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Abstract

The polyethylene glycol (PEG) modified gold nanoparticle complex was synthesized by a
one-solution synchrotron x-ray irradiation method. The impact on the structure and
morphology of the gold nanoparticles of process parameters such as the PEG molecular
weight, the PEG/gold molar ratio and the x-ray dosage were investigated. The size of PEG
modified gold particles was found to decrease with increasing PEG addition and x-ray dosage.
With the capability to monitor the absorption spectra in sifu during the fast synthesis process,
this opens the way to accurate control of the size and distribution. PEG chains with an
intermediate length (MW6000) were found optimal for size control and colloidal stability in
biologically relevant media. Our x-ray synthesized PEG—gold nanoparticles could find
interesting applications in nanoparticle-enhanced x-ray tumour imaging and therapy.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Nanotechnology is playing an increasingly important role in
the fight against cancer. The prospects of nanoparticle-based
cancer imaging and therapies have stimulated many studies
in this emerging field [1-4]. In particular, gold nanoparticles
are promising candidates as carriers for targeted drug delivery
[5,6], contrast agents [7, 8] or radiotherapy enhancers [9].
The expanding multi-functionalities of gold nanoparticles
create challenges for material scientists since additional
features such as higher concentration, smaller size, sufficient
dispersion and colloidal stability are required for biomedical

10 Author to whom any correspondence should be addressed.
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applications. This is especially true for in vivo biomedical
applications in which, without surface modifications, the
administrated nanoparticles are eliminated from circulation
within seconds to minutes through the reticulo-endothelial
system (RES) [10]. One effective solution to prevent
opsonization and enable nanoparticles to circulate for a long
time is to construct a ‘stealth-shielding’ layer composed of
water-soluble polymers on the surfaces of particulate vectors
[11]. Four well-documented synthetic routes are used to
prepare polymer stabilized gold nanoparticles [12]: covalent
‘grafting from’ (relying on polymerization), covalent ‘grafting
to’ (using sulfur-containing polymers), physisorption and post-
modification of pre-formed Au NPs. These methods are
summarized in table 1 5,6, 8, 12, 13-29].

© 2008 IOP Publishing Ltd  Printed in the UK
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Table 1. A summary of preparation approaches for polymer-protected gold nanoparticles.

Synthetic route Advantages Disadvantages Reference
Covalent graft from e Control polymer brush thickness; e Multi-steps [13-16]

e Higher surface polymer graft density e Purification needed
Covalent graft to e One pot synthesis e Broad size distribution; [17-20]

e Mono-dispersed Au NPs can be obtained
in aqueous and nonaqueous solutions

Post-modification e Easy achievement of size selection;
e Versatile surface property;

Physisorption e One pot synthesis
e Unmodified polymer can be used

e Long tethered polymer chain unfavourable
for condensation and fractionation
e Sulfur-containing polymer needed

e Two-step procedures; [5,6,8,12,21-25]
e Low gold concentration to optimize
covalent bonding;

e Sulfur-containing polymer needed

e Broad size distribution;

e Less stable than covalent bonding;

e A high concentration of protective
agent is required

[26-29]

These approaches, however, are affected by limitations
that endanger their suitability for specific biomedical
application. To achieve maximum effectiveness in enhancing
radiotherapy, Au nanoparticles must have optimal size and
concentration. Two polymer systems were used: polyethylene
glycol (PEG) and poly N-vinyl-2-pyrrolidone (PVP). These
polymers were successfully exploited to modify nanovectors
for gene/drug delivery [30,31], tumour targeting [5, 6,32,33]
and x-ray imaging [8,34]. For the in vivo applications using
PEG-gold nanoparticles, all the preparations were based on
conventional chemical methods (i.e. sodium citrate or sodium
borohydrate reduction) and thiolated PEG [5, 6, 8,30, 31, 35].
However, the size of gold particles is normally larger than
30nm. In addition, due to the very low (~0.25 mM of gold
precursor) concentration of colloidal gold, the nanosols must
be condensed to reach higher concentration by high speed
centrifugation (e.g. 16800 g for 30nm PEG-thiol modified
gold nanoparticles [8]). Furthermore, the high cost of thiolated
PEG could limit commercial applications.

