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1. Gold nanoparticles in technology and

medicine

1.1. Gene therapy
1.1.1. The idea of gene therapy

Gene therapy is an extremely interesting approach for the treatment and/or prevention
of genetic diseases. The basic idea is to avoid drugs and surgery by inserting a gene into cells
and subsequently modify their biology in order to eliminate negative phenomena (e.g. the
production of ineffective proteins). Several approaches have been used in applying this
technique, such as the replacement of mutated genes by healthy copies, inactivation of
improperly functioning genes and the introduction of genes increasing resistance towards
specific diseases. From the very beginning this has been a dynamic field focused on targeted
delivery because this therapy is extremely dependent on the need to efficiently introduce genes
into the nucleus. However, because the method aims directly at inducing changes in human
genetic material, it remains controversial (germline gene therapy; genome modifications of
germ cells which pass on to next generations) and raises a set of questions concerning safety.
Although, it seems a promising treatment for a number of diseases, the main focus is on those

disorders for which no other cure currently exists.

The main issues that need to be addressed in the field of gene therapy pertain to the
immune response and gene stability. The immune system evolved very efficient mechanisms
to enable detection, recognition and, if possible, elimination of foreign bodies. Therefore, every
therapy involving macromolecules, e.g. oligonucleotides, has to take into account these
processes. The second important problem is gene stability; since modified genes are delivered
in the form of DNA, or ideally RNA (biological functions are actively regulated by RNA) any
change in their structure could result in therapy failure. Additionally, oligonucleotides are not
generally very chemically stable in the environment of the human body; therefore, they need to
be protected. In order to protect and efficiently deliver genes, viral vector have been used; cells
are infected by their own genetic material reintroduced through viruses and thus viruses would
appear to be well suited for gene delivery. Some viruses are even able to integrate genes directly
into chromosomes, although very often the last step of viral vector activity involves simply

transferring oligonucleotides into the nucleus. The extensive variety of viruses ensures a large
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selection of different delivery processes, capsid size and number of oligonucleotides that can
be injected into the cell. A review by C. W. Pouton listed 7 families of viruses with
characteristic mechanisms for nuclear delivery!. Among them Parvoviruses, due to their small
size, are even able to pass through the nuclear pore and enter the nucleus intact. There are two
ways of exposing cells on vectors; injecting capsids into tissues, or removing patient’s cells and
exposing them to viruses under laboratory conditions (then subsequently transplanting the cells
into the body). Both have advantages and disadvantages; however, a common concern involves
targeting the correct set of cells e.g. cancer cells. This problem is significant in the case of
vector injection directly to the tissue, because the lack of specific targeting renders the effects
of this therapy relatively random. Another possibility is using genome-editing technologies that
can mediate gene addition, gene ablation, “gene correction” and other genome modifications in
cells?. This can be carried out inside the organism, by introducing the necessary machinery, or
ex-vivo, associated with subsequent transplantation. Genome editing approaches are extremely
interesting, because they can compete in various ways with viral delivery, due to decreasing
tumour occurrence, better regulated gene expression, no oligonucleotide stability problems and,
perhaps most importantly, regulation by more than one gene. The last one is especially attractive
due to the growing number of diseases (many of them involving the failure of more than one

gene) that can potentially be dealt with by gene therapy.

From the point of view of this thesis, it is interesting to examine those areas in which
gene delivery has been implemented in vivo. Tests have been carried out using haemophilia B2,
however expression in human tissues was found to be much lower in comparison to in vivo
studies in dogs®. Further research improved the results using longer activity and effective
bleeding reduction®. An interesting example of gene therapy involved the use of viral vector
injection into subretinal zones carrying genes responsible for the expression of retinal pigment
(protein RPEG5) to patients with inherited blindness (caused by RPE65 gene mutation)®. Also
promising were early tests of treatment against neuromuscular diseases, such as Parkinson’s; it
was reported that following treatment, synthesis of the neurotransmitters dopamine and
serotonin increased and the patient’s motor performance improved’. Childhood-onset spinal
muscular atrophy is another degenerative disease with a genetic background and for which
successful trials using nucleoside-based gene therapy have been carried out®. A deeper
understanding of the molecular genetic basis of the illness enabled sufficient curative
engineering to be able to significantly slow down degeneration. However, there is still a great

challenge to introduce this treatment as a generally applicable procedure.



Gene therapy is one of the most daring attempts in the history of medicine to cure
diseases that are not treatable in any other way. It brings together a very deep understanding of
the biology behind the disease, the huge effort of research laboratories, the invention of new
targeting strategies and, critically, the injection of a huge amount of funding. Nowadays,
laboratory trials are rapidly leading to clinical tests and undergoing commercial development.
The main problem of gene therapy is that it remains expensive®, and indeed, products that have
already been approved for hospital use have had to be withdrawn because of their relative high

cost0.

1.1.2. Nanocarriers

Therapy optimisation is possible using a number of approaches, e.g. creating new drugs,
increasing therapeutic concentrations, or by delivery only to those zones where the disease is
located. The latter possibility creates an interesting opportunity to use already developed drugs
that have been approved by the administration and also drugs at higher concentrations acting
only at the targeted tissue. Additionally, such an approach may bring back into use those
therapeutics which, in the absence of targeting, were found to be toxic. Thus, there is a rapidly
growing interest in targeting using nanomaterials** which because of their small size transit
through tissues with relatively high efficiency and possess huge potential in therapy-based
applications due to their extraordinary chemical and physical properties. Nevertheless, although
nanostructures are being increasingly used in medicine, the effect of their presence on the
human body remains unclear and poorly catalogued®?; mitochondria for example seem to be
adversely affected by some types of nanomaterials®®. Nonetheless, procedures for the use of
nanoparticles in medical examination exist and certain parameters have been studied, these
main characteristics being particle size, shape, surface coverage, and degree of protein
absorption, uptake and clearance®. The main focus in the field is on polymeric micelles,
liposomal, protein, and inorganic and crystalline nanoparticles. The main advantages of already
approved approaches are improved stability (often obtained by pegylation), increased delivery
to tumour sites (liposomal nanoparticles) and higher drug loading. Other criteria include
different forms of hydroxyapatite nanostructures allowing bone substitution. Also,
nanoparticles may be used as contrasting agents, but this is not directly of interest to this thesis
since such materials were designed to be removed from the bloodstream as soon as possible

after measurement.

In the case of gene therapy, the goal is more challenging, because drugs

(oligonucleotides) need to be delivered into the cell cytoplasm®. It is important to note that
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“free” oligonucleotides cannot be efficiently internalized by cells, because genomic molecules
are susceptible to serum nucleases, phagocyte uptake and may cause an immune response thus
resulting in toxicity. The most widespread current method uses viral vectors in an attempt to
avoid eliciting an immune system response!®. Nevertheless, this approach raises safety

issues!”8 and there is a real need to define non-viral gene carriers®®.

In response to these latter criteria numerous solutions have been proposed??, including
nanoparticle-based?:?22% and metallic based ideas®*. The main advantage of nanoparticles is
their size compared to virus capsids (20-500 nm in diameter) and this factor in fact, is decisive
(larger structures may cause blood clotting). Nanoparticles can have modified and controlled
surface properties, like hydrophobicity, charge and patchiness®. Additionally, in contrast to
virus capsids, nanoparticles can offer controlled release e.g. by thermal release (plasmonic,
magnetic structures). Still, however, this remains a challenging field of research, mainly due to
the issue of material reproducibility; this is one of the reasons why mainly polyethyleneimine,
poly (lactic-co-glycolic acid) and lipid nanostructures are now used for this purpose?.

1.2. Gold nanorods as nanocarriers

1.2.1. Synthesis

Gold nanorods (GNRs) are one of the most frequently used types of nanoparticles in
research; due to their relative ease of production, that allows accessibility to structures with
extraordinary physical properties including efficient, tuneable absorption which can be shifted
to the near-infrared (NIR) range and therefore overlapping the first optical window?’. The first
attempts of synthesis of anisotropic gold nanostructures came at the end of the 1990°s%%%°
(electrochemical method) and at the beginning of the 215 century®°-1:32 (wet chemical method).

There are continual improvements leading to new developments e.g. one-step wet synthesis®3.

For this thesis, wet chemical synthesis was selected due to its large scale, rapid synthesis
and the possibility of modulating parameters such as the reaction temperature, concentration of
crystals on nanorods and the number of elongation-controlling silver ions. Also, efficient optical
characterisation (extinction spectrum) provides good information concerning the collective
morphology; finally, it is possible to rapidly upgrade protocols in order to eliminate or decrease
any negative effects (high dispersity, dumbbell nanostructures®*). Therefore, wet chemical
synthesis provides modifiable volumes of colloidal solution whose basic characteristics may be
checked immediately after the reaction. Although GNRs do not oxidize, there are major issues

with aggregation and reshaping®; the first problem is mostly solved by the presence of
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surfactants. The second problem is more challenging, because the addition of Na,S (which stops
the dynamic process on gold surfaces®®) also makes further functionalisation difficult.
Consequently, such an approach is mainly used for physics-focused experiments e.g. laser-
induced melting. An alternative solution involves covering the gold with a thin layer of silica,
although in such a case functionalisation has to be based on silane compounds®” which is less
preferable compared to thiol-based surface attachment. A third possibility is to use nanorods
obtained from synthesis before morphological changes occur. Given the relative ease of
synthesis it is possible to prepare nanoparticles immediately before each set of experiments. In
the end although GNRs synthesis is challenging, it offers the advantage of high chemical
stability compared with other nanomaterials. Furthermore, although some morphological
evolution takes place over time this can be controlled by surface modification or by taking
advantage of the rapid synthesis time, by preparing a new batch of nanoparticles. The downside
of wet chemical synthesis is that it requires the use of the toxic and difficult to remove
surfactant, CTAB®®. An additional obstacle in subsequent oligonucleotide functionalisation is
the presence of a CTAB®® bi-layer (formed on the GNR surface), resulting in a decrease in
accessibility. To overcome this a plethora of different solutions has been proposed in the
literature, ranging from the introduction of a surfactant mixture®°, salt-aging** to round-phase
transition*. In conclusion, GNRs constitute a very promising material from the synthesis point
of view (possibility to prepare large-scale synthesis), and therefore it was felt that the effort

focused on functionalisation was justified.

1.2.2. Functionalization

The use of GNRs as prospective oligonucleotide carriers has a strong background; to
date the functionalisation process has been carried out using essentially two different
attachment approaches; covalent*® and electrostatic**. Whatever the choice of methodology, it
has however to be adjusted according to the desired end function of the nanocarrier. In this
thesis, quantitative, light-triggered oligonucleotide release and its time resolved evolution by
optical methods was the goal. This requires knowledge of the specific characteristics of the
attached DNA/RNA, as well as specific protocols for immobilisation. The “active”
oligonucleotides should be labelled with fluorescent dyes, to enable observation using, for
example, confocal microscopy (this is illustrated later in the GNRs-cell experiments). Although
the presence of these sSDNA/RNA could not be observed on the nanoparticles (direct
immobilisation on gold surfaces causes effective quenching of the dyes), there is a need to

observe the oligonucleotides before and after release. Furthermore, the process of detachment



should be strictly separated during measurement; for these purposes two solutions were used:
following changes of emission of one fluorophore® (in this case the fluorophore could be
deposited on GNR surfaces), or using Forster Resonance Energy Transfer (FRET)*® (emission
has to be registered before dehybridisation). The fluorescent dye in the presence of gold
nanoparticles can be quenched (again by close proximity to the surface), exalted, or unchanged
depending on the size and shape and the distance at which e.g. exaltation occurs*’. These three
cases provide an interesting opportunity to detect release, however, scattering and nanostructure
absorption will impact on experimental noise and the emission intensity. Nevertheless, this
approach has been successfully implemented to good effect in numerous studies*®°. For this
method dyes can initially be in either a quenched or exalted zone (preferably quenched, because
release can be clearly detected by the appearance of fluorescence), so electrostatic (layer-by-
layer) deposition and thiol-bonds are suitable. The second approach that involves following
changes in FRET requires that the pair of fluorophores are in the exaltation or neutral zone since
emission has to be detected from the onset of the experiment. Additionally, the emitters need
to be maintained at a constant distance from the surface, this eliminates the use of a layer-by-
layer approach because electrostatically deposited layers intrinsically have various thicknesses.
Moreover, as release will be associated with the disappearance of FRET then the method of
choice will have to be dehybridisation which is better suited for the case of a pair of thiolated
oligonucleotides with the non-thiolated strand separating from the immobilised thiolated
ssSDNA/RNA. Therefore, using FRET at any step of this thesis required the use of thiol-based

functionalisation of GNRs surface.

FRET was therefore used in order to measure the number of complementary strands
immobilised on GNRs; therefore, thiolated oligonucleotides were used and functionalisation
carried out through the formation of thiol-gold bonds. The experimental approach therefore was
to attach SH-DNA to the surface and subsequently hybridise it with complementary strands.
Additional modification of both, for example by labelling with fluorophore, could then be

carried out under specific conditions.

1.2.3. Retention and uptake

Gene therapy is dependent on how the nanocarrier operates, i.e. where it is located,
inside tissues; clearly, nanoparticles have to be in the cytoplasm before cargo release. Nanorods
possess the advantage of being small; rods with 10 nm diameters and 40 nm lengths have
efficient absorption in the NIR range. However, the delivery of nanomaterials to specific cells

is difficult and, additionally, the uptake pathway is often unpredictable.
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GNRs, as nanoparticles, face the problems of opsonization and phagocytosis. The first
phenomenon concerns the attachment of different proteins and serum components, onto nano-
object surfaces. This effect can be reduced by surface engineering and more specifically by
reducing the charge of the particle. For this purpose, the most efficient and widely used
molecule is polyethylene glycol (PEG). Long strands of this polymer mimic to some extent
some of the properties of water, so biological molecules interact with this polymer as they
would with water molecules. Furthermore, experiments have indicated that pegylation reduces
opsonization and consequently reduces the efficiency of recognition by the immune system®°.
Apart from the chemical composition of the particle’s surface, size plays an important role; the
immune system had to evolve a fast and effective reaction to objects on a nanoscale because
these are optimal sizes for penetration of tissues from the bloodstream®!. GNRs have to be
functionalised by oligonucleotides; it has already been shown that the immune system is
extremely aggressive towards NP-DNA hybrids (surface charge)®>*. Such objects are clearly
dangerous for organisms and therefore their elimination was clearly a priority during
development of the immune system. The creation of mixed layers on the surface i.e. DNA with
PEG, could reduce the area of direct interaction between GNR attached oligonucleotides and

external factors.

Another problem faced by all drug carriers is the mode of delivery — active, or passive.
For the size of GNRs used in this thesis, there is no evidence to assume passive accumulation
in cancer tissue over short times> (as in the case of gold nanoshells (GNShs)®®), therefore some
kind of active targeting is required. Amongst the many methods available, in all cases molecules
have to be attached to a metal surface. Therefore, GNRs need to carry oligonucleotides and
PEG to prolong the circulation time. Also, if active targeting is selected, then the interesting
phenomena of protein corona creation around nanoparticles becomes less likely. Layers created
in a targeting approach can screen the activity of molecules supposed to detect cancer cells. The
most widely spread approach in this sense is to use antibodies®®>’. Antibodies may be attached
via electrostatic, thiol, or amine bonds; molecules with sulphur in their chemical composition
can directly interact with the gold surface. However, this raises the problem of specificity and
the amount needed for effective functionalization. Nonetheless, this approach has been carried
out and it was even possible to obtain Janus ligands surface immobilisation of two different
antibodies®®. The other approach, via amine bonds, is more promising, because it may provide
higher specificity; there is a drawback in the method however which introduces
functionalisation of GNRs by thiolated compounds with -COOH groups. In this case EDC/NHS
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may be used for activation of carboxylic groups and subsequent attachment of amines. This
approach is popular for antibody attachment to nanoparticles. Another solution is to use other
types of ligands with completely different types of chemistry. An attractive possibility is to use
aptamers®®, because they are oligonucleotides, functionalisation can be still done in 3 steps (as
per the basic plan): oligonucleotide attachment, pegylation and duplex DNA formation. The
ratio between aptamers and oligonucleotides for hybridisation can be easily modified simply
by varying the concentrations. Additionally, by increasing the number of sSDNA on the surface

such nanostructures are more likely to be internalised by cells®®.

The next issue concerns uptake®%282 ; in the case of in vitro experiments, although it is
likely that at sufficient concentrations nanoparticles will be, in some part internalised, this may
not be the case in situ in a therapeutic context. After injection into the bloodstream, the
nanocarriers will be pushed through the blood vessels until removed by phagocytes (although
as mentioned before, the retention time can be prolonged by pegylation). Thus, within this
limited time frame, GNRs have to be internalised into the cancer tissue and spend sufficient
time in contact with specific cells for cellular uptake to occur. Unfortunately, nanostructures do
not deposit passively at the tumour site, because of their small size. Even uptake (most probably
by endocytosis) is not the last step of delivery, because the final destiny will be, most likely,
inside the lysosome. Also, the cell will try to destroy the perceived hazard by increasing the pH
inside the lysosome (which may reach as low as pH 2). On the other hand, the defence
mechanism of the cell may tricked into use for delivery as described in the literature by the
“proton sponge”?* mechanism which involves subsequent disruption of the lysosomes and
release of the nanostructures into the cytoplasm. Nanomaterials have to accept protons and in
consequence perturb the lysosome mechanism of providing more protons to the nanostructure.
Polyethylenimine (PEI) is particularly efficient at this; the amine groups in the PEI strand can
be additionally protonated. The issue then becomes the pH inside the lysosome before bursting,
because it may cause denaturation of double stranded oligonucleotides, which will occur at low
pH (pH=<2). This approach nevertheless, is a promising way of introducing nanocarriers into

the cytoplasm.

In conclusion, SH-PEG (with a molecular mass high enough to provide longer retention
times) has to be present with thiolated DNA on the surface and the material has to be able to

absorb protons produced by the cell to decrease the pH inside the lysosome.
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1.2.4. Light into thermal energy conversion

As indicated before, the operating part of functionalisation was supposed to be a DNA
duplex with non-thiolated “active” oligonucleotide. This type of architecture determines the
release mechanism; the environmental conditions have to be altered causing dsDNA
denaturation. This can be achieved by low/high pH, increase of temperature or decrease of ionic
strength. However, as the experiment is supposed to be controlled by outside triggering and
carried out inside the cell, the biological environment is already pretty much established and

controlled, therefore only local temperature increase is a realistic possibility.

Nanoparticles with gold components are widely known for their photothermal
properties and in this context the most popular are nanoshells®*%. These nanostructures, with
absorption in the NIR have the tendency, due to size, of accumulating into tumours. Therefore,
they may follow the passive targeting, allowing efficient treatment; there are on-going clinical
tests for therapies based on this scheme. As discussed above, passive targeting is rather unlikely
in the case of GNRs, however the release mechanism should be based on thermal phenomena.
This raises the exciting possibility of controlling the process by triggering using a laser beam

at a chosen time and space and to follow changes in a highly controlled way.

The mechanism of release has to be strictly connected with uptake; following the
fluorescence emitted by nanohybrids will precise the moment when they enter cells. This
measurement may be performed in two ways: Fluorescence-activated cell sorting (FACS), or
optical microscopy. Both methods are highly effective and can provide complementary data,
e.g. FACS gives a histogram of cellular conditions; microscopy can indicate zones in which
GNRs accumulation occurs. Therefore, the most promising approach would be first to carry out
FACS measurement and collect data covering the minimum time needed for efficient uptake.
Subsequently confocal, or total internal reflection fluorescence (TIRF) microscopy can be used
to indicate in which zones of the cells the nanohybrids have accumulated. This information can
be essential, if the lysosome burst mechanism were implemented then fluorescence emission
would indicate lysosome breakage and GNRs diffusion into the cytoplasm. Additionally,
microscopy can be conjugated with laser illumination and a systematic study of release may be

possible.

Nevertheless, the preparation of release has to be founded on a sound experimental and
theoretical background, allowing a swift transition to a biological environment. For this

purpose, the nanohybrids have to be prepared in a way that provides the possibility for
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temperature measurements. The need for such measurements comes from the as yet unclear
influence of gold nanoparticles on dsSDNA melting temperature for which the literature contains
contradictory observations®®6768:69.70 This is the reason for the strong motivation to create a
temperature map covering zones around GNRs which would allow prediction of the laser power

needed for total release of complementary DNA.

Measuring temperature on a nanoscale is a challenging task, however in the last few
years numerous methods have been proposed’’2"374 However, in this thesis we decided that
the most interesting approach was based on oligonucleotides. Thiolated, fluorophore-labelled
hairpin DNA can act as an effective thermometer if the strand in the closed state has quenched
emission. Such a system is already in use; however, the novelty here involves controlling the
distance from the surface by modifying the spacer length (the multi-thymine part of the spacer
sequence following the thiol modification). Using such an approach it is possible to change the
position of dSDNA by one base. On the other hand, this method is valid only as long as the
spacer remains rigid (therefore it can not be too long). Additionally, in order to have a molecular
beacon, several have to form a duplex — so the melting will indicate the temperature of the zone.
Differences in fluorescence between “closed” and “open” states should be clear enough so as
to avoid any doubt that a transition has occurred. Moreover, the process of hairpin opening
involves denaturation, so it should be possible to check the influence of different environment

features (salt concentration, molecular crowding) on the release mechanism.

Another possibility is to use material that would measure temperature changes by
varying physical properties, e.g. fluorescence lifetime, emission intensity. In this case there is
also the possibility to label dsSDNA with such material (to keep the exact information covering
fluorophore-GNR surface distance). Such an approach would place the indicator further from
the surface than dsDNA created with the molecular beacon. The distance could be controlled
by modifying complementary (for thiolated oligonucleotides with longer sequence) labelled

strand lengths.

1.2.5. Toxicity

The final issue which had to be addressed during planning of this thesis was
nanomaterial toxicity’. This can have different origins; however, the main reason is surface
chemistry’®, fortunately in the case of GNRs there have been numerous studies and a lot of data
has been collected’’, covering size, shape and different coatings. The main conclusion is that

complete removal of CTAB greatly improves nanorods biocompatibility.
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Therefore, a discussion of the potential cytotoxicity of the planned nanohybrids is
inevitable; as described before, GNRs were intended to be functionalised with: SH-DNA,
complementary ssDNA, SH-PEG and possibly PEI. The first modification step deals with the
attachment of thiolated oligonucleotides, it is clear that negatively charged phosphate groups
on the DNA backbone can interact with CTAB. Additionally, replacement on the surface is
incomplete. Therefore, the first step of functionalisation can only disturb the bi-layer of CTAB
on the GNRs, without removing it, so this is hardly a “detoxification”. The next step involves
attachment of SH-PEG; the polymer is not charged, no interactions with surfactant are
predicted. However, the creation of thiol-gold bonds in this case does not remove CTAB from
the system. The crucial part of the process has to be between pegylation and DNA hybridisation;
this step is necessary due to a possible excess of thiolated oligonucleotides in solution. If they
remain, dsDNA could be formed independent of GNR surfaces and the number of deposited
strands will decrease. The point is to use the washing steps to allow effective CTAB removal
from the surfaces and nanohybrid systems. For this purpose, the concentrated GNRs could be
diluted by water, this is probably effective in destroying the bi-layer, while it may not be very
effective in detaching single molecules from phosphate groups and gold surfaces. Another
approach proposed here concerns the replacement of CTAB by low toxic, uncharged surfactants
like Tween20, Tween80, or Triton X-100 at high concentrations. The idea is to create micelles
of “neutral” surfactant into which CTAB molecules can integrate; similar structures have in fact
already been observed’®7%8, The same process is responsible for high cytotoxicity; CTAB
accumulates in cell membranes changing their physical properties®’. Additionally, Tween, or
Triton may have the tendency to create micelles on gold surfaces and therefore compete with
CTAB. 2-3 rounds of rinsing with charge-neutral high concentration amphiphilic compound
should be able to remove most of the cytotoxic surfactant from the system and increase

biocompatibility.

The other toxicity-associated issues are mostly not associated with the surface chemistry
addressed in this thesis. The only possible changes from this point of view is modifying
PEG/ssDNA/dsDNA ratio on GNRs. An increase of the number of PEG strands deposited on a
surface will improve the properties of the nanomaterial with respect to any immune reaction,
but it raises the issue of the number of oligonucleotides that may be delivered into the cell; the
accessibility to thiolated DNA would be strongly decreased and release could also be impacted
(blocking of leaving strands). The way to improve biocompatibility would be by encapsulating

the GNRs into biofunctionalized vesicles, but this approach eliminates the simplicity of
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nanorods-based delivery and would thus have little applicability to medical applications at this
point; a GNRs-vesicle system would be difficult to envisage in terms of reproducibility.
Another solution could involve opsonization, before use in biological systems, by previously
selected compounds but whilst this approach is possible, it may eliminate pegylation and thus

active targeting is impossible.

In conclusion, the most important issue in order to reduce GNRs cytotoxicity is
removing CTAB from the system. Without this, any possibility of biological use is highly
unlikely. The toxicity caused by size, or shape cannot be reduced in the nanomaterial which is

supposed to release drugs in a controlled way and have a potential role in active targeting.

1.3. Approach

1.3.1. Optical-based characterization

Preparing nanomaterial for biological/medical use is a challenging task because at one
point the laboratory experiments have to be scaled up; tests on cell cultures and animals, require
a lot more material than characterising measurements. For this purpose, in parallel to
nanohybrid development some work was planned to create a protocol which will allow to

characterise, in as detailed and cheap and easy a way as possible.

