure
35) was used to evaluate the cytotoxicity of the prepared dendriplexes. These two dendrimer
concentrations were selected since they showed low cytotoxicity and proper pDNA condensation in

the previous experiments.
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Figure 35: Metabolic activity of HEK293T cells assessed by the resazurin reduction assay after incubation of cells at 37°C for
48h (value * standard deviation). Dendriplexes were prepared at different dendrimer concentrations of 0.1 and 0.5 uM.
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The analysis of Figure 35 reveals that the dendriplexes do not present cytotoxicity. In fact, relative
to the control, the metabolic activity of the cells even showed an increase when dendriplexes were
present which should be related to an activation of the enzymes involved in the assay and not
specifically with an increase in the number of viable cells. Additionally, no significant differences
among the dendriplexes prepared from the pristine dendrimers or the functionalized dendrimers could
be observed.

In order to validate the conclusions obtained through the resazurin reduction assay, the total
protein content in culture was also determined. Indeed, this parameter can also be used as an indirect
measure of cell viability, assuming that the number of viable cells will be proportional to the protein
content. The BCA assay was used to assess the protein content in culture and the results are shown in
Figure 36. Here, the same conclusions as in the resazurin reduction assay can be taken. That is, there
was no significant difference in terms of cytotoxicity among the control and the samples containing
the pristine and functionalized dendrimers. Since this assay is not enzyme activity-based, the values of

total protein content achieved for the samples did not surpass those obtained for the control.
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Figure 36: Total protein concentration in the culture assessed using the BCA assay after cell incubation at 37°C for 48h (value
+ standard deviation). Dendriplexes were prepared at different dendrimer concentrations of 0.1 and 0.5 uM.
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3.3.4. Transfection Studies

After observing that the dendriplexes were not cytotoxic, the dendriplexes prepared using
dendrimer concentrations of 0.1 uM and 0.5 uM were used to transfect cells. A pDNA concentration
of 0.1 ugulL™ was kept constant in all experiments. Since pDNA encoding for the GFP and the luciferase
reporter genes was used for transfection, the efficiency of the process was evaluated by fluorescence
microscopy (for qualitative GFP detection) and by determining the activity of luciferase (to allow for

the obtention of quantitative data).

3.3.4.1. GFP expression detection by fluorescence Microscopy

Figure 37 presents the images of HEK 293T cells after transfection using the pristine and the
functionalized dendrimers as pDNA carriers. Both bright field and fluorescent images are presented.
As controls, non-transfected cells (Figure 34 A/B) and cells transfected using only pDNA (Figure 34
C/D) were used. As it can be observed and as was expected, no GFP expression was detected in both
controls. When the pristine dendrimer was used as a transfection agent, the number of transfected
cells (green cells) was very low for both 0.1 and 0.5 uM dendrimer concentrations used. On the other
hand, when the dendriplexes prepared with the functionalized dendrimers were applied, the number
of transfected cells seems to increase, especially in the cases of G4_HBA 32.5/pDNA at 0.5 uM (Figure
34 K/L), G4_HBA 64.5/pDNA at 0.5 uM (Figure 34 O/P), and G4 TFHBA 64.5/pDNA at both
concentrations (Figure 34 U/V and W/X). So, in general, the fluorescence microscopy results point out
an enhancement in the levels of cell transfection and GFP protein expression when using dendriplexes
prepared with a dendrimer concentration of 0.5 uM. Transfection seems to improve when the
functionalized dendrimers are used as gene carriers. Interestingly, this last observation does not
correlate with the values determined for the zeta potential of the dendriplexes that are less positive
(although to a small extent) when functionalized dendrimers are being used as pDNA carriers. As a
matter of fact, there should be other effects related to the presence of either HBA or TFHBA at the
dendrimer surface that possibly contribute to their better interaction with pDNA and/or the cell
surface and thus improve transfection efficiency®>®71%°. As mentioned previously, one possible type of
interaction that may occur in the systems that possess TFHBA that may be responsible for the

