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Gold nanoparticles (AuNPs) have many biomedical applications.
Their size is a crucial parameter, as it affects cellular uptake. Here,
we investigate how the formation of AuNPs is affected by the
composition and architecture (AB, BAB and ABA) of the
copolymers, which were used as templates for the fabrication of
AuNPs.

Gold nanoparticles (AuNPs) have been extensively studied
over the past two decades due to their electronic, optical and
catalytic properties.3 In medicine, their ability to be used as
imaging agents for diagnosis and photothermal therapy has
made AuNPs particularly attractive.3® While the most
common approach has been to synthesise AuUNPs using small-
molecule surfactants such as citrate,10-12 this inevitably leads
to a multistep process, since inorganic nanoparticles for
biomedical applications require a brush-like coating of an
antifouling polymer such as poly(ethylene glycol) (PEG) to
stabilise them and eliminate non-specific interactions with
proteins and cells.1314 There is thus growing interest in the
alternative approach of synthesising AuNPs within the core of
polymeric  precursors,%21517 e g pre-existing polymer
micelles,215 so that a PEGylated nanoparticle construct is
generated directly without the need for a subsequent
PEGylation step.>2 The overall size and shape of this PEGylated
AuNP construct is of the foremost importance as it affects the
biofunctional properties of the particles, resulting in e.g.
different cellular uptake times.18-20 Thus, tuning the size and
the shape of the AuNP-polymer construct is crucial in
designing effective diagnostic and therapeutic tools.21-23
Furthermore, the incorporation of additional functional groups
into the stabilising PEG corona can manipulate surface charge
and provide a platform on which targeting moieties for specific
cell types can be attached; the latter is known as active
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In this study, we have chosen to fabricate AuNPs within the
cores of micelles produced by well-defined block copolymers,
using amine groups to promote the in-situ reduction of
HAuCl4.252° Specifically, when the HAuCl; reacts with the
amine groups, Au3* is reduced to Au?, while the amine groups
(NR3) are oxidised to NR3+.25 The simplicity of this method is
advantageous, as it eliminates the requirement of additional
reducing reagents, which would need to be removed later. The
AuNP is formed in the core of the micelle, where it likely
complexes the amine-groups. Here, we report the fabrication
of AuNPs using copolymers of varying architectures and
compositions, which are based on 2-(diethylamino)ethyl
methacrylate (DEAEMA, A block), an amine-containing
monomer that becomes hydrophobic when deprotonated at
higher pH values, and which will form the micelle core and
poly(ethylene glycol) methyl ether methacrylate (PEGMA, B
block), which is hydrophilic and it will form the corona.

To the best of our knowledge this is the first study in which
polymers of different architectures have been systematically
tested in the fabrication of AuNPs. Specifically, AB diblock, and
ABA and BAB triblock copolymers have been synthesised to
investigate how the architecture affects the fabrication and
size of the AuNPs. For the AB and BAB architectures, we have
varied the composition of the polymer to systematically alter
the relative amounts of DEAEMA and PEGMA. The polymers
were synthesised by group transfer polymerisation (GTP),30-32 3
living polymerisation method that enables the synthesis of
well-defined polymers,33 i.e. polymers with defined molar
mass (MM), architecture and composition. DEAEMA has been
chosen as the hydrophobic amine-containing monomer that
will form micelle cores, while PEGMA has been chosen to
generate a hydrophilic anti-fouling corona of PEG around the
micelle core, and later around the nanoparticle. Propargyl
methacrylate (PMA) groups have also been incorporated into
the PEGMA based blocks to enable post-polymerisation
functionalisation, such click chemistry to attach imaging or
targeting moieties.3435