The first part was characterisation of GNRs — using their dependence on size and shape
that dictates how they interact with light. Shape anisotropy means that electrons can oscillate
in two distinctive planes perpendicular to each other. The first, associated with the diameter is
responsible for transverse plasmon resonance, the second, dependent on the length of GNRs,
creates longitudinal plasmon resonance. Both can be easily recognized in an extinction
spectrum, due to their high absorption cross-section. Careful analysis allows measurement of
the aspect ratio between diameter and length, of some structural disorder and the general level
of mono-dispersity. Nevertheless, more exact data about GNRs structure is provided by TEM
images. Such measurements need only be performed once when synthesis is always carried out
using the same protocol. In general, obtaining the concentration of nanorods based on extinction
spectrum is challenging; there are approaches that use 400, 450 nm wavelengths, or follow the
position and value of plasmon resonance absorption. In my opinion, the more accurate
technique focuses on signals generated solely by GNRs, thus in a first instance by the
longitudinal plasmon. This assumption is especially critical for this thesis because this is
supposed to be in the range 750-800 nm, in the range of the optical window. Values obtained

from longitudinal absorption band should be compared with transverse plasmon absorbance,
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although this latter can be influenced by gold nanospheres that are usually present in post-
synthesis solution. Additionally, there could be other nano-scale metal objects, without an exact
geometry that, most likely, will interact with light of shorter wavelengths. The final important
issue is accuracy which is a controversial matter, even in the case of nanospheres (simple
geometry). There is no situation in which all of the nanostructures in a post-reaction mixture
are rod-shaped with the same size. Therefore, every calculation based on extinction will cover
a fraction of nanostructures; with higher mono-dispersity, the accuracy of concentration
determination rises. On the other hand, focusing mostly on longitudinal plasmon absorption
provides an estimation of the amount of the main fraction of GNRs; a comparison with TEM
images and a resulting size histogram should provide a correction that shifts the result closer to

a more precise value.

The second part of optical-based characterization concerns DNA functionalization; as
mentioned before, for numerous reasons, the idea was to provide a fluorophore labelling on
each oligonucleotide strand which was supposed to be deposited onto GNR surface (both by
thiol-gold bond and hybridisation). Such an approach allows a more precise measurement of
DNA concentration, because of the linear dependence between concentration and emission.
There is also the possibility to follow the absorption peak at 260 nm, but sSDNA and dsDNA
interact differently with this wavelength.

Introducing fluorescence to measure concentration dependence in solution without
GNRs is not a difficult task. However, in the presence of nanostructures whose absorption
overlaps with absorption/emission spectrum of the dye, the situation becomes more
complicated. Moreover, fluorophores attached to surfaces via oligonucleotide strands can emit
differently as a function of the GNR position in space; the phenomena of screening can occur.
Therefore, the method of separating DNA from nanostructures should be introduced in order to
facilitate data analysis. Such an approach should cover strands attached by thiol-gold bonds and
hybridisation. One option is to dissolve GNRs using an HCI-HNO3z mixture and measure the
fluorescence in the presence of gold ions. Such an experiment could give exact data, however
it requires highly concentrated acids and is precise only if oligonucleotides are specifically
attached. The solution proposed in this thesis is to perform agarose gel analysis; if the
percentage of agarose is low enough it is possible for GNRs to migrate into the gel. This is very
important, because it may give some information about nanoparticle coverage by DNA. It is
known that ssDNA and dsDNA migrate further than nanoparticles under the same conditions,

due to much lower mass. Additionally, the electric potential is able to separate non-specifically
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attached oligonucleotides from metal surfaces. However, in properly prepared experiments,
with suitable running buffer, the oligonucleotides immobilised on GNRs via thiol-gold bonds
and hybridisation remain attached. The issue was to change conditions in a controlled way,
therefore two problems had to be solved; detachment of thiolated oligonucleotides and dsDNA
denaturation. For the first one, the solution seemed obvious and involved the addition of low
mass thiolated compound at high concentrations; since the thiol-gold bond is partially
electrostatic, the result should be surface competition in favour of higher concentration
molecules. For this purpose, the GNRs could even be aggregated, because the presence of free
GNRs without DNA is not critical at this point. The second issue is more delicate; the optimal
solution would be denaturation without disrupting the thiol-gold bonds. Among the possibilities
of duplex denaturation are: increase of temperature over the melting point, decreasing ionic
strength, and changing pH. In the case of temperature such an approach could not be applied,
because following the temperature increase, the loading into a native gel (and running buffer)
will inevitably be associated with some renaturation. Additionally, if the melting temperature
is high, it may disrupt the thiol-gold bonds. The ionic strength is important for dSDNA structure,
however decreasing the ionic strength may not lead to complete denaturation. Moreover, such
low ionic strengths are incommensurate with the electrophoretic condition. Modifying the pH
has similar problems to changing the ionic strength but by using a diffusion control i.e. by
regulating the exchange surface this may be possible. If the DNA sample is introduced in a low
pH azeotrope of running buffer plus 20-25% glycerol into the loading well of an agarose gel,
then the DNA solution will occupy the lower part of the well, exchange with the running buffer
will be slow and the denatured DNA will run into the gel before renaturation can occur. An
added advantage is that there should be no effect on the gold-thiol bond. One source of
inaccuracy especially for the fluorescent measurements would result from heterogeneity in

loading samples into the wells but this could be factored into any quantitative analysis.

In summary, although a complete, optical-based characterisation of GNRs-based
nanohybrids is theoretically effective it involves two procedures that require attention: First,
measurement of GNRs concentration using extinction spectrum analysis and second,

oligonucleotide characterisation based on fluorescence.

1.3.2. Electrostatic-based gold nanorods-cells interactions
Previous paragraphs have described the assumptions implicit for effective nanoparticle
delivery in vivo; however, nanomaterials have to be used at both laboratory-scale research in

vitro and in situ and at clinical diagnostic therapeutic levels in vivo. The transition from the first
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to the second is not necessarily facile and the final application should be borne in mind when

nanomaterial composition and synthesis protocols are being devised.

It is a self-evident fact that cell culture is a much less complicated environment than that
encountered in living organisms. Of the many problems faced in transiting from the first to the
latter the most important could be the menace of opsonization and the immune reaction; the
goal is to limit removal of nanoparticles from the system and to increase their retention time by
playing for example with positive/negative surface charge. It may not be necessary to screen
DNA attached to the surface by PEG molecules but it is certainly necessary to maximise the
uptake, this has been extensively studied and nanostructures covered by ssDNA turned out to
be more efficiently internalized than those with dSDNA.

In this thesis, however, the focal point was to optimise the amount of oligonucleotides
that can be delivered in the form of duplex DNA and released in a controlled way. For this
purpose, additional experiments had to performed in order to determine the optimal range of
dsDNA surface coverage for uptake. This strategy can be extended by testing different
approaches for lysosome bursting; in addition to, or instead of, the “proton sponge approach”,
NIR laser heating may offer a credible alternative. Numerous sources indicate that nanoparticles
have a tendency to accumulate after endocytosis; heating them could potentially destroy the
lysosome membrane without causing additional harm to the recipient cell. This idea needs to

be experimentally tested.

Of course, at the present moment, a medical approach which uses thermal bursting of
lysosomes inside human tissues is not feasible because of the huge differences with controlled
conditions in cell culture; dangers of necrosis leading to immune responses and so forth

currently limit the in vivo clinical applicability.

However, the successful uptake and release of quantified doses of oligonucleotides into
the cytoplasm at chosen times is a tangible possibility and we are at the beginning of a
fascinating research era. Control of the number of GNRs in single cell and knowledge of the
exact quantity of biologically active DNA/RNA associated with the GNRs opens up the way to
follow biological activity in a way that has been hitherto impossible. Therefore, as well as being
applicable for gene therapy, this approach opens up the possibility of finely tuned dose response

therapy and the control of complex cellular processes.
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A final issue concerns the use of pegylated nanoparticles in the presence of serum to
determine the efficiency of specific targeting in association with techniques such as
confocal/TIRF microscopy.

In conclusion, the study with cell cultures of the objects developed in this thesis is not
only a prerequisite step before clinical experiments, but should become the object of a separate

project with a high impact for understanding complex mechanisms in cell biology.
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2. Materials and Methods

Introduction

The type of nanocarrier that is required depends upon the conditions under which the
material will be prepared; in our case the goal is large-scale, highly reproducible synthesis and
this requires rapid characterisation methods that allow control over the process at each step of
surface modification. In order to fulfil these aims | decided to focus on optical methods for
nanoparticle quality evaluation for thiol-based surface functionalisation and for strand
hybridisation and thus to use absorption and fluorescence measurement; the final product being

an effective characterisation protocol.

2.1. Chemical compounds

2.1.1. Non-organic products

Agarose, Phosphate Buffer Saline (PBS), Cetyl trimethylammonium bromide (CTAB),
Chloroauric acid, Sodium borohydrate, Silver nitrate, L-ascorbic acid, SH-PEGeoo, were
purchased from Sigma-Aldrich. Tris-borate-EDTA buffer (TBE) was prepared in the laboratory

with components from Sigma-Aldrich.

2.1.2. Oligonucleotides
All nucleotides were purchased from Sigma-Aldrich. The number of bases of each

sequence is indicated in the table below.

Table 1: oligonucleotides sequences and codes used during this thesis

DNA name Sequence (5°-3°)

SH-DNA40-Cy3 SH-C6-TTT TTC CAT CTG TCA CTC GGA TCC GCC ATC
TTG CGACTC G- Cy3

DNAZ23-Cy5 Cy5- TGG CGG ATC CGA GTG ACA GAT GG

DNA35-Cy3 CCATCT GTC ACT CGG ATC CGC CAT CTT GCG ACT
CG-Cy3

DNA35 CGA GTC GCA AGA TGG CGG ATC CGA GTG ACA GAT
GG
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DNA35-Cy5 Cy5-CGA GTC GCA AGA TGG CGG ATC CGA GTG ACA
GAT GG

DNA35-Cy5-nC Cy5- GCT CAG CGT TCT ACC GTATAT TCT CAC TGT
CTACC

DNAS50-Cy5 Cy5-TCG AAT ACT GCT AGA CGA GTC GCA AGA TGG
CGG ATC CGA GTG ACA GAT GG

hDNA-Cy5 Cy5-CGC TCCCTATTATTATTICGAGCGT TTTTTT
TTT-C3-SH

Some of the oligonucleotides were end-labelled with fluorophores: Cyanine3 (Cy3),
Cyanine5 (Cy5),.

Three groups of DNA were used in the experiments:

1) SH-DNA40-Cy3, DNA35-Cys3,
2) DNAZ23-Cy5, DNA35, DNA35-Cy5, DNA5SQ-Cy5 - these oligonucleotides are

complementary to group 1,

3) DNAS35-Cy5-nC, oligonucleotide non-complementary to group 1 (nC is an acronym
for “non-complementary’) as controls.

Emission measurements (using a VVarian Cary Eclipse Fluorescence Spectrophotometer)
of samples containing more than one type of oligonucleotide were used for FRET
measurements (therefore covering the range of emission for both dyes). In the case where only
one type of DNA was used the spectrum range covered the single fluorophore emission.
Labelling the thiolated oligonucleotides with fluorophore was used to obtain information about
the coverage density. Pairing it with a dye able to trigger FRET was designed to provide proof
of hybridisation on the surface. Thiolated strands without dye were used to check the influence
of the fluorophore attached to the complementary strand by examining the influence of plasmon
on the fluorophore. We also used different length oligonucleotides.

Table 2: excitation wavelengths for different fluorophores and the range of measurements

Fluorophore Excitation [nm] Aquisition range [nm]
Cy3 530 550 - 800
Cy5 630 650 - 800
Cy3 + Cy5 (FRET) 520 550 - 800
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2.2. Technological processes

2.2.1. Gold nanorod synthesis in the presence of CTAB

The first step in the experimental part of this project was to produce gold nanorods
(GNRs) with high monodispersity. The 2-step wet synthesis of gold nanorods consisted of first
the preparation of a seed solution (small nanoparticles of 2 nm diameter) from which nanorods
were grown in a second step®. The NaBH. solution was ice-cold (to avoid thermal
decomposition) and all other solutions were kept at 28 °C in order to avoid CTAB

crystallization.

The initial step involved seed formation in which small nanoparticles were formed. A
solution of 900 uL of ice-cold NaBHs at 0.01M was injected into a mixture containing 9.8 mL
of 0.1 M CTAB and 250 pL of 0.01M HAuCI4. After 2 min of vigorous stirring this seed
solution was directly added to a growth solution pre-prepared by diluting 0.1 M CTAB and 2.5
mL of 0.01 M HAuCl; into a final volume of 50 mL. After 10 min incubation, 375 pL of 0.1 M
L-ascorbic was injected for gold (111) reduction to gold(l). Gentle mixing caused the pale-orange
solution to become colourless indicating that the reaction had occurred. Next, 400 pL of 0.005
M AgNOs was added. The solution with growing nanoparticles was incubated for 2 hours. In
order to remove the excess of chemicals from the growth solution and to decrease the
concentration of CTAB from 93 mM to 5 mM, the growth solution was rinsed twice. The rinsing
process consisted of centrifugation, removal of the supernatant and re-dispersion of the GNRs
in pure water. To characterise the GNRs colloidal solution, the absorption spectrum was

measured and the GNRs were visualised using transmission electron microscopy (TEM).

To improve the yield of synthesis, | decided to further optimise the synthesis protocol.
The way to improve the yield without compromising the mono-dispersity of GNRs solution
involved decreasing the scale of synthesis and to work under constant stirring (magnetic stirrer).
In addition, I noticed that maintaining a constant temperature (28 °C) provided better quality
but reduced the overall concentration of GNRs. As a final approach the reaction vessel was
placed on a heating plate and stirred magnetically. However, this did not allow precise control
of the temperature, although solution mixing turned out to be more important in obtaining

monodisperse GNRs.

From a chemical point of view, the tests on seed solution concerned the amount of added
NaBH4 (0.01M) in the range 600 pl to 1200 pl. The optimal was 900 pl and this was then used

for the comparison of solution colour (the darkest one was selected).
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In the case of AgNO3 two different concentrations were tested: 0.005 M and 0.010 M;
0.005 M turned out to be more preferable.

Major changes were made for seed addition: in the initial protocol this involved 600 uL
(upscaling to a larger growth solution scale would then be equal to 50 mL), but I increased its
volume to 10 mL. This increased the number of synthesized GNRs (as observed by changes in
reaction solution colour) and did not influence their morphology (as seen by extinction

spectrum measurements).

The purification method applied in the protocol is described in chapter 3.

2.2.2. Centrifugation

Centrifugation was a necessary step in every experiment because it allowed removal of
an excess of chemicals from the colloidal solution after the incubation steps for bio
functionalisation, adjusted the GNRs concentration and the composition of the solution without
increasing the final volume. 50mL and 15 mL tubes samples were centrifuged at 7400 rcf for
60 and 30 min respectively. In the case of 1.5 mL tubes centrifugations were at 6500 rcf, 15
min for 200 pL and 8000 rcf, 30 min for 1000 pL. Adapting the centrifugation speed and time
had a huge influence on the nature of the samples as it could cause irreversible nanoparticle
aggregation (especially if they were functionalised with oligonucleotides). The result of
centrifugation was usually GNRs pelleted at the bottom of the tube, however in situations where
nanorods were previously destabilised by charge changes (e.g. attachment of oligonucleotides),

this caused a pink-red precipitant to be deposited on the walls of the Eppendorf tubes.

2.2.3. Hybridisation

The functionalisation of gold surfaces requires the presence an amine/thiol group which
is able to react with surfaces; in this thesis the SH- group was selected due to its stability. As
the purchased oligonucleotides had oxidised SH- groups as S-S, chemical activation was
needed. For this purpose aqueous 10 mM tris(2-carboxyethyl)phosphine (TCEP) with 50 uM
oligonucleotides (from 100 uM stock) were incubated for 4 hours at room temperature. This
was followed by centrifugation through a column (Micro Bio-Spin Columns) (4 min, 1000 rcf)
to a final concentration of SH-DNA measured optically (NanoVue Plus Spectrophotometer).
The final solution was aliquoted into 25 pL portions and stored at -20 °C. The process of

functionalisation, a major part of this thesis is described in chapter 3.
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Formation of double stranded DNA (dsDNA) on the surface of nanoparticles was a
crucial point for bio functionalisation. As the main part of the work carried out here was with
oligonucleotides forming 35 base pair duplexes (e.g. SH-DNA40-CY” and DNA35- Cy5), with
high guanine-cytosine content, the melting temperature was 86.5 °C. The desired end point of
the technological process requires hybridisation between strands; one of them being already
attached to GNR by thiol-gold bonds. Therefore the conditions for hybridisation should not
disrupt this bond; the thermal stability of the thiol-gold bond is about 80 °C833. The effect of
gold nanoparticles proximity is described in the literature as being essentially to decrease the
DNA melting temperature®. The hybridisation temperature was set to 70 °C for 5 min, but with
a long (overnight) cooling process as a compromise for bringing the colloidal solution condition
as close to the melting temperature as possible, with respect to thiol-gold bond stability. This
high melting temperature was useful from the point of effective temperature measurements, as

discussed in chapter 5.

2.3. Absorption

2.3.1. Theoretical introduction

Absorption spectroscopy of gold nanoparticles allows characterisation of their shape,
their concentration and their colloidal stability. In this thesis it was crucial to measure the
absorption spectra at each step of both synthesis and bio functionalisation in order to control
that the absorption bands of GNRs do not vary upon treatment. Indeed, the NIR light conversion
into thermal energy highly depends on the position of the NIR absorption band of GNRs.
However, the measurements performed in the presence of GNRs are limited to extinction
measurements, because the size of the nanorods is sufficient to cause scattering (extinction =
absorption + scattering). This allowed estimation of nanoparticle concentrations at every step

of the experiment as well as detection of the presence of oligonucleotides in the samples.

2.3.2. Measurements

Extinction measurements were carried out on a spectrometer (BioTek Instruments
Uvikon XL UV-Visible) between 220-900 nm if the samples contained oligonucleotides as
DNA absorbs light at 266 nm and between 400-900 for GNRs solution before functionalisation.
The polymer cuvette of Eppendorf was used and 150 pL of sample and 300 L for references
were measured. Differences in volume were due to the use of a special holder allowing

measurement of smaller amounts of material (especially when using precious functionalised

24



GNRs). References were composed of a solution of water, PBS or surfactants without the

GNRs. The baseline was measured twice to reduce the noise caused by heating up by the lamp.

2.3.3. Data analysis

The absorption spectra of GNRs in solution are useful to define their shape,
concentration and stability. For this purpose the range 400-900 nm was the most important,
because the shape of the absorption transverse peak can provide information about nanorods
deformations, and following the longitudinal peak gives information on the size, uniformity,
and eventual presence of aggregates. Peak positions provide information about the size and
aspect ratio of the most populated GNRs species®. The transverse peak is associated with
plasmon properties coming from the diameter, whereas the longitudinal peak is associated with
the length. An additional parameter is full width at half-maximum (FWHM) used for aspect
ratio determination®. It is crucial to be able to calculate the concentration of GNRs using
absorption spectra of colloidal solutions.
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Figure 1:Typical absorption spectrum of GNRs. Arrows indicate the absorption maxima.
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According to the literature® it is possible to quantify GNRs concentration using the Lambert-

Beer law:

A = absorbance

| = optical pathway [cm]

& = extinction coefficient [Mtcm™]
¢ = concentration [M]

Expressing the concentration of nanoparticles in molarity is not completely correct, as
their population is defined by different extinction coefficients, depending on individual shape
and size (it would be more accurate to use gold concentration instead). Additionally, molarity
refers to molecules, not objects with unknown (populations with different volume) mass. On
the other hand, it is possible to calculate the extinction coefficient of single GNRs with a given
size considering a monodisperse GNRs solution. It is important to determine the concentration
of GNRs in solution so as to adjust the concentration of thiolated DNA in solution to control

the surface density of DNA immobilised on the GNRs surface.

The literature®® contains four calculated values for longitudinal peak positions, however
in my experiments the peak was usually inbetween the indicated ones. A linear dependence was
seen between the extinction coefficient and peak position (Figure 2) allowing calculation of the
extinction coefficient for absorption maximum in the range 600-850 nm. Therefore, this
allowed quantification of GNRs at every step of functionalisation (the peak was often shifting
during the processing) using a simple formula for the extinction coefficient according to peak

position.
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Extinction coefficient with change of longitudinal
peak position

E  7.00E+09 1

1S = 1E+07x - 5E+09

= 6.00E+09 - y

S R?=0.9958 )
E  500E+09 { ................

© _— e

S A0 e i

ST 300E409 e

5= &

8 T 2.00E+09 -

c

2 1.00E+09 -

[S]

c

S 0.00E+00 . . . . .
ul 600 650 700 750 800 850

Longitinual absorption peak position [nm]

Figure 2: The dependence between longitudinal peak position and the extinction coefficient of

maximum. Values and deviation based on literature®®,

The accuracy of optical-based quantification of gold nanoparticles is a subject of
discussion®’. However, a detailed study®® provided values of transverse extinction coefficients
according to different aspect ratios; this impacts on the accuracy of the calculations (different
size nanoparticles were tested), because it can be compared with results obtained using
longitudinal extinction coefficient. | followed changes of transverse peak position in the range
508-522 nm. Concentrations of GNRs with larger half-widths (e.g. caused by
biofunctionalization) could be calculated. Calculating concentrations from this peak provided

information on colloidal solutions with higher nanostructure dispersity.
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Figure 3: The dependence based on data from the literature® of extinction coefficient at

transverse absorption maximum to the position of that peak.

By measuring GNRs absorption spectrum it is possible not only to calculate nanoparticle
concentrations, but also to indicate the presence of oligonucleotides, which is rather relevant to
this thesis. However, there is little information to be obtained from the DNA absorption peak
at 266 nm of nucleotides immobilised on GNR surfaces (oligonucleotide absorption does not
change when attached to gold surfaces). The few centrifugation steps remove all free DNA from
the system, but may cause nanoparticle loss at the same time. There is a difference in absorption
coefficient between ssDNA and dsDNA, but in a system containing GNRs and surfactants, |
decided not to use it for hybridisation quantification. The reason being that the low values of
both the peak and the change associated with duplex formation could be misinterpreted. An
additional possible change of the extinction spectrum was a shift of the longitudinal absorption

peak due to surrounding refractive index variations.
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GNR before and after functionalisation with 300 nM
SH-DNA

09 -

08
—0.7 1
<06 A
505 ]

804 -
3 03 -
il GNRs + 300 nM SH-

<02 4 DNA
01 4
0

== GNRs

230 330 430 530 630 730 830
Wavelength [nm]

Figure 4: Changes upon immobilisation of thiolated oligonucleotides and subsequent rinsing.
The absorption spectrum was modified in terms of peak positions and intensity values. The
calculated concentration of the stock solution was 0.179 nM, whereas after functionalisation it
was 0.109 nM.

There are clear changes in the absorption properties of GNRs before and after incubation
with 300 nM thiolated ssDNA (Figure 4). First, during the process of functionalisation and
rinsing, some nanoparticles are lost (strong decrease in the intensity of transverse and
longitudinal peak values). Additionally, the longitudinal absorption peak is blue-shifted,
therefore the local refractive index has changed certainly caused by the replacement of the
CTAB layer by oligonucleotides on the surface of GNRs®. In addition, a peak at 266 nm cannot
discriminate between oligonucleotides in solution and those attached to GNR surfaces via gold-
thiol bonds.

2.4. Fluorescence

2.4.1. Theoretical introduction

Fluorescence emission arises from the relaxation of a photon from an excited single
state to the ground state. The excitation state is obtained after the fluorophore absorbs light at a
specific wavelength that depends on the fluorophore properties. The emission wavelength also
depends on the fluorophore properties. The difference (in wavelength or frequency units)
between positions of the band maxima of the absorption and emission spectra (fluorescence and

Raman being two examples) of the same electronic transition is called the Stokes shift. The
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quantum vyield is a measure of the efficiency of photon emission and is defined by the ratio of

the number of photons emitted to the number of photons absorbed.

Table 3: Fluorophore properties

Fluorophore Quantum yield [%] | Absorption, emission
maximum [nm]
Cyanine3 15 % 548. 561

Cyanine5 27 % 647. 665

Since the fluorescence emission depends on the electromagnetic field, the proximity of
a plasmonic structure such as a GNR can lead to two competing phenomena depending on the
distance between the fluorophore and the gold surface®: 1) at short distances, quenching caused
by energy transfer to the plasmonic structure, 2) at larger distances, exaltation due to the

creation of localised electromagnetic fields around the plasmonic structure.

2.4.2. Measurements

Samples were placed in polymer cuvettes to a final volume of 800 pL -1000 pL (800
pL is the minimum possible volume that can be measured with such cuvettes in this
spectrofluorometer). Excitation was carried out with a slit of 5 nm, emission with 10 nm. The
voltage in the lamp was set to 700 volts. Measurements were done over 2 ranges: 550-800 nm
(Cy3), excitation 530 nm or 520 nm (only for experiments with FRET); 650-800 nm (Cy5),
excitation 630 nm.

2.4.3. Data analysis

In most of the experiments the results of fluorescence emission intensity measurements
are presented either as whole emission spectra (Figure 5), or as the intensity of emission
maximum. In the case of emission spectra the measurement (and graphs) covered the emission
maximum peak (if present) and the zone without noticeable fluorescence emission intensity

(background) as shown in Figure 5, 750-800 nm.
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Figure 5: Cy3 fluorescence emission spectrum. The maximum of emission intensity is 561 nm,

the excitation was carried out at 530 nm.

At this point the issue of fluorescence excitation and emission intensity in the presence
of nanoparticles had to be taken into account. For this purpose | carried out two sets of
experiments prepared in parallel: first with DNA35-Cy3 in 0.95x PBS and 0.1 % Tween20,
second with GNRs functionalized with SH-DNA40 (without fluorescent labelling) and SH-
PEG in the same medium. The ligands were supposed to prevent non-specific interactions
between gold surfaces and non-thiolated oligonucleotides; deposition onto GNRs would cause

Cy3 quenching.
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Figure 6: Influence of GNRs absorption and scattering on Cy3 emission. Nanorods were
functionalised with SH-DNA40 and SH-PEG in order to decrease non-specific interactions

between gold surface and DNA35-Cy3. Excitation was done at 530 nm.

In the presence of GNRs, Cy3 emission decreased (Figure 6); there are three main
reasons for such behaviour: absorption, screening and scattering. The colloidal solution at the
nanoparticle concentration used is pale-pink, therefore there is effective absorption. The
absorption spectrum of Cy3 overlaps with the transverse plasmon peak, so screening occurs.
Additionally, the presence of nanoparticles causes scattering, decreasing even more the

registered signal.

