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ABSTRACT:

Au nanoparticles with diameters ranging between 15 and 170 nm have been synthesised in aqueous
solution using a seed-mediated growth method, employing hydroxylamine hydrochloride as a reducing
agent. Thiolated polyethylene glycol (mPEG-SH) polymers, with molecular weights ranging from 2100
to 51000 g mol, were used as efficient particle stabilising ligands. Dynamic light scattering and zeta
potential measurements confirmed that the overall mean diameter and zeta potential of the capped
nanoparticles increased in non linear way with the molecular weight of the mPEG-SH ligand. Electron
microscopy and thermal gravimetric analysis of the polymer-capped nanoparticles, with a mean gold
core diameter of 15 nm, revealed that the grafting density of the mPEG-SH ligands decreased from 3.93
to 0.31 PEG nm= as the molecular weight of the ligands increased from 2,100 to 51,400 g mol*
respectively, due to increased steric hindrance and polymer conformational entropy with PEG chain
length. Additionally, the number of bound mPEG-SH with a molecular weight of 10,800 g mol-, was
found to increase exponentially from 278 (c = 42) to approximately 12,960 PEG (c = 1227) when the
mean Au core diameter increased from 15 to 115 nm respectively. However, the grafting density of
MPEG10000-SH was higher on 15 nm Au nanoparticles and decreased slightly from 1.57 to 0.8 PEG nm
when the diameter increased; this effect can be attributed to the fact that smaller particles offer higher
surface curvature, therefore allowing increased polymer loading per nm2. Au nanoparticles were also

shown to interact with CT-26 cells without causing noticeable toxicity.
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Introduction

Metal and semiconductor nanoparticles exhibit various size-dependent, optical and electronic properties
that differ from the analogous bulk material.: 2 These properties arise due to quantum confinement
effects and also due to their high surface to volume ratio.®® Moreover, nanoparticles are approximately
four orders of magnitude smaller than human cells, and as such they are of appropriate dimensions for
applications in nanobiotechnology.® Particularly, nanoparticles may interact with biomolecules (e.g.
enzymes, receptors, antibodies, DNA) and cells, but they are also very attractive candidates for use as
carriers in medical diagnosis and treatment.”*® Gold (Au) nanoparticles are well known for their surface
plasmon resonance band (SPR), a phenomenon associated with coherent oscillations of conduction-band
electrons on the nanoparticle surface upon interaction with light.> ° The wavelength of the SPR band
depends from the chemical nature, size, shape and aggregation of the nanoparticles.> 2° Furthermore,
when the nanoparticle size increases the relative contribution of scattering to the incident light extinction
increases rapidly. EI Sayed et al. 2! reported that the magnitude of light scattering by 80 nm diameter
spherical Au nanoparticles was five times higher than light emission from strongly fluorescing dyes, and
40 nm nanoparticles possessed an absorption cross section five times higher than conventional
absorbing dyes. Therefore, depending on their size, shape, degree of aggregation, and local
environment, Au nanoparticles can absorb visible light of different wavelengths.? 18 22-26 SPR bands
form the basis for many biological sensing and imaging applications of Au nanoparticles.t’. 18 22, 27-32
Moreover, Au nanoparticles are now known for their very low or zero cytotoxicity effect on cells
making them useful for nanomedecine.?® 3338 Nanoparticles are generally unstable due to their high
surface energy and can often aggregate due to the high ionic strength of many biological fluids and the
non-specific interaction of nanoparticles with biomolecules, such as proteins or DNA.3% 40
Nanoparticles are therefore usually coated by an organic capping layer thus providing a protective
coating which is compatible with the solvent and counteracts the attracting forces occurring between
nanoparticles causing their aggregation.® 4145 Many synthetic methods have been devised to control the

size and surface functionalisation of nanoparticles with the aim of maintaining their long term stability
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in biological fluids.?> 38 4649 Functional groups, such as mercapto (-SH), and amino (-NH2) groups are
known to have a high affinity for gold,>® polymers having such functional groups are expected to be
good stabilising agents for Au nanoparticles.>->® Polyethylene glycol (PEG), which is known to
lengthen the circulation time of biomedicines in the bloodstream, by reducing the non-specific binding
of proteins as well as the cytotoxicity, is now commonly used to coat different kinds of nanoparticles,>*
in order to improve their stability under physiological conditions and biocompatibility.® 5563 However,
the use of nanoparticles in biological applications requires further investigation.t* 8> Specifically,
further examination of nanoparticle size and shape distributions is required,%® whilst an improved
understanding of their surface properties is also desirable.5% 67-6° Excess capping ligands should also be
removed prior to their use in biological media in order to understand the origin of any toxicity or other

side effects resulting from the introduction of nanoparticles to biological media.

