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Direct synthesis of PEG-encapsulated gold nanoparticles using
branched copolymer nanoreactor s+

lain E. Dunlop,*® Mary P. Ryan,2 Angela E. Goode? Carlos Schuster,® Nicholas J. Terrill® and
Jonathan V.M. Weavera¢#

We report a method of directly synthesizing gold nanoplgithat are coated with poly(ethylene glycol) (PEG) forlegapions

in biology and medicine. The particles are grown within tbees of micelle-like structures formed by pH-responsieniched
copolymers of poly(ethylene glycol) methacrylate (PEGM#Y 2-diethylamino methacrylate (DEAMA). The process isagh
and scalable, with PEGylated gold particles prepared instraightforward steps from commercially available monorand
salts. The formation of gold nanoparticles with mean sizé5A is confirmed by transmission electron microscopy. Kinetic
studies of nanoparticle growth by small-angle X-ray scatte(SAXS) show that the particles form slowly over a peradd>17
hours. This process can be modified by exposure to highsgityex-rays, which cause widespread rapid nucleation legth a
larger number of smaller particles.

1 Introduction prepared. This minimizes the need for post-synthesis manip
ulation of the nanoparticles, and gives a significant acagat
Recent years have seen an explosion of interest in biomegn terms of cost and scalability.
ical applications of gold nanoparticles due to their ease of This approach to single-step preparation of PEGylated gold
preparation, lack of toxicity and tunable optical propest?.  nanoparticles requires micelle-like structures that comla
Proposed applications range fromvitro diagnostic assays'  PEG corona with a core that both stabilizes the structure and
to drug delivery*® and contrast agents for medical imaging  reduces ionic forms of gold. We achieve this using copoly-
Due to the high ionic strengths and protein concentratiors € mers that combine PEG side-chains with a branched amine-
countered under physiological conditions, nanopartitées containing backbone that is hydrophobic above its isoetect
biomedical use are typically sterically stabilized by @@t point. This hydrophobicity drives the self-assembly of the
with water-swollen polymer molecules. These polymers arenjcelle, while amine groups are known to complex and re-
chosen to resist protein adsorption, with the most populaguce gold ionf. The micelle-like structures formed by these
choice being poly(ethylene glycol) (PE®) For medical pranched copolymers have the advantage that the amount of
applications, PEG has the advantage of a substantial fiistofyolymer in the core and corona can be varied independently
of regulatory approval and use vivo'°. To facilitate par-  during the synthesis of the polymer molecules, giving the po
ticular applications, PEGylated nanoparticles can bectlire tential for dial-up control of core and corona properties
functionalized with biOlOgical molecules ranging from dma This stands in contrast to block Cop0|ymer micelles previ-
molecule drug$' to peptide$?and antibodie’** ously used for nanoparticle syntheis?2 where the num-
Nanoparticles designed for biomedical applications gve ty per of molecules in the micelle is controlled by the thermo-
ically prepared via a multistep process: the nanopartiles gynamics of self-assembly, meaning that significant trial a
first SyntheSized USing a small molecule surfactant as a Cafgrror can bhe required to generate a desired set of properties
ping agent, with the surface being polymer-functionaliasd The branched copolymers also have the advantage that they
a subsequent stép™? In this paper, we synthesise PEGY- are prepared using a straightforward one-pot synthesiowit
lated gOld nanopartiC|aBithin the cores of micelle-like struc- the need for intermediate prepara’[ion of precise]y colattol
tures formed by a pH-responsive branched copolyfméfhe  plock copolymers. Overall, the PEGylated gold nanopaicl
nanoparticle is thus created, already polymer-stabilizeé@  are generated in only two reaction steps from readily abkila
single step once the polymer and the gold precursor have bemmercial monomers and salts and with no complex purifi-
cation steps. The approach could readily be extended to gen-
t Electronic Supplementary Information (ESI) available:ll FBAXS fitting erate biofunctionalized nanoparticles for biosensingher-t

parameters. . licati by i . f add bl
Departments of 2Materials, and °Bioengineering, Imperial College London, apeutic app lcat"?ns’ ) y |_ncorporat|on Ol aadressabnlelgso
Exhibition Road, London SW18 4UT, UK. such as carboxylic acids into the PEGMA monomer.