2.5. FOorster Resonance Energy Transfer (FRET)

2.5.1. Theoretical introduction

FRET is a non-radiative energy transfer phenomenon occurring between two
fluorophores, a donor and an acceptor through dipole-dipole coupling. The necessary condition
for its occurrence is a short distance between the two fluorophore and the overlapping of the
donor emission spectrum and the acceptor absorption spectrum®®. FRET results in the decreased
emission of the donor fluorescence while excited and the increase of the acceptor emission. The

efficiency of FRET can be described by (based on equation transformation®*):

— kET
ke + ker + X k;

E

E = FRET efficiency
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ket = rate of energy transfer
ks = radiative decay rate

ki = rates of other de-excitation phenomena
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Figure 7: FRET between Cy3 and Cy5. The donor (D) in this pair is Cy3and the acceptor (A)
is Cy5. The graph presented is reproduced from the publication of H. C. Ishikawa-Ankerhold

et al.®

Additionally, there is a strong dependence of the distance between the donor and the
acceptor for FRET to occur (based on equation transformation®):

E =

E = FRET efficiency
r = distance between fluorophores

Ro = Forster distance (distance for pair of fluorophores at which FRET efficiency is equal to
50 %)

The Forster distance of the fluorophore pairs | used (Cy3-Cy5) is below 10 nM. The
strong distance-dependence of FRET phenomena (distance factor is power of 6) has attracted a
lot of attention in the field of nanotechnology, becoming a sort of nano-ruler, especially useful
for the detection of reaction/conformation changes in biological samples®-°7:%,
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Experimentally the FRET efficiency is best characterised by the decrease of donor
emission, because of different de-excitation phenomena and the acceptor quantum yield (not all

of the energy transferred from donor goes to the acceptor)®%4,

E = FRET efficiency
Fpa = fluorescence intensity of the donor in the presence of acceptor
Fp = fluorescence intensity of the donor in the absence of acceptor

2.5.2. FRET in this thesis

The experiments covering CTAB-DNA interactions were performed using FRET,
because it follows variations of the spatial organisation of oligonucleotides in solution as a
function of CTAB concentration. Two solutions were prepared: 1) CTAB solutions at
concentrations ranging from 0 tol0 mM in water, 2) CTAB solutions at concentrations ranging
from 0 to10 mM in 1xPBS. Cy3- and Cy5-labelled DNA were added either one after the other
with a 2 minutes incubation time between the two, or premixed in water or PBS at equal
concentrations and then added to the CTAB solutions. The FRET of all samples was then
measured and strong differences indicated that CTAB strongly influenced the distribution of
DNA in solution: FRET only occurred when both DNAs were premixed even if the two strands
were not complementary while no FRET could be detected with a step by step addition (Chapter
3).

2.5.3. Results analysis

The first step was to check the positions of the donor and acceptor peaks. As indicated
in Figure 8 the emission peak of the donor could influence the measured value of acceptor (the
donor slope probably overlapping the Cy5 maximum). In order to correct for this and extract
only Cy5 emission values, a calculation of Cy3 emission values in the range of Cy5 emission
was conducted. After defining the wavelength of the Cy5 maximum, this was adjusted using

the theoretical value of Cy3 emission for the same wavelength.
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Figure 8: a) FRET between 10 nM DNA35Cy3 and 10 nM DNA35Cy5 in 1xPBS solution
incubated for 10 min at room temperature. The emission peak of Cy3 was recorded at 565 nm,
and the emission peak of Cy5 at 667 nm. b) On the bottom graph is represented the intensity of
the Cy3 and Cy5 at the maximum of the emission wavelength as a function of the sample
conditions (here 1 mM CTAB).

2.6. Agarose gel electrophoresis

2.6.1. Preparation

Agarose gels was prepared by heating a mixture of 0.4 g of agarose with 50 mL of
1XTBE buffer in a microwave oven until the agarose dissolved, however avoiding boiling to
limit water evaporation. This was left for 5 min at room temperature to cool down before
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pouring the gel. Gels were used just after solidification. The resulting 0.8 % agarose gels had a

density permitting GNRs to enter and migrate within.

2.6.2. Electrophoresis and data analysis

After placing the gel in a large volume of 1xTBE, samples were loaded into the wells
of the gel. Loading the samples was easier when the sample solutions were premixed with
glycerol to increase the density. The potential was set to 50 V and left to run for 30, or 40 min,
depending on the experiment. After running, the gel was placed under a Typhoon scanner and
checked for fluorescence of Cy3-Cy5. When the concentration of GNRs is high enough it is
also possible to perform measurements of total absorption to see the position of the GNRs in

the gel (Figure 9).

D R Dy GRS ASSE a0 648 6P 45O G

Figure 9: Left, gel image scanned for absorption; right: Cy3 emission intensity measurements,
excitation of Cy3 is fixed at 548 nm, non-thiolated DNA, DNA35-Cy3 was marked as -OH,
thiolated DNA, SH-DNA40-Cy3, described as -SH. References DNA samples were set at 20 nM.

The migration of DNA into the gel will depend on whether they are attached to the
GNRs or free in solution. For DNA immobilised on the GNRs surface, the emission of
fluorescence will therefore be detected at the same level than the migration bands of GNRs
(measured in absorption, image on the left) while the free DNA will migrate with the DNA
control or reference (Figure 9).

In the case of gels examined in absorption mode three main features were determined
visually: aggregation, migration distance and shape of the band. Analysis in the case of
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fluorescence measurement was performed by delineating the area of interest of the gel by

a rectangular generated by the relevant software (an example is shown in Figure 10).

[ 1 I
-1 T sy ) B I O S ji

Figure 10: The marking used in gel fluorescence analysis. Red rectangles were used to quantify

the signal intensity in samples and green rectangles were used for background measurements.

In some gels the background was visibly not uniform (smear, or non-uniform
background fluorescence). The size of the rectangles depended on the gel but were of the same
size on any one gel. The detected signal was averaged over the surface of the rectangles. A good
example of the whole process is shown in the experiment performed to obtain the standard

deviation (please see chapter 4, Table 1).

In order to calculate the standard deviation, the emission intensity in the bands was
identified and marked by rectangles. Within the rectangle, the average fluorescence emission
intensity was calculated and the results are shown in Table 4. The background emission values
were also measured and the results of sample fluorescence could then be corrected. This

allowed calculation of the average emission and standard deviation.

Table 4: emission intensity obtained from agarose gel

Samples emission

) _ 782.38 781.41 777.47
intensity [a.u.]

Background [a.u.] 289.96 297.08 294.50
Samples correction 492.42 484.33 482.97
Average result 486.57+5.11 (1.05 %)
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In this example the whole analysis process can be followed; first by identifying
rectangles associated with samples and obtaining the average emission. Secondly, doing the
same to get background noise values. Next, the sample emission was corrected for the

background. Analysis of three experiments gave a standard deviation for this approach.

The same steps were performed to determine the concentration of labelled DNA; in this
case the corrected samples emission values were compared to references with known amounts

of oligonucleotides.

2.7. Zeta potential measurements

2.7.1. Theoretical background

The zeta potential is a measurement of the charge of the layer surrounding
nanostructures. It is widely used for analysis of structures made by layer-by-layer techniques
where layers may have different charge (this type of deposition is often based on electrostatic
principles). In the case of GNRs the charge of unmodified particles is positive, whereas
oligonucleotides are negatively charged. As a result, successful functionalisation should cause
switching of the detected charge from positive to negative. The importance of zeta potential
measurements in this context is to predict colloidal solution behaviour, because values from -

30 up to +30 suggest possible aggregation.

2.7.2. Samples preparation

Zeta potential in this thesis was used for GNRs functionalised only with
oligonucleotides also used for fluorescence measurements and gel electrophoresis. After
fluorescence measurements (during which GNRs were in 1xPBS, 1% Tween20) it was
necessary to reduce the number of ions in the samples, therefore centrifugation was performed
with subsequent rinsing by Milli-Q water. Such samples were placed in cuvettes and measured

immediately on a Malvern instrument.

2.7.3. Analysis of the results

The zeta potential expressed in mV for single samples is not very discriminatory to
characterise functionalised nucleotides since similar zeta potential value can be obtained for a
wide range of immobilised DNA. Additionally, it is not possible to distinguish between
oligonucleotides attached via thiol bonds or electrostatically. However, the zeta potential
technique, because it is semi-quantitative, became popular for evaluating processing steps such
as oligonucleotide attachment and layer deposition. It encounters drawbacks when it is used in
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the context of a surface-liquid interface. Oligonucleotides immobilised via electrostatic
interaction and thiol-gold bond may change the local charge by a similar amount
indistinguishable by zeta potential measurements.
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3. DNA-CTAB Interactions

Introduction

In order to develop a nano cargo that would release a known amount of drugs upon light
induced thermal release, the nanomaterial has to be stable in a colloidal solution: the size and
shape of the GNRs has to remain constant upon bio functionalisation and cellular uptake.
Nanomaterials need to have high absorption in NIR, in order to be efficiently heated up for
dsDNA denaturation for release without degrading the nanoparticles and DNA, and without
affecting the cells. Therefore, it is important to avoid aggregation as it modifies the overall
extinction spectrum, shifting the longitudinal maximum toward the red. Moreover, larger
nanostructures scatter light more efficiently, so the temperature increase will be less controlled.
Further requirements are associated with the characterisation methods and stability of the hybrid
system. We chose to use the fluorescence emission from DNA attached to GNRs and use the
variation of emission to detect the light induced release of ssDNA. Additionally, as the time
between nanomaterial synthesis, functionalisation and measurements in cells can vary and be
up to a few days it is crucial that the overall monohybrid is stable in time. This is connected
with the stability of dSDNA on the surface after hybridization; duplex degradation will impact

fluorescence emission.

To summarise, all the following points have to be fulfilled in order to obtain efficient cargo

nanoparticles for drug delivery:
1) Stable colloidal solution
2) High absorption in NIR (no aggregates)

3) The fluorescence signal emitted from labelled DNA attached to the surface has to be

detectable

4) Similar optical properties between different functionalisation over long periods

(absorption, fluorescence signal)

5) Controlled hybridisation between complementary strands in solution and the ssDNA
bound to the GNRs surface at a specific density

6) Stability of GNRs covered by dsDNA.

In addition, biocompatibility and cell uptake need to be also optimised.
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3.1. Gold nanorods synthesis and stability in water solution

3.1.1. Gold nanorods synthesis in the presence of CTAB

The first step in the experimental part of this thesis was to produce gold nanorods
(GNRs) with high monodispersity. The 2-step wet synthesis of gold nanorods consisted of the
preparation of a seed solution (small nanoparticles of 2 nm diameter) from which nanorods are

grown in the second step®.

As described in Chapter 2, Materials and Methods, the initial step involved seed
formation in which small nanoparticles were formed. A solution of 900 uL of ice-cold NaBH4
at 0.01M was injected into a mixture containing 9.8 mL of 0.1 M CTAB and 250 uL of 0.01M
HAUCI4. After 2 min of vigorous stirring this seed solution was directly added to a growth
solution pre-prepared by diluting 0.1 M CTAB and 2.5 mL of 0.01M HAuCI4to a final volume
of 50 mL. After 10 min of incubation time, 375 pyL of 0.1M L-ascorbic acid was injected for
gold (I11) reduction to gold(l). Gentle mixing caused the pale-orange solution to become
colourless indicating that the reaction had occurred. Then, 400 puL of 0.005 M AgNOs was
added to allow the growth of nanorods. The solution with growing nanoparticles was incubated

for 2 hours.

In order to remove the excess of chemicals from the growth solution and to decrease the
concentration of CTAB from 93 mM to 5 mM, the growth solution was rinsed twice. The rinsing
process consisted of centrifugation, removal of the supernatant and re-dispersion of the GNRs
in pure water. Table 1 lists the composition and concentrations of each element in the seed and
growth solutions. To characterise the GNRs colloidal solution, the absorption spectrum was

measured and the GNRs were visualised using transmission electron microscopy (TEM).

Table 1. Composition and final concentration of the seeds and GNRs growth solution

Seed solution

Component Final concentration
CTAB 89.5 mM

HAUCl4 0.2mM

NaBH4 0.8 mM

Growth solution
CTAB 93.1 mM
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HAuUCI,4 0.39 mM
L-ascorbic acid 0.56 mM
AgNO3 0.03 mM

3.1.2. TEM images of GNRs and size distribution
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Figure 11: TEM images of GNRs produced following a 2-step wet synthesis.

The TEM images indicate the presence of a majority of nanorod shaped gold

nanoparticles and the presence of large sphere-shape structures (Figure 1).

The TEM images were further analysed using ImageJ software, in order to calculate the
average size of GNRs and extract the typical GNRs aspect ratio. Initially a threshold of intensity
was applied to remove the background. This approach meant that many GNRs were not
considered because they were too close to each other to characterise them individually. In
addition, most of the spherical-shaped nanostructures were in agglomerates, therefore not

counted. Additionally, a surface area threshold was used to eliminate structures that were too

large.
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Figure 12: TEM image and masks used to calculate the average size of nanostructures.

The masks used in image analysis were intensity threshold (to eliminate background
and set structures boundary) and large grouping of particles that prevented the characterisation
of single nanoparticles (typically structures larger than 600 nm?). Structures smaller than 25
nm? were also eliminated. Results in the form of histograms are shown in Figures 3 and 4 for

the GNRs width and length, respectively.
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Figure 13: Width of nanostructures based on 198 objects selected by applying the mask on the
TEM images of freshly prepared GNRs.
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Figure 14: Length of nanostructures based on 198 objects selected by applying the mask on the
TEM images of freshly prepared GNRs.

The majority of nanostructures had a width in the range of 8-13 nm (Figure 3). The
observation of larger widths was mainly due to the presence of spheres that are larger than the
average widths of GNRs. The length of the majority of selected nanostructures was in the range
30-38 nm (Figure 4). The wide range of estimated length is certainly due to the different size
of GNRs but also to the orientation of GNRs on the TEM image.

Nevertheless, TEM results showed that the majority of freshly synthetized nanoparticles
had a rod shape with a length of 32.7£7.4 nm and a diameter of 10.7+3.2 nm. The calculated
average aspect ratio of GNRs freshly prepared was 3.2+0.8 (average of all measured
nanostructures aspect ratios). As the optical response is proportional to the volume of the GNRs,
therefore sample absorption spectra may indicate even higher aspect ratios. In order to check
this possibility, absorption measurements were performed.

3.1.3. Visible-NIR absorption spectrum of gold nanorods.

The absorption spectrum of GNRs is composed of two peaks corresponding to the
oscillation of free electrons along and perpendicular to the long axis of the GNRs, respectively.
The higher energy transverse mode shows a resonance at about 520 nm. The lower energy
longitudinal mode is red-shifted and its spectral position strongly depends on the nanorod aspect
ratio R, which is defined as the length of the rod divided by the width of the rod. In Figure 5 the
maximum of the longitudinal band was at 785 nm that should correspond to an aspect ratio of
3.5 nm, which agrees well with the data extracted from the TEM images.1%
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The absorption spectrum (black curve in Figure 5) of a freshly prepared GNRs solution
did not show a high amplitude ratio between the two plasmon bands (the ratio of the two
maxima of the absorption peaks was 2.2). A low amplitude ratio was due to the presence of

nano spheres and aggregates as shown by TEM (see Figure 2).

In order to obtain a mono-disperse solution of GNRs, | developed a method of
purification based on centrifugation which allows separation of nanoparticles by their size and
their shape. Figure 5 shows the different spectra obtained before and after centrifugation of 1
min and 2 min. To confirm the efficiency of the separation according to the nanoparticles size
and shape, the spectra of both the pellet (heavier nanoparticles) and the supernatant (smaller
nanoparticles) are shown. The centrifugation speed and time are important parameters to
optimise in order to obtain an efficient size and shape separation. Here, the centrifugation rate
was optimised to 19090 rcf (relative centrifugal force) and times of 1 and 2 min and the solution

was 1 mlina 1.5 ml tube.

Purification using centrifugation

GNRs stock solution

Pellet 1 min centr.

= == == Supermatant 1 min
centr.

Pellet 2 min centr.

Supernatant 2 min
centr.
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Figure 15: Absorption spectra of GNRs during purification based on centrifugation.

With absorption spectra it is possible to follow the effects of centrifugation on the
composition of the colloidal solution. After centrifugation for 1 min and 2 min, the difference
in the amplitude ratio of the two peaks intensity between the nanoparticles that pelleted at the
bottom of the tube (pellet) and the supernatant is significant. Starting from an amplitude ratio
of 2.2 for the freshly prepared nanoparticles in solution, it increased to 3.8 and 4 in the

supernatant (after re-dispersion in water) after centrifugation for 1 min and 2 min respectively.
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In the pellet, the aspect ratio decreased to 1.3 and 1.6 after centrifugation for 1 min and 2 min

respectively.

Since the theoretical amplitude ratio for GNRs with a longitudinal absorption band
placed between 750 and 800 nm is 3.61%, this suggests that the larger nanospheres moved down
the tube upon centrifugation while the GNRs remained in solution (supernatant). The difference
between the two centrifugation times does not seem to have a great influence on the separation

of the nanoparticles.

At the end of the synthesis and purification steps the GNRs were dispersed in water and
diluted 20-times. To optimise the immobilisation protocol of DNA on the GNRs surface, it is

important to also characterise the concentration of the GNRs stock solution.

3.1.4. Determination of gold nanorods concentration

As mentioned in chapter 2, one can calculate GNRs concentrations using their
absorption spectrum. For this the positions and values of absorption maximum were recorded
(Figure 6).

GNRs in 5 mM CTAB
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Figure 16: Absorption spectrum of 6.6-times diluted GNRs batch used for functionalisation
experiments.

The concentration of GNRs obtained from absorption spectra was carried out using the

methodology presented in detail in chapter 2.

This method is based on the Beer Lambert law:
_ A
€= -1l
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where:
¢ = concentration [M]

A = absorption

¢ = extinction coefficient [M™* cm™]

| = length of optical pathway [cm].

The results of the calculations are presented in Table 2.

Table 2: Concentration calculations based on plasmon band absorption peaks

Absorption peak Absorption peak )
- Concentration [nM]
position [nm] value [a.u.]
Transverse peak 510 0.1576 0.114
Longitudinal peak 768 0.7920 0.179

Depending on the absorption peak used for the calculation, the GNRs concentration of
the stock solution was either 0.75 nM or 1.18 nM (Table 2, taking into consideration the dilution
factor imposed to record the absorption spectra). The concentration calculated from the
longitudinal absorption peak is more reliable because this absorption peak arises exclusively
from the rod-shaped nanoparticles while transversal peaks arise from GNRs and nanospheres if
still present in solution. The differences between transverse- and longitudinal-based
concentration calculations reflect therefore the nanoparticles dispersity. For all experiments,
only the concentrations resulting from calculations based on the longitudinal absorption peak

were taken into account.

3.1.5. Conclusion

Optimisation of the GNRs synthesis protocol and development of a method to further
purify the resulting GNRs produced well-characterised GNRs colloidal solutions. TEM allowed
characterisation of the GNRs length and diameter (32.7£7.4 nm x 10.7+3.2 nm) placing the
longitudinal plasmon band at 765 nm. The aspect ratio of the GNRs stock solution after
purification (3.6) was close to the expected value calculated with the Gans theory as described
in the literature!®, confirming the high quality of the developed protocol to obtain stable
colloidal GNRs solution. The calculation of the concentration of the GNRs stock solution based
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on the absorption spectra gave a value of 1.2 nM. The GNRs are diluted in water with 5 mM
CTAB. In these conditions, the GNRs stock solution was stable as a colloidal pink solution for

weeks.

3.1.6. Surfactant bi-layer

During and/or after their synthesis, gold nanoparticles have to be stabilised by a
surfactant. In the particular case of gold nanorods, Cetyl trimethylammonium bromide
(CTAB), or a mixture of surfactants, CTAB and sodium oleate for example, was used during
the synthesis of GNRs and was kept at 4.7 mM in the stock solution after synthesis®?. As
described in chapter 2, Materials and Methods, CTAB was used during the synthesis and also
in the colloidal stock solution. The final concentration of CTAB of the freshly synthesized

GNRs was 93 mM quickly diluted down to 4.7 mM by centrifugation and redispersion steps.

The interaction of CTAB with GNRs surfaces has been described in detail*®®*1%; CTAB
forms a double layer, micelle-like structure that surrounds nanorods (Figure 17). The positively
charged, hydrophilic part (around the nitrogen atom) is facing toward the metal and on the other
side, toward the aqueous solution. The hydrophobic hydrocarbon chains are therefore in
between the hydrophilic part and the aqueous solution. A bi-layer thickness of 32+1 A has been
measured®®®. It was demonstrated that the CTAB double layer structure protects GNRs very
efficiently against aggregation as long as the surfactant is in excess in solution®®. The CTAB
double layer is disturbed if the CTAB concentration in solution is below the critical micelle
concentration (0.91 mM in water), or the presence of ions (e.g. NaCl)!%1%7 Decreasing the
surfactant concentration in solution leads to a situation where there are insufficient molecules
to keep the double layer structure stable and prevent the nanoparticles from aggregation. The
presence of ions in solution decreases the critical micelle concentration by decreasing the Debye
screening length%. For example, the presence of increasing concentrations of NaCl in solution
leads to GNRs aggregation'®. In addition, the presence of different amphiphilic compounds
clearly influences the bi-layer structure as it is incorporated in the double CTAB layer!°.
Another feature of the double CTAB layer surrounding GNRs is that the molecular density and
therefore the structure of the double layer is different at the tip of the GNRs and on the sides;

this difference was used for zone-specific functionalisation®?,
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Figure 17: Representation of the CTAB bi-layer proposed by S. Gomez-Grana et al 1%, SANS
- small-angle neutron scattering, SAXS - small-angle X-ray scattering, methods used for
evaluating the CTAB bi-layer thickness.

3.1.7. Environment of GNRs functionalised with thiolated single strand DNA

Colloidal solutions of GNRs always contained a large excess of CTAB, a cationic
surfactant known to interact electrostatically with anionic DNA114, The functionalisation of
GNRs with thiolated single stranded DNA molecules is therefore affected by the presence of
CTAB. For GNRs functionalisation with thiolated sSDNA, the presence of CTAB affects
essentially the yield of immobilisation since not only does CTAB block the surface of GNRs
preventing thiol binding but it is also known that cationic surfactant vesicles sequester long
anionic DNA molecules in solution*?. The interaction of short double stranded DNA with
CTAB has already been described using FRET'31 There is evidence that the duplex can
decorate the outer surface of the cationic CTAB micelles. The dsDNA structure can also be

stabilised by the surfactant under specific conditions.

To understand if these electrostatic interactions between CTAB and ssSDNA have an
impact on the functionalisation process an important part of the thesis was to characterise the
nature of DNA-CTAB interactions. It has been shown that the micellar concentration of CTAB
is 0.91 mM in water and 0.074 mM in PBS%. Therefore, we can consider two regimes where
DNA would interact with free CTAB molecules in solution for CTAB concentrations below the
critical micelle concentration (CMC), and where DNA will also interact with the cationic CTAB

micelles surface.
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3.2. ssDNA spatial organisation in solution in the presence of CTAB

3.2.1. The proposed approach

The primal goal of the experiments was to characterise in detail the interaction of CTAB
and ssDNA in solution. In water, as soon as ssSDNA is introduced to a solution containing
CTAB, DNA is expected to interact electrostatically with CTAB molecules. In PBS, the
electrostatic interactions between DNA and CTAB are expected to be influenced by the

presence of ions.

In order to study how CTAB interacts with sSDNA and how it influences its solubility,
accessibility and overall repartition in solution, two sSDNA were used; either complementary
or not complementary labelled with two fluorophores, Cy3 and Cy5, able to undergo FRET
when at a permissible distance for FRET. The two ssDNAs were introduced in the CTAB
solution either step-by-step (one after the other) or pre-mixed together. For the two
complementary strands, FRET should be detected only in PBS and not in water solutions. For

the two non-complementary strands, no FRET should be detected either in water or in PBS.

All FRET experiments were carried out as follows: the excitation wavelength of Cy3
was fixed at 530 nm, and the emission intensities of Cy3 and Cy5 were registered at maxima

(as described in chapter 2).

Table 3: ssDNA used for the experiment - pairs of oligonucleotides

Complementary DNA DNA35-Cy3 DNA35-Cy5
Non-complementary DNA | DNA35-Cy3 DNA35-Cy5nC
Thiolated DNA SH-DNA40-Cy3 SH-DNA40-Cy5

The difference in oligonucleotides length was due to the addition of a 5 thymine base
spacer placed between the thiol group and the ssDNA. Thymine bases are regularly used as
spacers and thymine has been shown to have the least non-specific interactions of nucleic acids
with gold surfaces!'®. As a consequence, the DNA with just the thymine sequence next to the
thiol group has the lowest probability to interact with the gold surface allowing the whole

ssDNA strand to be oriented towards the solution.

50



3.2.2. Influence of CTAB on the emission of fluorescence of Cy3 and Cy5
First, a fundamental question was how CTAB concentration influences the emission of
Cya3/5 alone. The range of CTAB concentrations was from 0.01 mM to 10 mM. The critical

micelle concentration is 0.91 mM in water and 0.074 mM in PBS.

In all of the following, we characterised the maxima of the Cy3 and Cy5 emission
intensities where the Cy3 is excited at 530 nm and Cy5 is excited at 630 nm (figure 8 and 9).

The addition of even small amounts of CTAB (0.01 mM) in water and in PBS caused a
significant decrease (up to 50%) of the Cy3 emission intensity compared to the SSDNA-Cy3 in
pure water (Figure 8). The emission intensity of Cy3 did not vary with increasing concentration
of CTAB (from 0.01 to 10 mM).
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Figure 18: DNA35-Cy3 fluorescence emission as a function of CTAB concentration in water
and in PBS.
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Figure 19: DNA35-Cy5 fluorescence as a function of CTAB concentration in water and in
PBS.