This article reports on the synthesis, and polymer grafting density, of mPEG-SH-stabilised Au
nanoparticles (PEG-Au), with eight different metal core diameters ranging from 15 to 170 nm. The
nanoparticles were synthesised in aqueous solution using a seed-mediated growth method.”®’” The
modification of nanoparticles with PEG ligands was performed by attaching the PEG chains to the
surface of the nanoparticles through a thiol linkage. Six different PEG lengths were used to modify 15
nm AuNPs with a molecular weight ranging from 2000-51000 g.mol*. The successful PEGylation of the
nanoparticles was demonstrated using different physicochemical techniques, while the grafting densities
of the various mMPEG-SH ligands on the surface of the nanoparticles were estimated using a combination
of electron microscopy and thermal gravimetric analysis. Finally the PEG-AUNPs were tested in vitro

for cytotoxic effects upon interaction with CT26 cells.

Experimental



Chemicals and Materials. Purified H2O (resistivity =~ 18.2 MQ cm) was used as a solvent. All
glassware was cleaned with aqua regia (3 parts of concentrated HCI and 1 part of concentrated HNO3),
rinsed with distilled water, ethanol, and acetone and oven-dried before use. Tetrachloroauric acid

trihydrate (HAuCl4,3H20), sodium citrate (CeHsNazO7,2H20), hydroxyl amine hydrochloride (NH2OH,

HCL), thiol-terminated poly(ethylene glycol) methyl ether (M w = 2100; 5400; 10800 and 51400 g mol-

1) were purchased from polymer source®, while thiol-terminated poly(ethylene glycol) methyl ether

(M w= 19500 and 29500 g mol-t) were purchased from Creative PEG Works. All products were used as

received.

Preparation of 15 nm Diameter Gold Nanoparticles. In this study, spherical nanoparticles were
obtained by reducing gold chloride in a controlled fashion. The synthesis procedure used was a
modified version of the well-known and frequently used methods reported previously by Turkevich et
al. (1951) and Frens et al. (1973) involving the reduction of gold chloride by sodium citrate to produce
Au nanoparticles in hot water.”® 7® The Turkevish method was revisited recently by Kimling et al.””
However, in our current study very slight modifications were made to obtain monodisperse
nanoparticles with low aggregation by controlling the temperature at 95 °C. 100 mL of an aqueous
solution of HAUCI4,3 H20 (1 mmol L) was heated to approximately 95 °C with stirring. A volume of
2.82 mL of a 170 mmol L sodium citrate aqueous solution was rapidly added to the solution with
mixing. The colour of the solution changed instantly from pale yellow to colourless, before changing to
dark blue in colour after approximately 70 s, and to deep red-burgundy after 2 min. Stirring and heating
of the solution was maintained for 35 min after the addition of sodium citrate. The heat was then
removed and the solution was stirred upon cooling to room temperature. The nanoparticles obtained
with this procedure had a mean diameter of 15 nm (¢ = 1.8 nm), and the number of nanoparticles was

estimated to be ~5.3 x 10% L, assuming that all of the initial HAuCl4 was consumed in the process.



Seed-Mediated Growth of Au Nanoparticles. Large diameter gold nanoparticles were synthesised based
on a previously reported seed-mediated growth method.”® "t In a typical procedure 0.86 mL of 0.015
mol.L-* NH,OH, HCI was added to a stirred solution of approximately 81 mL HAUCIs (0.1 mM)
containing ~3 mL of citrate-stabilised Au nanoparticles (~1.6 x 102 nanoparticles). The resultant
nanoparticles obtained had a mean diameter of 25 nm (o = 3.5 nm). Decreasing the number of seeds by
using 2 mL of citrate-stabilised Au nanoparticles solution (~1.06 x 10 Au nanoparticles) instead of 3
mL, led to an increase in the final size of the nanoparticles to approximately 32 nm (c = 3.5 nm). Larger
nanoparticles with diameters of ~65 nm (¢ = 6 nm), were synthesised by using 6 mL of 32 nm diameter
Au nanoparticles obtained via the procedure above, as seeds in the presence of approximately 81 mL
HAUCIls (0.1 mM). Finally the ~65 nm diameter Au nanoparticles obtained previously, were used as
seeds to form larger 95, 120, 130 and 170 nm diameter nanoparticles by varying the number of ~65 nm
diameter Au nanoparticle seeds, for example, 14 mL ~65 nm diameter Au nanoparticle solution in the
presence of 81 mL HAuCL4.3 H20 (0.1mM) produced nanoparticles with diameters of ~95 nm (c = 12
nm), while decreasing the volume of the ~65 nm Au nanoparticle seeds from 14 to 6 mL yielded

