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ABSTRACT

In this paper we investigate how the density of oligonucleotides around spherical 15 nm gold nanoparticles (AuNPs)
influences their stability against degradation by DNase 1. We show that a significant decrease in the number of
oligonucleotides attached to the AuNP surface is directly correlated with an increase in the DNA degradation by DNase
I. Our experimental observations suggest that a close packing of oligonucleotides into a 3d arrangement at the surface of
AuNPs endows the probes with the necessary stability required for their use in intracellular applications.
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1. INTRODUCTION

In recent years, nanoscale particles that possess novel properties suitable for a range of biological and biomedical
applications have been developed.'™ Compared with other nanoparticles, AuNPs have been extensively used due to the
progress in chemical methods to control their morphology, which results in the tunability of their optical and thermal
properties.”” In particular, gold nanospheres (AuNSs) are broadly utilized in applications due to their fast and facile
synthesis, low cytotoxicity and ease of bioconjugation.'’ The surface of AuNPs can be readily modified with ligands
containing groups, which bind to gold such as thiols, phosphines and amines. The ligand coating is essential for the
stability of nanoparticles, for functionalization with active molecules and for manipulating their self-organization.” ''"*
One of the most promising surface modification agents of AuNPs, especially for biomedical applications, is DNA.'*'®
An important property of AuNP-DNA conjugates is their ability to bind complementary nucleic acids with a high affinity
through Watson-Crick base pairing."? In recent years this property has led to the development of probes to visualise and

detect — in the live cell, at real time- cell to cell variations in messenger RNA (mRNA) expressions." '

Research groups led by Mirkin and Alivisatos were the first to report that spherical AuNPs could be functionalised with
oligonucleotide strands.'® '” AuNPs functionalised with DNA have shown great promise as building blocks to form
organized structures due to DNA’s inherent specificity of molecular recognition.'® ?”? On the other hand, DNA-gold
nanoparticles have also shown great potential and exciting opportunities for disease diagnostic and therapeutic treatment
and used in gene regulation, drug delivery, cancer cell imaging and photothermal therapy.” '* 3%

One of the inherent properties of DNA-coated AuNPs is the ability to traverse the charged cell membrane and enter a
large variety of different cell types despite their polyanionic nature. By contrast, single or double stranded
oligonucleotides of the same sequence usually require the use of lipid or cationic transfection agents in order to
overcome the Coulombic repulsive forces between the cell membrane and the DNA phosphate backbone.”” However,
one of the most important properties of DNA-coated AuNPs is there great intracellular stability and increased resistance
towards degradation by nucleases.’”*"**

Research that involves the use of nucleic acids in biological environments is often hindered by the process of enzymatic
hydrolysis, which leads to their degradation and renders them inactive.’* DNA-coated AuNPs have shown an increased
resistance to nucleases such as DNasel. This increased resistance is thought to be due to the close packing of
oligonucleotides on the gold nanoparticle surface, which results in steric inhibition of enzyme binding.** ** On the other
hand, molecular DNA, treated to the same incubation conditions, shows no stability towards degradation.

In this paper, we show that the number of oligonucleotides attached to the AuNP surface is critical to the inhibition of
DNA degradation by DNasel. By gradually decreasing the DNA density we find that there is a concomitant increase in
the percentage of DNA degradation. We therefore show that the DNA density on the nanoparticle surface is an important



factor that governs the stability and function of DNA-gold nanoparticles and should be carefully considered as an
important design parameter for the synthesis of DNA-coated gold nanoparticles to be used for cellular applications.

2. MATERIALS AND METHODS
2.1 Materials

All reagents were purchased from the following suppliers throughout and used without further purification: Sodium
tetrachloroaurate (III) dehydrate, trisodium citrate, Bis(p-sulfonatophenyl)phenyl phosphine dehydrate dipotassium salt
(BSPP), acrylamide/bis-acrylamide (40% solution) and ammonium persulfate (APS) were purchased from Sigma
Aldrich. DNasel and N,N,N',N'-tetramethylethane-1,2-diamine (TEMED) was purchased from Fischer Scientific. All
oligonucleotides were synthesised by ATDBio

2.2 Synthesis of 15+1.5 nm AuNPs

A sodium tetrachloroaurate (1 mL, 100 mM) solution was brought to the boil whist stirring in 99 mL of Milli Q water.
To this, a sodium citrate solution (5 mL, 2%wt) was added, and the solution was stirred for 15 minutes. Then, the
reaction mixture was left to cool down whilst stirring. Once room temperature was reached BSPP (42 mg in 2 mL of
Milli-Q water) was added to the reaction mixture, which was left stirring overnight. Large aggregates were removed by
filtering the solution through a 0.45 Millipore filter and a concentrated solution of sodium chloride (2 mL) was added to
the reaction mixture until a colour change from wine red to grey/blue was observed indicating particle precipitation.
Particles were purified through two sets of centrifugation at 10,000 rpm and redispersed in 3 mL of Milli-Q water.