We report here a one-solution synthesis approach
using x-ray irradiation to prepare polymer modified gold
nanoparticles that is not affected by the above limitations. The
method consists of bombarding a precursor solution containing
gold ions and the polymeric stabilizers with intense x-rays
produced by a synchrotron source. The irradiation was found
to stimulate the formation of gold nanoparticles protected by
the polymer chains. Since there is no prior modification of
the PEG, the polymeric chains are likely to be physically
adsorbed on the particle surfaces. Compared with other
physisorption methods, this approach has several advantages:
(1) cleanliness, since the system is free of pre-added reducing
agents and surfactant; (2) high reproducibility and capability
to scale up for mass production; (3) unmodified PEG with low
concentration are used; (4) easy increase in concentration with
excellent dispersion; (5) high colloidal stability in vivo and
in vitro.

The intensity of the x-ray irradiation not only makes
it possible to scale up the production, but can be used to
accurately control the nanoparticle size.

We investigated in detail the process parameters
(molecular weight, polymer concentration and dosage) and

their effects on the structure and production rate of PEG
modified gold nanoparticles. The mechanism of PEG—gold
nanoparticle formation is also discussed. The colloidal
stability test confirmed that our high concentration PEG—gold
nanosols are stable in typical in vivo and in vitro environments
and therefore suitable for possible biomedical applications.

2. Materials and methods

2.1. X-ray synthesis

Gold nanoparticles were synthesized from a mixed aqueous
solution of hydrogen tetrachloroaurate trihydrate (HAuCly -
3H,0, Aldrich), NaOH (0.1 M, Showa Inc., Japan) and
PEG (Showa Inc., Japan) solutions by bombardment with
synchrotron x-ray. The experiments were performed at the
BLOIA beam line of the NSRRC (National Synchrotron
Radiation Research Center) storage rings [36]. Detailed
descriptions of the experimental system were previously
reported [37-40]. The photon energy distribution was centred
between 10 and 15 keV and the dose rate was 5.140.9kGy s~
as determined by a Fricke dosimeter with an estimated G value
of 13. PEG with different molecular weights (1500, 6000
and 20 000) were investigated. The molar ratio PEG/gold ion
ranged from 0.004 to 3. The pH value of the 1 mM precursor
solution was set to 10.3 by adjusting the NaOH amount and
measured with an Orion 720A pH-meter.

The initial PEG—Au colloidal solutions were condensed
by combining centrifugation and solvent evaporation under
reduced pressure. The centrifugation was performed with an
Eppendorf® 5810R, Germany, centrifuge and an Amicon®
Ultra-15, Millipore, US centrifugal filter at 4°C. The
centrifugation took place at 3200g for 30 min. The gold
sols were further condensed by a simple vacuum evaporation
system. The final concentration of the PEG-Au colloids
was ~75mgml~!, as determined by an induced coupled
plasma optical emission spectrometer (ICP-OES, Perkin Elmer
Optima 3000 DV, Perkin Elmer Co. Ltd, US).
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Figure 1. TEM micrograph (a), histogram (b), XRD (c) and FTIR (d) spectra of synchrotron x-ray synthesized PEG—Au nanoparticles in a
solution containing 2 x 107> M HAuCl, and 3.3 x 10~> M PEG (MW6000). The exposure time was 5 min. The HRTEM inset in (a) reveals

the Au (11 1) plane of individual nanoparticles.

2.2. Characterizations

UV and visible light absorption spectra were taken with a
Shimadzu UV-160 spectrometer with a 1 cm quartz cuvette.
Fourier transform infrared spectra of solid PEG—gold samples
on a KBr plate were recorded in the spectral range
4000-500 cm™! using a JASCO 240 FTIR spectrometer. The
surface charge of gold nanoparticle dispersions was measured
by a Malvern Zetasizer 3000 HAS (Malvern Instruments
Ltd, Malvern, Worcestershire, UK). The dynamic size of the
nanoparticles in solutions was measured by dynamic light
scattering (DLS) size analyzer (Horiba LB-500, Horiba Co.
Ltd, Japan). The particle morphology, structure and size
were measured with a JEOL JEM 2010 F field emission gun
transmission electron microscope (FEG-TEM) operating at
200kV. The samples for TEM measurements were prepared
by placing droplets of nanoparticle-containing solution on
carbon-coated Cu grids and allowing them to dry.