nanoparticles with diameters of ~130 nm (¢ = 16 nm).

Grafting of Poly(ethylene glycol) Ligands. Thiolated polyethylene glycol (mMPEG-SH) was covalently
grafted to the surface of the Au nanoparticles. A solution of mMPEG-SH of the desired molecular weight
was added to a solution of citrate-capped Au nanoparticles with stirring. The solution was stirred for ~1
h allowing citrate ligands to exchange with mPEG-SH. The excess mPEG-SH was removed via
centrifugation at 15 000 rpm for about 45 minutes. Thiol groups are known to have a strong affinity for
Au, resulting in covalent attachment of PEG to the Au nanoparticles. The resulting colloidal solutions

were very stable for several months and were able to undergo filtration and freeze drying.

Uv-visible Spectroscopy. Optical absorption spectra were obtained on a CARY UV-visible

spectrophotometer with a Xenon lamp (300-900nm range, 0.5 nm resolution). The pristine 15 nm
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citrate-capped Au nanoparticle solution was diluted x 3 (A ~1.2) or x 5 (A ~0.65) before measurement.

Nanoparticle solutions obtained by the seeded growth method were analysed without further dilution.

Dynamic Light Scattering and Zeta Potential Measurements. The pristine solutions of Au and
PEGylated Au nanoparticles, were diluted x 5 to 10 times depending on the initial concentration
(absorption range 0.2- 0.5) prior to dynamic light scattering (DLS) measurements. The measurements
were undertaken with the Malvern instrument (Zeta sizer Nano Series) at 25 °C using the default non-
invasive back scattering (NIBS) technique with a detection angle of 173°. The model used was based on
Mark Houwink parameters, all the data was fitted using the cumulant fit given by the suppliers. Three
measurements were made per sample and the standard deviation () was calculated, typically ¢ = 1-2

nm.

Transmission Electron Microscopy. Citrate and PEG-stabilised Au nanoparticles were placed on
carbon-coated copper grids (Quantifoil, Germany) and dried over night in air, prior to transmission
electron microscope (TEM) inspection. The samples were inspected using a JEOL JEM-2100 TEM
operating at 200 kV. All the micrographs were recorded on a Gatan 1.35 K x 1.04 K x 12 bit ES500W

CCD camera. TEM images were analysed using Image J software.

Scanning Electron Microscopy. Citrate and PEG-stabilised gold nanoparticles were deposited from
solution on a silicon wafer and dried in air prior to inspection by scanning electron microscope (SEM).
The samples were inspected using a FEI 630 NanoSEM equipped with an Oxford INCA energy

dispersive X-ray (EDX) detector, operating at 5 kV.

Thermo Gravimetric Analysis. Citrate and PEG-stabilised Au nanoparticles were deposited from

solution by centrifugation, and the collected Au nanoparticle material was dried at 60 °C for thermal



gravimetric analysis (TGA). TGA analysis was performed on a Mettler-Toledo TGA/DSC instrument.

Samples were heated under nitrogen from 30 °C to 700 °C, at a ramp rate of 10 °C min..

Cell Culture. The murine colon carcinoma cell line, CT26, was obtained from the American Type
Culture Collection (ATCC). Cells were maintained in Dulbecco’s modified Eagle medium (Sigma)

supplemented with 10% fetal bovine serum (Sigma). Cells were grown in 5% CO> at 37°C.