2.3 Oligonucleotide coating

In order to coat our gold nanoparticles with a defined number of oligonucleotides a “salt ageing” method was
employed.'® Briefly, BSPP coated 15 nm gold DNA monoconjugates (1 mL, 10 nM) in water were incubated with thiol
modified DNA strands at different ratios to achieve different loading denisties (3 uM, 1.5 uM, 0.5 uM and 0.2 uM and
0.1 um in 1mL) and the reaction mixture was left to shake for 24 h. bis(p-sulfonatophenyl) phenylphosphine (BSPP ,10
pL, Img/20 pL), phosphate buffer (0.1 M, pH 7.4) and sodium dodecyl sulfate (10%) were then added to the
nanoparticles’ solution to achieve final concentrations of 0.01 M phosphate and 1 % SDS respectively. A final salt
concentration of 0.30 M was achieved by 6 additions of a NaCl (2 M) solution over a period of 8 h. When incubated with
a decreased concentration of oligonucleotides (0.5 uM, 0.2 uM and 0.1 um) the final salt concentration achieved was
120 mM over 6 consecutive additions in 8 h. The resulting DNA-coated gold nanoparticles were purified by three steps
of centrifugation (16,400 rpm, 20 min) and were stored at 4 °C in a hybridisation buffer (5 mM phosphate buffer, 80 mM
NaCl).

2.4 Characterisation techniques

Agarose gel electrophoresis

Gels were prepared by dissolving agarose (1.75 or 2 %) in 0.5x TBE. This was heated in a microwave for 5 minutes
ensuring that the agarose has completely dissolved. The solution was subsequently poured into a gel cast and combs
were inserted to create wells. After allowing to set (2h), the gel was placed in an electrophoretic chamber containing 0.5x
TBE. Prior to inserting within the wells, samples were mixed with a solution of Ficoll (15 % in 3x TBE) in order to
increase the density of the sample. The loaded samples were then electrophoresed at 10 V/cm for approximately 50
minutes or until a clear separation between bands was visible.

Polyacrylamide gel electrophoresis (PAGE)

A 6 % PAGE gel was prepared in a 70 mL volume. A solution containing a 40 % acrylamide: bis-acrylamide (19:1)
solution (10.5 mL) and 5 x TBE (14 mL) was made up to 70 mL using Milli Q water. The polyacrylamide solution then
was formed by the addition of an intiator (560 pL, amine persulfate) and a crosslinker (56 pL, N,N,N',N'-
tetramethylethylenediamine). The solution was then immediately syringed into the glass construct and a comb was
inserted to create the appropriate wells to hold the samples. The combs were then removed, the electrodes were
connected to a power supply and the gel was run at 10 W for 1h to fill the matrix pores with the buffer. The
oligonucleotide sample samples (50 pL) were mixed with a Ficoll solution (15 % in 3 x TBE) and subsequently loaded
into the wells of the gel. The loaded gel was run at 10 W for 1.5 h. It was removed from the glass cast and stained in a
SYBR Safe solution for 10 minutes prior to imaging on a blue tray in a Bio-Rad Gel Doc EZ System.



UV-Vis spectroscopy

The concentration of gold colloid and oligonucleotide solutions was determined this way by monitoring the absorption
maximum over a wavelength range of 200 to 800 nm.’” Spectra were gathered using a black Low Volume Quartz
Cuvette using a Cary 100 UV-vis spectrophotometer. For dilute samples and negligible scattering the concentration of
the analysed solution was determined by using the Beer-Lambert equation.

Transmission electron microscopy (TEM)

Gold nanoparticles were visualised on a Hitachi H7000 transmission electron microscope (operating at an accelerating
voltage of 75 kV). For sample preparation, a small amount (10 uL) of the solution to be analyzed was deposited on a 400
mesh formvar coated copper grid and left to air dry overnight.

Oligonucleotide Loading

Oligonucleotide loading was determined via dissolution of the gold core. A solution of KI/I, (ratio of I, to KI was 1:6)
was slowly added (1 pL per addition) to the DNA — coated AuNPs solution (8.33 nM, 120 pL). Successful gold core
dissolution was determined by a change in colour from wine red to yellow.™

The solution was then made up to 1 mL using Milli Q water and loaded onto a NAP 10 desalting column. After the
solution had entered the column it was eluted using Milli Q water (1.5 mL). The oligonucleotide O.D. was measured at
260 nm on a DeNovix DS — 11 spectrophotometer. This value together with the initial O.D. of the oligonucleotide
solution synthesised by Dr. Afaf El-Sagheer allowed for determination of the concentration and hence the number of
moles of oligonucleotides in solution. Using this information we were then able to determine the exact number of
oligonucleotide strands attached to the surface of each gold nanoparticle.