improvement of transfection efficiency is halogen bonding97-2%,
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Figure 37: Fluorescence microscopy of the HEK293T cells transfected with pDNA encoding for GFP-Luc after 48h in culture. a)
control BF; b} control GF; c) pDNA BF; pDNA GF e) PAMAMG,-NH; at 0.1 uM BF; ) PAMAMG,-NH; at 0.1 uM GF; g)
PAMAMG;,-NH; at 0.5 puM BF; ') PAMAMG,-NH; at 0.5 uM GF; i) G4_HBA 32.5 at 0.1 uM BF; /) G4_HBA 32.5 at 0.1 uM GF; k)
G4_HBA 32.5 at 0.5 uM BF; |) G4_HBA 32.5 at 0.5 uM GF; m) G4_HBA 64.5 at 0.1 uM BF; n) G4_HBA 64.5 at 0.1 uM GF;o0)
G4_HBA 64.5 at 0.5 uM BF; ) G4_HBA 64.5 at 0.5 uM GF; q) G4_TFHBA 32.5 at 0.1 uM BF; r) G4_TFHBA 32.5 at 0.1 pM GF;
s) G4_TFHBA 32.5 at 0.5 uM BF; ) G4_TFHBA 32.5 at 0.5 uM GF; u) G4_TFHBA 64.5 at 0.1 uM BF; v) G4_TFHBA 64.5 at 0.1
GF; w) G4_TFHBA 64.5 at 0.5 uM BF; ») G4_TFHBA 64.5 at 0.5 uM GF. Note: BF = Bright Field; GF = Green Field. Control
contains only cells and complete medium.
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3.3.4.2. Luciferase activity measurements

The results obtained for the activity of luciferase after cell transfection with pristine dendrimers
and functionalized dendrimers are presented in Figure 38. In general, the obtained values follow the
same tendency seen when analysing GFP expression by fluorescence microscopy. Confirming the
previous results where the efficiency of the transfection increases with the concentration of the
dendrimers used to prepare the dendriplexes (much higher enzyme activity values can be observed for
0.5 uM), it looks like the functionalized dendrimers have a better performance as transfection agents
than the PAMAMG,-NH; dendrimers without functionalization. Only for G4_TFHBA 64.5 is this not
applicable which, anyway, is not very clear due to the high error associated with the determination of

luciferase activity when the pristine dendrimer is used.
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Figure 38: Normalized luciferase activity of the HEK 293T cells when analysing the transfection efficiency of the complexes at
concentrations of 0.1 and 0.5 uM after 48h of incubation at 37°C.

Contrary to what was expected, at this phase of the study, no significant differences were seen
between the dendrimers functionalized with either HBA or TFHBA. That is, no effect of the presence
of fluoride on the dendrimer surface was evident in terms of gene delivery behaviour. In future assays,
one will use a higher pDNA concentration which will clarify possible existent differences in this respect.
The improvement in transfection with fluorination was expected since, according to the literature,
fluorination improves cellular uptake, serum stability, endosomal escape, dissociation of the

intracellular DNA from the dendrimer, and reduce cytotoxicity!24127-130,
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Chapter IV: Conclusion and Outlooks.

4.1. Conclusions

The functionalization of PAMAMG,-NH, with the selected compounds, HBA and TFHBA, was
successful. With a compound/dendrimer ratio of 32.5, and according to the calculations taken from
the *H NMR of HBA, the functionalization degree attained was 50%. When the ratio was of 64.5, the
functionalization degree remained at 84%, which may be due to the crowding of the surface of the
dendrimer and steric hindrance. The achieved conjugation of the compound to the dendrimer was
further confirmed by the hypsochromic shift of HBA and the bathochromic shift of TFHBA, as well as
the change in pH, the fluorescence shift of the PAMAMG4-NH; intrinsic fluorescence band, and the
FTIR that suggest that the conjugation may involve the -COOH of the HBA/TFHBA and the NH; of
PAMAMG;-NH,. The conjugates displayed stability in D,O at 25°C and 37°C for more than one month,
as demonstrated by the *H NMR and F NMR data.

The biological studies performed revealed that the conjugates are not cytotoxic, that at a
concentration of 0.1 uM and 0.5 uM the functionalization improves cell viability, and the increase of
the compound/dendrimer ratio lowers the cytotoxicity, except in the case of G4 _HBA64.5 that
presents the higher toxicity. The PAMAMG4-NH; dendrimer with TFHBA proved to be the better
conjugate in terms of cytocompatibility, being G4_TFHBA 64.5 the best one.