bDiamond Light Source Ltd., Diamond House, Harwell Science and Innova- In detail, we use branched copolymers, previously re-

tion Campus, Chilton, Didcot OX11 0DE, U K. ported by Weaveret al.23 that are synthesized by radi-
E-mail: i.dunlop@imperial.ac.uk

1 This article is dedicatedn memorium our late friend and colleague Dr C?'I copolymerization of an amine-containing monomer, 2-
Jonathan Weaver. diethylamino methacrylate (DEAMA), and a monomer bear-
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ing a pendant PEG chain, poly(ethylene glycol) methacrycentration of gold (l11) chloride was varied, keeping thelaro
late (PEGMA). A bifunctional monomer, ethylene glycol ratio of HAUCI, : DEAMA < 1. The reaction mixture was
dimethacrylate (EGDMA) is included to generate a branchedstirred for 24 h at room temperature to obtain the desired gol
chain. These molecules exhibit an extended configuration atanoparticles.

low pH, when the—N(CH,CHj;), groups of the DEAMA

baCkbo.ne-are prot-0na'[.ed and thus hydrophlllc. At h|gh pH22 Transmission e ectron micro&opy (TEM)

above its isoelectric point, the DEAMA becomes hydropho-

bic and forms the core of a micelle-like structure. The caron AS-prepared nanoparticle solutions were drop cast on yhol
of this structure is formed by the PEG sidechains, which re£arbon TEM grids and allowed to dry in air. High-resolution
main hydrophilic across the range of pH values. A nanogell EM images were acquired on an image-corrected FEI Titan
structure using a related chemistry but with a non-comraérci 80-300 (S)TEM operated at 80 kV.

vinylbenzyl-terminated PEG has been reported by Hayetshi

al.?4, 2.3 Small angle X-ray scattering (SAXS)

In this paper, we demon;trate the_successfullformqnoréma"_angle X-ray scattering (SAXS) is a gold-standartitec
of PEGylated gold nanoparticles within these micelle-like ~. 2 2 : )
nique for in situ characterization of solution-phase namtip

branched copolymers. The nanoparticles are synthesized b L i :
loading the branched copolymers with gold (lll) chloride, éfes, combining X-ray wavelengths small enough to directly

which is slowly reduced to metallic gold, with the amine probe nanopatrticle size and shape with the ability to charac

groups of the DEAMA both complexing the gold (111) chlo- terize aqueous solutions without dry#fg

ride ions and acting as a reducing agent. The nanopartices a SAXS data were collected on the 122 beamline at the Dia-
9 gagent. b mond Light Sourcé’. 122 is an undulator beamline deliver-

thus formed already surrounded by a stabilizing PEG Iayer.ng approximately 18 photons per second in a spot size of

To shed light on the mechanisms of particle formation an 5Qum x 250 um. For these experiments the double crystal

growth, we have investigated the kinetics of particle faiora :
using dynamic synchotron-based small angle X-ray scaeri monochromator was setto deliver 13.0 keV X-rays. Data were
collected on a Pilatus 2M detectdr The data were normal-

This study opens the way for micelle-like branched COIOOIyfized for transmission using the beamstop diode on 122. Fit-

mers to become an important route for high-volume syntheaﬁn was carried out using the SANSView proarnwith
of PEGylated nanopatrticles for biomedical applications. thegbuilt-in modelaohereM(gjel' progray

; 2
2 Materialsand Methods P(q) = S(i/ale 3V(Ap)(S|n(((:|qRé)3 ARcogaR)) +background
2.1 Branched copolymer-templated gold nanoparticle _ _ 1)
synthesis whereP(q) is the form factor, scale is a prefactor proportional

to the volume fractiony is the particle volumeq is the mo-
The branched copolymer was prepared and characterized asentum transfemR is the sphere radius, amxp is the differ-
described previousR?. Briefly, the monomers DEAMA, ence in scattering length density between the particle aad t
PEGMA and EGDMA were polymerized in ethanol in the solvent. A relative measure of the number of particles pér un
presence of the chain transfer agent 1-thioglycerol (TG)yolume is given by(scaIdR3) . Polydispersity was modeled
which acts to limit the molecular weight. The polymer ysing the Schultz distributicf.
was designed as PEGMADEAMA o;—EGDMA,.—TG,,,
H NMR showed the actual ratio of PEGMA : DEAMA :
EGDMA to be PEGMA—~DEAMA 4c—EGDMA, 5. Molec-
ular weights from gel permeation chromatography: Mn = 24
900 Da, Mw = 57 200 Da (Mw/Mn = 2.28§.