The synthesis of the polymers was performed via an one-
pot, sequential GTP, similarly to previous reports.343650 The
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successful synthesis of the polymers was confirmed with gel
permeation chromatography (GPC) and proton nuclear
magnetic resonance (NMR) spectroscopy. The resulting
polymer’s MM, dispersity indices (P) and comonomer (PEGMA
and DEAEMA) compositions are shown in Table 1. A more
detailed report of the polymer synthesis can be found in the
Supporting Information in Table S1. In total, 7 polymers were
synthesised, specifically three BAB (where B = PEGMA and A =
DEAEMA) and three AB block copolymers of varying
comonomer composition and one ABA triblock copolymer. All
synthesised copolymers presented B lower than 1.25, which is
satisfactory and expected for macromonomer-based GTP-
synthesised polymers.37.38/41,43,51,52

The polymers are schematically illustrated in Figure 1. The
expectation is that the BAB triblocks and AB diblocks will both
assemble into classical spherical micelles with a PEG corona as
illustrated schematically in Figure 2 (a). The ABA triblock on
the other hand is expected to form flower micelles, as shown

schematically in Figure 2 (b).
Table 1: MMs, dispersities and composition of the synthesised polymers.

COMMUNICATION

The 1 w/w% aqueous solutions of the copolymers were
characterised to determine the polymers’ pK, and cloud point
(CP). The results are displayed in Table 2. It can be clearly
observed that both the polymer’s pK, and CP decreased as the
content in the hydrophobic DEAEMA increased. Specifically,
the pK,s decreased from 7.1 to 6.8 for both BAB and AB
diblock copolymers as the hydrophobic content increased. This
trend has been observed previously, and it is attributed to the
decreased dielectric constant by increasing
hydrophobicity.37,384043,51,53 The CPs decreased from 61 to 57
°C for both BAB and AB diblock copolymers as the hydrophobic
content increased, as expected and observed
before.37,3840,41,43,54,55 |t js interesting to point out that neither
the pKa, nor the CP were affected by the polymer architecture,
as polymers with the same DEAEMA content, but different
architecture, presented the same pK,s and CPs within the
experimental error. The titration curves can be found in Figure
S3in the SI.

M DEAEMA-PEGMA-PMA (w/w%)

No. Architecture Theoretical Polymer Structure » b?
(g mol™)? - -
Theoretical Experimental ®

P1 PEGMA14-b-DEAEMA19-b-PEGMA14-b-PMA; 17400 1.19 29-69-2 29-70-1
P2 BAB PEGMA12-b-DEAEMA26-b-PEGMA12-b-PMA; 15400 1.20 39-59-2 38-60-2
P3 PEGMA10-b-DEAEMA3;-b-PEGMA10-b-PMA; 17100 1.19 49-49-2 46-52-2
P4 DEAEMA15-b-PEGMA2s-b-PMA; 14700 1.20 29-69-2 26-72-2
P5 AB DEAEMA6-b-PEGMA24-b-PMA; 16500 1.17 39-59-2 37-61-2
P6 DEAEMAs2-b-PEGMA20-b-PMA: 16400 1.12 49-49-2 48-50-2
P7 ABA DEAEMA10-b-(PEGMA2s-co-PMA;)-b-DEAEMA10 13900 1.29 29-69-2 27-71-2

aThese values were determined by GPC analysis before precipitation.
bThese values were determined by *H NMR analysis after precipitation.

; \vaml

Figure 2: Schematic representation of the different polymer investigated in
this study. The PEGMA, DEAEMA and PMA units are shown in blue, red,
and dark red spheres, respectively.

This journal is © The Royal Society of Chemistry 20xx

(a) BAB architecture — core-shell micelles
™™t HO. HAuC), s

Figure 1: Schematic illustration of the self-assembly behaviour of (a)
Polymer 1, which is a BAB triblock copolymer with the hydrophobic part in
the centre of the polymer chain, and (b) Polymer 7, which is an ABA triblock
copolymer with the hydrophilic part in the part in the centre of the polymer
chain. The subsequent formation of AuNPs by the addition of HAuCls is also
presented. The PEGMA, DEAEMA and PMA units are show in blue, red and
dark red spheres, respectively.
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Table 2: Diameter size of the micelles, pKa and cloud points of the synthesised polymers in DI water at initial pH (pH = 8).