On the evaluation of the pDNA compaction capability, all dendriplexes showed good efficiency.
For the cytotoxicity of the dendriplexes at the selected concentrations (0.1 pM and 0.5 uM), they did
not present cytotoxicity but an increase in metabolic activity, which may indicate that there was an
activation of the enzyme involved in the resazurin reduction assay. Comparing pristine PAMAMG4-NH;
with the functionalized PAMAMG,-NH; dendrimer, no significant difference was seen either in the
condensation of the pDNA nor in the cytocompatibility.

The transfection studies revealed that the conjugation of the PAMAMG,-NH, dendrimer with
either HBA or TFHBA enhances the transfection efficiency. This is more evident with the concentration
of the conjugates at 0.5 uM. The conjugates are better performing than pristine PAMAMG,-NH; in the
transfection of the pDNA.

In summary, a material composed of a PAMAMG,-NH; dendrimer functionalized with either HBA
or TFHBA, that shows fluorescence, low cytotoxicity, and can transfect HEK293T cells was successfully

synthesized.



4.2.Outlook and future work

The successful conjugation of the PAMAMG,4-NH; dendrimer with TFHBA provided a fluorescent
system that transfects cells. However, much remains to be done to understand and assess all its
potential as a gene carrier and/or probe for imaging. Having this in mind, the full knowledge of the
functionalization degree of the dendrimer with the compound is crucial. For HBA, the *H NMR data
provided the answer, but when going to TFHBA this information was not totally achieved. To assess

202203 amine titration?®, and mass spectrometry

this, the trinitrobenzenesulfonic acid (TNBSA) assay
might afford the solution.

As seen in the literature, with a decreasing pH of 6 the fluorescence intensity of the PAMAM
dendrimer increases with a maximum at pH 2.5827%_ It would be interesting to assess this property of
the synthesized samples to see if the variation of pH influences the fluorescence of the conjugates.

The cytotoxicity and transfection efficiency studies should be repeated to eliminate or at least
avoid any errors. Flow cytometry is also a technique to be used to evaluate if the transfected cells are
dead or alive. Other cell lines®!3 for these studies will also be relevant for comparison purposes to
see if the material is toxic and if it can transfect them too, particularly not so easily transfectable cells.

The use of an higher and a lower PAMAM-NH, dendrimer generation (i.e. PAMAMGs-NH, and
PAMAMGs-NH,) for the synthesis of the conjugates would also be a good way to compare if the

dendrimer generation influences the cytotoxicity of the conjugate and the transfection efficiency. And

if this leads to a difference between the functionalization with either HBA or TFHBA.
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Annexes.

6.1. NMR.
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Figure A 1: 13C NMR of a) PAMAMG,-NH3; b)
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6.2. DLS and ELS of the conjugates
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Figure A 8: DLS measurement of the conjugates with the different concentrations. a) PAMAMG,-NH3; b) G4_HBA 32.5; c)
G4_HBA 64.5; d) G4_TFHBA 32.5; e) G4_TFHBA 64.5.

Table A 1: Charge assessment of the conjugates at a concentration of 1 mgmL? by ELS (value + standard deviation).

Zeta
Conjugates Potential
(mv)
PAMAMG,-NH; 579 + 1.1
G4_HBA 64.5 235 + 4.1
G4_HBA 325 16.6 * 6.9
G4_TFHBA 64.5 123 + 4.2
G4_TFHBA 32.5 732 + 04
TFHBA 7.12 + 1.2
HBA 207 + 13




6.3. DLS and ELS of the dendriplexes
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Figure A 9: Hydrodynamic diameter of the dendriplexes measured by DLS. Dendriplexes were prepared at different
dendrimer’s concentrations. a) PAMAMG,-NH3; b) G4_HBA 32.5; ¢) G4_HBA 64.5; d) G4_TFHBA 32.5; ) G4_TFHBA 64.5. Note:
The CTRL represents the hydrodynamic diameter of pDNA alone.

Table A 2: Charge assessment of the dendriplexes at the different concentration by ELS (value + standard deviation).