In the case of Cy5-labelled strand, we observed a 75% decrease in the fluorescence
emission intensity (figure 9). As observed with the emission intensity of Cy3, the Cy5 emission
intensity did not vary with increasing concentrations of CTAB (up to 10 mM).

The decrease of the emission intensity both of Cy3/5 indicated that CTAB quenched the
fluorescence emission. This quenching had an obvious impact on the FRET analysis. Indeed,
in FRET experiments, the emission intensity of Cy3 should decrease while the emission
intensity of Cy5 should increase. Consequently, no quantification of FRET is possible. A
correction that includes the CTAB effect on the fluorescence emission for the FRET
measurement has to be applied to follow the variations of both the Cy3 and Cy5 emission as
described in Chapter 2, Materials and Methods.

3.2.3. Interactions between two complementary ssSDNA

The first experiment concerned interactions between two complementary strands at
different CTAB concentrations in water and in PBS. The importance of this step is essential: in
water hybridisation does not occur, therefore if duplex formation takes place it means that the
surfactant is able to keep the strands together. In phosphate buffer dSDNA forms, so it may be
used as a reference sample. Since the two complementary stands are tagged with Cy3 and Cy5,
FRET will indicate the proximity of the two strands in solution. The concentration of both
oligonucleotides was 10 nM. They were premixed in water or in PBS CTAB solutions with

subsequent incubation at ambient temperature for 15 min before FRET measurements.
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The graphs showing the results of FRET phenomena (Figure 10 - 12) are corrected from
the CTAB quenching effect on the emission of fluorescence. For the donor, the correction was
associated only with CTAB quenching (the value of the emission maximum was increased
according to Figure 18 with respect to the surfactant concentration). For the acceptor, the
correction was done in two steps; first, the Cy3 emission had to be removed in the range 660-
680 nm (providing values close to 0, when FRET was not observed). With data covering Cy3
emission alone it was possible to calculate those values that will occur in the range where Cy5
maximum was supposed to appear (660-680 nm). This step was very important, because
previously, the spectra could imply that there was no emission coming from the acceptor (no
peak appeared), but values in the range of Cy5 maximum were much higher than the
background ones. This was due to the Cy3 wide emission spectrum that extends to the range
between 660-680 nm. Taking this into account it was possible to decrease these values down to
a level closer to the background level (e.g. Figure 10a for samples without CTAB; the emission
of Cy5 has a very low value). The second step involved a correction related to the influence of
CTAB on the emission (Figure 9).
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Figure 20: Pre-mixed complementary oligonucleotides. Fluorescence emission intensity in
samples containing various CTAB concentrations in a) water solution, b) 1x PBS.

In water, at 0 mM CTAB the intensity of Cy3 was maximal while the emission intensity
of Cy5 was negligible. Indeed, in water and at ambient temperature, the two complementary
strands did not hybridise and therefore FRET could not occur. With 0.01 mM CTAB in water
a large decrease of the emission intensity of Cy3 was observed while the emission of Cy5
increased suggesting that FRET occurred. Increasing further the concentration of CTAB did
not change significantly the emission of Cy3 compared to Cy5. FRET occurred from 0.01 mM
CTAB to 10 mM CTAB in water. There are two possible explanations for this behaviour: 1)
CTAB in water provides suitable conditions for the two complementary stands to hybridise; 2)

CTAB interacts with pre-mixed DNA such that they are kept together at distances compatible
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with FRET. It is important to notice that the CMC for CTAB was 0.91 mM in water. Therefore,
at concentrations lower than 0.91 mM no micelles should be present in solution when the pre-
mixed DNA was added. As a consequence, CTAB must interact strongly with DNA
immediately upon the addition of DNA in solution, preventing the DNA strands from being

solubilized and diffusing homogeneously into solution.

In 1x PBS, where the two complementary strands can hybridise, we observed FRET
even at 0 mM CTAB. Indeed, the emission of Cy3 was lowered and the emission of Cy5 was
detected. The emission of Cy5 increased whereas Cy3 dropped for CTAB concentrations
reaching 0.1 mM and remained constant for higher concentrations up to 10 mM. In PBS micelle
formation is at 0.074 mM CTAB!%, indicating, as in water, that the presence of micelles did
not influence FRET.

When DNA was sequentially added to the CTAB solution (step-by-step injections)
FRET was only observed for concentrations of CTAB that did not exceed 0.1 mM (Figure 11).
At such concentrations, the efficiency of FRET is much lower than for DNAs premixed in water
and then introduced in the CTAB solution (see Figure 10). For CTAB concentrations higher
than 0.1 mM no FRET was observed suggesting that the two DNA strands did not hybridize or
were not at a distance that allowed FRET. At these CTAB concentrations the DNA molecules

were probably surrounded by CTAB molecules that prevent them from being hybridised.
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Figure 21: Step-by-step injection of complementary oligonucleotides. Fluorescence emission
intensity in samples containing various CTAB concentrations in a) water solution, b) 1x PBS.

Lack of FRET in samples in water was a very interesting observation because it
indicated a strong difference between samples injected step-by-step or pre-mixed. This
difference raised the question of how CTAB impacts on GNRs functionalisation efficiency.

In buffered solution FRET was still observed after a step-by-step addition, so in 1x PBS,
DNA can hybridise independent of the CTAB concentration in solution. One explanation may
be that there is a competition between cations from PBS (e.g. Na*) and CTAB to compensate
the negative charges on DNA.
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Experiments with complementary DNA indicated that in some ranges (0.1 — 10 mM) of
CTAB concentration, the pre-mixed Cy3- and Cy5-labelled oligonucleotides are close to each
other. The actual distance turned out to be so short, that effective FRET was recorded. The
opposite situation occurred when differently labelled DNA was added step-by-step (aqueous
solution without buffer) and FRET was not observed. This suggests very strong interactions
taking place at the moment of diluting oligonucleotides into aqueous solutions of surfactant.
Experiments were therefore conducted with non-complementary DNA.

3.2.4. Interactions between non-complementary DNA
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Figure 22: 1/ Pre-mixed non-complementary oligonucleotides. 2/ Step-by-step injections of
non-complementary oligonucleotides. Fluorescence emission intensity of samples at increasing
CTAB concentrations in a) water solution, b) 1x PBS.

For the pre-mixed DNA sample and at 0 mM CTAB in water and in PBS, no FRET was
observed. Indeed, the two strands were not complementary so we should not expect to have the

two fluorophores close enough to exhibit FRET in the absence of CTAB.

Surprisingly, FRET was observed in water with pre-mixed oligonucleotides that were
not complementary in 0.01 mM CTAB. This was strong evidence for the role of the surfactant

in maintaining both ssDNAs close enough to detect FRET.

The emission intensity of Cy3 at 0.01 mM CTAB decreased 3-fold in comparison to
pure water. From 0.01 mM CTAB to 1 mM CTAB the emission intensity of Cy3 did not vary
significantly. Simultaneously, the intensity of the emission of Cy5 increased strongly from
background level at 0.01 mM CTAB and reached a plateau in the range 0.5 mM to 1 mM CTAB,
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indicating FRET. From 2 mM CTAB the emission intensity of Cy3 increased significantly, and
was accompanied by a decrease of the intensity of the Cy5 emission, indicative of a lower FRET
efficiency.

In 1xPBS FRET was only observed from 0.1 mM CTAB where the Cy3 emission
intensity decreased more than 3-times and the emission intensity of Cy5 increased. Then, with
increasing CTAB concentration, the FRET efficiency decreased as indicated by the increase in

the Cy3 emission intensity concomitant with the decrease of the Cy5 emission intensity.

For the step-by-step addition of the two non-complementary DNA strands in water or
in PBS, we observed identical behaviour of the FRET characteristics than for the pre-mixed
DNA solution in buffer solution where the FRET efficiency was higher at low CTAB
concentrations and lower with increasing CTAB concentrations. This behaviour demonstrated
that the two DNA strands that are not complementary were not in close enough proximity to
allow FRET. Nevertheless, the FRET efficiency was higher in buffer solution indicating that

the interaction between the DNA strands and CTAB was influenced by the buffer solution.

In general, for all conditions, the FRET efficiency was significantly higher for
complementary strands than for non-complementary strands when the DNA was pre-mixed
prior to dilution in the CTAB solution. For step-by-step addition no FRET was observed for
complementary or non-complementary strands when CTAB and DNA were in water, while
FRET was only observed with complementary strands in buffered solution.

3.2.5. Influence of SH-group labelling

The final part was to test thiolated DNA. The experimental approach was kept the same
with step-by-step additions. Results obtained for thiolated DNA (see Figure 13) were very
similar to those obtained for strands without the thiol group (Figure 22): no FRET at 0 and 0.01
mM CTAB, high FRET at 0.1 mM that decreased until 1 mM and very low, or no FRET at all,
from 5to 10 mM CTAB. This suggests that the thiol group does not impact on the DNA-CTAB

interaction.

58



Buffered solution

=1
[
]

(=)
o]

Ln
]

=y
]

B Cy3
uCy5

L¥5]
]
1

-
o]

Fluorescence intensity [a.u.]

—_
]
1

]

0 0.01 0.1 0.5 0.8 1 5 10
CTAB [mM]

Figure 23: Emission spectrum of thiolated DNA labelled with Cy3 (SH-DNA40-Cy3) and Cy5
(SH-DNA40-Cy5).

Figure 13 indicates that FRET occurrence is rather similar to interactions recorded with
non-complementary DNA on the boundaries of the CTAB concentration range. More efficient
energy transfer in the transition could be associated with the possibility to create a duplex of 8

bp as 8 bp out of 40 bases were complementary.

3.2.6. Conclusion: impact on the functionalization approach of GNRs

These experiments demonstrated three main characteristics of the DNA-CTAB system:
1) oligonucleotide (ssDNA) addition caused an immediate interaction with the cationic
surfactant in water; the CTAB encircled the sSDNA. This trapping could be overcome for non-
complementary strands by increasing the CTAB concentration above the critical micelle
concentration; this changes the system’s stability and the DNA is more frequently found to be
decorating micelles rather than being trapped. In the case of complementary strands, the
emission characteristics did not change. It is therefore difficult to decide if there is a spatial
reorganization. 2) Non-complementary strands in the presence of CTAB can give rise to FRET
emission confirming the close proximity of the two strands in the presence of CTAB. Such
behaviour constitutes an additional argument for the necessity to have complete removal of
CTAB from systems where any DNA-DNA interactions are in play. 3) The impact of
oligonucleotide trapping can be eliminated by increasing the ionic strength of solutions
(1xPBS).

The outcome of experiments focused on DNA-CTAB interactions was that the presence

of cationic surfactants could encircle and trap oligonucleotides, probably decreasing their
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ability to attach to GNR surfaces. A promising approach to eliminate this involved increasing
ionic strength thus allowing ssSDNA to separate from each other. Thus, the aim was to find
conditions in which oligonucleotides are fully solubilised in solution and GNRs are still stable
in solution (non-aggregating). The optimum condition for DNA solubility was found to be
1xPBS and 5 mM CTAB as no FRET was observed for non-complementary strands and
hybridisation was still possible. The question now is to study the stability of the GNRs colloidal

solution in these conditions.

3.3. CTAB protected gold surface

3.3.1. Functionalization methods in the literature

The presence of a well-organised, low molecular weight protective bi-layer is an
important factor for functionalisation. Most of the approaches in current use are based on
aminated, or thiolated molecules that displace the CTAB molecules from the metal surface. The
main issue is then to free some gold surface to allow the thiol or amine groups to bind to GNRs
without disturbing too much the CTAB double layer and preventing the GNRs from
aggregating. The thickness of the double layer has been estimated to be 3.2 nm?%, sufficient to
prevent gold-ligand interactions. There is no major problem reported with functionalisation by
mercapto-based hydrocarbon derivatives (e.g. 11-Mercaptoundecanoic acid), because they do
not interact strongly with CTAB. Additionally, they can pass the double layer due to their
similar chemical composition with the hydrophobic part of the surfactant. Moreover, they are
usually added at very high concentrations!¢117 so that the reaction occurs rapidly and the GNRs
surface is still protected. In the case of oligonucleotides, the situation is different: the phosphate
groups forming the DNA backbone are negatively charged, so they can interact with the
hydrophilic part of CTAB; oligonucleotides may then decorate the double CTAB layer, thus
preventing thiol-gold bound formation. In this case adsorption would be due to electrostatic
interactions and not via the stronger thiol-gold bond. In addition, the molecular mass of DNA
is much larger than that of 11-Mercaptoundecanoic acid and the concentration of the stock
solution of thiolated DNA is limited to the micro-molar range (100 uM) so the adsorption of

thiolated DNA on GNRs is extremely slow compared to 11-Mercaptoundecanoic acid.

The most commonly used methods to functionalise GNRs with DNA are the

following!® (authors have checked different oligonucleotides concentration):
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1) GNRs (OD=1) were incubated with thiolated oligonucleotides in water (molecular ratio

of DNA-SH and gold nanorods was adjusted to be approximately 1.5:1) for 96 hours
119

i)

2) GNRs (OD=0.8) were mixed with thiolated oligonucleotides (1.96 uM) and incubated
30 min. Subsequently sodium hexametaphosphate (10 mM) and NaCl (0.3 M) were
added and incubated for 48 h at 25 °C 1,

3) 1x TBE and 0.1% SDS were mixed together at pH=3 (adjusted with HCI). Subsequently
SH-DNA was added to this mixture. In the next step, the freshly synthesized GNRs
(OD=1.5) were added to the solution. After several minutes, the mixture was centrifuged
(20 mins, 7000 rpm) three times and resuspended in IXTBE*2,

4) SH-DNA was slowly injected to GNRs solution (OD=0.9) and SDS was added dropwise
to achieve 0.01% concentration. Subsequently mixture was placed into an ultrasonic
bath for 10 s at ambient temperature and incubated for 24 h. The solution was then
centrifuged and re-dispersed in buffer (10 mM HEPES, 0.01 % SDS and 10 mM
NaCl)!8,

Following these methods, it is possible to observe that (with the exception of the first
one) the goal is to destabilise the CTAB bi-layer. This was done by adding different surfactants
with different charge (SDS for example), or by increasing the ionic strength (NaCl). At the
same time, there is a strong focus on keeping nanorods in a colloidal solution; this is additionally
difficult, because attachment of negatively charged DNA reduces the electrostatic repulsion,
therefore charge changes are introduced slowly. As a consequence, the described protocols are
time-consuming, with the exception of the 3 method in which low pH changes the equilibrium
of charge interactions, but the stability of GNRs in solution is fragile.

A potentially interesting method was developed and fully described in the literature to
create DNA-nanoparticle origami'??. This required very high efficiency and controlled
immobilisation of DNA on the nanoparticles. Indeed, in this case, any non-specific
immobilisation of DNA on nanoparticles would not lead to the desired origami structures. Non-
specific interactions involve adsorption of DNA on the nanoparticles surface by means other
than the thiol-Au bound. For this purpose, routes enabling fast functionalisation were often
selected; in fact by setting pH=3122123124 pyt it was pointed out that this method is only possible

with freshly prepared GNRs solution.
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In parallel, a study described the possibility of electrostatic-based oligonucleotide
attachment to GNRs surface and its use to develop a layer-by-layer deposition!®. Such
interactions are also used to detect complementary or non-complementary ssSDNA in solution:
the non-thiolated oligonucleotides are added to the nanoparticle solution containing the
surfactant and the buffer. The design is such that as long as the complementary DNA analyte is
not injected, the nanoparticle absorption spectrum will not change. When a complementary
oligonucleotide is added, the GNRs aggregate upon hybridisation!?®1%” (data attached to
publications indicate a decrease of absorption throughout the spectrum). When non-
complementary strands are added, the extinction spectrum does not undergo any changes. The
mechanism of aggregation is explained by the fact that duplex formation between DNA
previously deposited onto different GNRs can cause formation of aggregates (which are initially
still in colloidal form) — this assumption was supported by DLS measurements.

— 1mM {?'['AH e T - ﬁ (A)

As-prepared PBS Probe ssDNA
GNRs X0nM

Absorbance

! T T T T
400 500 &00 700 B 00
Wavelength {nm)

Figure 24: Mechanism of GNRs aggregation in the presence of cDNA. A represents situation
in presence of one type of sSDNA, B after addition of complementary strands. Reproduced from
Z. Maa et al.*?®

The approach to obtain well controlled DNA-GNRs hybrids was to associate the GNRs-
based DNA complementarity detection method based on electrostatic interaction with thiol-
gold bond functionalisation. The first step is oligonucleotide deposition on GNRs surfaces
involving electrostatic interactions. Then, the close proximity between the gold and SH-DNA
favours formation of gold-thiol bonds in conditions where the CTAB double layer would be

weakened.
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3.4. Methods of functionalisation developed in the thesis

3.4.1. Stability of GNRs in the presence of PBS and different concentrations of

PBS

The CTAB/DNA interaction study demonstrated that solubility of DNA is possible in
the presence of 1xPBS and 5 mM CTAB. Indeed, no FRET between two non-complementary
strands was observed in these conditions, and hybridisation of the two complementary strands
was possible. The next step was to study the stability of GNRs in solution under these

conditions. For this purpose, two sets of samples were examined, with and without PBS.
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Figure 25: Absorption spectrum of GNRs in solutions containing CTAB and PBS.

For these experiments, 2 samples without PBS were measured: in 5 mM CTAB and in
0.75 mM CTAB. 5 mM CTAB was the standard concentration at which GNRs were stored and
were stable in water, and 0.75 mM CTAB was below the surfactant CMC. In both cases the
absorption spectrum was identical and typical of a GNRs stable colloidal solution. Therefore,
decreasing the concentration below the CTAB CMC concentration does not lead to the
aggregation of GNRs. Thus, both environments could be tested for the DNA immobilisation

protocol.

In buffer solution (1xPBS), two CTAB concentrations were tested: 1 and 5 mM CTAB.
It was clear that increased ionic strength caused large losses of GNRs in 1 mM of CTAB and
1x PBS as seen by the decrease of the intensity of the absorption spectra (Figure 25).

Interestingly, the longitudinal absorption peak was shifted to a lower wavelength, but the
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overall optical properties were preserved confirming that DNA could be detected in solution
based on electrostatic interactions!?®. In addition, the lower absorption intensity could be caused
by the sample preparation method where GNRs are centrifuged and re-dispersed in 1x PBS and
1 mM CTAB. In the case of re-dispersion in 1XPBS and 5 mM, the absorption spectrum was
very similar to that obtained with GNRs in 5mM CTAB diluted in water (without PBS). This
implies that the optical properties have been preserved and that the GNRs morphology did not
vary. In conclusion, GNRs are stable in 1xPBS and 5 mM CTAB.

3.4.2. GNRs functionalisation with SH-ssDNA

The next step was the addition of thiolated-ssDNA to the GNRs colloidal solution in
1xPBS and 5 mM CTAB. The experiments were divided into two parts — with a “low” and a
“high” DNA to GNRs ratio (the concentration of GNRs was 0.18 nM). The first range was set
between 0 and 110 strands/GNRs (see Table 4). The second range was up to 2800 strands/GNRs
(concentration from 20 nM to 500 nM of SH-DNA). The reason for this was based on literature
values where high ssDNA surface coverage is obtained with a large excess of ssDNA (high
DNAJ/GNRs ratio). On the other hand, from a theoretical point of view it was considered
relevant to follow the ssDNA adsorption at lower DNA strand concentrations and to compare

both conditions.
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Figure 26: Absorption spectrum of GNRs solution incubated overnight with increasing
concentrations of SH-DNA in 5 mM CTAB and 1x PBS.
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Table 4: DNA/GNRs ratio

ssDNA concentration (nM) 2.5 5 10 20
DNA/GNRs 14 28 56 110

According to the literature?® the density of oligonucleotide strands deposited onto gold
spheres can reach 2.5-10 strands/cm? (corresponding to 0.25 strands/nm?). Using the size
histograms allowed an estimation of the statistical size of GNR to 10 nm diameter and 35 nm
length. The surface area of these structures would be 1100 nm?, so the expected number of

strands, with maximum possible density, is 275 strands per GNR.

The absorption spectrum does not vary when 2.5, 5 and 10 nM of SH-DNA was
incubated with 0.18 nM of GNRs diluted in 1x PBS and 5 mM CTAB. Nevertheless, it is clear
that the whole spectra decreased in intensity when 20 nM of SH-DNA was added (Figure 26).

We therefore noticed that the effect of the SH-ssSDNA concentration on the GNRs
stability in solution is sudden. Indeed, no influence on the absorption spectrum could be
detected for DNA concentrations lower than 10 nM, and a sudden drop in the intensity of the
absorption spectrum is clearly noticed when 20 nM of DNA is added to the GNRs solution. The
decrease of the absorption spectrum could suggest aggregation and subsequent precipitation,
however no aggregate in the reaction tube could be detected. Instead, the colour of the solution
changed from pink to colourless after overnight incubation with 20 nM SH-DNA, while the

solution remained pink for SH-DNA concentrations lower than 10 nM.
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Figure 27: Extinction measurements performed after overnight incubation of GNRs with
increasing concentration of SH-DNA in presence of 1xPBS, 5 mM CTAB. No rinsing was
performed.

Table 5: DNA/GNRs ratio

ssSDNA concentration (nM) 20 5 100 150 300 500
DNA/GNRs 110 278 555 833 1667 | 2778

For high concentrations of SH-DNA (from 20 nM to 500 nM) in solution we observed
the extinction of the absorption spectrum of GNRs. At 20 nM, as shown in Figure 25, the two
absorption bands of the GNRs were still detected confirming the presence of GNRs in solution
at lower concentrations than for GNRs incubated with lower SH-DNA concentrations (lower
than 10 nM, Figure 25). For increasing concentrations of SH-DNA, the absorption spectrum
intensity decreased to a level reflecting the scattering of large structures in solution when SH-
DNA is in large excess (from 300 nM to 500 nM).

Again, no aggregates could be detected in the Eppendorf tube and the solution became

colourless after an overnight incubation.

We expected that for large excess of SH-DNA in solution (more than 20 nM) the
adsorption of SH-DNA on the GNRs surface, either electrostatically or via the thiol-gold
bonding, would impact strongly on the overall GNRs charge: the CTAB double layer around

the GNRs is positively charged and electrostatic repulsion keeps the GNRs stable in solution
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even in the presence of 1XPBS. The adsorption of DNA on the GNRs surface leads to a charge
compensation or to negatively charged GNRs when DNA is in large excess in solution.
According to the literature!?®, when the zeta potential is close to neutral, the electrostatic
repulsion should decrease to levels at which nanostructures could interact with each other, thus
forming aggregates. However, the experimental data do not fully support such a mechanism
since the absorption spectra decrease in intensity without any spectrum shape modification
typical of aggregation. Therefore, we suspected that when GNRs covered with DNA became
neutral they interacted with the walls of the Eppendorf tubes. GNRs deposition onto the reaction
vessel surface, would thus explain the decrease in intensity of the absorption spectra.
Nevertheless, any change of CTAB-protected particles charge had to be due to interactions with
DNA. Therefore, the change of colour of the solution was a strong indication of GNRs
interacting with oligonucleotides. In order to further characterise if the DNA was adsorbed to

the GNRs via the S-Au bound or electrostatically, the GNRs had to be dispersed in solution.

3.4.3. Redispersion of nanohybrids

The decrease of the absorption spectra and the lack of clear signs of aggregation in the
solution of GNRs incubated with excess of SH-DNA raised the question of the fate of the
nanoparticles. The most apparent explanation was the deposition of GNRs-DNA structures onto
Eppendorf walls; this would be caused by changes in the surface charge of GNRs (instead of
the cationic CTAB bi-layer, neutral or negative charges appear). The assumption is that the
change of the surface charge from positive (CTAB) to neutral or negative (SSDNA) causes
deposition onto the walls of the Eppendorf tubes. In order to check this hypothesis, two different

approaches for redispersion were tested:

1) Addition of SDS — as an anionic surfactant it can interact with CTAB and change
CTAB-DNA interactions equilibrium. SDS has been used in the literature for
functionalisation-assistance'*®® but no reports on GNRs interacting with the tube walls

were described.

2) Addition of Tween20 — without charge. In the literature’?* CTAB has been reported to
be removed from GNRs surface by Tween20 and the GNRs subsequently
functionalized. There is also a patent’3! covering nanorods functionalisation in the
presence of this surfactant; in this case the surfactant is supposed to prevent aggregation.
In this thesis the idea was to disrupt the CTAB-DNA system by intercalation of CTAB
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structures by Tween20; based on hydrophobic interactions. Therefore, the use of

Tween20 described in the literature is quite similar to SDS but is less toxic.

In addition, SDS in the presence of potassium that is present in PBS buffer solution

precipitates. We therefore decided to use Tween20 for further experiments.

GNRs diluted in 5 mM CTAB and 1xPBS were incubated with 20, 150, 300 and 500
nM of DNA. To verify that the interaction of the GNRs/DNA hybrids with the Eppendorf walls
was electrostatic, each sample was incubated with thiolated DNA and non-thiolated DNA. After
4 hours of incubation, Tween20 was added to all samples so that the final solution had 2 %

Tween20. After 30 min of incubation and mild mixing the samples were characterised.

DNA35-Cy3

Figure 28: Redispersion of GNRs nanohybrids with Tween20 2%. 1- GNRs incubated with
non-thiolated DNA a) before and b) after the incubation with Tween20. 2- GNRs incubated
with thiolated DNA a) before and b) after the incubation with Tween20.
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Figure 28 shows a photo of the samples of GNRs incubated with either non-thiolated
(Figure 28-1) or thiolated DNA (Figure 28-2) in Eppendorf tubes before (a) and after (b) the
addition of Tween20.

It is clear that after incubation of non-thiolated or thiolated DNA at concentrations
higher than 20nM, the sample solution became colourless (as seen in the sample of GNRs and
20 nM of DNA, the solution was pink). It is important to note that the DNA used for these
experiments was labelled with Cy3, which is pink at high concentrations. Therefore, the fact
that the solution becomes colourless indicates that DNA and GNRs were interacting with the

walls of the Eppendorf tubes even for large excess of DNA.