MTT Cytotoxicity Assay. Cell viability was determined by the MTT assay which measures the reduction
of MTT to formazan by mitochondrial reductase enzymes giving a purple colour. CT-26 cells were
seeded at a density of 4 x 10% cells in a 96-well plate and grown in complete medium for 24 hr. Au NPs
were added to the cells and incubated for 4 hr. The medium was removed and was replaced with fresh
complete medium containing MTT ((3 - (4,5-dimethylthiazole-2-yl) -2,5-diphenyl tetrazolium) bromide)
(Sigma) at a working concentration of 0.5 mg ml. After 4 hr incubation, cell culture medium was
removed, and the formazan crystals produced were dissolved in 100 pl of DMSO for 5 min at room
temperature. Absorbance was read at a wavelength of 590 nm. All experiments were carried out in

triplicate.

Results and Discussion

Chemical Synthesis of Au Nanoparticles.

Chemical reduction of Au salts, usually HAuCL4.3H20O, is widely used for the synthesis of Au
nanoparticles.!® 33 8082 Recently Polte et al. described a four step mechanism for the formation of Au
nanoparticles obtained by citrate reduction of HAuUCI4 using in-situ nanoparticle growth monitoring via
XANES and SAXS.8! Additionally, Ji et al. have described two mechanisms for the formation of Au
nanoparticles with citrate, based on the solution pH, whereby Au nanoparticles form by fast, random
particle attachment and ripening for solutions with pH < 6.5, whilst slower nucleation and ripening was

observed for synthesis solutions with pH 6.5-7.7. The role of citrate as a pH mediator was also
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identified by Ji et al.23 The method outlined herein allowed synthesis of 15 nm Au nanoparticle seeds
by chemical reduction of HAuUCIs; with sodium citrate at pH < 6.5 and at a temperature of 95 °C,
suggesting that the first mechanism outlined by Ji et al. can be applied here thus allowing fast formation
of Au nanoparticles. Larger Au nanoparticles were produced by the seeding method, which involved
adding Au seed particles (prepared by the method described above) to HAuCl4.3H2O in the presence of
a weak reducing agent such as hydroxylamine hydrochloride. The latter does not act to induce Au
nanoparticle seed aggregation, but only acts as a growth agent in slightly acidic conditions. Therefore,
the reduction of HAuCls with hydroxylamine hydrochloride in the presence of Au nanoparticles yields
an increased population of the seeds by surface catalysed reduction of HAUCIs, 2 70 7% 74, 75 84
Polydispersity and diverse shape formation was reduced during synthesis, by growing the nanoparticles
in a stepwise fashion. 15 nm diameter citrate capped Au nanoparticles were first ripened to ~23 nm and
subsequently ~32 nm in diameter. The ~32 nm diameter particles were then ripened to ~65 nm in
diameter and subsequently to larger diameters (~93 nm, 115 nm, 135nm, and 175 nm) by varying the

concentration of the nanoparticle seeds.

Au nanoparticles prepared in this study were characterized by UV—Visible absorption spectroscopy
(Figure 1(a)) and either TEM or SEM (Figure 2). Four parameters were used to describe each
preparation of colloids: the wavelength of maximum absorbance (Amax) and the peak width at the base
(AL) from the UV—Vis absorption spectra, and the mean particle diameter (d) and circularity (C) from
electron microscopy analysis. The results from the characterisation by UV-visible and EM for all the
nanoparticles used in this study are given in table 1. The UV-visible spectra clearly show a red shift in
the plasmon absorbance band with increasing Au nanoparticle diameter. The observed red shift is
accompanied with a further broadening of the absorbance band. The band width (A¢) was found to
increase from 98 to 342 nm when the mean nanoparticle diameter increased from 30 to 135 nm, which
can be explained by the fact that higher oscillation modes (quadrupole, octopole absorption and

scattering) also affect the extinction cross section with increasing size. Therefore the plasmon
9



absorption maximum (Amax) is shifted to a higher wavelength and the bandwidth increases.? However,
when the size of the nanoparticles increases to 170 nm the plasmon absorption band is split into two
peaks with the first centred at ~560 nm and the second centred at ~790 nm. Scattered light becomes
more dominant in the absorption spectra for larger nanoparticles, and this can be seen clearly in spectra
obtained from nanoparticles with diameters of ~170 nm as shown in figure 1. The electron microscopy
images in figure 2 show that the nanoparticle diameter distribution widths and circularity were not
strongly affected by increasing diameter and therefore comparable diameter distribution widths and
nanoparticle circularity to the initial seeds were observed. Histograms of the nanoparticle diameters as
obtained from TEM image analysis using Image J software are included in the supporting information.
Au nanoparticles are electrostatically stabilised and as such they are very sensitive to any change in the
ionic strength and/or pH of the medium in which they are dispersed, which can induce nanoparticle
aggregation. PEG is known to improve the stability and biocompatibility of the nanoparticles, and has
been used to coat the nanoparticles directly after preparation. The current strategy was to attach PEG
polymers to Au nanoparticles through Au-SH chemical bonding. PEG attachement to the nanoparticles
causes a very slight red shift of about 2 nm in the plasmon absorption bands (figure 1 (b)) due to a
change of the dielectric constant at the nanoparticle surface. The successful PEGylation of Au