Concentration (uM)

Ctrl (oDNA and
Dendriplexes 0.1 0.2 0.3 0.5 1.0 buffer)
PAMAMG,-NH,/pDNA 1.4|+| 02| 40|+| 06| 40|+| 05| 45|+| 03] 60|+ | 0.1 -18.9‘i-| 2.2
G4_HBA 32.5/pDNA 26|+ 02| 34|+|06|05[|+]|02|39|+|04]|57|+]|05
G4_HBA 64.5/pDNA 1.4|+| 02| 38|+| 03| 04|+| 04| 30|+|04]|50]|+]02
G4_TFHBA 32.5/pDNA 07|+| 06| -02|+|02|03[+|03|39|+|06|52|+]01
G4_TFHBA 64.5/pDNA 13|+| 04| 24|+| 01| 01|+| 01| 37|+|02]|53|+]|05




6.1. Stability studies.
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Figure A 10: Stability studies. 'H NMR of G4_HBA 32.5 at 25°Cin D,0. .a) t=0; b) t =30 min; c) t = 1h; d) t = 2h; e) t = 5h; f)
t=7h; g) t =24h; h) t =48h; i) t = 1 month; j) t = 2 months; k) PAMAMG,4-NH;; and |) HBA.
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Figure A 22: Stability studies. 1F NMR of G4_TFHBA 32.5 at 37°Cin D,0. a) t = 2h; b) t = 5h; ¢) t = 7h; d) t = 24h; e) t = 48h; f)
t =1 month; g) t= 2 months; and h) TFHBA.
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Figure A 23: Stability studies. 1F NMR of G4_TFHBA 64.5 at 37°C in D,0. a) t = Oh; b) t =30 min; and c¢) t = 1h.
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6.2. Luciferase assay supplier’s information

SIGMA-ALDRICH

Product Information
Bicinchoninic Acid Protein Assay Kit
Catalog Numbers BCA1 AND B9643

ngmaddnkfuum

1050 Spruce Street, St. Laus, MO 63103 USA

Telk: (800) 521-8956 {314) 771.5765  Fax: (800) 325.5062 {314) 771.6757
amail: techsorvicefisial com sigma-aidnch com

TECHNICAL BULLETIN

Synonym: BCA

Product Description

Protein determination is one of the most common
operations performed in biochemical research. The
principle of the bicinchoninic acid (BCA) assay is similar
to the Lowry procedure,’ in that both rely on the
formation of a Cu™-protein complex under alkaline
conditions, followed by reduction of the Cu™ to Cu'".
The amount of reduction is proportional to the protein
present. It has been shown that cysteine, cystine,
tryptophan, tyrosine, and the peptide bond” are able to
reduce Cu™" to Cu'". BCA forms a purple-biue complex
with Cu'" in alkaline environments, thus providing a
hasis to monitor the reduction of alkaline Cu™" by
proteins.?

The BCA assay is more sensitive and applicable than
either hiuret or Lowry procedures. In addition, it has
less vanability than the Bradford assay. The BCA assay
has many advantages over other protein determination
techniques:

It is easy to use.

The color complex is stable.

There is less susceptibility to detergents.

It is applicable over a broad range of protein
concentrations.

In addition to protein determination in solution, the BCA
protein assay has other applications, including
determination of protein covalently bound to agarose
supports and protein adsorbed to multiwell plates.

There are two distinct ways to perform a protein assay.
A protein assay can be set up to measure the
concentration of the unknown protein sample (mag/mi),
or it can be set up to determine the total amount of
protein in the unknown protein sample (mg). The BCA
assay has a linear concentration range hetween
200-1,000 ug of protein per milliliter. In the standard
assay, only 0.1 mi protein sample is used, so the assay
has a total linear protein range of 20—100 uag.

Reagents

Bicinchoninic Acid Solution, Catalog Number BS643
Reagent A is a 1,000 ml solution containing
bicinchoninic acid, sodium carbonate, sodium tartrate,
and sodium bicarbonate in 0.1 N NaOH

(final pH 11.25).

Copper(ll) Sulfate Pentahydrate 4% Solution,
Catalog Number C2284

Reagent B is a 25 ml solution containing

4% (wiv) copper(ll) sulfate pentahydrate.

Protein Standard (Bovine Serum Albumin - BSA)
Solution, Catalog Number P0914

This product is supplied in 5 flame-sealed glass
ampules, each containing 1.0 ml of a solution consisting
of 1.0 mg/ml bovine serum albumin in 0.15 M NaCl with
0.05% sodium azide as a preservative.