Nuclease assay

DNA coated gold nanoparticles (150 pL, 2.5 nM) in a solution containing Tris-HCI (10 mM), MgCl, (2.5 mM) and
CaCl, (0.5 mM) at pH 7.4 were incubated with DNasel (from bovine pancreas, Sigma Aldrich, 2 U/L). Samples were
incubated overnight at 37 °C and fluorescence measurements of the sense strand (FAM) were then taken during a 24 h
period to determine the degree of degradation to the sense strands (excitation: 495 nm, emission: 505 nm). All
experiments were performed in triplicates. Fluorescence measurements of all samples were performed on a Carry Eclipse
Fluorescence spectrophotometer using a low volume quartz florescence cuvette.

3. RESULTS AND DISCUSSION
3.1 Synthesis of AuNPs

AuNPs can be quickly prepared in high quality and yield by a well-established protocol that was pioneered by J.
Turkevich and refined by G. Frens.”**' This involves a reduction reaction between a gold salt (NaAuCly) and trisodium
citrate. The reaction produces spherical AuNPs that are capped with citrate anions. In order to increase nanoparticle
stability and to allow for their concentration by centrifugation, the labile citrate ligand was exchanged with BSPP. This
was achieved via a ligand exchange where the phosphine readily displaces the loosely bound citrate due to an increased
affinity towards the gold surface. A representative TEM image with the corresponding histogram is presented in Figure
1.
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Figure 1: (A) TEM image of 15 nm = 1.4 nm AuNPs synthesized with the citrate reduction method. (B) Statistical analysis of
AuNP diameter. (C) UV Vis spectra of citrate and BSPP coated AuNPs

As can be seen from the figure above, particles are monodisperse in size without any large aggregates present. These
particles therefore, provide the ideal scaffold for the subsequent attachment of DNA to the gold nanoparticle surface.

3.2 Oligonucleotide coating of AuNPs

As mentioned earlier capping of a AuNP with DNA endows the particle with intracellular stability and increased
resistance towards degradation by nucleases. Colloidal gold particles whose surface was modified with thiol capped
synthetic DNA sequences were first co-discovered by Mirkin and Alivisatos in 1996.'® ' The difference between the two
initially reported methods was the degree of oligonucleotide loading on the AuNPs. Whilst the Alivisatos group reported
the functionalization with a defined number of DNA strands, the Mirkin group showed that the AuNP surface can be
passivated with a large number oligonucleotide strands that can create a 3d arrangement of oligonucleotides around the
gold nanoparticle surface.'
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Figure 2: Method followed for multiple conjugation of SH-DNA strands to AuNPs

As shown in Figure 2 AuNPs are incubated with thiolated ssDNA overnight followed by a gradual (over 8h) increase
in NaCl concentration. This slow ‘salt ageing’ process is required to screen repulsive negative charges between DNA
phosphate backbones and the particle surface, thus ensuring a high oligonucleotide surface loading. It is also thought that
the resulting high density of DNA inhibits the activity of DNasel. Successful coating was confirmed by gel
electrophoresis where the sample was run next to a sample of 15 nm BSPP-coated AuNPs.
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Figure 3: Separation of DNA: AuNP (15 nm) conjugates by gel electrophoresis. Lane 1: single BSPP coated gold nanoparticles Lane
2: DNA coated gold nanoparticles

A clear retardation of the band in lane 1 shown in Figure 3 proves that multiple conjugation of SH-DNA to AuNP was
indeed successful. This delay is a combination of the increased size of the particle due to the large oligonucleotide shell
as well as an increase in the negative charge of the structure due to the multiple negatively charged phosphate backbones.

3.3 Modifying the oligonucleotide loading

In order to assess the effect of oligonucleotide loading on the susceptibility of this system to degradation by DNasel, we
altered the number of oligonucleotide strands attached to the AuNP surface. To achieve a variety in DNA loading, a
modified “salt ageing” method (see section 2.3) method was adopted where AuNPs were incubated with varied amounts
of thiol-modified oligonucleotides. As we decreased the concentration of oligonucleotides in solution the number of
bound oligonucleotides also decreased. To assess the degree of degradation, oligonucleotides were also modified with a
3’ fluorescent dye (FAM). When attached to the AuNP surface the fluorescent dye is quenched however, upon
degradation and oligonucleotide digestion the dye would no longer be found in close proximity to the AuNP surface,
which would be determined via a concomitant increase in the fluorescent signature of the dye.
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Figure 4: Decreasing the oligonucleotide loading by varying the DNA concentration in solution

In order to determine, in our system, the number of oligonucleotide strands attached per AuNP, the DNA-coated AuNPs
were treated with a gold etching KI/I, solution to dissolve the gold core. The concentration of DNA in solution was
determined by the fluorescence signature and it was used to calculate the exact number of oligonucleotides per gold
nanoparticle.
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Figure 5: Number of oligonucleotides attached per gold nanoparticle with varying oligonucleotide and salt concentrations per reaction

As can be seen from Figure 5 as the concentration of oligonucleotides per reaction is decreased the total number
attached to the AuNP surface also decreases. This diversity in surface coverage was used to assess how decreasing the
loading density can affect DNA stability against the DNasel enzyme.