nanoparticles was proven by dynamic light scattering and zeta potential measurements.

Dynamic Light Scattering (DLS).

Electron microscopy analysis of Au nanoparticles requires preparation of a dried nanoparticle specimen,
consequently, electron microscopy analysis does not allow inspection of the dimensions of nanoparticles
as they exist in solution. DLS, also known as photon correlation spectroscopy (PCS), or quasi-elastic
light scattering, is a suitable and sensitive technique for the characterisation of dispersions of
nanoparticles and nanoparticle-polymer hybrids. DLS not only provides a route to measure particle size
distributions, but also protein (and other biomolecule) molecular weight distributions in solution.®

PEG is a flexible linear polymer. Consequently, PEG can dramatically influence the Brownian motion
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of particles by introducing additional frictional drag and thus reducing nanoparticle diffusivity. The
combined use of electron microscopy techniques and DLS can provide a full physical characterisation of
colloidal dispersions of Au nanoparticles for biomedical applications. In the present study, ~15 nm Au
nanoparticles were coated with different molecular weights of mPEG-SH and the hydrodynamic
diameter were measured by DLS. Figure 3(a) shows the size distribution of the Au nanoparticles before
and after coating. One can clearly see an increase in the mean nanoparticle diameter from ~20 nm for
‘bare’ citrate capped Au nanoparticles to ~105 nm for a mPEG-SH molecular weight of 48,000 g mol™.
The zeta potential was also observed to shift from around -35 mV for citrate capped Au nanoparticles, to
~ -1 mV for Au nanoparticles with a mPEG-SH molecular weight of 20,000 g mol-X. The zeta potential
measurements displayed in Figure S2 (see figure S2 in supporting information) prove that the
nanoparticles were successfully coated with a neutral capping layer. Figure 3(b) shows a plot of
nanoparticle diameter (Dy), and zeta potential against the molecular weight of the mPEG-SH polymer.
The diameter Dy was calculated by Z average obtained through the Cumulant method using DLS. The solid
lines shown in figure 3(c) are exponential fits to the experimental data, where a near linear increase is
shown for mPEG-SH in the molecular weight range 2,100-10,800 g mol -1, before a plateau appears for
mMPEG-SH with higher molecular weight (Mw ~ 19,500, 29,500 and 51,400 g mol?). The mPEG-SH
layer thickness was estimated from the diameter distribution by volume from DLS and the values are
given in table 2. The hydrodynamic diameter increases with PEG length, and leads to a complimentary
decrease in the absolute zeta potential from -35 to -1 mV. The observed decrease in the zeta potential
values with increased mPEG-SH molecular weight is not suprising as the zeta potential values are
measured at the surface plane of the hydrodynamic sphere of diameter (Dn). The surface plane of the
hydrodynamic sphere is far from the surface of the Au nanoparticles. Perrault et al. have reported that
the hydrodynamic diameter of 50 nm diameter citrate capped Au nanoparticles increased after
PEGylation with mPEGsooo-SH until saturation at a surface coverage of 5-10 PEG nm. Similarly the
absolute zeta potential decreased from -31.1 mV (citrate capped Au nanoparticles) to -7.2 mV (5 PEG

nm2).78 The exponential increase in the nanoparticle diameter with PEG length observed here has led to
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the hypothesis that fewer polymers can be loaded on ~15 nm nanoparticles when the size of the polymer
increases due to strong sterical hindrance, therefore the grafting density (number of PEG nm?) of
MPEG-SH to Au nanoparticles depends on the length of the polymer. Consequently, verification of this
hypothesis required quantification of the number of PEG molecules grafted to each nanoparticle. Au
nanoparticles of various mean diameters, coated with mPEG10,000-SH, were selected to study the effect
of nanoparticle diameter on mPEG-SH grafting density. Figure 4 shows the diameter distribution by
intensity of Au nanoparticles with mean diameters of 15, 30, 65, 95, 115, and 170 nm coated with
MPEG10000-SH. The zeta potential of all the Au nanoparticles coated with mPEG1000-SH was in the
range -7 to -1 mV. The grafting density of mMPEGuoo00-SH to Au nanoparticles was estimated using

TGA.