2.3. Colloidal stability test

To test the re-dispersion capability, highly concentrated
colloid gold was re-dispersed into de-ionized (DI) water
to reach an optical density (OD) above 2. The size and
optical absorption of the re-dispersed colloidal gold were
then examined by monitoring the ultraviolet—visible (UV-VIS)
absorption spectral changes. Gold nanoparticles were also
evaluated for their colloidal stability in typical in vitro and
in vivo environments. Aliquots of 0.5ml of re-dispersed
condensed gold nanoparticles (OD > 2) were co-cultured
with 0.5 ml of different dispersion media including: (1) serum-
free culture medium (DMEM); (2) culture medium with 5 wt%
serum; (3) culture medium with 10 wt% serum; (4) NaCl (3 M);

(5) BSA (1 mM); (6) HBSS. Samples of the same PEG-Au
nanoparticles in DI H,O were used as controls. The colloidal
stability was examined by UV-VIS measurement for up to
150 h. Two parameters directly correlated to colloidal stability
were used as ‘flocculation indicators’: (1) the peak maximum
and (2) the full width at half maximum (FWHM) of the gold
surface plasmon resonance (SPR).

3. Results and discussion

3.1. Characterization of pegylated gold nanoparticles

TEM micrographs like figure 1(a), taken on our solutions
after they dried up, showed that the PEG—Au nanoparticles
were spherical with 6.1 £ 1.9nm diameter and reasonable
size distribution (figure 1(b)). The inset high-resolution
image in figure 1(a) shows the Au (1 1 1) plane with a planar
spacing of 2.32A confirming the crystal structure of the
nanoparticles (note that HRTEM cannot reveal the adsorbed
PEG because of its low electron density). The crystal nature
of PEG—Au particles was also confirmed by x-ray diffraction
(XRD) measurements (figure 1(c)). The estimated average
nanoparticle size from the broadening of the reflection peak
(111) was ~7.6nm. The hydrodynamic size measured by
DLS for re-dispersed PEG—Au in DI water was 27.9 8.1 nm.
This implies that the thickness of the PEG coating was
~25nm. A Fourier transform infrared (FTIR) spectrum of
PEG-Au is shown in figure 1(d). The broad band #1 in the
3200-3600cm™! region is attributed to the OH group and
suggests that hydroxyl plays a role in linking the nanoparticles
to the PEG chains. Vibrational bands due to PEG were also
detected, including the CH, group (band #2 at 2884 cm™!) and
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the C—O—C stretching band #3 at 1114 cm™~'—confirming that
PEG chains were immobilized at the nanoparticle surfaces.
Our previous work [37-40] had developed a new
approach to prepare highly concentrated colloidal gold
solutions free of reducing agents and stabilizers by room-
temperature synchrotron x-ray irradiation. This, as
we already mentioned, offers several advantages—quite
relevant to potential applications in the biomedical domain.
However, biomedical application requires sufficient stability
of the particles in vivo—not guaranteed by ‘naked’ gold
nanoparticles. We report here on a development of
our approach that solves this crucial problem: by using
biocompatible PEG. We can accurately define the size and

Table 2. Influences of PEG molecular weight and PEG/Au ratio on
particle size and distribution®.

PEG chain PEG/Au Particle Number of
length molar size particles
Sample (Dalton) ratio (mean £ SD nm) counted
1 0 0 20.4£6.3 186
2 1500 0.657 8.9+29 244
3 1500 3.285 9.2+3.7 163
4 6000 0.004 10.6 £ 4.1 253
5 6000 0.165 6.1+19 267
6 6000 0.325 54+1.6 275
7 6000 1.625 49+2 259
8 6000 2.929 56£1.6 287
9 20000 0.0125 83+1.9 219
10 20000 0.05 834+2.0 263

# Reaction condition: 1 mM of HAuCly; pH = 10.3; 5 min
exposure.

the surface to meet the requirements of possible practical
applications.