Materials required depending on assay format used
but not provided
* Spectrophotometer capable of accurately
measuring absorbance in the 560 nm region.
96 well plates, Catalog Number M0156
96 well plate sealing film, Catalog Number Z369667
Test tubes, 13 x 100 mm,
Catalog Number CLS980013
* 1 mi Disposable Plastic Cuvettes,
Catalog Number C5416

Precautions and Disclaimer

This product is for R&D use only, not for drug,
household, or other uses. Please consuit the Material
Safety Data Sheet for information regarding hazards
and safe handling practices.

Preparation Instructions

The BCA Working Reagent is prepared by mixing

50 parts of Reagent A with 1 part of Reagent B. Mix the
BCA Working Reagent until it is light green in color.



Storage/Stability

Store Reagents A and B at room temperature. Reagent
A, without Reagent B added, is stable for at least one
year at room temperature in a closed container. The
BCA Working Reagent (Reagent A mixed with Reagent
B) is stable for one day.

Store the Protein Standard at 2-8 °C.

Procedure

In the standard assay, 20 parts of the BCA Working
Reagent are then mixed with 1 part of a protein sample.
For the 96 well plate assay, 8 parts of the BCA Working
Reagent are mixed with 1 part of a protein sample. The
sample is either a blank, a BSA protein standard, or an
unknown sample. The blank consists of buffer with no
protein. The BSA protein standard consists of a known
concentration of bovine serum albumin, and the
unknown sample is the solution to be assayed.

BCA assays are routinely performed at 37 °C. Color
development begins immediately and can be
accelerated by incubation at higher temperatures.
Higher temperatures and/or longer incubation times can
be used for increased sensitivity. Incubation at lower
temperatures can slow down color development (see
Procedures A and B). The absorbance at 562 nm is
recorded and the protein concentration is determined
by comparison to a standard curve.

A. Standard 2.1 mi Assay Protocol

inear concentration e is 200-1.000 ug/mi or
20-100 ug of fotal protein)
This is the standard assay that can be performed in a
test tube. This procedure uses 0.1 ml of a protein
sample and 2 ml of the prepared BCA Working
Reagent. The instructions are a step-by-step procedure
on how to perform the standard assay. If a nonstandard
assay is used (96 well plate) adjust the volumes
accordingly.
Note: It is necessary to create a standard curve during
each assay, regardless of the format used.

1. Prepare the required amount of BCA Working
Reagent needed for the assays (see Table 1). The
final volume used in the assay depends upon the
application and the equipment available. Table 1
can be used to determine the volume of BCA
Working Reagent to prepare, depending on how
many blanks, BSA protein standards, and unknown
samples are to be assayed. Combine the volumes
of Reagents A and B specified in the table. Mix until
the BCA Working Reagent is a uniform, light green
color.

Table 1.

Volume of BCA Working Reagent to prepare. This is
dependent on how many blanks, BSA protein
standards, and unknown samples are to be assayed.

Number of Assays | Amount of Each Reagent Used
Total
Number
of 21 mi Numbt_ar of Reagent | Reagent VORI of
wellsin a BCA
Standard A B .
Testtube| 26wl | oy | (mp | Working
plate assay Reagent
assays
(ml)
4 40 8 0.16 8.16
8 80 16 0.32 16.32
9 96 19 0.38 19.38
12 127 25 05 255

2. Prepare standards of different concentrations.
These BSA protein standards can range from
200-1,000 pg/mi (20-100 pg of total protein). This
is accomplished by making serial dilutions starting
from the 1 mg/ml standard, and then using 0.1 ml of
each diluted standard in the assay. It is best to
make the dilutions in the same buffer as the
unknown sample (see Table 2). Deionized water
may be used as a substitute for the buffer, but any
interference due to the buffer will not be
compensated for in the BSA protein standards.




Table 2

EXAMPLE of Standard Assay Set Up Table

For protein samples with unknown concentrations, it
may be necessary to prepare a dilution scheme to
ensure the concentration is within the linear range of
200-1,000 wa/mi. Two different unknown samples are
represented in Table 2 by tubes 7 and 8. Tube 7 is an
unknown sample with a 5-fold dilution, while tube 8 is a
different unknown sample at a 10-fold dilution.
Researchers must determine their own dilution
schemes based on their estimation of the concentration
of each unknown sample.