After the addition of Tween20, we noticed that the sample solution recovered the pink
colour showing that GNRs and DNA were re-dispersed in solution. At 20 nM the variation of
colour is not clear in the photographic analysis, because we showed that at this DNA
concentration some GNRs remained in solution. Since the intensity of the colours is strongly
dependent on the DNA concentration (Figure 28-1b and 18-2b), it is important to follow the

redispersion in solution of GNRs by measuring the absorption spectra.

The protocol optimisation steps indicated that the redispersion of GNRs after incubation
with high concentrations of DNA requires long incubation (2 hours) and vigorous mixing after
the Tween20 injection (e.g. use of vortex for 25-30 s). A different approach would be to
centrifuge the samples exposed to Tween20 for 30 min and further rinsing in 2 % aqueous

Tween20 solution. These protocols allowed very efficient re-dispersion of GNRs.

Samples were centrifuged twice and rinsed with 2% aqueous Tween20 solution of 2 %
and finally after a third centrifugation step the samples were re-dispersed in pure 1x PBS before

being characterised (Figure 29). The final concentration of Tween20 is 0.1%.
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Figure 29: Comparison of samples of GNRs incubated with 20nM or 150 nM thiolated DNA a)
before and b) after the rinsing steps with Tween20 and final redispersion in 1x PBS..

As described earlier, before rinsing, the overall absorbance spectra intensity decreased
from the reference sample of colloidal GNRs solution in 1xPBS and 5 mM CTAB compared to
the samples incubated with 20 nM and 150 nM of thiolated DNA (Figure 29). In addition, it is
clear that a complete removal of nanoparticles from the solution is observed with GNRs sample
incubated with 150 nM SH-DNA (DNA to GNRs ratio equals 833). The 3 rinsing steps (2 first
with 2 % aqueous Tween20 solution, the last one with 1xPBS) resulted in re-dispersion of
nanoparticles. The concentration of GNRs after re-dispersion compared to the reference
samples indicated that there was a loss of GNRs during the process. Interestingly, it appears
that the redispersion was more efficient for GNRs incubated with 150 nM of thiolated DNA

than for 20 nM. Additionally, it is of note that losses of nanoparticles are not followed by
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changes in the optical properties (the peak aspect ratio remains similar to the reference sample),

so the aggregation of GNRs can be excluded.

The optimised method allows re-dispersion of GNRs from the walls of the Eppendorf
tubes. The final GNRs were functionalised with DNA and the nanohybrids were stable in a
colloidal solution in 1xPBS and 0.1% Tween20. The stability of the GNRs-DNA system in
solution enabled further investigations to characterise the nature of the DNA to GNRs
interaction (either electrostatic or via the thiol-gold bond) and to quantify the surface density of
DNA on the GNRs surface. It is important to note that the samples incubated with non-thiolated
DNA did not aggregate after the rinsing steps. A study to address this is presented in the
following paragraphs.

3.4.4. Results confirmation

In order to discriminate between the presence of thiol-gold bond or pure electrostatic
interactions between DNA and GNRs, gel electrophoresis was performed. Indeed, upon
migration in the agarose gel, all electrostatically bound DNA must separate from the GNRs
surface and migrate like free DNA while the DNA bound via the thiol-gold bond should migrate
with the GNRs.

For comparison, samples prepared in 0.75 mM CTAB in water (below the critical
micelle concentration the bi-layer on GNRs was expected to be disturbed) were also loaded on
a gel. As discussed earlier, the GNRs are stable in a colloidal solution (Figure 27). In addition,
in these conditions we observed FRET when two non-complementary strands were added to
0.75 mM CTAB in water (Figure 22 and Figure 23) suggesting poor accessibility of DNA for
GNRs binding. On the other hand, below the CMC concentration in solution the CTAB double
layer is weakened so that DNA adsorption could be favoured. The gel scanned in absorption
(Figure 30) revealed those GNRs that migrated in the gel. To facilitate a good signal to noise

ratio, all samples were concentrated with a centrifugation step before being loaded on the gel.
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Figure 30: Gel scan photo — a) samples prepared in 0.75 mM CTAB and b) samples prepared
in 5 mM CTAB, 1xPBS. All GNRS samples were rinsed after incubation with different
concentrations of SH-DNA-Cy3, by the 3 centrifugation steps as described in the text.

Figure 30 shows a photo of two agarose gels. Figure 30a shows the migration of loaded
samples that were prepared in 0.75 mM CTAB diluted in water and Figure 30b shows the
migration of loaded samples prepared in 1XxPBS and 5 mM CTAB. On both gels, the first lane
on the left corresponds to the reference of GNRs in the corresponding solution but without
having been incubated with DNA. Then, from left to right, each lane corresponds to GNRs
solutions incubated with increasing concentrations of DNA, as indicated in Figure 30.

For samples prepared in 0.75 mM CTAB or in 1xPBS and 5mM CTAB, the GNRs in
the reference sample did not migrate in the gel despite the applied electrical potential. The
direction of the electrical potential is from negative at the wells towards the positive potential
down the gel. Non-functionalized GNRs are positively charged due to the CTAB double layer
and, if stable, will therefore not migrate towards the positive end of the gel. In addition, the
running buffer is a standard TAE buffer composed of Tris Base, Acetic acid and EDTA at
concentrations that would lead to GNRs precipitation in solution and therefore in the wells of

the agarose gels.

The incubation of GNRs diluted in 0.75 mM CTAB with 20 mM DNA and rinsed from
the DNA excess, allows the loaded sample to migrate in the gel toward the positive electrode.
The migration in the gel of GNRs was not influenced by their incubation with higher
concentrations of DNA (Figure 30a). The incubation with DNA therefore changed the surface
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potential of GNRs from positive to negative and protected the GNRs from aggregating in the

wells of the gel when in contact with the migration buffer.

The migration in the gel of samples of GNRs incubated with SH-DNA in 1PBS and 5
mM CTAB was strongly influenced by the DNA concentration (Figure 30b). For GNRs
incubated with 20 nM SH-DNA, the sample smeared upon migration (no clear band was
detected). As the concentration of DNA increased, the migration was faster and a clear band
appeared at the migration front. The migration front speed (or distance from the wells) is
identical for 300 mM and 500 mM of DNA incubated with the GNRs in PBS and 5 mM CTAB.
The incubation of GNRs in PBS and 5 mM CTAB and SH-DNA changed the GNRs surface
charge from positive to negative and stabilized the GNRs in solution so that they did not

aggregate in the gel and a clear migration front could be detected.

The next step involved measuring the fluorescence emission of SH-DNA-Cy3 in the gel
to correlate the migration of DNA with the migration of GNRSs. It is important to note that the
gels presented in Figure 30 and Figure 21 are the same, just that the scan detection method is
different: Figure 30 shows a photo of the gel, thus reporting the optical density, so only the
GNRs are detected, in Figure 21 the gels are scanned with a laser at the excitation wavelength

for Cy3 and recorded at the emission wavelength of Cy3 so only labelled DNA is detected.
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Figure 31: Fluorescence emission of DNA labelled with Cy3 from GNRs samples incubated
with different concentration of SH-DNA.
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The lane corresponding to the SH-DNA-Cya3 reference on both gels corresponds to free
DNA loaded in the wells; the bands detected in the gel correspond therefore to the migration
front of free DNA (Figure 21). No signal of SH-DNA-Cy3 was detected in the gel for samples
of GNRs incubated with increasing concentrations of DNA in 0.75 mM CTAB in water (Figure
21a). It is clear that the GNRs were covered with DNA since the GNRs migrated in the gel as
described in (Figure 30a) but the density of labelled DNA was too low to be detected. In
samples prepared in PBS and 5 mM CTAB (Figure 21), the emission of Cy3 is clear and the
migration of DNA-Cy3 corresponded to the position of GNRs (Figure 30). The intensity of the
emission of fluorescence increased with the concentration of DNA incubated with GNRs.
Although it is difficult to quantify the amount of DNA at this point because the samples were
concentrated, it is clear that the SH-DNA-Cy3 was attached to the GNRs and their surface
density strongly depends on the concentration of DNA used for sample preparation. There was
a very weak signal below the main signal running at the same level as the migration of free
DNA. This signal could be an indication that some DNA was electrostatically bound to the
GNRs.

To further characterise the electrostatic interaction, the samples were loaded in the gel
without any concentration step. In this case the GNRs concentration was too low to be detected
by a scan of the optical density of the gels, but a clear signal from the labelled DNA was detected
(Figure 22). In samples containing GNRs incubated with SH-DNA-Cya3 it is possible to observe
two bands: first the DNA bound to GNRs, and second, free DNA in samples that migrated like
the DNA references. This experiment clearly proved the usefulness of this technique in

interaction-specific nanomaterial analysis.
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Figure 32: Electrophoresis of GNRs functionalized by SH-DNA40-Cy3. The measurement was
for Cy3 emission.

The main result from these studies is a clear indication of SH-DNA40-Cy3 attachment
to GNRs surface via thiol-gold bond for samples prepared in the presence of 1XxPBS, 5 mM
CTAB. The fluorescence analysis leaves little doubt, since the reference, free DNA of the same
sequence, migrated in a completely different way than GNRs. Additionally; in wells with
GNRs-DNA the signal from unbound DNA migrated exactly as free DNA2, In the case of
samples prepared in 0.75 mM CTAB there is no fluorescence signal which supports the idea of
functionalisation in these conditions. A probable explanation is that the number of strands per
nanoparticle is too low to be registered during scanning. Additionally, in these samples GNRs
accumulated in a narrow band, so scattering and absorption have an influence on the registered

fluorescence.

In addition, the zeta potential of all samples could be measured after centrifugation and
redispersion in water. Zeta potential measurements are often used for nanoparticle
characterisation, however in this case, values did not correlate well with the electrophoresis
results. It is possible that oligonucleotide strands were attached to GNR surfaces in 0.75 mM
CTAB and therefore the overall charge of the nanoparticle was changed. GNRs did not
aggregate when exposed to running buffer, as happens in the case of unmodified particles in 5
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mM CTAB. Consequently, the use of zeta potentials is not an optimal technique for final

characterisation in this instance. Some alternative approach is required.

Table 6: Zeta potential

Sample Zeta potential Standard deviation
Reference: GNRs in 0.5
mM CTAB
GNRs + SH-DNA40-Cy3

(20 nM) in 0.75 mM -43.2 3.1
CTAB

GNRs + SH-DNA40-Cy3

(300 NnM) in 0.75 mM -38.0 +1.0
CTAB

GNRs + SH-DNA40-Cy3

(20 nM) in 5 mM CTAB, -27.8 +1.7
1xPBS

GNRs + SH-DNA40-Cy3

(300 nM) in 5 mM CTAB, -29.9 4.6

1xPBS

+21.7 +15

The zeta potential measurements indicated however that a major change occurred in the
system, a change of surface charge from positive (0.5 mM CTAB) to negative in samples
exposed to oligonucleotides. The idea of decreasing the surfactant concentration down to 0.5
mM resulted from the need to reduce the ionic strength (CTAB is a cationic compound), so its
concentration had to be as low as possible. In the case of SH-DNA containing samples they
were clearly negatively charged, even more in the case of GNRs functionalised in 0.75 mM
CTAB. This s in contradiction with the agarose gel analysis, where it was not possible to clearly
show the presence of DNA on the nanoparticles surface. One possible explanation is that
sufficient strands were bound to the surface to produce a change in the charge of the

nanostructure but insufficient for fluorescent detection in the agarose gels.

3.4.5. Summary
Using electrostatic deposition for the immobilisation of DNA onto GNRs surfaces

turned out to be an efficient process; — differences in migration rates during electrophoresis and
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strong fluorescence testified to the success of binding. Samples prepared in 0.75 mM CTAB
showed different behaviour during electrophoresis (independent of oligonucleotide
concentration) and no fluorescent emission. Therefore, nanomaterials prepared in this way
could no longer be considered as promising for the rest of this thesis. Thus, the focus now will

be on functionalisation in buffered solutions.
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4. Gold nanorods functionalisation

Introduction

In the previous chapter | determined the conditions in which thiolated oligonucleotides
are able to reach GNRs surfaces despite the presence of CTAB in solution and bind via the
thiol-gold bond to the GNRs. The SH-DNA/GNRs hybrids need to be further characterised in
order to quantify the DNA surface density per GNRs and the number of double strands on
GNRs surfaces after hybridisation with the complementary strand. In addition, GNRs surface
modification was further optimised in order to improve the colloidal stability of the nano-hybrid

system in buffer solution and also to control their cytotoxicity for eventual in vivo applications.

This chapter will describe the quantitative analysis method of functionalising GNRs.
The detailed studies of the surface density of both sSDNA and dsDNA immobilised on the

GNRs is also described. The method that was developed is based on agarose gel electrophoresis.

In parallel, the optical properties of the nanomaterials were examined using the
fluorescence emission intensity of labelled DNA. Since the final goal is an in vivo application

the idea was to develop a functionalisation method that is reproducible and very well controlled.

The results presented in this chapter cover the most salient features of nanomaterials,

with repercussions for further biological and physical studies.

4.1. Thiolated DNA immobilisation, characterization

4.1.1. Samples rinsing

A method of functionalisation that allowed specific immobilisation of DNA on the
GNRs via a thiol-gold bond is described. The next steps focus on protocol optimisation. The
first issue was the removal of excess CTAB from the sample solution and the dispersion of

functionalised GNRs in pure 1x PBS; necessary conditions for subsequent hybridisation.

An important aspect of GNRs surface functionalisation is the optimisation of the rinsing

steps. Indeed, it is crucial that no free SH-DNA in solution is present during hybridisation.

In the previous chapter, we concluded that a large excess of SH-DNA compared to
GNRs is best for efficient immobilisation (see table 5, chapter 3). The result of the rinsing

optimisation is shown in Figure 33. After overnight incubation of the GNRs solution with
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different SH-DNA concentrations in 1x PBS and 5 mM CTAB, each sample was rinsed 3 times
which means 3 cycles of centrifugation, removal of the supernatant and dispersion in 2%
aqueous Tween20 (first two cycles) and 1x PBS (last cycle).

Figure 1 shows an agarose gel scanned for the detection of the emission intensity of the
fluorescence of the labelled DNA. The nature of the loaded samples is indicated in the figure:
First, the reference sample is the free SH-DNA-Cy3 at 20 nM; then the GNRs/SH-DNA
samples after the 3 rinsing cycles and concentrated before loading in the wells of the gel.
Alternatively, the last supernatant of all samples was loaded as a control for the presence of free
SH-DNA-Cy3 in the samples.

Figure 33: Agarose gel electrophoresis of the samples containing GNRs incubated with SH-
DNA-Cy3 and the corresponding supernatants after rinsing. The gel was scanned so the Cy3
emission intensity could be detected. The fluorescence excitation wavelength was 548 nm.

After 3 cycles of rinsing, there was no fluorescence emission detected in the lanes
corresponding to the loaded supernatants. Therefore, we can conclude that there is no detectable
free DNA in solutions in the samples after the 3 rinsing cycles. The intensity of the signal
detected in the lanes corresponding to the functionalised GNRs samples increased with the
concentration of SH-DNA-Cy3 initially used to functionalise the GNRs. In addition, the
detected signal of DNA-Cy3 migrated slower than the free DNA (DNA reference well) we
therefore conclude that the density of DNA on GNRs strongly depends on the concentration of

DNA used to functionalise GNRs. Furthermore, we detected a weak signal of DNA at the same
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migration line than the reference DNA, which indicated that in the solution of GNRs samples
some DNA was not bound strongly to the GNRs. Knowing that no DNA was detected in the
supernatant we can assume that the detected unbound DNA was adsorbed on the GNRs surface
via weaker interactions than the thiol-gold bound so the unbound DNA was desorbed from the

GNRs surface upon migration in the gel to finally migrate like the reference free DNA.

We can therefore conclude that the rinsing protocol is optimal and removes all free DNA
from the sample solution, that an extremely small amount is adsorbed non-specifically on the
GNRs surface (most probably via electrostatic interactions) and that the density of DNA
immobilised on the GNRs via the strong thiol-gold bound depends strongly on the DNA
concentration used to functionalise GNRs.

4.1.2. Quantification of the DNA surface density on the GNRs

The method selected to characterise the density of immobilised SH-DNA is based on
the emission intensity of the labelled DNA immobilised on the GNRs surface. However, the
fluorescence emission from the DNA attached to the GNRs is difficult to interpret in terms of
density since the close proximity of the dyes to the plasmonic structures can strongly influence
the emission intensity. Indeed, it was shown that gold nanoparticles could quench or enhance
fluorescence emission®®. In addition, the presence of GNRs causes scattering, which also
influences the fluorescence emission intensity. For these reasons, DNA has to be desorbed from
the GNRs surface and then quantified as free DNA. 2-Mercaptoethanol was used at high
concentration to displace the DNA molecules from the surface, as it reacts with the metal
surfaces™* and has already been tested in similar experiments®3>. The assumption was to use
high concentrations of 2-Mercaptoethanol, to allow fast and efficient SH-DNA replacement on

GNRs. The samples are then directly loaded on the gel (Figure 34).

In order to control the concentration in the loaded samples on the gel so that the amount

of desorbed DNA could be guantified, the GNRs solutions were not concentrated.

The volume of GNRs functionalised with DNA samples was 1 mL so both the gel and
the absorption spectra could be performed on the same sample solution in order to control the

concentration of GNRs in all samples.

9 uL of DNA-GNRs solution were added to 4.5 pL of 50 % aqueous solution of
glycerol and 4.5 pL of 95 % (14.3 M) 2-Mercaptoethanol. This was incubated (protected from
daylight to avoid bleaching of the dyes) for 10 min to allow DNA desorption and directly loaded
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in the gel wells: it was very important to transfer all the samples for quantification. Gel

electrophoresis was carried out for 40 min at 50 V.

Fluorescence measurements were made using a Typhoon scanner whose software
enables quantification of the signal intensity (Figure 34). For each gel two wells were filled
with SH-DNA40-Cya3 reference solution at 20 nM diluted in 50 % glycerol in water.

The GNRs were functionalised with SH-DNA40-Cy3 at 20, 150, 300 and 500 nM SH-
DNA40-Cy3 (Figure 34).

DNA Concentration b) DNA Concentration
a) upon adsorption upon adsorption
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Figure 34: Gel electrophoresis scanned to measure the fluorescence of Cy3. Samples were
GNRs incubated with 20, 150, 300, and 500 nM of SH-DNA-Cy3, incubated for
functionalisation, rinsed and loaded in the gel a) before and b) after incubation with 2-
Mercaptoethanol. Ref corresponds to the lane of the reference that consisted of 20 nM of free
SH-DNA40Cy3. The fluorescence excitation wavelength was 548 nm.

In Figure 34a, we observed a single band for the two refs corresponding to the migration
of the free SH-DNA-Cy3. For the GNRs functionalised with 20 nM of SH-DNA-Cy3 we
observed a weak signal close to the well. For GNRs functionalised with higher DNA
concentrations (150 nm to 500 nm) we observed a smeared signal from the wells where the
samples were loaded and a weak band that ran like the free SH-DNA-Cy3. As described
previously (see Figure 33), the smeared signal comes from the DNA that is attached through
the thiol-gold bound to the GNRs and the single band corresponds to the DNA that was
immobilised with weaker (presumably electrostatic) bonds to the GNRs surface that desorbed
in the gel upon migration. In Figure 34b, the samples were incubated with a large excess of 2-
Mercaptoethanol for 10 min and loaded directly in the gel with two SH-DNA-Cy3 references.

While the free reference DNA migrated at the same rate than the two reference solutions in
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Figure 34a, the migration characteristic of the samples of functionalised GNRs incubated with
2-Mercaptoethanol was different than the migration observed for the functionalised GNRs
before incubation with 2-Mercaptoethanol. Indeed, in Figure 34b, no smeared signal could be
detected; only a clear band that migrated like the free DNA was seen. Since the DNA in these
samples migrated like the reference and no signal could be detected on the GNRs, we concluded
that all the immobilised DNA was displaced by the 2-Mercaptoethanol and released into

solution.

4.1.3. Standard deviation estimation

Standard deviations were calculated based on measurements carried out on samples
after incubation with a large excess of 2-Mercaptoethanol loaded in 3 wells of the same gel
(Figure 35). Additionally, a reference solution of 20 nM DNA was also loaded.
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Figure 35: Agarose gel electrophoresis of the same samples containing GNRs functionalised
with SH-DNA-Cy3, rinsed and incubated with 2-Mercaptoethanol. The gel was scanned so the
Cy3 emission intensity was detected (the excitation wavelength was 548 nm). Ref corresponds
to the lane of the reference that consisted of 20 nM of free SH-DNA40Cy3.

To calculate the standard deviation, the emission intensity of each was measured using
an image-processing program. The results are presented in Table 1. Next to the emission bands,
the background emission values were also measured and the results of sample fluorescence

were corrected. With all these measurements it was possible to calculate the average emission
and standard deviation.
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Table 1: emission intensity per pixel (within the specified area) obtained from the gel presented

in Figure 3.
?aaﬁ"es emission 782.38 781.41 777.47
Background [a.u.] 289.96 297.08 294.50
Samples correction 492.42 484.33 482.97
Average result 486.57+5.11 (1.05 %)

The low standard deviation suggests that the variations in the measurements were
mostly caused by the background (the background value is collected individually for each
sample); the results obtained in this experiment were, however, incorporated into further

experiments as part of the calculation of the error bar.

4.1.4. Quantitative determination of thiolated DNA immobilised on GNRs

As the efficiency of DNA desorption from the GNRs surface using a large excess of 2-
Mercaptoethanol has been demonstrated and since the standard deviation of the measurement
was compatible with quantification, the next step was to focus on the calculation of the DNA
surface density on GNRs functionalised with different concentrations of SH-DNA-Cy3. The
data were obtained from the measurements presented in Figure 34. It is possible to observe a
clear difference between samples before and after 2-Mercaptoethanol treatment. With the
oligonucleotides release all of the detected emission intensity comes from the band that had
migrated the same distance as the reference. Although the signal that was detected for
electrostatically bound DNA in the samples before the incubation with 2-Mercaptoethanol (see
Figure 34a) was weak, | considered that this signal should be considered present in the samples
after incubation with2-Mercaptoethanol and therefore all the calculations of surface density

were corrected accordingly.

Based on the gel electrophoresis from Figure 34 the DNA surface density was calculated
(Figure 36). The results are presented as concentrations, because they were compared to the

reference expressed in nM.
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Figure 36: Concentration of free DNA in samples before (in blue) and after (in orange) the 2-
Mercaptoethanol treatment, deduced from the gel electrophoresis presented in Figure 34 as a
function of the SH-DNA-Cy3 concentration used to functionalised GNRs.

In Figure 36, we observed a very small DNA concentration corresponding to the non-
specifically bound DNA to the GNRs (in blue), in agreement with the gel electrophoresis in
Figure 34. The concentration of free DNA released from the surface of GNRs induced by 2-
Mercaptoethanol increased with the concentration of SH-DNA-Cy3 used to functionalise GNRs
indicating that the surface density depended strongly on the DNA concentration that was
incubated with the GNRs. The concentration of DNA that was bound to GNRs reached a plateau
when 300 nM of SH-DNA-Cy3 was incubated with GNRs indicating that the surface density

reached a maximum.

In order to quantify the DNA surface density, the concentration of GNRs in each sample
had to be identical. The concentration of GNRs that was incubated with SH-DNA-Cy3 during
the functionalisation was 0.18 nM. After incubation, each sample was rinsed by 3 cycles of
centrifugation and dispersion in the buffer solution, which implied losing some GNRs in the
process. Therefore, the concentration of each samples had to be characterised in parallel with

gel electrophoresis so the error could be corrected for the surface density quantification.

84



o]
(=)

0.5
=04
=
5 03 20 nM
= s 15 () 1M
g- 15
v

500 nM
0.1

0+ T T T T T T
220 320 420 520 620 720 820

Wavelength [nm]

Figure 37: Absorption spectra of GNRs functionalised with different concentrations of SH-
DNA-Cy3, and after 3 cycles or rinsing steps to remove excess DNA from the solution.

Figure 37 shows an absorption spectrum of the GNRs functionalised with different DNA
densities recorded after the 3 rinsing cycles. We noticed a weaker absorption intensity at 750
nm for the samples prepared with 20 nM of SH-DNA-Cy3, than for samples prepared with 150,
300 and 500 nM of SH-DNA-Cy3. The GNRs concentrations calculated from the absorption

spectra are given in Table 2.

Table 2: Calculated concentrations from the absorption spectra of GNRs in rinsed samples
functionalised with different SH-DNA-Cy3 concentrations. The initial concentration of GNRs
was 0.18 nM.

DNA concentration during functionalization | The final GNRs concentration (nM)
(nM)

20 0.069

150 0.123

300 0.118

500 0.117

The initial GNRs concentration that was incubated with different concentrations of SH-
DNA-Cy3 was 0.18 nM. From Table 2, we conclude that the concentration of GNRs decreased
after the 3 rinsing cycles and that the difference was more important when lower concentrations
of DNA was used for functionalisation. Therefore, high DNA surface density improves the

stability of the hybrid system.

To calculate the surface density, it was therefore important to normalise the amount of

DNA that is released from the GNRs surface to the measured GNRs concentration.
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The results of these calculations are presented in Figure 6.
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Figure 38: Number of DNA strands per GNRs calculated from agarose gel electrophoresis and
corrected for the non-specific interactions of DNA with the GNRs surfaces and normalised for
the GNRs concentration.

The DNA surface density increased from 150 strands/GNR when 20 nM of DNA was
used for functionalisation to a maximum of approximately 250 strands per GNR for higher
DNA concentrations. The surface coverage calculation indicated a smaller variation of the
strands/GNR than what was deduced directly from gel electrophoresis before the corrections
(comparison of Figure 36 and Figure 38). This is due to the fact that with lower DNA
concentration (20 nM) used during the functionalisation, the GNRs solution was not as stable
as the functionalised GNRs prepared with higher DNA concentrations. For this reason, the
concentration in the final sample is lower in the samples prepared with 20 nM than with higher

concentrations.