To prepare gold nanoparticles, the branched copolymer was
dissolved in acidified ultrapure water (adjusted to pH 268, b Gold nanoparticles were synthesized within micelle-like
low the polymer isoelectric point of pH 7, all pH adjust- branched copolymers as described in Materials and Meth-
ments used hydrochloric acid and/or sodium hydroxide), anads. Briefly, aqueous solutions of branched copolymer and
stirred for 1 — 2 hours to ensure complete dissolution. Thegold (l1l) chloride (HAuC},) were separately adjusted to pH 7,
pH was then adjusted to the desired value for reaction, lysual close to the isoelectric point of the polymer, and mixed. The
pH 7, and mixed with a solution of gold (1) chloride (Sigma- characteristic ruby red color of gold nanoparticles depetb
Aldrich) in ultrapure water adjusted to the same pH. A finaland deepened over a period-ef24 h. In contrast, there was
polymer concentration of 2.0 mg/ml was used, while the con-no visible reaction within 24 hours when polymer and gold

3 Resultsand Discussion

3.1 Branched copolymer-templated gold nanoparticle
synthesis

2| Journal Name, 2010, [vol]l 1-6 This journal is © The Royal Society of Chemistry [year]
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were instead mixed either well above (pH 12) or well belowulation of polydisperse spheres with mean radiud3TIhe fit
(pH 2 — 3) the amine isoelectric point. The lack of reaction atuses a Schultz distribution with a high polydispersity ealu
very high pH may be due to the densely collapsed nature ofo/xmean= 0.43), indicating a broad, right-skewed distribu-
the completely hydrophobic polymer backbone, meaning thation. This skew towards larger particles is confirmed quali-
few amine groups are accessible to the gold (1) chloriaesio tatively by a histogram of the particle size distribution floe
In contrast, at very low pH, the polymer is extended and thesame sample as measured by TEM (Figure 3b); the TEM sam-
amine groups accessible. However, the amine-induced reduples were deposited c. 1 week after the beginning of syrghesi
tion of gold (Ill) chloride is not favored at this pH, sincesth and give a larger mean radius ofABndicating that slow par-
mechanism involves an electron transfer from the aminedo thticle growth has continued after the 19.4 h time-point of the
gold as well as the liberation of H+, both of which become un-SAXS measurement. Note that any suﬁnﬁaarticles present
favorable at low pH when the amine is already proton#ted  will not be detected by SAXS, since the scattered intensity i
The success of the synthesis was confirmed by transmigtominated by the larger particles.
sion electron microscopy (TEM) and ultra-violet-visibjees-
troscopy (UV-vis). Figure 1 shows a TEM image of gold
nanoparticles prepared using this method. High-resaiutio
images (inset) confirm the crystalline nature of the pagticl
whose size is in the range c. 20 —AOThe UV-vis spectrum 0.8
of the gold nanoparticle solution prepared using the bradch
copolymer shows a single peak at 518 nm, consistent with pre-
vious observations of gold nanoparticl@igure 2). TEM
images also indicated the presence of an additional popula-
tion of very small nanopatrticles, radiusf6or less (top part 0.2
of Figure 1), however it is unclear whether these are an arte-
fact formed by electron-beam driven reduction of any resid-
ual gold (lIl) chloride, or genuine small nanoparticlestsas 400 500 600 700
have been previously reportgd Such very small particles wavelength / nm
would have a negligible effect on the UV-vis spectrum, which
would be strongly dominated by the larger partiéfes