3.4 Nuclease assay

As previously mentioned, one inherent complication with using oligonucleotide based probes for intracellular
applications is their susceptibility to degradation by enzymes. DNasel is an endonuclease, which is present within the
cytoplasm and nonspecifically cleaves DNA by catalyzing the hydrolytic cleavage of the phosphodiester linkages in the
DNA backbone. However, studies, have suggested that DNA-coated AuNPs with a shell of oligonucleotides (~120
strands per 15 nm gold nanoparticle surface) show an increased stability towards digestion by nucleases due to the 3d
packed configuration of the oligonucleotides around the nanoparticle surface.



To test if this hypothesis holds true, AuNPs coated with a dense shell of oligonucleotides (116 + 10 strands/AuNP) were
incubated with DNasel at 37 °C and the fluorescence from the sense strand was monitored for over a 24 h period. The
corresponding data is depicted in Figure 6.
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Figure 6: (A) graph showing the percentage of bound oligonucleotides over a 24 h incubation period with DNasel. (B) PAGE gel
displaying a single stranded DNA in Lane 1, double stranded DNA in Lane 2 and the degradation of a “free” DNA duplex in Lane 3

As can be seen from Figure 6 there is no significant degradation of the oligonucleotide shell around the AuNP. This was
determined by monitoring the fluorescence signal from the fluorescent FAM dye modified oligos. As a comparison, a
“non-bound” duplex of DNA was incubated with DNasel under the same conditions and visualized using polyacrylamide
gel electrophoresis. Lane 1 and 2 act as reference samples and represent single strands of oligonucleotides and double
stranded DNA. In lane 3 only a very faint band is observed which represents double stranded DNA incubated with
DNase 1. This suggests that most of the duplex had been degraded into smaller fragments.

Having established that in comparison to “non-bound” DNA duplexes, DNA-AuNP conjugates show an increased
stability towards DNasel, we proceeded to investigate whether the number of oligonucleotides per AuNP can alter the
observed stability. Four samples displaying a decreased surface coverage (see Figure 5) were treated under the same
conditions with DNasel and the fluorescence output from the FAM modified oligonucleotides was monitored over 24 h.
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Figure 7: Graph showing the percentage of oligonucleotides remaining after a 24 h incubation period with DNasel for the different
loading densities achieved

As is evident from Figure 7 a general trend is observed where a decrease in the oligonucleotide loading on the AuNP
surface leads to a concomitant decrease in the percentage of oligonucleotides that remain bound to the surface after 24 h.
However, when comparing the two highest loading densities the level of degradation is not considered to be significant
and both have a similar percentage of oligonucleotides that remain bound to the surface. We could therefore consider the
possibility that DNA-coated AuNPs display resistance to nuclease degradation over a range of oligonucleotide loading.
Below this range the density of oligonucleotides are not sufficient to protect DNAs against digestion. Even though for a
decreased number of oligonucleotides digestion is not complete within 24 h, the continuous decreasing trend observed is
an indication that for longer incubation times complete digestion would possibly be observed. It is therefore evident that
nuclease resistance is highly dependent on the number of oligonucleotide strands that coat the AuNP surface. This could
be due to the high steric hindrance that is created around the surface, which prevents DNasel from digesting the
surrounding oligonucleotides. As the DNA density is decreased and below a certain number steric hindrance is no longer
prevalent and allows the gradual degradation of DNA. However, Mirkin and co-workers hypothesized that an increase in
stability could also be due to high number of sodium ions being trapped between DNA strands on the surface.*”** It has
been found that the activity of DNasel is highly reduced in the presence of a high concentration (> 0.1 M) of monovalent
cations.” * We can therefore hypothesize that a decrease in surface functionalization can also lead to a decrease in the
concentration of sodium ion being trapped between strands thus allowing DNasel to work more efficiently.

4. CONCLUSION

In conclusion we have shown that AuNP coated with a shell of oligonucleotides show an increased resistance towards
degradation by DNasel. However, this has been found to be the case for DNA-coated AuNPs that are coated with a large
number of oligonucleotides (~ 75 strands per AuNP). When the DNA density is decreased the oligos becomes
susceptible to digestion and consequent degradation. This is therefore an important architectural property to consider
when designing systems for intracellular applications.
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