Tube Sample [BSA] BCA
No. (ml) Protein Standard| Working
(ng/ml) Reagent
(mi)
1 01 0 2
2 01 200 2
3 01 400 2
4 01 600 2
5 0.1 800 2
6 01 1,000 2
7 01 (unknown 1) 2
8 01 (unknown 2) 2

3. Add 2 ml of the BCA Working Reagent to 0.1 mi of
each BSA protein standard, blank, and unknown
sample. Voriex gently for thorough mixing. The total
liquid volume in the test tube is 2.1 ml.

4. The following incubation parameters may he used:
60 °C for 15 minutes Or
37 °C for 30 minutes Or
25 °C (Room Temperature) from 2 hours to
ovemight

5. If required, allow the tubes to cool to room
temperature.

6. Transfer the reaction solutions into a cuvette.

7. Measure the absorbance of the solution at 562 nm.
Color development continues slowly after cooling to
room temperature, but no significant error is seen if
all the tubes are read within 10 minutes of each
other. Create an assay table as needed and a
standard curve based on either the BSA protein
standard concentration or on the amount of protein
present in the BSA protein standard (Examples are
shown in the results).

8. Determine protein concentration by comparison of
the absorbance of the unknown samples to the
standard curve prepared using the BSA protein
standards.

Results Based on the Standard Assay

Create a table with the absorbance resuits obtained
during the assay. A separate standard curve should be
generated for each assay performed. The amount of
protein for tubes 15 was obtained from the known
amount of BSA protein standard added.

Note: The data below should not be used as a
replacement of a standard curve. The absorbance of
the BSA protein standards (tubes 1-6) in each assay
will differ from those presented here. The amount of
protein recorded for tubes 7 and 8 was obtained from
the standard curve.

Table 3.
EXAMPLE of Assay Data Table
Protein
Tube| , | Net A&‘Q‘“ of <£f pnotei31 Dilution
No. =62 Ase2 p;‘ gg‘g‘g) sample | Factor
{ng/mi)
1 0.045 0 0 0 -
2 0.207 | 0.162 20 200 -
3 0.364 | 0.319 40 400 -
4 0510 | 0.465 60 600 -
5 0.661 | 0.616 80 800 -
6 0823 | 0.778 100 1.000 -
7 0.587 | 0.542 70 700 5
8 0.743 | 0.698 90 300 10

After obtaining the resuits, create a standard curve to
determine the protein concentration in the unknown
sample. Plot the Net Absorbance at 562 nm versus the
BSA protein standard concenirations

(ng/ml, Tubes 1-6).



Graph 1.
Standard Curve produced from Assay Data

The standard curve indicates the unknown protein
sample in test tube 7 (Net A... = 0.542) contains
700 pg/mi of protein.

Standard Curve of Net Absorbance
versus protein sample concentration
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The actual concentration of protein present in the
unknown sample is calculated as follows:

(ng/mi of unknown protein sample) times
(Dilution Factor)

(700 pg/mi) x (5) = 3,500 pg/mi of protein

B. 96 Well Plate Assay

(Linear concentration range is 200-1.000 ug/ml or
5-25 uq of total protein)

The BCA assay can be adapted for use in 96 well
plates. These plates can be used as long as five main
points remain unchanged:

1. Read the absorbance at 562 nm. For a plate
reader, which does not have the exact wavelength
filter, a filter in the range of 540-590 nm can be
substituted.

2. The ratio of BCA Working Reagent to protein
sample will have to be modified from the Standard
Assay.

Examples:
Standard Assay - (Test Tube): 0.10 mi protein
sample to 2 ml BCA Working Reagent (1:20)

96 well plate - 25 ul protein sample to 200 ul BCA
Working Reagent (1:8). When using multiwell

plates, make sure the unknown samples, blanks, or

standards are present in the wells prior to adding
the BCA Working Reagent to facilitate mixing.