1.0+

0.6

0.4+

Absorbance

0.0-

Fig. 2 UV-visible spectrum of branched copolymer-templated gold
nanoparticles, showing the characteristic plasmon peak&nm.
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Fig. 1 TEM of gold nanoparticles synthesized in branched 1077 RIS S e e 0.00 , ,
copolymer nanoreactors. The main image shows particlessiteg 0.01 0.1 20 40 60 80 100

on a carbon support film. The inset shows a TEM image of a single q/ A" Particle Radius / A
particle (scale bars 58).
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Fig. 3 Size distribution of branched copolymer-templated gold
The particle size distribution was characterized bynanoparticles. a) Small angle X-ray scattering from sohuti
synchrotron-based small angle X-ray scattering (SAXS)- Fi following gold nanoparticle formatior=t=), fitted by a Schultz
ure 3a shows the scattered intensity as a function of mc,.(;iistribution as described in the text ¢ ). b) Histogram from TEM
mentum transfer, for a population of branched copolymer- 'Mmage.
templated gold nanopatrticles 19.4 h after the beginningmof s
thesis. This scattering pattern is well-fitted by assumipga
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Table 1 Comparison of gold nanoparticles synthesized with andowmitlexposure to X-rays. Values are derived from the fits shiovifigure
4, with relative number density (in Arbitary Units) detenmad as described in the text. Exact reaction time valuesieee @ caption to
Figure 4. Stated errors are the uncertainty in fitting.

Molar Exposure Mean Relative Mean Relative Mean
ratio to X-ray radius number radius number radius
HAUCI,;: beam /A density / A.U. 1A density / A.U. 1A
DEAMA 10-13h 10-13h 10-13h 18—-20h 18-20h 10 days
(SAXS) (SAXS) (SAXS) (SAXS) (SAXS) (TEM)
38% O 21+2 90°3 17+4 13+38 -
38% O 192 3.2738 31+2 185703 45
19% O 163 6.8730 1073 30733 -
19% O 2142 0893 29+2 09+0.2 -
3.2 Kineticsof nanoparticlesynthesisand the effect of X- @) 102 b) 102
ray exposure —. ) . )
g 2 % 2
The kinetics of nanoparticle formation were investigated u z 1¢° > 10°
ing SAXS, with repeatedn situ measurements of growing é . é 4
particles. These results were compared with measurements - = 2
of the same reaction mixture under identical conditionsand 5 10* g 10"
the same timepoints, but without exposure to the X-ray beam:% 4 § 4

The in situ samples were exposed to the X-ray beam for 2 2
mins out of every 15 mins between 1.6 hours and 9.0 hours, 10
giving an overall dose rate of (1.35 0.14) x 10 photons
hour I mm~2 during this period. This frequentirradiation was
stopped after 9.0 hoursz from this time to 19.4 hours, measur Fig. 4 Kinetics of nanoparticle growth with (red) and without (Bju
mentg were taken only |nfrequently so that the_ effect of X-ra exposure to X-rays. Small-angle X-ray scattering from tieac
dose in this later period is likely to be negligible. The pre- 4o tions with a gold (Ill) chloride : DEAMA ratio of a) 38% drb)
cise cumulative dose at each measured time point is given ifiges. In both plots, thick red curves show measured scattevith
Supporting Information. X-ray exposure at time points 12.6 ¢ ) and 18.7 h£==), and

The comparative results are shown in Figure 4 for two dif-thick blue curves show measured ;cattering after 114+ ) and
ferent ratios of gold (IIl) chloride to the charged DEAMA 19-4 h (=) without exposure. Thin black lines show
monomer, with parameter values obtained by fitting given inc2/"ésPonding fits to a population of polydisperse sphevits,
Table 1. In the absence of X-ray exposure, particles grew to cfl'mng parameters given in T-able 1 and S.Upportmg Inforomat