3.2. Effect of the molecular weight and of the PEG/Au ratio

Both such parameters affect the particle size and distribution
of our colloidal. As shown in table 2, only large particles
(8-=10nm) can be obtained when either short (PEG 1500) or
long PEG (PEG 20000) chains are included. In contrast, small
sizes (5—7nm) can be attained when PEG of medium length
(PEG 6000) is used. Note in table 2 the sharp size decrease
after a small number (PEG/Au = 0.004) of PEG molecules
are added to the solution: the size (10.6 & 4.1) is halved with
respect to the unmodified gold particles (20.4 &+ 6.3 nm).

We also found that gold particle size changed substantially
with the PEG density in the solution during irradiation: a larger
PEG/Au molar ratio resulted in slightly smaller sizes. The
particle size saturated at approximately 4-5nm after the
PEG/Au molar ratio reached 0.17. The dependence of the size
and dispersion of PEG (6000) particles on the PEG density,
derived from TEM micrographs, is shown in figure 2. As
the PEG density increased (figures 2(a)—(d)), the particle size
decreased; at the same time, the size distribution improves
and the inter-particle spacing decreased. The TEM results of
figure 3(a) show that low weight PEG chains are not sufficient
to limit the Au particle size and some large gold particles
coexist with the smaller ones. The Au particles tend to form
larger clusters by fusing together. In contrast, high weight
PEG chains (PEG 20000) improved the particle dispersion
(figure 3(D)).

Figure 2. TEM micrographs showing the effects of PEG/Au molar ratio for PEG (MW6000) on the particle size and distribution: (a) 0;

(b) 0.004; (c) 0.165 and (d) 1.625.
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Figure 3. TEM micrograph of PEG—gold nanoparticles showing the effects of molecular weight on the particle morphology and distribution

for PEG with different molecular weights; (@) 1500 and (») 20 000.

Thiol-stabilized PEG—gold nanoparticles are a model
system in nanotechnology and were therefore the subject
of intensive investigations [19, 20, 41]. Recently, Shimin
et al [19] studied the effects of the size and concentration of
PEG-thiol on the gold nanoparticle size. In contrast, only
limited literature exists on PEG reduced and stabilized gold
nanoparticles [26].

Longenberger and Mills [26] examined the role of PEG in
the formation of gold colloid in air-saturated aqueous solution
systems. They concluded that the oxidation of the oxylene
groups leads to the reduction of gold ions and that an increase
in the PEG molar mass increases the particle production rate.
However, only large nanoparticles were obtained and the gold
colloidal tended to flocculate and agglomerate. Furthermore,
since PEG is a weak reducing agent, to obtain stable colloidal
gold, a PEG/Au molar ratio as high as 30 and a long co-culture
time (>8 h) were required [26].

In our x-ray irradiation approach, the PEG/Au ratio is very
small (e.g. 0.167 for typical PEG 6000-gold preparation) and
the role of PEG macromolecules is to control the size and to
stabilize the gold nanoparticles within the PEG chains. We
did observe that both the polymer molecular weight and the
PEG/Au ratio affected the Au particle size and their dispersion.
We found that neither very low nor very high weight PEG
chains are effective in limiting the Au particle size: the minimal
size is produced by a PEG molecular weight around MW6000.
The PEG molecules are unlikely to covalently bond to gold,
thus neutral PEG molecules are expected to be physisorbed on
the gold surfaces. The action of PEG chains is closely related
to their affinity to AuCl; ions and conformation on the initially
formed gold clusters. However, the details of the PEG chains—
Au nanoparticle interaction in our synthesis require additional
investigations.

For PEG 6000, as the PEG/Au ratio increased from 0.004
to 0.1645, the gold particle size decreased from 10.6 + 4.1 to
4.9+ 2 nm. This could be due to the increase in surface density
of PEG molecules immobilized on the Au particles. This is
consistent with the fact that as the PEG/Au ratio increases
further the particle size remains unchanged—suggesting the
saturation of the PEG coverage of the Au surfaces. The

criterion for selecting the PEG/Au ratio 0.167 for more
detailed studies was to achieve a small Au size with minimum
PEG loading. In fact, excessive PEG negatively impacts
characterization and condensation [26].