3. Make sure the protein assay containers are sealed
(cover the plates with film) and incubate the
samples for:

60 °C for 15 minutes Or

37 °C for 30 minutes Or

25 °C (Room Temperature) from 2 hours to
ovemight

4. Keep the protein sample concentration between
200-1,000 ug/mi (5-25 ug total protein).

5. A separate standard curve will have to be
determined for each assay protocol. The pathlenagth
in each assay is dependent on the assay container
(cuvettes or muitiwell plates) and/or the reaction
volume. These and others changes like the BCA
Working Reagent to protein sample ratio affect the
Net Absorbance values.

C. TCA Concentration-BCA Assay Protocol

By using this procedure it is possible to remove some of
the interfering substances that are described in the
compatibility chari. It is also possible to increase the
concentration of the unknown sample using this
procedure.

1. Add the unknown samples and BSA protein
standards to separate microcenfrifuge tubes and
adjust the final volumes to 1 ml with deionized
water. Larger volumes can also be used by
adjusting the following volumes accordingly.

2. Add 0.1 mi of a 0.15% (wiv) solution of sodium
deoxycholate (Catalog Number D5670) prepared
with deionized water.

3. Mix and let stand for 10 minutes at room

temperature. It is also acceptable to let stand on ice
for 10 minutes.

4. Add 0.1 mlof 6.1 N (~100% wiv) solution of
trichloroacetic acid (TCA, Catalog Number T0699).

5. Cap and vortex each sample.

6. Incubate for 5 minutes at room temperature. It is
also possible to let stand on ice for 5 minutes.

7. Centrifuge the samples for 15 minutes at room
temperature in a microcentrifuge at full speed.

8. Carefully decant or pipette the supematant of each
sample. Do not disturb the pellet.



9. Solubilize each pellet by adding 0.04 mlof a Incmnpati-ble Substances Amount
5% (wiv) solution of sodium dodecyl sulfate (SDS, {Continued) Compatible
Catalog Number LE026) prepared with a 0.1 N Buffer Additives
sodium hydroxide solution (Catalog Number -

72076). I".ﬂ well until the péllet isogﬂmpletely Ammonium sulfate 15M
dissolved. Aprotinin 10 mail

10. Pipette 0.06 ml of deionized water into the tube to Cesium bicarbonate 100 mM
bring the sample volume to 0.10 ml, which can then Glucose 10 mM
be used in the standard 2.1 ml assay procedure. It Glycerol 10%
is possible to add less water if a smaller volume GuanidinesHCI 4M
assay is to be performed. Hydrochlonc acid 100 mM

11. Vortex each sample and proceed onto the 2.1 ml Imidazale 50 mM
standard assay protocol or a custom assay. Teupeptn T0 moiL