The theoretical maximum surface density of DNA on GNRs of 10 nm of diameter and
35 nm in length was estimated to be 275 DNA/GNRs (see chapter 3). It is interesting to notice
that the functionalisation method that was optimised here allowed immobilisation of
approximately 250 DNA strands per GNRs, which is very close to the theoretical value. In
addition, this experimental maximum strand density was obtained with an excess of DNA of

833 compared to the initial GNRs concentration.

Because nanoparticles with low DNA surface density were partially aggregating during
the rinsing steps, | further optimised the surface functionalisation by the addition of thiolated

long ethylene glycol polymer.
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4.2. SH-PEG addition
4.2.1. Stability influence and biocompatibility

Aggregation of GNRs upon functionalisation is mainly caused by the desorption of
CTAB molecules that leads to a decrease of the positive charge on the GNRs surfaces and a
tendency towards to neutral charge on their surface (the zeta potential after functionalisation is

between -5 and +5)%,

The measurements of the zeta potential on GNRs functionalised with DNA gave values
between —30 and —43 according to the DNA concentration used for functionalisation (see Table
6 chapter 3) while the zeta potential of GNRs in solution was +28. The GNR colloidal solution
functionalised with high DNA surface density was stable because particles were negatively
charged and therefore repulsed each other electrostatically. Upon centrifugation, GNRs were
concentrated at the bottom of the tube where functionalised GNRs with low DNA surface
density were more likely to undergo aggregation. In order to prevent aggregation, GNRs needed
to be further protected. The mechanism of stability improvement by pegylation is based on
mechanical and electrostatic properties. SH-PEG with MW=6000 are long, flexible chains that
surround the functionalised nanoparticles'®. Additionally, PEG is hydrophilic, so water
molecules will surround the chain; an additional feature preventing aggregation. Hydrophilicity

can also improve the redispersion of GNRs after centrifugation.

An additional feature of PEG is its biocompatibility; among the FDA approved
nanomaterials for medical application, most nanoparticles are functionalised with this
polymer!3®, PEG increases the retention time of nanomaterials, mainly due to decreased
opsonisation'®, Moreover, phagocytes react faster with charged nanoparticles (fast
opsonisation), so “in the shadow” of PEG chains it is possible to hide therapeutic agents

(e.g. oligonucleotides) with charge

4.2.2. Functionalisation with SH-PEG and quantification of attached thiolated

oligonucleotides

In the last chapter, we anticipated that DNA immobilisation on GNRs was not sufficient
to obtain a stable colloidal solution that could undergo all the required steps of centrifugation
essential for purification, rinsing and the different final applications envisaged for the samples.
Pegylation was therefore chosen to improve sample stability. The protocol introducing
pegylation was optimised and the final functionalisation protocol is the following: 1.2 nM of
GNRs in 1xPBS, 5 mM CTAB were mixed with SH-DNA40Cy3 (300 nM) and incubated for
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4 hrs. The immobilisation of DNA on the GNRs surface could be followed by the change of the
solution colour: starting with a pink colour, the solution became colourless. It was observed
that once the GNRs were functionalised with DNA, they were adsorbed on the Eppendorf tube
walls (see chapter 3). The addition of Tween20 such that the final concentration was 2 %
followed by an incubation of 2 hours allowed redispersion of the functionalised GNRS in

solution that then recovered its pink colour. (See chapter 3 for more details).

Then, without any further treatment, 10 pL of 4 mM SH-PEGeooo Was injected in the

solution (to a final concentration of 40 uM) and incubated for 30 min after a fast vortex.

It is important to notice that the concentration of PEG was much larger than the
concentration of ssDNA used for the functionalisation of GNRs (120-times). The reason is that
the PEG polymer was long and the probability of forming a thiol-gold bond was therefore low.
The adsorption time was much shorter because the goal was to have few PEG molecules
attached to the surface of GNRs so PEG would not replace the immobilised DNA molecules.
Subsequently three rounds of centrifugation and redispersion took place: the first two were re-
dispersed in aqueous solutions containing 2% of Tween20 and the third in pure 1xXPBS. Finally,
GNRs-ssDNA were in 0.95xPBS and 0.1 % Tween20.

To characterise the influence of the SH-PEG adsorption on the DNA surface density of
DNA immobilized on the GNRs, | characterised the functionalised GNRs with the SH-PEG in
the same manner than with no PEG as previously described.
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Figure 39: Pegylated functionalised GNRs samples used for the calculation of the number of
strands immobilised on GNRs. In a) the agarose gels (excitation 532 nm for collecting the
emission intensity of Cy3) of loaded samples after their incubation in 2-Mercaptoethanol and
in b) the corresponding extinction spectrum of the same samples but before 2-Mercaptoethanol

treatment.

Figure 39a shows agarose gel electrophoresis of functionalised GNRs with different
DNA concentrations and with the SH-PEG, rinsed 3 times with centrifugation cycles to remove
all the unbound DNA and incubated with 2-Mercaptoethanol to desorb immobilized DNA in
solution. As previously described the refs correspond to 20 nM of free SH-DNA-Cy3. In
samples prepared with 20, 150, 300 and 500 nM of SH-DNA-Cy3 and after the 2-
Mercaptoethanol treatment, we observed that the SH-DNA-Cy3 migrated at the same distance
as the free DNA refs. Therefore, the efficiency of the 2-Mercaptoethanol treatment to desorb
the immobilised DNA was not affected by the presence of SH-PEG on the surface of the GNRSs.
Also, the absorption spectrum measurement clearly indicated that the stability of GNRs
functionalised with 20 nM SH-DNA is similar to those exposed to higher DNA concentrations.
Therefore, we confirmed that the pegylation improves the stability of GNRs functionalised with
low DNA surface density.

The calculation of the number of strands per GNRs was performed as described

previously.
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Figure 40 shows the variation of the number of strands per GNRs as a function of the

DNA concentration that was used for GNRs functionalisation.
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Figure 40: DNA surface density on GNRs on non-pegylated and pegylated GNRs corrected
from the non-specific adsorption and the GNRs concentration.

First, in the case of pegylated samples it was possible to observe a lower standard
deviation. The experiment was more reproducible than with non-pegylated samples. While the
maximum strands/GNR ratio reached 250 for a DNA concentration of 150 nM for the non-
pegylated samples, the maximum surface density is reached at 300 nM DNA for pegylated
samples. The strands/GNRs at 20 nM and 150 nM DNA is lower for pegylated samples than
for the non-pegylated samples certainly due to competition between thiolated DNA and
thiolated PEG. We confirmed therefore that PEG improves the stability of nanoparticles
functionalised with low DNA surface density.

Agarose gel electrophoresis provided detailed data about thiolated oligonucleotides
coverage on the GNRs surface. This was extremely important, because it constituted a starting
point to analyse the hybridisation efficiency on GNRs surfaces; an essential step for this thesis.

Characterisation of the hybridisation efficiency is the subject of the following sections.

4.2.3. Influence on nanomaterial adsorption/desorption properties

The next step was to characterise the accessibility of the immobilised DNA to
complementary DNA strands. The formation of duplex DNA on the surface of the GNRs should
induce an increase of the average distance of the Cy3 fluorophore for the GNRs surface. Indeed,
the SH-ssDNA-Cy3 was labelled at the 5° end with the thiol that is the anchor point of the DNA
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to the GNRs surface and at the 3’ end with the Cy3 fluorophore. The ssDNA has a persistence
length of 2.2 nm %% which means that the distance between the fluorophore and the gold surface
is much lower than the length of the sSDNA molecules that has 40 bases. The persistence length
of double strand DNA is 50 nm,**! therefore for a double strand of 40 base pairs or 14 nm, it
implies that the dsDNA on the surface of the GNRs is linear (in the prescribed conditions of
salt concentration and at ambient temperature). At the surface density that we characterised,
there was one strand per 10 nm?for low DNA density and 4 or 5 nm? for high DNA density (the
surface of the GNRs is 1100 nm? and the maximum number of strands/GNRs is 250). Therefore,
the dsDNA on the surface has to be more or less perpendicular to the surface. In conclusion,
the average distance between the GNRs surface and the Cy3 fluorophore has to increase upon
hybridization.

To check this hypothesis and to characterise the influence of pegylation on the
hybridisation efficiency, pegylated and non-pegylated GNRs-SH-DNA40-Cy3 diluted in
0.95xPBS, 0.1 % Tween20 were hybridised using an excess of complementary DNA in
solution. The temperature was then increased to 70 °C and incubated for 5 min before a slow

cool down of the samples to ambient temperature (overnight).

The effectiveness of dsDNA formation was checked by hybridising 50 nM of the
complementary oligonucleotide (DNA35). To follow the fluorescence emission intensity

measurements were performed on the samples before and after hybridisation.
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Figure 41: Fluorescence emission intensity of Cy3 of functionalised GNRs without (left) and
with (right) and before hybridisation. The excitation wavelength was 530 nm.

The fluorescence emission intensity of GNRs functionalised with 150 nM 300 and 500
nM of DNA before hybridisation was in the range of 25-27 a.u. without SH-PEG and 29-34 a.u.
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(with SH-PEG). The emission intensity of GNRs functionalised with 20 nM of SH-DNA40-
Cy3 was very low confirming the lower DNA surface density. It is interesting to note that the
emission peak of the Cy3 of samples prepared with 20 nm of DNA was higher (15 a.u.) on
pegylated samples than with the non-pegylated samples indicating that the average distance of
the Cy3 from the surface on the pegylated GNRs was larger than on the non-pegylated samples
even if the differences were small. This difference could indicate that the strand arrangement

on the GNR surface was different.

The next step was to perform hybridisation with the complementary strand and an
overnight incubation in order to form dsDNA; the concentration of complementary DNA35 was
in excess compared to the concentration of immobilised DNA on the surface of the GNRs
characterised previously (according to the calculations it was twice as concentrated as the
attached DNA).
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Figure 42: Hybridisation with the complementary DNA strand. Excitation wavelength 530 nm.

The result of this experiment, performed with an excess of DNA35 was in good
correlation with the calculated DNA surface density: the emission intensity of Cy3 when 20
nM of thiolated DNA was used for the GNRs functionalisation was low compared to the GNRs
functionalised with 150, 300 and 500 nM. The fluorescence emission intensity of all samples
after hybridisation was higher than the emission intensity before hybridisation (Figure 41
without PEG). The increase of the emission intensity was up to 38-44 a.u. after hybridisation
and 29 to 34 a.u. before hybridisation. This indicated the formation of dSDNA on the GNR
surface as an increase of the emission intensity was expected upon hybridisation. As mentioned

before, the only problem with samples without SH-PEG was low stability during the
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centrifugation steps; the pellet was turning into aggregate although these samples were
measured without a rinsing step after hybridisation since the complementary strand was not
labelled.

The last part of this experiment was to measure the fluorescence of samples with SH-
PEG after hybridization with DNA35 in the same conditions.
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Figure 43: Hybridisation with the complementary DNA on the functionalised GNRs with
PEG. Excitation wavelength 530 nm

The samples functionalised with 150-500 nM SH-DNA40-Cy3 had the same emission
intensity, in agreement with the DNA surface density quantification that was similar.
Additionally, the fluorescence signal was slightly higher than in the case of samples without
PEG, so we can conclude that pegylation did not reduce strand accessibility. As described for
the GNRs without PEG, the emission intensity before hybridisation was lower than the emission

intensity after hybridisation, confirming the change in conformation from a sSDNA to a dsDNA.

The results of this experiment were therefore very encouraging as it was possible to
obtain nanomaterial with a mixed-ligand layer (SH-DNA and SH-PEG) on the surface without
affecting the fluorescence properties, the DNA surface density nor increasing the nanomaterial
stability. Such functionalised GNRs are perfect candidates for further studies focused on the
quantification of the number of hybridised strands on the GNRS surface.

4.2.4. Conclusions
At this stage of the project, we have demonstrated that agarose gel electrophoresis is a

useful tool for advanced characterisation of nanomaterials. The juxtaposition of results obtained
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after the DNA was released from the GNRs surface allowed calculation of the number of strands
per nanoparticle. As shown, the electrostatic-based deposition enables attachment of up to 250
SH-DNA to each GNR. Such a result was positive as it allowed control of the DNA surface

density from 100 to 200 strands/GNRs keeping the colloidal solution stable.

4.3. Formation of dsDNA on the GNRs surface

The previous chapter was dedicated to optimising the functionalisation of GNRs
surfaces with ssDNA and their further modification to obtain stable functionalised GNRs with
specific optical properties. It was demonstrated that the addition of SH-PEGsooo to the surface
of ssDNA functionalised GNRS improved the stability of the colloidal solution in 1x PBS and
did not affect the formation of dsDNA on the nanoparticle surfaces. Next, the yield of
hybridisation had to be characterised by comparing the number of ssSDNA immobilised on the
GNRs surface and the number of dsDNA after hybridisation. I developed a protocol that
allowed quantification of hybridised strands using gel electrophoresis. In order to get full
control over the specificity of the hybridisation | used complementary and non-complementary
strands to the sSDNA immobilised on the surface: SH-DNA40-Cy3 was on the GNRs surface
and DNA35-Cy5 is the complementary strand while DNA35-Cy5nC is the non-complementary
strand. Both complementary and non-complementary strands are labelled at their 5’ end with
the Cy5 fluorophore. Since the couple of fluorophores Cy3 and Cy5 can efficiently FRET, |
used FRET to characterise hybridisation. It is important to recall that Cy3 is labelled on the 3’
position of the SH-ssDNA (SH- being at the 5’ end), whereas Cy5 is on the 5’ end. Therefore,
after hybridisation both fluorophores are close to each other and do not limit FRET. In addition,
we showed that hybridisation with a non-labelled ssSDNA brings the Cy3 fluorophore away
from the surface of the GNRs indicating that the dsDNA is standing up toward the solution. As
a result, we expected that the emission of the Cy5 would not be quenched as was observed with

Cya3 after hybridisation.

4.3.1. Sample preparation for hybridization

All samples were prepared as described previously: 0.18 nM GNRs diluted in 5 mM
CTAB and 1x PBS were incubated with 300 nM of SH-DNA40-Cy3 (corresponding to a molar
ratio of 1:1666) for 4 hrs. After the Tween20 injection and 30 min incubation, the samples were
then incubated with 40 uM SH-PEGeooo for 30 min, centrifuged (8 000 rcf, 30 min) and rinsed.
The final GNRs concentration of functionalised GNRs was 0.12 nM and the SH-DNA coverage

was estimated at 216+14 strands per nanoparticle.
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For hybridisation, samples in 1xPBS, were incubated with DNA35-Cy5 or with
DNA35-Cy5nC at different concentrations and incubated at 70 °C for 5 min before an overnight
slow cool down to ambient temperature (overnight). The samples were then directly

characterised without any further rinsing steps.

4.3.2. FRET analysis

Fluorescence measurements of colloidal solution, in order to reveal FRET, were carried
out in 1 mL samples, excited at 530 nm. The reason why the excitation wavelength was fixed
at 530 nm was due to the influence of CTAB on the absorption spectrum as discussed in chapter
3: placing the excitation wavelength at 530 nm ensured a strongly reduced impact of CTAB at
all concentrations. However, the Cy3 absorption spectrum had a plateau (see figure 7 chapter
2, Materials and Methods), from 525 to 535 nm and moving the excitation wavelength within

this range did not have an impact on the emission.
The range of the acquisition of the emission intensity was set between 550 and 800 nm.

In the case of agarose gel analysis, the excitation wavelength was fixed to 532 for Cy3
and 648 nm for Cy5 and could not be modified. As the result, the emission intensities at specific

wavelengths were collected (570 and 680 nm).

To quantify the number of dSDNA formed on the GNRs surface, the concentration of

the complementary strand was varied from 0 nM for control to 20 nM.
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Figure 44: Fluorescence emission intensity of SH-DNA40Cy3 functionalised GNRs hybridised
with different concentrations of DNA35-Cy5 complementary strand. Excitation wavelength
530 nm.

First, with no complementary strands (0 nM ssDNA) we only observed the emission
intensity of Cy3 (Figure 44). As the concentration of the complementary strand labelled with
Cy5 increased, we observed a significant decrease of the emission intensity of Cy3. As the
concentration of the complementary strand labelled with Cy5 increased, we observed an
increase in intensity of the Cy5 emission peak. At 20 nM of the complementary strand, only the
Cyb5 emission peak could be detected, the emission intensity of Cy3 being undetectable. The
correlation between the decrease of the Cy3 emission peak intensity and the increase of the
emission peak intensity of Cy5 was indicative of efficient FRET, therefore indicating that
hybridisation occurred between the ssDNA immobilised on the GNRs surface and the

complementary strand in solution.

For samples incubated with the non-complementary strand, we observed no variation of
the Cy3 emission intensity while the emission intensity peak of Cy5 increased with increasing
concentrations of the non-complementary strand (Figure 45); indicating that no FRET was

detectable.
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Figure 45: SH-DNA40Cy3 functionalised GNRs hybridized with DNA35-Cy5nC (non-

complementary). Excitation wavelength at 530 nm.

This experiment indicated two phenomena; Cy3 emission did not vary and Cy5 emission

increased following increased concentration of DNA35-Cy5nC.

As a conclusion, FRET is a powerful tool to confirm that hybridisation on the surface
of GNRs is efficient. The fact that we do not detect FRET with the non-complementary strand
confirmed that no non-specific interactions of the non-complementary strand with the surface
of the functionalised GNRS was detected, demonstrating the high performance of the optimised

functionalisation method.

Nevertheless, it is important to control the eventual direct excitation of Cy5 at the
excitation wavelength of Cy3, at 530 nM. Indeed, as shown in Figure 46, Cy5 was directly
excited at 530 nm. The emission intensity of Cy5 excited at the wavelength of Cy3 increased
with the concentration of DNA-Cy5 in solution. This effect was problematic, as the emission
intensity of Cy5 was not therefore induced only by FRET. The fluorescence emission intensity
of the acceptor cannot be directly indicative of FRET and therefore hybridisation.
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Figure 46: Fluorescence emission intensity of Cy5 (DNA35-Cy5) caused by an excitation at
530 nm. The all excitation settings were identical to those for Cy3 excitation but with no GNRs

in solution.

We observed in Figure 46 a clear correlation of emission of fluorescence of Cy5 with
concentration. Most of my experiments were performed in the range 0-20 nM of Cy5-labelled
DNA, therefore in the case of excitation at 530, the peak of Cy5 should be in the range of 15-
20 units (through all of the experiments the detector settings did not vary). In comparison to
Figure 45, where the non-complementary strand is added to the functionalised GNRs solution
at the same concentration range we noticed that the emission intensity of Cy5 is lower than in
Figure 46, where the DNA strand is diluted in a pure PBS solution with no GNRs. This is
associated with the GNRs scattering.

Nevertheless, it is possible to follow hybridisation on the nanoparticles surface with
FRET by following the emission of Cy3, the donor after hybridisation with the complementary
strand (Figure 44) as the emission intensity of the Cy3 decreased as the concentration of the
complementary strand increased. Nevertheless, following the donor emission cannot be
guantitative, because the FRET phenomenon is not yet well characterised in the proximity of

plasmonic structures.

4.3.3. FRET acceptor quenching by donor proximity
A different approach would consist of directly exciting the Cy5 at 630 nm and detecting

exclusively the intensity of the emission of Cy5 at 660 nm. Figure 47 and Figure 48 show
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spectra for samples incubated with increasing concentrations of complementary and non-

complementary strands.
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Figure 47: Fluorescence emission of Cy5 excited at 630 nm, as a function of the DNA35-Cy5nC
(non-complementary) concentration. Each sample was incubated with 0.12 nM of GNRs
functionalised with SH-DNA40-Cy3 diluted in 1x PBS and 5 mM CTAB following the
hybridisation protocol.
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Figure 48: Fluorescence emission of Cy5 excited at 630 nm, as a function of the DNA35-Cy5C
(complementary) concentration. Each sample was incubated with 0.12 nM of GNRs
functionalised with SH-DNA40-Cy3 diluted in 1x PBS and 5 mM CTAB following the
hybridisation protocol.

The variation of the intensity of the emission of Cy5 for the non-complementary strand
and the complementary strands increased with the concentration of DNA in solution that was
incubated with 0.12 nM of GNRs (Figure 47 and Figure 48 respectively).
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Figure 49 shows the variation of the maximum of the emission intensity of Cy5 as a
function of the DNA concentration in solution (complementary and non-complementary

strands) extracted from Figure 47 and Figure 48.

While for the non-complementary strand the variation was clearly linear, for the
complementary strand incubated with the functionalised GNRs it appears clearly that the
emission intensity of the Cy5 also increased with the concentration but in a non-linear fashion
(Figure 48).
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Figure 49: Variation of the intensity of the emission of Cy5 as a function of the concentration
of complementary and non-complementary DNA strand incubated with GNRs at 0.12 nM in 1x
PBS and 5 mM CTAB (maximum intensity extracted from Figure 47 and Figure 48 Excitation
wavelength 630 nM.

Indeed, the variation of the peak intensity of the Cy5 increased slowly from 2.5 nM to
10 nM of the complementary strand. At 20 nM of DNA35-Cy5C we noticed a larger increase
of the peak intensity (245 a.u.) that was still much lower than the intensity of the peak for non-
complementary (836 a.u). Since the FRET experiment confirmed the efficiency of hybridisation
as a function of the complementary strand concentration in solution (acceptor emission intensity
decreased with increasing concentrations of the complementary strand), the variation of the
peak intensity of the emission of Cy5 when Cy5 was excited was certainly affected by the
distance of the fluorophore from the surface of the GNRs and also by the proximity of the Cy3
after hybridisation.

This indicates that Cy5 is almost certainly quenched by the plasmonic structure and the

proximity of Cy3 in the duplex DNA itself.
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The unexpected emission intensity to concentration dependence can only be explained
by efficient quenching, when Cy5-containing DNA is in the form of a duplex (immobilised on
GNR). Quenching can be partially caused by the oligonucleotide sequence!*?, however the
measurements performed with SH-DNA40-Cy3 — DNA35-Cy5/DNA50-Cy5 clearly showed
that FRET between the fluorophores occurred. The quenching of the acceptor by the donor
might be a complementary characteristic indicating hybridization and not only on the

nanoparticles surface.

4.3.4. Agarose gel electrophoresis
The advantage of using agarose gel electrophoresis to characterise the efficiency of

functionalisation of GNRs was shown in previous sections of the chapter.

We now apply the same approach to characterise hybridisation efficiency. To confirm
the feasibility, the samples were first loaded on the gel after a centrifugation step to concentrate

them.

Figure 50 shows agarose gel electrophoresis of concentrated samples excited at 648 nM
so the detected signal is exclusively due to the emission of Cy5. The Ref lanes correspond to
the free complementary strands in solution (no GNRs) at 20 nM. The additional lanes
correspond to samples of GNRs at 1.2 nM functionalised with 216 + 14 strands and incubated

with increasing concentrations of the complementary strand (DNA35-Cy5).
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Figure 50: Agarose gel electrophoresis. The gel is excited for Cy5 (648 nM); functionalised
GNRs were incubated with increasing concentrations of the complementary strand. Without
any rinsing, each sample was concentrated 25-times and loaded in the gel. Excitation was at
648 nm.
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In samples containing functionalised GNRs, we clearly observed two bands: the first
one, closest to the well, corresponded to Cy5 that is bound to GNRs via hybridisation, while
the second band corresponded to free DNA-Cy5 that migrated like the ref (free DNA control).
The total intensity of the detected free DNA-Cy5 increased with the concentration of the DNA-
Cyb5 that was introduced to the samples for hybridisation. We therefore confirmed that the
efficiency of hybridisation depended strongly on the concentration of the DNA-Cy5
complementary strand. Since the free DNA-Cy5 signal was detected for all concentrations we
cannot directly determine the concentration at which the complementary strand is in excess in

solution.

4.3.5. Specificity of the hybridization

Figure 51 shows two agarose gels of functionalised GNRs incubated with increasing
concentrations of the complementary and the non-complementary stand for hybridisation. Here
Cy3 was excited at 530 nm so the detected signal would originate only from DNA bound to the
GNRs surface, and not from added DNA-Cy5 in solution.
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Figure 51 Fluorescence of Cy3. The same samples as in the case of FRET measurements were

used. Excitation took place at 530 nm.

We clearly observed the signal coming from DNA-Cy3 that was bound to GNRs. The
Cy3 emission intensity that was detected on the GNRs when the complementary strand was
added to the sample solution decreased with increasing concentration of the complementary
strand. In addition, the smeared band detected from the sample with no complementary strand
in solution was longer than that seen with increasing concentration of the complementary
strand: as the concentration of complementary DNA-Cy5 increased the intensity of the emission
intensity of Cy3 decreases and GNRs migration is less smeared. In the case of the non-
complementary strands, we observed no difference of the emission intensity of Cy3 as a

function of the concentration of non-complementary strand and the migration of all samples is
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similar. The results of agarose gel electrophoresis were in agreement with the observations of
the fluorescence spectra; the formation of the double strand on the GNRs surface led to a
decrease of the emission intensity of the Cy3, while the emission intensity of Cy3 was constant
for all conditions. This observation correlated perfectly with measurements of the emission
intensity of Cy3 and Cy5 when only Cy3 was excited, that is to say with the FRET experiments
showed in Figure 44 and Figure 45.

4.3.6. Quantification of the number of hybridized strands.

The influence of pH on the stability of double strand DNA is known#3144 The pKa’s
of (neutral) guanine and thymine are 9-10'%°. At high pH (>~10), these bases will be
deprotonated and exist as negatively charged conjugate bases. As the deprotonated species, part
of the G/C and A/T hydrogen bonding will disappear and the DNA will denature!#4,

At low pH, DNA phosphodiester groups are protonated, and protonation has been
reported to decrease the stability of the double helix'*3. This causes DNA melting. Low pH (pH
less than 1) can lead to hydrolysis of the DNA and the phosphodiester bonds will break and

therefore DNA become damaged.

In order to find the best pH conditions to denature dsSDNA formed on the GNRs without
damaging the DNA, the pH of the buffer solution of functionalised GNRs after hybridisation
was adjusted in the range between 2.3 and 12. To avoid any DNA damage, the samples were

immediately loaded on the gel after the pH was adjusted.