Quantification of PEG loaded onto Gold Nanoparticles using Thermo Gravimetric Analysis (TGA).

The number of mPEG-SH molecules grafted to each Au nanoparticle was estimated by performing
thermal gravimetric analysis measurements. The nanoparticles were isolated by centrifugation, and
dried prior to TGA. TGA was performed by heating the nanoparticle powder from 30 to 700 °C under
N2. The weight loss seen during the heating process corresponds to degradation of the organic material
in the sample. A PEG polymer standard was observed to degrade at a temperature lower than 300 °C,
whilst the PEGylated nanoparticles appeared to degrade at higher temperatures (300-500 °C) (see figure
S3 in supporting information). Figure S3(b) shows the first derivative of the weight loss as a function
of temperature for the free polymer mPEG-SH (Mw ~10000 g mol?), and the sample of 30 nm Au
nanoparticles functionalised with mPEGu1o 000-SH after purification. The data in figure S2 clearly shows
that the free polymer degrades between 200 and 300 °C, while the grafted polymer degrades at higher
temperature, most likely due to the fact that more energy is needed to cleave the Au-S bond, and the
expected local increase in PEG density at the Au nanoparticle surface relative to the free PEG polymer
in the standard sample. A single centrifugation was performed prior to TGA in order to avoid

significant stress on the monolayer of PEG at the nanoparticle surface that may lead to release of
12



attached PEG. Additionally, weight loss below 300 °C during TGA was not taken into account for the
calculation of the PEG grafting density (see supporting information). The weight loss between 320 and
460 °C was supposed to correspond to the thermal decomposition of the attached PEG moieties at the
surface of the nanoparticles.2® TGA was performed on ~15 nm Au nanoparticles coated with PEG of
different lengths as well as for mPEG10,000-SH coated Au nanoparticles with diameters of 15, 30, 65, 95,
and ~115 nm. The number of PEG molecules grafted to each Au nanoparticle was estimated by
considering the TGA weight loss data and assuming a spherical nanoparticle shape. An example of the
calculation to derive the PEG grafting density is included in the supporting information. Table 2 shows
the results of TGA and DLS analysis for 15 nm Au nanoparticles coated with mPEG-SH of various
molecular weight, as well as the calculated grafting density of mPEG-SH for each molecular weight.
Table 3 presents the experimental results of TGA and DLS analysis for mPEG1o o00—SH coated Au
nanoparticles with various Au nanoparticle diameters. Figure 5(a) shows a plot of the number of
mPEG-SH molecules grafted on ~15 nm Au nanoparticles as a function of the molecular weight of the
polymer. The number of PEG molecules grafted to the Au nanoparticles decreased with increasing PEG
molecular weight. Specifically, the number of PEG molecules grafted to the Au nanoparticles decreased
by ~12 fold from 695 + 87 for MPEG2,000-SH (3.93 PEG nm) to 50 + 6 for mPEGuss00-SH (0.317 PEG
nm?). The solid line is an exponential fit to the data. Increased conformational entropy of the PEG
molecules with polymer chain length leads to an increase in the footprint of the PEG molecules at the
Au nanoparticle surface from 0.25 nm? for mPEG2,000-SH to 3.15 nm? for mPEGag 500-SH (see table 2).
The effect of increased PEG chain length on grafting density is shown schematically in the cartoon in
figure 5(a). A similar trend has been observed by Shi et al. where they reported that the grafting density
on PEGylated 92.5 nm ninosomes with My 2, 5 and 10 KDa was 0.53, 0.45 and 0.17 PEG nm=
respectively.®” Wulfing et al. found that mPEGs,000-SH has a footprint of 0.35 nm? on 2.8 nm diameter
Au nanoparticles,®® while Takae et al. found that the number of PEG molecules, a mixture of (acetal-
PEG-S-); and (lactose-PEG-S-), with molecular weights of 12,000 and 12200 g mol* respectively,

grafted on 20 nm diameter Au nanoparticles was 520 molecules per nanoparticle by TGA.8 Figure
13