o . . o 2.6 h ), 18.7 h €---) with exposure; 11.1 h<{ - )and 19.4 h

15— 20A after 11.1 h, increasing to around 0after 19.4 h. (—) without exposure.
This was true for both higher (38%) and lower (19%) HALCI
: DEAMA ratios; in the latter case, the lower amount of gold
available simply led to a lower number of particles. The num-
ber of particles did not measurably increase afterthe 11k 13 Exposure to X-rays significantly altered the properties of
time point, and may even have decreased in the case of ththe particles formed. The final population of particles & th
higher gold (Ill) chloride concentration, potentially dizeei-  later 18.7 h timepoint consisted of a much larger number of
ther Ostwald ripening or particle coalescence. For thedrigh particles than in the non-irradiated case, but of a smaltter s
gold concentration (38% ratio), the mean size was measured.7 + 4 A as opposed to 3% 2 A for the 38% HAuUC, :
by TEM as described above after 1 week reaction time andEAMA sample). This difference is interpreted as being a
found to be 454, suggesting that particle growth continued result of the reduction of the gold (I1) chloride by the Xyra
even after 19.4 h. These very slow growth kinetics must be &ean¥?, leading to rapid supersaturation and a correspond-
consequence of the templating polymer. Since the DEAMAIng greater number of nucleation events during the period of
backbone is expected to strongly complex the gold (1) ehlo irradiation prior to 9.0 h. In the absence of X-ray exposure
ride ions, it is reasonable to expect slow ion diffusion with there is less nucleation, leading to a smaller number of par-
the polymer core. ticles and eventually a larger size given that the amount of

4| Journal Name, 2010, [vol] 1-6 This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Extracted data from the dynamiic situ SAXS measurements of branched copolymer-templated golopaaticle growth: early stage
kinetics with a gold (Ill) chloride : DEAMA ratio of 38% and prsure to X-rays from 1.6 to 9.0 h as described in the textsRloow a)
mean nanoparticle radius, b) relative volume fraction dfigand c) relative number density as determined from thefitsvn in Figure 5.
Error bars show the uncertainty in fitting.

LS

ratio, Figures 5,6). The overall volume of metallic gold ks o
served to grow steadily, reaching a plateau region arou@d 5-
h. Most of this increase is due to growth in the particle size,
which increases rapidly over the first few hours, from 7 A

at1.6 h to 182 A at 3.1 h. The number of particles in con-
trast drops particles drops between 1 — 2 h from an initigh hig
point, indicating either particle coalescence or an Osiwal
type ripening process. Since coalescence is expected to be
greatly inhibited by the stabilizing polymer, ripening see
more likely on this short timescale.

increasing reaction time

Scattered Intensity

q/A"

4 Conclusions
Fig. 5Dynamicin situ SAXS measurements of branched
copolymer-templated gold nanoparticle growth: earlystigetics ~ We have demonstrated the synthesis of PEGylated gold
with a gold (1l) chloride : DEAMA ratio of 38% and exposure to  panoparticles within a pH-responsive branched copolymer
X-rays. Thick colored lines show measured data, and thickbla nanoreactor. This approach has substantial advantages ove
lines show corresponding fits. Time points: 1.6, —), 1.9h  54itional multistep processes in terms of scalabilitgng
E___))Z;Qr: (;,-)’ 36)h4(f2_h;)31h) The er.atin.g stgbilized nanoparticles suitable for bipmed'mpﬂ
measured 18.7 h time poine(= , same as solid red curve in plications in only_ two 5|mple_ steps from _rea_ldlly available
Figure 4) is given for reference. monomers. Particle growth is _sIOV\_/, continuing O\Der_ZO _
hours, attributable to the retarding influence of the siabil
ing polymer. Particle growth kinetics were followed by real
time small-angle X-ray scattering (SAXS). Finally we have
compared particles formed under repeated SAXS measure-
ment with particles formed under identical conditions ie th

gold reactant available is finite. The effect of X-ray expasu
thus become especially apparent at the later time point (1)8.
when the supply of gold becomes limiting to the particle size :
The idea thart)g)(—yraysginfluence the procegs of nucFI)eatiorerath absence of X-rays. Exposure to X-rays results in smaller ul-
than post-nucleation growth is confirmed by the fact that af'mate particle size and greater partlclg number due toyX-ra
the earlier 12.6 h time point, the particles were observed tdnduced reduction of the gold (IIf) chloride precursor.

be roughly the same size as those at a similar stage (11.1 h)

formed without X-ray exposure. These effects were observe@ ck nowledgements

for both gold concentrations measured.

Full kinetic results including early timepoints were deter TEM image analysis was performed by Tiesheng Wang. This
mined for the X-ray-exposed case (38% HALCIDEAMA work was carried out with the assistance of the DIAMOND
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