3.3. Effects of the exposure time

These effects on the morphology and size dispersion of PEG—
gold nanoparticles are shown in figure 4. For PEG with
different chain lengths (6000 and 20 000), the trend is that as
the exposure time increases the initially formed Au clusters
disintegrate and smaller particles with improved dispersion
were formed. As shown in figure 4(a), after an x-ray
exposure of 30s, PEG-gold clusters interconnected/fused
together leading to an overall size above 100 nm in the network
structure.  After further exposure for Smin (figure 4(b)),
well-dispersed PEG—gold nanoparticles with size <7 nm were
obtained. During an additional exposure for up to 15 min
(figure 4(c)), the size and particle morphology remained
unchanged. For PEG 20000 (figures 4(d)—(f)), the exposure
time effects were similar to PEG 6000 but with some
noteworthy differences. For example, after an exposure of
30 s bigger gold nanoparticle (15-20 nm) were formed instead
of the inter-connected structure. Additional x-ray irradiation
led to a decrease in the particle size to approximately 8 nm
(figure 4(f)).

The dependences of gold particle size and morphology
on exposure time (3-900s) can be linked to the evolution
of optical absorption spectra. As shown in figure 5(a),
for PEG—gold nanoparticles formed after a 10s exposure,
only a very broad absorption peak centring at approximately
542nm is observed indicating the larger cluster size and
small yield of colloidal gold. These colloids are not stable
and serious flocculation occurs and precipitates formed. At
exposure time longer than 1 min, the characteristic SPR peak
of colloidal gold appears at 509 nm. Using the intensity of the
SPR peak as an indicator of the colloidal gold concentration,
as shown in figure 5(b), we found that almost all gold precursor
ions have been reduced to colloidal gold after 2-3 min of
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Figure 4. TEM micrographs showing the effects of x-ray dosage on gold particle size, distribution and morphology. PEG 6000: (a) 30's,
(b) 5min and (c¢) 15 min; PEG 20000: (d) 30s; (¢) 1.5 min and (f) 5 min.
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Figure 5. Visible optical absorption of PEG—Au nanosols prepared with various exposure times: (a) absorption spectra and (b) the variation

of colloidal yield and gold SPR peak position.

exposure. This fast reducing speed and the ~100% reduction
efficiency adds to the advantage of our x-ray irradiation
approach.

It was also observed that the SPR peak position depends
sensitively on the exposure time (figure 5(b)). The SPR peak
firstly blue shifts up and then reversely shifts to longer
wavelength with x-ray exposure time longer than I min.
Normally the SPR peak red shifts with increasing particle
size. The blue shift at exposure time shorter than 1 min is
consistent with this argument. However, the following red shift
is inconsistent with the TEM observation that the particle size
decreases upon longer exposure. The temperature effect (the
solution temperature increases approximately 13 °C after 5 min
exposure) also predicts a blue shift [42]. We can rule out the
possible influence of variation in inter-particle displacement
since mono-dispersed gold nanosols are obtained (figure 1(a)).
Further investigations are required to explain the observed red
shift of the SPR peak.

3.4. Colloidal stability

Stability tests were performed on re-dispersed nanoparticles
for up to 150 h using UV-VIS absorption spectra, as shown
in figure 6.  Specifically, good colloidal stability was
demonstrated by the stability of the SPR peak. This conclusion
is valid for all dispersion media we explored except DMEM.
In the latter case (figure 6(a)), after 100h an additional
absorption feature appeared at 585 nm that could be due to
flocculation. The absorption spectra in figures 6(b)—(d) reveal
instead excellent stability for the dispersion media containing
HBSS, BSA and NaCl (3 M).