5(b) shows a plot of the number of mMPEG10,000-SH molecules measured per nanoparticle by TGA as a
function of the mean nanoparticle diameter (measured by TEM/SEM). The number of mPEG10,000—SH
ligands per nanoparticle was observed to increase from 278 ligands per 15 nm diameter Au nanoparticle,
to ~12,960 ligands per 115 nm diameter Au nanoparticle. A similar observation was made by Hurst et
al. for fluorescent DNA-PEG-SH ligands,®® and Maus et al. using fluorescence based peptide assay to
quantify the number of amino groups grafted on Au nanoparticles capped with a mixed self-assembled
monolayer of SH-PEGs3,000-NH2 and SH-PEG3,000-COOH.% Finally, some similar behaviour has been
observed in this work where the grafting density of mMPEGa10,000-SH was higher on 15 nm diameter Au
nanoparticles and decreased slightly from 1.573 to 0.8 PEG nm2 when the particle size increased to 65
nm in diameter (table 3). The fact that smaller Au nanoparticles display a higher density of thiol ligand

attachment has been attributed to their high surface curvature.®!

Conformation of the PEG polymers on the AuNPs surface. The Flory radius (F) described as (F=an®?)
where n is the number of monomers per polymer chain and o is the length of one monomer in
Angstroms (a = 3.5 A for PEG),5* % % give the information about the two main conformations
‘mushroom’ and ‘brush’ that PEG chains can acquire depending on grafting density. The ‘mushroom’
conformation is known to occur for low surface density mainly when the distance D, between the
attachment points of polymer to a surface is larger than F (D > F). In contrast the ‘brush’ conformation
is observed when D < F. However, a transition of mushroom to brush conformation can take place when
the value of D becomes close to F.%* The value of D was estimated here and none of the values of D was
found to be greater than F (see supporting information). Therefore, we can conclude that is this study the
‘brush’ conformation is the only obtained conformation, even though that the PEG grafting density and
foot print were found to varies the PEG chain length. The results shown here are not surprising, as in our
system, the grafting site is a single covalent bond, and a strongly stretched situation for a grafted layer in
water as a good solvent is favourable.®® Furthermore and an excess of polymer is added in the beginning,

a well separated irreversibly grafted chains (mushroom regime) cannot easily obtained as maximum of

14



polymers were loaded on the surface of gold nanoparticles. Finally, it is well known that denser packing
can be achieved on the curved surface of AUNPs compared to that on a flat substrate due to a reduction

in steric hindrance as the free end of the PEG molecules are less confined.% %

Cytotoxicity on CT26 cells.

The viability of CT26 cells after treatment with the Au nanoparticles was determined by the MTT assay.
Cells were treated with a range of Au nanoparticles at biologically active concentrations (Figure 6).
None of the PEG-Au nanoparticles synthesised in this study exhibited any cytotoxicity in CT-26 cell
cultures.

Conclusions

We have synthesised nearly spherical Au nanoparticles with a wide range of diameters (15 to 170 nm),
and narrow diameters distributions (10 - 15 %) using a controlled seed mediated growth approach. The
Au nanoparticles show size dependent optical properties making them very suitable for further
applications (e.g. photonic and bioimaging). Different molecular weights of PEG were used to modify
the Au nanoparticle surface. 15 nm diameter Au nanoparticles coated with mPEG-SH of various
molecular weights has been shown to lead to an exponential increase in the nanoparticle diameter in
solution. Additionally, increasing PEG polymer chain length has been observed to effectively increase
screening of the negative Au nanoparticle charge. Quantification of the number of PEG molecules
grafted per nanoparticle shows that the grafting density decreases in non linear way with the PEG length
due to increased conformational entropy of the polymer with chain length. Similarly, the grafting
density of mPEGu10,000-SH was shown to decrease slightly with increasing Au nanoparticle diameter,
while the number of polymers grafted was found to increase in non linear way with the size. As the
colloidal stability with PEG is known to offer a stealth character and now is high of interest for
biomedical application. This full study on synthesis, stabilisation and characterisation of PEGylated

nanoparticles in water, using a wide range of PEG molecular weight with one nanoparticle size and on a
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wide range of gold nanoparticles sizes with mPEG10,000-SH, as well as their stability in biological media
and very poor cytotoxicity make these particles suitable for use in further biological studies. Finally,
this study presented here may be very helpful for researchers interested in grafting biomolecules (drugs,
protein, peptide, etc.) through a chemisorbed PEG spacer on nanoparticles, as our results may gives
them a rough idea about the quantity of PEG-biomolecules (in theory supposed to be slightly lower than
the neutral MPEG used here) that can be loaded on nanoparticles in water. The low toxicity of AuNPs
and proven ability of the PEGylated nanoparticles to offer a stealth character indicates the potential of