In addition, glycerol is widely used for increasing the viscosity of samples and facilitates
samples to be loaded in the gel wells. | have therefore tested two conditions for loading the

samples with glycerol.
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Figure 52 Experiment with GNRs functionalised with SH-DNA40-Cy3 and hybridised with
DNA35-Cy5 and loaded at different pH'’s. The excitation wavelength was 648 nm to register

the Cy5 emission intensity.

GNRs samples after hybridisation were mixed with solutions at 50% glycerol at
different pH. As shown in Figure 22 at pH 2.3 and pH 12, the band corresponding to the free
DNA-Cy5 was strong. Simultaneously, the signal detected where the GNRs migrate
disappeared totally. At pH 7.4 or 8 we only observed the signal of the complementary labelled
strand where the GNRs migrate. Therefore, we confirmed that the dSDNA was denaturing at
both high and low pH when the DNA was immobilised on GNRs and that the GNRs colloidal
solution was stable during the time of the experiment. Indeed, the GNRs were still migrating in

the gel at these pH’s.

Since the efficiency of denaturation seemed higher at low pH, I chose to work with 50 %

glycerol, pH 2.2, prepared in advance.

The samples were prepared with the already described protocol: GNRs in 1XPBS, 5 mM
CTAB were mixed with SH-DNA40-Cy3 (final concentration: 300 nM) and incubated for 4
hrs. Tween20 was then added up to 2 % , stored for 2 hours for GNRs redispersion and SH-
PEGso00 (Up to 40 uM) added. A final three centrifugation and rinsing steps produced a solution
containing functionalised GNRs, 0.95xPBS and 0.1 % Tween20. DNA50-Cy5 was then added
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to the nanomaterial for hybridisation at 70 °C and left overnight for cooling down to ambient

temperature.

In order to clearly observe the migration of the GNRs before (pH 7.4) and after
denaturation (pH 2.2) | concentrated up to 25-times before loading the agarose gel.
Electrophoresis was for 30 min and performed at 50 V. The gel was scanned so only the GNRs
were detected and not the DNA.
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Figure 53 Agarose gel electrophoresis of functionalised GNRs and hybridised with
complementary DNASO- and loaded at pH 7.4 or at pH 2 as indicated in the figure. The gel is
scanned so only the absorption of the GNRs is detected.

The concentration of the complementary strand used for hybridisation on the GNRs
samples was 0, 5, 10 and 20 nM. The samples were then diluted in glycerol 50 % at pH 7.4 or
at pH 2.2 so the difference in migration of the GNRs could be characterised.

The first lane was non-functionalised GNRs that did not migrate in the gel because of
aggregation. The two lanes corresponding to the functionalised GNRs with no complementary
strand (0 nM) migrated the same distance independent of the pH. The lanes indicated only with
the complementary strand concentration (5, 10 and 20 nM) were loaded at pH 7.4 and migrated
longer distances from the wells than the sSDNA-GNRs (line 0 nM) indicating that the dsSDNA
led to faster migration in the gel. We noticed that the migration distance of the dsSDNA-GNRs
was further away from the well with increasing concentration of the complementary strand. All

the samples that were loaded at pH 2.2 migrated at the same distance as the sSDNA-GNRs (0
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nM) confirming that the dsDNA did denature at pH 2.2 for all complementary strand

concentrations.

In this experiment, only the absorption of GNRs was shown in order to compare the
impact of the presence of sSDNA and dsDNA on the GNRs on the migration distance and to
confirm the use of low pH to denature the dsSDNA bound to the GNRs.

To quantify the amount of hybridised DNA, the samples of GNRs-dsDNA were directly
loaded after hybridisation (with no step of centrifugation to concentrate them) as described in

paragraph 4.1.2.

In addition, to calculate the error of the measurements | loaded the same 6 identical
solutions composed of free DNA35-Cy5 at 20 nM. (Figure 24).

Reference DNA35-Cy5

e e - -

Figure 54 Gel electrophoresis of 6 identical samples of DNA35Cy5 20 nM that were mixed
with glycerol at pH 7.4 just prior to loading in the gel.

The standard deviation calculated as described earlier is 2.45 nM compared to the 20
nM of the loaded DNA sample. | assume that this error is always present and thus applied it to

all calculations.

The measurements of the number of hybridized strands were performed with DNA35-
Cy5 (complementary) and DNA35-Cy5nC (non-complementary) as a control. All of the
preparation protocol was as described, only the electrophoresis procedure was modified: instead
of 30 min I set 40 min (in order to have GNRs at a larger distance from the loading well).
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Figure 55: Fluorescence emission intensity of Cy5 in samples of functionalised GNRs
incubated with the complementary DNA35-Cy5 strand for hybridisation. Excitation wavelength
fixed at 648 nm.

Figure 55 shows gel electrophoresis of samples after hybridisation with the
complementary strand at different concentrations and loaded in glycerol either at pH 7.4 or at
pH 2.2. The gel was scanned to detect exclusively the DNA35-Cy5 complementary strand. The
samples were not rinsed after hybridisation and were loaded on the gel with no centrifugation
step to concentrate the functionalised dsDNA. From left to write is free DNA35-Cy5 loaded at
20 nM, the functionalised GNRs hybridised with 2.5, 5, 7.5, 10 and 20 nM alternatively loaded
at pH 7.4 and pH 2.2. On all lanes corresponding to the samples loaded at pH 7.4 we observed
3 main bands: first a smeared band corresponding the hybridised DNA on the GNRs surface,
then a weakly defined band certainly corresponding to spherical nanoparticles that remained in
the stock solution of GNRs that can be also functionalised and a lowest weak band
corresponding to the free DNA35-Cy5 that did not hybridise. As indicated earlier, gel
electrophoresis was run for longer times for a better separation and quantification. We assume
that this is the reason why we saw an additional band corresponding to smaller gold

nanoparticles.
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For samples loaded at pH 2.2, the signal detected where the nanoparticles migrate
disappeared compared to the same samples loaded at pH 7.4, and a clear strong band of the free
DNA35-Cy5 appeared. We confirmed, as in Figure 52, that the hybridised DNA was released
from the surface of the GNRs and migrated therefore like the reference free DNA. The emission
intensity on the band of the free DNA in samples loaded at pH 2.2 increased with increasing

concentrations of DNA35-Cy5 complementary strand incubated with GNRs for hybridisation.

To appreciate the effect of the complementary DNA in solution on the efficiency of
hybridisation the quantification analysis of the gel was performed as described for the
quantification of the thiolated DNA on GNRs (Figure 56).
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Figure 56: Quantitative analysis of the Cy5 fluorescence emission intensity extracted from the
gel presented Figure 55.

First, the calculation of the free complementary strand concentration in the
functionalised GNRs solution after hybridisation loaded at pH 7.4 was below the standard
deviation that | calculated from Figure 54, which was 2.45 nM for all DNA35-Cy5
concentrations that were used for the hybridisation lower than 10 nM. When 20 nM of
complementary strand DNA was incubated with the functionalised GNRs for hybridisation, the
remaining free DNA35-Cy5 increased to 12 nM. Therefore, in the range of 2.5 to 10.0 nM most
of the complementary strands were hybridised. When 20 nM of the complementary strand was
incubated with the functionalised GNRs, it appears that a large part of free DNA remained in

solution (12 nM) indicating that the complementary strand was in excess or that the maximum
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number of hybridised strands on the surface of GNRs was reached at 10 nM of the
complementary strand.

When the same samples were loaded at pH 2.2, the dsSDNA formed on the GNRs were
denatured and ran as free DNA in the agarose gel. The concentration of the released
complementary DNA strand increased from 5 nM to 12 nM with increasing concentration of
the complementary strand used for hybridisation. When 20 nM of the complementary strand
was incubated with the functionalised GNRs, it appeared that the concentration of total free

complementary strand (DNA in excess and DNA that was released at pH 2.2) was higher than
the reference free DNA that was also loaded at 20 nM.

In order to control for the non-specific interaction of the complementary strand with the
GNRs surface at high concentrations, the functionalised GNRs samples were incubated with
the non-complementary DNA (DNA35-Cy5nC) for the hybridisation experiment and were
loaded at pH 7.4 and 2.2 in the agarose gel electrophoresis.
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Figure 57 Fluorescence emission intensity of Cy5 in samples of functionalised GNRs incubated

with the non-complementary DNA35-Cy5nC strand for hybridisation. Excitation wavelength
fixed at 648 nm.

Gel electrophoresis where the non-complementary strand was detected reveals that no
DNA was adsorbed on the GNRs, all the DNA35-Cy5nC migrated like the reference free DNA
at pH 7.4 and at pH 2.2. We conclude that there was negligible non-specific interaction of
ssSDNA with the functionalised GNRs (Figure 57). The analysis of samples incubated with the

non-complementary DNA strand were performed as previously to extract the concentration of
free DNA (Figure 58).
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Figure 58: Quantitative analysis of the Cy5 fluorescence emission intensity extracted from the
gel presented Figure 57.

The quantitative analysis of the gel electrophoresis presented in Figure 57 confirmed
that the concentration of the detected DNA35-Cy5nC was identical when the samples were
loaded at pH 7.4 and pH 2.2, indicating that there was no non-specific interaction on the GNRs
surface. The differences between the concentrations calculated at both pH were below 12 %.
However, the concentration that was obtained for the GNRs samples incubated with 20 nM of
the non-complementary strand was significantly higher than the reference free DNA loaded at
the same concentration. Despite the fact that this observation was reproducible, we did not find
any explanation for this behaviour.

The last step of the analysis was to quantify the number of complementary ssSDNA
hybridised on the GNRs surface. For this purpose, the values of fluorescence from samples
loaded in the gel at pH 2.2 were corrected from the emission intensity of the free DNA
characterised on samples that was loaded at pH 7.4 and compared with the reference free DNA
loaded at 20 nM Figure 59.
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Figure 59: Calculation of the number of complementary strands per GNR (in blue). The orange
dots correspond to the theoretical surface density if all complementary DNA strand that was
used for the hybridisation hybridised with the functionalised GNRs.

From the calculated dsDNA surface density, we confirm that hybridisation reached a

maximum when 10 nM of the complementary strand was hybridised with the functionalised

GNRs. The dsDNA / GNRs was then 115 + 20 while the surface density of SSDNA immobilised

on the GNRs was 216 + 14 ssSDNA / GNRs (see paragraph 4.2.2).

The following table presents the results of the calculation of the dsDNA surface density.

Table 3 Number of dsDNA per GNR

DNA concentration used for Experimental number of )
o Theoretical dSDNA/GNR
the hybridisation (nM) dsDNA/GNR

2.5 3520 21
5.0 64+20 41
7.5 99+20 62

10.0 115+20 82

20.0 132+20 164

For 2.5 nM of the complementary DNA35-Cy5 incubated with functionalised GNRs

and loaded at neutral pH, no free DNA was detected. Therefore, we concluded that most of the

complementary strands hybridised with the DNA that was immobilised on the GNRs surface.

Indeed, the measurements made in the agarose gel indicated that 35+20 complementary strands
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were released from the GNR surface at low pH, in agreement with the theoretical number for
100% of hybridisation (21 strands/GNR). For 5.0 nM, the situation was similar; most of the
complementary strands were hybridised on the GNRs, however, the calculations indicated a
gap between the measurements and the theoretical surface density of dsDNA (6420
dsDNA/GNRs in the experimental calculation and 41 strands/GNR in the theoretical
calculation). For the GNRs sample that was incubated with 7.5 nM of the DNA35-Cy5, a
stronger fluorescence signal was detected from the released complementary DNA after
hybridisation; this was probably the point where the efficiency of hybridisation was limited by
the steric hindrance or the difficulty to hybridise more DNA. However, the number of dSDNA
hybridised on the GNRs was higher (99£20 to 62 strands/GNR) than with samples incubated
with lower complementary strand concentrations. A similar situation occurred with GNRs
samples incubated with 10.0 nM of complementary strands; the free DNA signal calculated
from the samples loaded at neutral pH was low so most of the oligonucleotides were hybridised
on the GNRs (confirmed by the calculations (115+20 strands/GNR compared with the
maximum theoretical dSDNA/GNRs of 82 strands/GNRS)

The experimental values based on the agarose gel analysis were always higher than the
theoretical maximum dsDNA surface density. The only explanation, based on my experimental
experience is that the loaded samples were diffusing with time in the wells of the gel. Since the
reference of free DNA was always loaded first, this means that the reference sample had more

time to diffuse than the other samples when all samples are loaded on the 12 well agarose gel.

The last issue was with samples incubated with 20 nM of DNA35-Cy5. Already from
the gel analysis it was clear that there was an excess of complementary strands that did not
hybridise. This situation was confirmed by the calculations where, for the first time the
theoretical value was higher than the measured dsDNA surface density. This clearly shows that
the analysis based on the agarose gel calculations has to be improved. In my opinion, the
solution could be to use smaller gels with 6 wells; this should reduce the loading time and
therefore limit the diffusion of the samples once loaded on the gel wells. An alternative would
be to load the reference twice, at the beginning and at the end of the loading process. In addition,
FRET experiments demonstrated that the Cy5 emission is quenched when the Cy5 is close to
the Cy3 fluorophore after hybridization. Therefore, to improve the quantification method, it

would be interesting to functionalise GNRs with a thiolated DNA with no label.
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Nevertheless, the characterisation of hybridisation on GNRs with complementary DNA
in the range between 2.5 and 10 nM was efficient and proved that we can control the surface
density of the thiolated DNA and the amount of hybridised DNA.

4.3.7. Summary

The aim of this thesis was to determine the amount of dsDNA immobilised on GNR
surfaces and in spite of the limitations discussed above was mostly successful. A key element
in the success of the approach was the use of agarose gel electrophoresis and the fact that an

acidic environment (pH 2.2) denatures dsDNA at room temperature within seconds.

FRET proved to be useful in calculating the dsDNA density on surfaces, because it is a
fast and very precise technique. Formation of duplex DNA causes a decrease in donor emission
intensity. However, this approach is associated with two drawbacks; first the equilibrium of
dsDNA formation is unknown; second the dynamic changes of the donor emission are limited
as the drop of the emission intensity is difficult to measure when small amounts of DNA are
hybridised on the surface of GNRs. Nevertheless, the donor emission intensity drop permits
one to follow hybridisation between the starting point where no DNA is hybridised and the final
point where a large amount of DNA is hybridised. Therefore, quenching of the acceptor
fluorescence emission intensity can also be used to estimate the amount of DNA attached to

nanoparticles via hybridisation; this promising approach deserves more detailed investigation.
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5. Changes of nanohybrid optical

properties under temperature variations

5.1. Experimental approach

5.1.1. Determination of the temperature around nanoparticles using hairpin

DNA

Interactions between gold nanoparticles and electromagnetic waves in the range of UV-
Vis-NIR are dependent on the nanostructure size and shape®“®. In the case of GNRs, aspect ratio
modifications allow selection of the wavelength at which the light-nanostructure interaction
would be increased. The uniqueness of such rods is their ability to efficiently absorb light at
750-800 nm with relatively small dimensions (diameter 10 nm, length 35-40 nm); this highly
reduces scattering in comparison with other particles absorbing in the same range e.g.
nanoshells (diameter 150 nm). The absorbed energy is then transformed into heat and increases
the nanostructure’s temperature; as mentioned before, it can be used for oligonucleotide release.

The need to create a temperature map around GNRs is a basis of this thesis, because it
is crucial to know those laser beam parameters to induce a controlled increase in temperature
(power/area). The issue of thermometry in micro and nanoscale has been widely discussed, both
in terms of techniques and materials'4":148149 In this thesis the evaluation of GNRs thermal
properties was planned in two parallel ways: experimental and theoretical.

The general assumption for the experiments was to obtain data from fluorescence
emission; the difference in emission dependent on the surface-fluorophore distance has been
investigated®®%1, For this purpose, a hairpin DNA (hDNA-Cy5) was proposed; these
oligonucleotides have the ability for self-hybridisation and to form a loop structure. In my
experiments the 5° end was thiolated (to attach to the gold surface) and the 3° end with Cy5
labelled; when hDNA was in a closed state the fluorophore was in close proximity to the metal

surface (Figure 60).
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Figure 60: Scheme of hairpin-based temperature measurements. hDNA (green line) is attached
to GNRs and initially self-hybridised, caused low emission from the fluorophore (red star).

Several experiments were performed, but numerous problems appeared: first, the
functionalisation method was different (SH-DNA was incubated with GNRs in 5 mM CTAB
overnight and subsequently salt aging up to 100 mM NaCl was performed) and was found to
be inefficient. The problem of this method was that each rinsing step decreased the fluorescence
signal. This suggested that oligonucleotides were not immobilised on the nanoparticles via the
thiol-gold bound. For this reason throughout the thesis, | focused on the mechanism of thiolated
oligonucleotides attachment to gold surface. Additionally, in the selected sequence, five base
pairs hybridised to form a loop. The melting temperature of the closed form was 38 °C thus
suitable for heating-cooling experiments. However, it turned out that it was not possible
to demonstrate self-hybridisation by acrylamide gel done at 4 °C or with fluorescence emission.
In addition, choosing cyanine-derivatives as the fluorophore (Cy5) was a problem as their
emission depends strongly on the environmental temperature. All these problems led to results
that were not reliable. On the other hand, it allowed modification of the initial plan and the idea
of using Cy5 directly as thermometer was proposed.

5.1.2. Cyanine-derivative fluorophores as molecular thermometers

Many of the organic dyes, often used in biological experiments have emissions highly
dependent on the local medium viscosity (e.g. caused by change of temperature). In the case of
cyanine derivatives this is sufficient to consider such molecules as molecular thermometers®®?,
The mechanism derives from the structure of the fluorophores that can be delineated into three
domains: 1) electron donor, 2) electron acceptor, 3) electron-rich conjugated spacer (alternating
single and double bonds). When these units are in a planar, or near-planar configuration the
excitation causes charge transfer from the donor to the acceptor unit and the emission of
a photon takes place. However, the electrostatic forces twist the groups and in such cases

excitation requires lower energy, but causes red-shifted, or non-fluorescent emission. As the
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twisting ability is strongly related to the local viscosity, this appears to be the source of
temperature-dependent emission.

The other issue concerned finding conditions allowing effective temperature
measurement around the GNRs under illumination. For this purpose, it is obvious that the
fluorophores need to be kept at a constant distance from the metal surface; this is effected by
the formation of full double stranded DNA on the GNRs surface. However, the increase of
temperature can denature the dsDNA to sSDNA if the melting temperature of the dsDNA is low

compared to the light induced increased of the GNRs temperature.

DNA melting
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Figure 61: Scheme The thiolated DNA (green line) is hybridized with a non-labelled
oligonucleotide (blue line). At the initial point all SH-DNA were assumed to be in form of
duplex.

With increasing temperature, the fluorescence emission intensity decreases (the red star
in Figure 61), but also dsDNA denaturation may occur. A short analysis of such a model
illustrated the downsides of such an approach; in the previous chapter (chapter 4) it was shown
that not all the immobilised thiolated DNA on the GNRs surface could form double stranded
DNA (I obtained below 50 % of dsDNA).

The last proposal involved placing temperature-sensitive fluorophores on the
complementary strands. This should allow, under certain conditions, almost 100 %
immobilisation onto GNRs since | demonstrated that at certain concentrations all the

complementary DNA forms a duplex with the immobilised DNA.
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Figure 62: Scheme of the final model of the experiment: the complementary strands (blue line)
are labelled with fluorophore (red star).

With Cy5 labelled to the complementary strand it is possible to keep them at a constant
distance from the metal surface. This requires specific concentrations of functionalised GNRs
and complementary DNA. As described in chapter 4 this was indeed possible. In this case the
temperature range should also be below the melting temperature to avoid DNA denaturation
and the release of the complementary strand (containing fluorophore) so as not to impact on the
measured fluorescence emission intensity. Nevertheless, such experiments allowed precise

temperature measurements.

5.1.3. Cyanine-based temperature measurements

The temperature was measured with a Universal Thermocouple Connector (UTC-USB)
made by Omega. The volume of the solutions was 2 mL and heating was carried out by a system
connected to the spectrofluorometer. The spectrum between 650 and 800 nm was registered
three times for each sample. As described in the previous chapter, the first step was to check
if the complementary DNA created a duplex on the GNR surface. For this purpose, the agarose

gel presented in Figure 63 was performed.
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GNRs + DNA35-Cy5

GNPs + DNA35-Cy5

5 nM DNA35-Cy5 S DNA35-Cy5

Figure 63: Agarose gel electrophoresis of samples used for temperature experiments. The lane
on the left is the reference containing 5 nM of DNA35-Cy5 in 0.95xPBS and 0.1xPBS. The lane
on the right is GNRs functionalized with SH-DNA40 and hybridised with 5 nM DNA35-Cy5 in
0.95xPBS and 0.1xPBS.

The samples were prepared using the same Cy5-labelled stock solution, so that the
amount of DNA was equal in the reference and in the GNRs-containing solution. The reference
DNA gave one band corresponding to the migration of free ssDNA, as expected (Figure 63).
For samples with GNRs, we detected three bands. The first one was close to the well and was
associated with the complementary DNA that hybridised with the immobilised DNA on the
GNRs. The second one was a band corresponding to the functionalised spherical nanoparticles
that were present in the stock GNRs solution. The third band corresponded to the free
complementary strand that did not hybridise. As these results were obtained for samples that
were not rinsed after hybridisation it was highly promising, because a comparison of free DNA
emission intensity with the reference shows that most of the complementary strands were
immobilised on nanoparticles. This gave the opportunity to measure the temperature around
nanostructures by varying the temperature of the solution between 25 and 60 °C with steps of
5 degrees. Making three spectra at each temperature allowed estimation of the standard
deviation. The first approach was to select one wavelength at which the fluorescence emission
intensity would be measured and, based on this, compare the differences (Figure 64). However,
such an approach has two obstacles: first, the deviation of the emission peak position can be
quite large, second, in the case of e.g. microscopic measurements the fluorescence emission is
recorded over a range of wavelengths. Therefore, | decided to select the range between 670 and
680 nm and calculate the average fluorescence emission intensity and the standard deviation
(Figure 65).
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Figure 64: Example of one-wavelength based fluorescence analysis of sample containing GNRs
functionalised and hybridised with 5 nM DNA35-Cy5. The fluorescence was registered at 670
nm.

In the case of single wavelength analysis the crucial factors are fluorophore emission
and its ratio to scattering. As scattering can vary with samples (e.g. it is induced by the
hybridisation process), the essential part of the experimental work involved obtaining high
fluorescence output. Unfortunately, in the prepared samples the emission intensity was not very
high and the results were not useful for temperature determination. Attention should be also be
paid to the large standard deviation, indicating how the emission intensity fluctuated between
three measurements on the same sample.

However, using the same data it was possible to obtain much more promising results;
as mentioned before, the average values of 670-680 nm range were calculated (Figure 65). With

this approach, the fluorescence emission intensity fluctuations did not play a crucial role.
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Figure 65: 1a) difference between the emission spectrum of Cy5 at 25 and at 60 °C. In pink is
the wavelength range in which | did the analysis. The excitation wavelength was 630 nm; 1b)
Analysis of the fluorescence emission intensity as a function of the temperature changes of
samples described in 1a. The measurement range was selected between 670 and 680 nm; 2a)
difference between the emission spectrum of Cy5 on the GNRs surface after hybridisation at 25
and at 60 °C. The excitation wavelength was 630 nm; 2b) Analysis of the fluorescence emission
intensity as a function of the temperature changes of samples described in 2a. Measurement
range was selected between 670 and 680 nm.

The reference sample (without GNRs) indicated a fast linear decrease of the
fluorescence emission intensity as a function of the increase of temperature (Figure 65 1a and
1b).

As indicated in Figure 5, the emission intensity drop can be seen using a single
wavelength, but with less accurate sensitivity than when the measurements are averaged in the
range between 670-680 nm. In the case of 10 nm wide range analysis the situation is strongly
improved, as the dependence linearity is more accurate. It is important to notice again that gel
electrophoresis indicated that most of the complementary strands were immobilised onto the
GNRs surface. This was useful information for microscopy-based experiments.

A disadvantage was the presence of non-attached DNA in solution (their impact on
results should be low, because of intensity comparison with emission from GNRs), standard
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deviation values (often more than 5 %) and change of emission by degree (per 1 °C it is lower
that 1 % ,the explanation could be scattering, not change with temperature).

Nevertheless, this approach is highly promising for distance-controlled temperature
measurements and further investigation e.g. in a microscopic approach should be performed. It
could be especially useful for checking the impact of laser illumination on objects containing
GNRs; following fluorescence can, in an easy way, indicate the thermal impact of irradiation

(if the other factors do not influence fluorescence!®3).

5.2. Theoretical approach

5.2.1. Physical background of calculations

The first issue is the way photons interact with gold nanoparticles. This is quite
complicated, as it involves different physical phenomena; a model with ultra-short laser pulse
at the wavelength corresponding to Surface Plasmon Resonance (SPR)*** was used for analysis.
Some, electrons instantaneously gain energy due to photon absorption. This leads to an out-of-
equilibrium electron distribution as other electrons have lower energy. The internal thermal
equilibrium is next restored by electron-electron collisions. The dynamics of this process
depends on the input power: the higher the power, the faster the equilibration. In parallel
electron-phonon coupling takes place with a characteristic time of a few picoseconds. The real
physical process is an energy exchange between the vibration modes of the ionic lattice and the
heated electrons. The NP temperature then increases. At this point all of the processes are taking
place inside the nanoparticle structure ; the relevance for this thesis lies in the next step:
interaction with the environment. For this, heat is released through the interface by phonon-
phonon interaction, decreasing the temperature of the nanostructure while increasing the
temperature of the surrounding medium. The duration of this process depends on the shape and
size of the NP, but above all on the interface thermal resistance and on the thermal conductivity
of the host medium. This indicates that gold nanoparticles are possible heat sources. Therefore,
the next step was to calculate the effectiveness of this process.

The instantaneous power density (dependent on time) absorbed by a nanoparticle can

be described by the formula:

Iinc(t)o-abs

Pabs(t) = %
NP

Pabs = power density absorbed by the nanoparticle
linc = intensity of light

oans = absorption cross-section of the nanoparticle
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Vnp = nanoparticle volume.