Quantitatively speaking, the stability can be characterized
in terms of the time variations of the so-called ‘flocculation
indicators’: the SPR peak FWHM and peak position. The
results, summarized in table 3, confirm the qualitative message
of figure 6, i.e. high stability for BSA (1 mM) and HBSS media,
good stability for the NaCl medium and somewhat lower
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Figure 6. UV-VIS spectra of re-dispersed PEG—Au colloid in different dispersion media: (¢) DMEM containing 10% serum; (b) BSA;

(c) HBSS and (d) NaCl (3M).

Table 3. Time-dependent colloidal stability of re-dispersed PEG—Au colloid in different media.

. . . HBSS BSA NaCl DMEM/F12
Dispersion medium
time point (h) Amax” FWHMP Amax FWHM Amax FWHM Amax FWHM
0 82.3 5214 5234 85.1 521.4 83.5 5214 84.7
1 81 521.4 523.4 81 5214 83.5 5214 88.3
35 81.5 519.4 523.4 86.6 5194 83.5 521.4 87
25.5 83.5 5194 5234 89.1 521.4 86.1 5214 99.5
107 81.8 521.4 523.4 914 527.4 100 517.4 130.1
152 83.5 5214 5234 94.9 529.4 98.7 5134 139

% Absorption maximum at Au SPR.
b Full width at half maximum.

stability for the DMEM medium. The colloidal stability of
PEG-gold nanoparticles was also examined with zeta potential
measurements. The zeta potential for the unmodified gold
colloidal was —57.8 £ 5 mV. For the PEG-gold colloidal, the
zeta potential decreased to —20.1 = 7.5mV at a pH value of
7.23: this can be attributed to the shielding effect of the neutral
PEG chains immobilized on the particle surfaces.

Pegylation is well known to improve the colloidal stability
of nanoparticles both in vitro and in vivo. Synchrotron x-ray
derived PEG—gold nanoparticles are highly stable even at
low polymer concentrations and show no sign of flocculation
or aggregation even after one year of storage at ambient
temperature. We found that such nanosols are stable under
typical in vitro and in vivo conditions for at least 150 h. The
stability in different dispersion media decreased according to
the sequence: HBSS > BSA (ImM) > NaCl 3M) > cell
culture medium (DMEM).

The colloidal stability of PEG—gold nanoparticles could be
explained by the steric repulsion of the nanoparticles due to the
presence of PEG. We also found that PEG-Au is influenced
much more by the adsorbed serum component than by the

ionic strength of the dispersion media, demonstrating steric
stabilization dominates over electrostatic stabilization. Under
typical in vivo conditions with high ionic strength, PEG—
gold nanosols exhibited superior colloidal stability whereas
unmodified gold nanoparticles rapidly flocculated and formed
sediments. The critical coagulation concentration (CCC)
of PEG—gold determined by UV-VIS spectra was >2.5M
(whereas for unmodified gold it was >0.025 M). The steric
repulsion due to hydrophilic PEG molecules limited the size
of the nanoparticles and resulted in good dispersion.

As shown in figure 6, the stability of PEG—gold nanosols
in the DMEM medium gradually decreased as the incubation
time increased. Serum adsorption on the surfaces of the
PEG-Au particles is likely to contribute to this phenomenon.
Serum protein adsorption on PEG-Au particles was revealed
by directly examining the hydrodynamic size of the particles
loaded into the cell medium. The DLS measurement detected
a larger size, typically >100nm, for PEG-Au nanoparticles
in DMEM medium compared with the control system (around
29.8nm). The stabilizing role of PEG depends on different
factors such as the chain length, the inter-chain separation
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and the PEG surface density [19,43]. Therefore, the time-
dependent colloidal stability of PEG—Au is probably due to
the incomplete coverage by immobilized PEG chains on the
gold surfaces.

4. Conclusion

We developed a one-solution x-ray irradiation approach
to prepare PEG modified gold nanoparticles using pristine
PEG molecules. A low concentration of unmodified PEG
macromolecules was very effective in controlling particle
size and in stabilizing the gold nanoparticles. Both the
PEG chain length and the PEG/Au ratio affected the size,
morphology and colloidal stability of the particles. The PEG—
gold nanosols could be easily concentrated and re-dispersed
and demonstrated high stability under realistic biomedical
conditions.
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