Au NP’s for bioconjugation to active targeting and receptor mediated delivery in vivo.
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Figure 1. (a) UV-visible spectra of different AUNPs sizes synthesized in this study (absorbance adjusted
to the same value). (b) Spectra of 15 nm AuNPs before and after PEGylation, the inset show the clear

red shift of about 2 nm after PEGylation.

Figure 2. TEM micrographs of Au nanoparticles produced in this study with mean diameters of (a) ~15
nm (b) ~ 23 nm, (c) ~30 nm (d) ~ 63 nm (e) ~93 nm and (g) ~135 nm. SEM images of Au nanoparticles
with diameters of (f) ~115 nm (h) ~170 nm. The insets show higher magnification electron

micrographs, and optical photographs of the the corresponding colloidal solutions.
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Table 1. Characteristic data’s from UV-visible and EM results for all the nanoparticles used in this

study.

Diameter (nm) | Standard dev |  Amax (NmM) AN (nm) Circularity Standard

dev

15 1.8 519 90 1.06 0.1

23 3.5 521 84 1.12 0.08

30 4 525 98 1.15 0.11

62.5 6 546 134 1.16 0.1

93 12 568 165 1.14 0.1

115 10 620 261 1.15 0.14

134 16 654 342 1.18 0.13

170 20 2 picks >350 1.2 0.15

Parameters characteristics (Plasmon position, peak width, diameter and circularity) data’s for the

particles prepared in this study extracted from UV-visible and microscopy analysis.

(@)
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Figure 3. (a) Size distribution by intensity of approximately 15 nm AuNPs coated with mPEG-SH of
different molecular weight. (c) Evolution of the hydrodynamic diameter (Y left axis) and Zeta Potential
(Y right axis) in function of the molecular weight (Dn is given by Zav obtained through the Cumulant

method from DLS measurements) the solid lines correspond to a fit of the experimental values.
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Figure 4. Size distribution by intensity of different AuNPs sizes coated with the mMPEG10 00o-SH (~245
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Figure 5. (a) Possible schematisation and the number of ligands (MPEG-SH) on 15 nm AuNPs
estimated from TGA in function of the molecular weight, inset shows the grafting density. (b) Possible

schematisation and number of MPEG10 000-SH estimated from TGA in function of the AuNPs diameter.

Table 2. Surface Coverage (from TGA) and mPEG-SH layer thickness (from DLS size distribution by

volume) on 15 nm Gold Nanoparticles.

mPEG-SH Number of DLS (v)/PEG | Weight Loss | N pec per 15 | Foot Print | Grafting

(Mw) EO layer (nm) | (%) T>320 °C nm AuNP (nm?) density/
nm?
2100 47 2.83 +0.66 6.7 695+ 87 0.25 3.93
5400 122 7.79+1.0 9.9 424+ 53 0.42 24
10 800 245 1277+15 12 27842 0.63 1.57
19 500 443 21.61+25 10.82 132 £16.5 1.33 0.75
29 500 670 25.6+3.0 10 81+ 10 2.18 0.46
51400 1168 37.15+4.0 10.85 50+ 6 3.15 0.32

Table 3. Surface Coverage (from TGA) of different AuNPs diameter (EM/DLS) coated with mPEG1o

000-SH

Diameter Diameter Weight Loss N pec /AUNP Foot Print Grafting

(nm)/EM (nm)/DLS (1) (%) T>320 °C (nm?) density/ nm?
15+1.8 59 +35 14.25 278 £ 42 0.63 1.57
30£3.5 72 £5 5.7 916 + 106 0.78 1.29
625+6 102+9 1.64 2572 + 402 1.25 0.8
93+12 138+ 10 141 6778 + 814 1.05 0.96
115+ 10 165+ 14 1.449 12960 £ 1227 0.8 1.25
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Figure 6. Percent of Cell viability in CT-26 cells following AuNPs-PEG treatment relative to control

untreated cells (analyzed by MTT assay)
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