Compatibility Chart PMSE___ 1mM

The amount listed is the maximum amount of material Sodium azide 0.20%

allowed in the protein sample without causing a Sodium bicarbonate 100 mM

noticeable interference. Sodium chloride 1M

Sodium hydroxide 100 mM
] Amount i

Incompatible Substances Compatible gﬁlrgr;;phﬂaphate EjDT,{,M

Buffer Systems TLCK 0.1 mg/L

N-Acetylglucosamine (10 mM) in TPCK 0.1 mgiL

PBS, pH 7.2 10 mM - -

WSS oI E e Sodium orthovanadate in PBS, 1 mM

, . 2 pH7.2
Bicine, pH 8.4 20 mM Thimerosal 0.01%
Bis-Tris, pH 6.5 33 mh Urea M

i undiluted i

GeIL.ytH:‘“ B F.teag.:ent no interference Eg?:ung agents 70 i

Calcium chloride in TBS, pH 7.2 10 mM TCTA not compatible

CHES, pH Q_D _ 100 mM Sodum cirate 500 i

Cobalt chlonde in TBS, pH 7.2 0eMm Detergents

EPPS, pH 8.0 100 mM B 35 =

[Feric chioride in TBS, pH 7 2 10 mhd B =

rj 52 1%

HEFPES 100 mM THADS =

MOPS, pH 7.2 100 mM CHAPSO 0

Mickel chloride in TBS 10 mM — —

FBS. Phosphate (0.1 M), Undied Deoxycnolicacd 2%

NaCl {0.15 M), pH 7.2 no interference Nonidet P-40 (IGEPAL_ CA-630) %

FIPES, pH 6.6 100 m Octyl §-glucoside 5%

Sodium acetate, pH 4.6 200 M Octyl g-hioglucopyranoside 2%

Sodium citrate, pH 4.6 of pH 6.4 200 mM SO0 2%

Tricine, pH 8.0 25 M Span® 20 1%

Triethanolamine, pH 7.8 25 TRITON® X-100 5%

Trs =50 mi TRITON ¥-114 1%

TBS; Tris (25 mM), NaCl (015 M), undiluted TRITON X-305 1%

pH 7.6 {Catalog Number T5030) no interference TRITON X-405 1%

Tris (25 mM), Glycine (1.92 M), undiluted TWEEN® 20 5%

SDS (0.1%), pH 8.3 na interference TWEEN 60 5%

(Catalog Number T4904) TWEEM 20 505

?I_T%tzzhmde (10 mM) in TBS, 10 MM Zwittergents” 1%




Incompatible Substances Amount
(Continued) Compatible
Reducing & Thiol Containing

gents
Dithioerythritol (DTE) 1mM
Dithiothreitol (DTT) 1mM
2-Mercaptoethanol 1mM
Tributyl Phosphine 0.01%
Solvents
[Acetone 10%
Acetonitrile 10%
DMF 10%
DMSO 10%
Ethanol 10%
Methanol 10%

Note: This is not a complete compatibility chart. There
are many substances that can affect different proteins
in different ways. One may assay the protein of interest
in deionized water alone, then in the buffer with
possible interfering substances. Comparnison of the
readings will indicate if an interference exists. Refer to
References for additional information on interfering
substances.™

Note: Reagents that chelate metal ions, change the pH
of the assay, or reduce copper will interfere with the
BCA assay. Examples are shown below:

1. Metal chelators such as EDTA (>10 mM) and EGTA
(any level).

2. Thiol containing reagents such as cysteine (any
level), DTT (=1 mM), dithioerythritol (>1 mM), and
2-mercaptoethanol (>0.01%).

3. High salt or buffers concentrations such as
ammonium sulfate (>1.5 M), Tris (>0.25 M), and
sodium phosphate (>0.1 M).

Troubleshooting Guide - Protein sample contains
incompatible reagents or substances.

1. I the starting concentration of the protein is high,
try diluting the sample so the substance no longer
interferes.

2. Use the TCA Concentration-BCA procedure and
discard the incompatible liquid after the pellet is
spun down.

3. The interference caused by chelating reagents
decreases when the relative amount of the
copper(ll) sulfate solution is increased in the
prepared BCA Working Reagent. The standard
preparation has 50 parts of bicinchoninic acid
solution to 1 part copper(ll) sulfate solution. The
amount of copper(ll) sulfate solution may be
increased to 3 parts.

Technical Tips

1. Make sure the glassware being used has been
cleaned well.

2. Consider a different protein assay procedure. If
certain incompatible reagents cannot be removed
from the assay, consider the use of the Bradford
Reagent (Catalog Number B6916).

3. [fthe protein levels are too low, try using the
QuantiPro BCA Kit (Catalog Number QPBCA).
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6.3. BCA assay supplier’s information

Luciferase Assay Systems
INSTRUCTIONS FOR USE OF PRODUCTS E1483, E1500, E1501, E1531, E4030, F4530 AND E4550.

0

Standard 96 Well Plate Assay

ORDERING/TECHNICAL INFORMATION:

HRemove growth medit

Rinse celle in PBS.
Do not dislodge cells.

HRemove s much of
the wash a& possible.

Add 20ulwell
of lysis reagent.

Plate containing
cell lysate.

Add 100p! of
Luciferase Assay
Reagent to

each well.

<
producad. S
Repeat cycle 2
for the remaining §
wells. E

Standard Culture Dish Assay

=
b

www.promega.com ® Phone 608-274-4330 or 800-356-9526 * Fax 608-277-2601

Remove medium.
Rinse with PBS.

Add 1X CCLR.

Scrape cellg, transfer
1o microcentrifuge tube.

Briefly centrifuge, then
fransier supernatant
1o new tube.

Mix 20ul of cell lysate
and 100l of Luciferase

Assay Reagent in the tube.

Measure the
light produced.

o

288TMACS _0A

Promega

© 2000, 2009 Promage Coeporation. All Rights Resarved.
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