This formula clearly shows that nanoparticle absorption cross-section and incident
intensity are essential for power absorption. The absorption cross-section describes the
probability of the absorption process (strongly dependent on nanoparticle material properties)
under the light illumination at a specified wavelength. The following formula describes the
situation for spheres (radius R < 25 nm), but it indicates more globally the main factors
determining oabs:

_ 18nVyp n3.e,

o =
A g2y + e

A = incident wavelength (in vacuum)

nm = host medium refractive index

€1 = real component of the metal dielectric function

€2 = imaginary component of the metal dielectric function.

This shows that absorption cross section is dependent on the incident wavelength,
nanoparticle volume and both metal and host medium electromagnetic properties. Importantly,
oabs Varies by changing the host medium, e.g. by covering gold nanoparticles by a layer of silica.

In the case of GNRs the Discrete Dipole Approximation (DDA) or the Boundary
Element Method (BEM) can be applied to evaluate oans. The absorption cross-section at the
longitudinal SPR of a nanorod can be much higher than that of the SPR of a nanosphere of the
same volume (dependent on the nanorod aspect ratio). In the case of nanorods prepared for this
thesis, calculations were based on the dimensions evaluated from TEM image analysis; radius
5.65 nm, length 40.00 nm. For such GNRs the absorption cross-section at LSPR was calculated
to be 9000 nm?, obtained through BEM (boundary element method) computation. Knowing this
value, it was possible to calculate thermal energy transfer. Assuming (at this step) that
nanoparticles are illuminated with a continuous wave laser it is possible to determine the rise

of temperature in the structure!®:

Py lg
sty = (14+k)
NP 4w, R R

Po = power absorbed by nanoparticle
km = host medium thermal conductivity
R = nanoparticle radius (or effective radius in case of a NR)

Ik = Kapitza length (in the case of the presence of an interface thermal resistance).
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However, knowing the temperature of GNRs under illumination does not provide any
idea about the thermal influence on the surrounding medium (the essential part of this thesis).
To calculate the increase in the medium temperature around the nanostructure the following
formula is used:

Po

AT () = T () —Ty = 7——
m

r = distance from the nanoparticle centre.

In the case of GNRs, their spatial orientation relative to the field polarisation has to be
considered since such nanoparticles are not isotropic, the absorption associated with the LSPR
depends on this parameter. In the case of a random orientation of an ensemble of GNRs (in
solution for instance), this implies that the calculated temperature increase is 1/3 of the value

calculated for a longitudinal polarization when shining at the LSPR.

5.2.2. The energy transfer from nanoparticles to the host medium
The formula presented in the previous section contains the Kapitza length, a factor used
when interface thermal resistance is present. This paragraph will focus on a short description
of GNRs-medium thermal interactions and describe the meaning of the Kapitza length. The
increase of GNR temperature causes heating of the surrounding medium, however, this process
is dependent on several factors. The first boundary condition states that the heat flux released

by the nanoparticle equals that absorbed by its environment:

0T, 0T,
e =

Then, we have to consider the contact type at the interface; if it is a perfect one, the

R+

temperature continuity while crossing the boundary is ensured. These two conditions allow
calculation of the evolution of temperature (with time) of both the nanoparticle and the host
medium. The situation becomes more complicated in the case of a non-perfect contact. In this
case, another parameter has to be introduced, namely, the thermal interface conductance, g (W
m2 K). The physical background of this comes from two different phenomena: first, the
thermal resistance can be caused by the nature of the contact (every type of interaction, or
surface structure which does not allow medium molecules to surround the object tightly, e.g.
porosity, or hydrophobicity); this is contact thermal resistance. The second factor is the
difference in thermal impedance between the two media (it occurs also in case of perfect
contact); this is known as the Kapitza thermal resistance. These phenomena both lead to a global

interface thermal resistance, 1/g, and are responsible for a temperature jump AT at the interface
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separating the nanoparticle and the host medium. This implies that the heat flux exiting the

nanoparticle (and then entering the host medium) is linked with AT through:

T, 0T,
— = — = —gAT.
g |- T e T 7Y
Therefore, for evaluating the temperature difference, the following formula can be used:
T,
AT = —=lg—| ,
K aT' R+

where Ik (Kapitza length) is equal to xm/g. At this point it is important to apply this theoretical
situation to the samples | was able to prepare. The GNRs were covered by a layer of CTAB, or
PEG/DNA ligands, therefore the situation was of non-perfect contact. For the first case, a
reference in the literature®®®, indicated an interface conductance of 130 MW m?2 K* for a stable
CTAB bi-layer. The issue of surfactant coverage stability was solved by a set of experiments
measuring the effective thermal interface conductance indicating 3-fold increase in free CTAB
concentration range 1-10 mM. The subsequent measurements and calculations indicated
differences in g values with surfactant amount variations, e.g., 1 mM - 450+100 MW m?K, 5
mM - 250+50 MW m? K1, 50 mM - 130+20 MW m2 K,

5.2.3. Simulations

The simulation of the temperature around GNRs (water as surrounding medium) was
performed using the Comsol Multiphysics software. The data used in calculation are:
Absorption cross section = 9000 nm?
Laser power (785 nm continuous wave) = 0 — 1000 mW
Beam diameter = 10 um
Interface thermal conductance = 130 MW m? K!
GNR length = 40.0 nm
GNR diameter = 11.3 nm
Gold thermal conductivity = 314 W m1 K
Water thermal conductivity = 0. 591 W m1 K™,

The result of simulation for a continuous wave laser with illumination power equal to
100 mW is displayed in Figure 8. It is important to note that the temperature calculated here
cannot account for the global temperature of the solution, as only one nanorod is considered.
However, the temperature of the nanorod itself and its direct vicinity is close to the real case,
provided the nanorod is parallel to the polarization direction of the incoming light wave as
discussed above. At first order, accounting for the warming of the overall solution due to the
presence of many other heat nanosources would only add a thermal background to the gradients.
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The initial temperature of the host medium was set to 25 °C, which was also the temperature

set as a condition at the boundaries of our virtual sample in the simulation.
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Figure 66: The temperature gradient around a GNR (in water) when illuminated by a
continuous laser beam with power 100 mW, 785 nm wavelength (LSPR of the GNR) and
polarized parallel to the nanorod long axis. The colour scale indicates temperature
modifications (from 25 °C — blue, up to 57 °C — dark red). The nanoparticle was placed in the
middle of a square with 500 nm long side.

It can be observed that the heat topography profile is similar for every applied power;
the ellipsoid-like shape with the nanorod in the middle. To be more precise, Fig. 9 shows the
variation of the host medium temperature as a function of the distance to the GNR in the

direction along with the nanorod.
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Figure 67: The temperature distribution around GNR (the line along which data was collected
starts at the tip of the nanostructure). It is possible to observe the strong dependence of surface
temperature to illumination power.

The temperature evolves, at 1000 mW, from 200 °C to 25 °C. However, this
representation does not indicate precisely in what kind of thermal environment the
oligonucleotides are. For this purpose, Figure 10 shows a graph covering the range 2-15 nm

(distance from surface).
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Figure 68: The temperature distribution at range the dsDNA is present around GNR.

Comparison of both graphs indicates the preferred conditions for temperature
measurements based on fluorescence changes and turns out to be for a power between 100 and
200 mW (with beam diameter 10 um). The first argument is the temperature on the surface; in

both cases it is lower than 80 °C and at this temperature the thiol-gold bond dissociation starts
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to be fast (within minutes ligands can be removed from the surface). Additionally, the change
of temperature in the zone 10-15 nm (at which the fluorophore labelled to DNA will be present)
is large enough to be clearly detected. Importantly, such an environment should not cause
dsDNA denaturation, so that the distance Cy5-GNR would be constant.

127



6. Summary

6.1. The performed work

6.1.1. Nanomaterial synthesis

Despite having a very extensive literature, studies on oligonucleotide functionalisation
by GNRs is still not an easy task. To date, the main focus in research in the field of thiol-based
DNA-gold attachment, has been on combatting nanoparticle aggregation and has not concerned
itself with DNA-CTAB interactions. On the whole, studies on surfactant-oligonucleotides were

carried out independently of approaches developed in surface chemistry functionalisation.

The work done during this thesis covered the process of metal surface functionalisation
and the nature of electrostatic interactions between DNA, CTAB and GNRs. The first results
demonstrated the property of surfactants to surround oligonucleotides at certain concentrations.
This has already been reported in the literature where it was shown that CTAB is able to tighten
the double strand oligonucleotide structure (decrease the diameter). Moreover, other studies
revealed that duplex strands could decorate micelles. Additionally, it was shown that CTAB-
assisted hybridisation is more efficient. Together these studies clearly indicated that the
properties of dsSDNA could be modified in the presence of surfactant. However, there are no
reports in the literature that show that in the presence of CTAB, pre-mixed non-complementary
ssSDNA can give FRET signals in a way similar to complementary strands. This phenomenon
occurring in aqueous solutions of CTAB sheds important information on the first stage of
functionalisation: namely the presentation of oligonucleotides to GNRs. The addition of
thiolated DNA to a surfactant-containing solution has an important impact on the efficiency of
the reaction. It transpires that groups of oligonucleotides can be maintained in relatively close
proximity, even in the absence of direct interactions between strands (non-complementarity).
This experiment clearly illustrated the difficulty behind the attachment of SH-DNA to GNRs
in aqueous solutions of CTAB; strands are probably unable to approach the metal surface,
simply because they are surrounded by a layer of surfactant. Additionally, because
nanoparticles are covered by a bi-layer of the same amphiphilic compound, there are no means

by which these structures can interact; both surfaces being composed of CTAB).
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This therefore became the starting point of the thesis; layers formed by CTAB covered
both GNRs and oligonucleotides consequently hampered functionalisation (due essentially to
electrostatic repulsion between the hydrophilic parts of the CTAB).

Based on this, several approaches were considered to aid functionalisation. In addition
to methods involving long incubation times of GNRs in CTAB with SH-DNA, attempts were
made to modify the environment in specific ways. High salt concentrations were used and the
pH was lowered in an attempt to elucidate the mechanisms involved in the effects of these
processes. The stability of both CTAB bilayers on the GNRs surface as well as that of
nanostructures themselves (when their surface charge was changed from positive to negative
due to DNA strand adsorption) was followed. Because we succeeded in finally functionalising
GNRs we did not go into the CTAB binding to oligonucleotides in any great depth. My idea
was to catalogue the behaviour of DNA present at different CTAB concentration solutions over
a widely used range ionic strength of phosphate buffer saline. Results showed that the range of
oligonucleotide concentration within the CTAB layer was disturbed, and that judging by FRET
measurements the DNA strands seemed to be separated. This demonstration of oligonucleotide
separation by loss of FRET was crucial, because it demonstrated that the DNA was not trapped
inside the surfactant layer. Another factor was to see the effects on the stability of GNRs with
respect to aggregation as this was decisive for selecting an environment to facilitate efficient
oligonucleotide immobilisation on metal surfaces. This was done by keeping CTAB
concentrations much higher than the critical micellar concentration (CMC). Having pre-
determined conditions that optimised GNRs stability, yet perturbed the CTAB bi-layer and
ensured that non-complementary ssSH-DNA strands remained separated it became possible to

focus on functionalisation itself.

The incubation of sSDNA (both thiolated and non-thiolated) with GNRs caused the
solution to change colour from light pink to colourless. This process was clearly dependent on
the oligonucleotide concentration; samples with the lowest concentration did not change. The
question now concerned the nature of the observed solution bleaching. Analysis of changes in
the absorption spectrum as a function of DNA concentration clearly confirmed that aggregation
did not take place, there was no displacement of the plasmon absorption maximum. This
strongly suggested that the GDRs were being deposited on the walls of the reaction vessels. As
this behaviour was a function of DNA concentration, the theory was that the DNA strands were
attaching to the metallic surfaces and by changing the surface charge resulted in removal from

solution. It also explained the loss of the optical properties of the solution i.e. the change of
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colour. Importantly, this behaviour was observed for both thiolated and non-thiolated DNA
suggesting that the interaction was electrostatic. Close proximity between oligonucleotides and
nanoparticles could cause thiol-gold bond formation in the case of SH- labelled strands,
however in order to confirm this, the GNRs had to be detached from the walls of the Eppendorf

tubes.

Deposition onto the walls of reaction vessels can be reversed by the addition of
surfactants with opposite charge, e.g. CTAB (positive) or SDS (negative). However, SDS forms
precipitates in the presence of PBS (due to the presence of K* ions), therefore | decided to try
a non-charged surfactant: Tween20. This is supposed to intercalate (by hydrophobic-
hydrophilic interactions) between CTAB groups, causing nanostructure release back into
solution. This approach turned out to be effective, so subsequent experiments were conducted
in the presence of Tween20. Additionally, this surfactant is more biologically compatible than

CTAB, so using it was a step toward a biologically applicable drug carrier.

As soon as a method of nanostructure redispersion was elaborated, the next step was to
check if electrostatic-based oligonucleotide immobilisation on GNRs surface could lead to
thiol-gold bond formation. A number of procedures to test the success of immobilisation were
attempted: measurement of fluorescence emission from colloidal solutions, zeta potential,
migration distance during electrophoresis and fluorescence emitted from separating gels. The
most efficient technique turned out to be separation by electrophoresis in agarose gels and
detection by fluorescence emission because it was clearly possible to show samples with
thiolated oligonucleotides, whereas zeta potential and emission from colloidal solutions were
not unequivocal e.g. negative zeta potentials was measured for all samples exposed to sSDNA
(including non-thiolated samples). As a result, electrostatic-based immobilisation on GNRs was
an effective way to form thiol-gold bonds (as shown by agarose gel electrophoresis). The next
step was to optimise functionalisation and to calculate the number of immobilised
oligonucleotide strands. A number of quantitative techniques were considered, such as
radioactivity measurements using 3?P (for 2P end labelled oligonucleotide chains), or
fluorescence. In this thesis ,since DNA double-labelled with thiol and dye was already used,
then fluorophore emission was the easiest to apply. The problem was that the distance between
the emitter and the GNRs was small enough to be influence by the plasmon, therefore measured
values may be partially quenched/enhanced. Therefore, a means of eliminating plasmonic
structure proximity had to be developed. Exposing nanohybrid samples to 2-Mercaptoethanol

allowed thiolated DNA to be removed from gold surfaces. Subsequently, gel electrophoresis of
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such samples enabled a relatively easy means to calculate concentrations based on fluorescence,
due to the lack of plasmon influence (GNRs, SH-DNA have different migration rate). This also
gave an idea of the equilibrium present in the system (GNRs/SH-DNA during immobilisation)
and the maximum number of attached strands; reaching up to 275 strands per nanoparticle. In
comparison to methods proposed before it clearly was not superior, but did have the advantages
of having readily available material (PBS), allowing the reaction to be followed (deposition on
reaction vessel walls) and granting access to the reaction time; one day processing provided
GNRs functionalised by more than 200 strands without CTAB (no phase transfer needed).

With a reliable thiolated DNA functionalisation method, the next step was to hybridise
the DNA and to find a way of calculating the number of strands immobilised during the process.
The initial idea was to measure colloidal solution fluorescence in order to observe FRET
phenomena (complementary strands had to be labelled with FRET-able pairs of fluorophores).
Such an approach was supposed to indicate the concentration at which complementary DNA is
in excess (the decrease of donor emission should reach a plateau). An interesting observation
was found with FRET itself; it turned out that the acceptor, when paired with donor within
dsDNA on a GNR surface, is quenched when directly excited. This suggested that donor-
acceptor energy transfer could be two-way under some circumstances; this should be
investigated in more detail in order to elucidate the mechanism. Tests of the FRET method
conformed its usefulness in the field, but the problem was the unknown equilibrium between
hybridised and free strands; this information could not be obtained by such fluorescence
measurements (it could however be done by measuring the fluorophore lifetime). A solution
was provided by agarose gel electrophoresis; in this technique provided that the temperature
of the running buffer did not increase, it was possible to keep dsDNA intact. Thus, hybridised
DNA migrated with the GNRs, whereas free DNA migration (and fluorescence emission) was
not influenced by nanostructures. This method turned out to be even more effective when low
pH glycerol solutions were used for nanostructure deposition onto the bottom of wells in the
agarose gels; such an environment caused full dehybridisation (all of the complementary strands
were free in solution). With this phenomenon it become possible to compare fluorescence in
neighbouring wells, at the same migration distance, and thus compare the total number of
complementary strands (sample in low pH) with non-hybridised one (samples in neutral pH).
The technique also allowed direct measurement of samples with excess of complementary
oligonucleotides and an idea of the ss-dsDNA equilibrium occurring in system.
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The result was the preparation of DNA-functionalised GNRs, without CTAB and with
pegylation. Additionally, control of the surface chemistry was increased, and it was possible to
estimate the average number of thiolated and hybridized DNA per nanoparticle. This opens up
the exciting possibility of following biological research, because such a level of nanohybrid
verification is rare among nanomaterials and the issue of the detailed structure composition is

usually unsolved.

6.1.2. Biological studies

Biological studies were not actually performed to any great extent but the project proved
useful data for the use of nanoparticles in future research. First, the nanoparticles were
pegylated; after desorption from reaction vessel walls, they were exposed to SH-PEG. That the
reaction had taken place was confirmed by the subsequent behaviour of the nanostructures; their
resistance against aggregation during centrifugation clearly increased. Therefore, it was
possible to additionally protect nanoparticles and, probably, to decrease opsonization in the

presence of biological material.

An interesting research topic in the near future that would not require modifications in
nanomaterial synthesis would be to check uptake with respect to the ssSDNA/dsDNA surface
ratio. The literature shows that ssSDNA functionalised nanoparticles are internalised more or
less efficiently according to the nanohybrid surface properties. The idea of the project was to
provide as many oligonucleotides as possible to the cell, consequently the uptake properties of
nanoparticles with different sSDNA/dsDNA ratio should be examined. It could perhaps be that
there is a threshold in the number of dsDNA needed for the internalisation process beyond

which there is actually a drop in the number of GNRs entering cell.

At this point the biological studies can be separated into two lines: the first covering the
release of complementary strands, the second dealing with uptake in the presence of biological
substances, e.g. serum components. The demonstration of efficient release under NIR
illumination is one of the most important goals of the whole thesis but is unfortunately missing.
With the uptake, probably by an endocytosis mechanism, the nanomaterial accumulates into
lysosomes which are organelles designed to destroy any object hazardous for the cell. The
defensive reaction involves a pH decrease inside lysosomes coupled with the presence of
enzymes able to fragment biological material. The result of this should be degradation of
DNA/RNA, since if the pH reaches close to two, denaturation will occur. A published solution

to this problem consisted of introducing a proton sponge able to absorb H* ions, as a result the
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lysosome would rupture. A different proposition, connected with this thesis would be laser
heating; GNRs will be accumulated in the lysosome, so relatively low power may locally
increase the temperature to a level that destroys the lysosome and releases material into the
cytoplasm. Therefore, the main points of these experiments would be to provide an indication
of uptake ability and to look for alternative methods (without the proton sponge) of escaping

from the lysosome.

Examination of GNRs optical activity inside cells should be correlated with experiments
covering uptake of nanohybrids in the presence of serum whose components will be able to
opsonize structures modifying surface properties. Opsonization is probably an essential part of
the phagocytosis process and may affect internalisation by cells. In order to reduce non-specific
protein-GNRs interactions, SH-PEG has to be considered. The only work in this thesis
associated with pegylation was to use it successfully as an agent against aggregation.
Nevertheless, there are no data to give an idea of the number of PEG strands per single GNR
required to reduce opsonization. In order to control this, a set of experiments has to be
performed without cell. Migration in agarose gel under electrophoresis should shed a light on
modifications of the surface properties compared to GNRs not exposed to serum. With these
experiments a synthesis protocol may be devised in order to optimise the surface composition.
A set of tests with different pegylation levels should indicate the most promising material which
could then be further modified (preferably only with respect to thiolated oligonucleotides) in

order to introduce targeting.

6.2. Future research

6.2.1. GNRs targeting

A logical continuation of this project should be focused on active targeting; as discussed
before, in my opinion, from a functionalisation point of view the most promising would be to
use aptamers. Because they are oligonucleotides it would be possible to attach them to GNRs
surfaces using the same protocol as ss/dsDNA. Additionally, in the case of aptamers, as for
sSDNA, basic targeting can be controlled without cells; the mechanism of recognition is base
complex formation, therefore such experiments may be done in the presence of serum. Based
on the experience from previous experiments (e.g. the number of PEG molecules needed for
opsonization reduction) the replacement of oligonucleotides by aptamers for gene transporting
will be a small nanostructure modification. Therefore, initial experiments concerning aptamer

activity can be e.g. hybridisation (with fluorophore-labelled target) in the presence of serum;
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this would be a test of accessibility. It is known that opsonisation decreases the “activity” of
molecules, but the issue is whether it forms double strands at all. In further investigation it may

be necessary to widen to check the equilibrium status and the reaction rate at 37 °C.

If hybridisation between aptamer and targets occurs in serum it may be possible to check
its effectiveness in a system containing cells. The attachment to the surface can be followed by
confocal/total internal reflection microscopy, uptake effectiveness by FACS. Combining these
two techniques gives the possibility of ensuring that nanomaterial is able to be internalised even
in media containing opsonizing molecules. The next step would be to release oligonucleotides

using a NIR laser.

However, target therapy should be approached by following the expression of the
carried genes. For this purpose reporting gene technology for example based on the introduction
of sequences causing GFP synthesis in cells would be very promising. Such an approach allows
the time between DNA/RNA release and the appearance of protein fluorescence to be
monitored. The detailed information covering nanomaterial composition, and the average
number of genes per GNR would open up the possibility of a better understanding of biological

mechanisms occurring in cells.

6.2.2. Temperature measurements

An important part of project was simulating the thermal properties of GNRs illuminated
by NIR laser. Unfortunately, the work outline had to be modified, in order to better understand
the functionalisation process and the time devoted to understanding the temperature gradient
around nanoparticles was strongly reduced. However, as for the biological part of this thesis,

an approach can be proposed which can be applied in this field.

First, we considered the possibilities of using sSDNA/dsDNA as a thermometer or
temperature-indicative fluorophore carrier. The main advantage in using oligonucleotides is the
ability to control their distance from metal surfaces. The initial idea was to use molecular
beacons, double-labelled (thiol and fluorophore) nucleotides, in order to observe the
dissociation of “closed” states. The opening of structures could be correlated with temperature
according to the melting temperature of the closed formation. However such an approach was
difficult for a number of reasons: the 5-10 hybridised base pairs close to a nanoparticle surface
have unknown stability, the melting temperature of this duplex being unknown (when attached
to GNR), the result will always be an indication covering a zone around the GNRs (the

hybridization zone for 5 bp = 1.66 nm), some organic fluorophores emission intensity may vary
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due to changes in the local environment viscosity (caused e.g. by the temperature of the
medium). The issue of organic dyes is very important, because the approach used in
experiments covering temperature measurements should be applied later in biological
experiments (covering toxicity and uptake). Because of this the fluorophore cannot be toxic,
this reduces the number of possibilities for wide use by biologists. It also raises another
problem; most fluorophores have a molecular rotor structure, so their emission can be affected
by changes in local viscosity. Therefore the properties of a molecular beacon attached to gold
surfaces and the need for non-toxic fluorophores makes hairpin DNA a far from perfect
candidate for temperature measurements. However, from this point, it was clear that as an
“active” measurement tool, fluorophores could be used; such an approach increases the number
of possibilities, because sSDNA and dsDNA can be labelled with fluorophores. The sSSDNA was
eliminated from consideration, because such strands do not provide control of distance due to
their flexibility. On the other hand, dsDNA which is rigid over distances covering tens of base
pairs provide a sort of molecular ruler, where fluorophores can be precisely placed in different
zones around GNRs. There were two options for dye labelling: on the thiolated strand, or on
the complementary strand. The first one was eliminated, because hybridisation to the surface
was not 100% efficient so there was always a mix of labelled ssDNA and dsDNA. Therefore,
the second option was selected, because such an approach is the only one allowing effective
distance control. The limitation of this method is strict temperature range so as not to induce
duplex dissociation, but measurements of thermal efficiency could be made in the range of 25-
55 °C.

The experimental part of the project ended with a check on the temperature dependence
of the Cy5 emission; the heat source was external and the temperature of the colloidal solution
controlled by a thermocouple. Such an approach should determine if the predicted dependence
occurred in situations where dyes are immobilised in close proximity to the GNR surface;
indeed, results proved this theory. However, problems were associated with relatively low
starting emissions of fluorophore (temperature increase causes fluorescence drop), but

nevertheless a linear spectral dependence was shown.

Simulations were focused on using a continuous wave laser due to the fact of possessing
real data concerning power and beam diameter. The set of calculations indicated that the power
needed for efficient heating (more than 30 °C) of a single GNR requires 200 mW power with a
laser beam diameter equal to 10 pum. Such a result can be a starting point for engineering

experiments covering NIR laser heating of nanostructures; the important issue is the technical
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background of this. Laser beams of such diameter can be clearly observed under the
microscope, therefore the most promising would be to use the thin layer of colloidal solutions
under TIRF microscope. The light pathway in liquids should not be too long, because of beam
energy losses (scattering). An interesting situation would be to immobilise GNRs onto e.g.
silica, but this comes with technological and simulation issues (very close proximity of silica,
nanoparticles would be at the interface of two media with different thermal properties). On the
other hand, the orientation differences of GNRs in colloidal solution means that longitudinal
absorption of GNRs varies from 0 to 100 %. In summary, this experiment may appear to be
easy to conduct, but it comes with problems in analysis associated with variable nanoparticle

orientation.

Finally, an interesting issue is what can be done in the near future based on the results
from this thesis. First, the theoretical approach outlined those laser properties needed to carry
out a temperature increase process crucial for biological experiments. Additionally, we showed
that Cy5 can act as a thermometer when linked to GNRs, so a variety of experiments can be
done; most preferably under the optical microscope. This also allows monitoring of the
temperature inside cells, albeit with some uncertainty (the salt concentration in cytoplasm can

vary during experiment and impact molecular rotors emission).
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