No. | Architecture | DEAEMA:PEGMA (w/w%) Theoretical Polymer Structure +”(')(*1 — D'a.memr /nm - c'fgdlp;ficnt

=U. eoretical By DLS zu.

P1 29:70 PEGMAu4-b-DEAEMA;s-b-PEGMAw-b-PMA; 7.0 21: 135 61
P2 | BAB 38:60 PEGMA12-b-DEAEMAs6-b-PEGMA12-b-PMA; 7.0 20° 11.7 59
3 | 46:52 PEGMA10-b-DEAEMAs-b-PEGMAs0-b-PMA, 6.8 26° 11.7 57

P4 26:72 DEAEMA19-b-PEGMAs-b-PMA, 7.1 320 21.0 61
TP | AB 37:61 DEAEMA26-b-PEGMA24-b-PMA, 6.9 320 21.0 60
p6 | 48:50 DEAEMAs2-b-PEGMAz0-b-PMA, 6.8 220 24.4 57

P7 ABA 27:71 DEAEMA10-b-(PEGMAas-co-PMA2)-b-DEAEMA | 7.1 19¢ 18.2 62

3 For the BAB architecture, the theoretical diameter was calculated as follows: (DPa+DPg+2*DPc)*0.254nm.

b For the AB architecture, the theoretical diameter was calculated using the following equation: (DPa+2*DPg+2*DPc)*0.254nm.

¢ for the ABA architecture, the theoretical diameter of the flower-like micelle was calculated by the following equation: (DPa+DPg+DPc)*0.254nm.

Note: In the equations mentioned above, DP stands for degree of polymerisation, which were calculated by using the results by GPC and *H NMR analysis,
whereas A, B, and C are DEAEMA, PEGMA, and PMA, respectively. The value of 0.254nm is the projected length of one methacrylate repeated unit.

* The results reported are the ones corresponding to the maximum of the peak by intensity. In case more than one peak is present, the value reported
corresponds to the maximum of the highest intensity peak. Complete DLS results can be found in Figure S2.

The self-assembly into micelles of 1 w/w% aqueous
copolymer solutions has also been shown. The micelles’
diameter was strongly affected by the architecture of the
copolymers, while no specific trend was observed in terms of
the comonomer composition. As can be seen in Table 2,
smaller micelles were formed by the BAB architecture,
compared to the AB architecture, as expected. The theoretical
calculations of the diameters, presented in Table 2, assume: i)
the DEAEMA block is hydrophobic and forms the core of the
micelle, regardless the pH, ii) the hydrophobic part fully
overlaps, iii) the methacrylate backbone is fully extended, and
iv) the ABA triblock copolymer is expected to form flower
micelles, in which all the polymer chains fold in a pedal-shape.
The experimental diameters are generally smaller than the
corresponding theoretical since the theoretical
calculations assume that the polymer chains are fully
extended, as mentioned above. However, Polymer 6, which is
an AB diblock copolymer with the highest content in DEAEMA,
forms slightly bigger micelles than the theoretical value, which
can be explained by taking into consideration that incomplete
overlap of the DEAEMA block might take place. It is interesting
to note that the ABA triblock copolymer at initial pH (0%
protonation of the amino units, pH = 8) forms monodisperse
micelles, without any unimers or larger aggregates present, as
opposed to pH 7 (this is discussed in the following paragraphs).

All polymers were tested in terms of their ability to form
and stabilise AuNPs. We have previously shown on a related

ones,

system that nanoparticle formation is optimal at a pH in the
vicinity of the amine pK; point (here around pH 7).27 This may
be attributed to the fact that amine-induced reduction of gold
(I11) chloride requires liberation of H* which is disfavoured at
low pH,ZS but at very high pH the micelle core may be too
hydrophobic for the gold (lIl) chloride to infiltrate it. Hence, all
particles were fabricated at pH 7, with polymer and gold
solutions separately adjusted to this value before synthesis.
Different HAuCl, to DEAEMA molar ratios were tested as
follows: 0.3, 0.5 and 0.7. Table 3 lists the diameters of the

This journal is © The Royal Society of Chemistry 20xx

AuNP-polymer constructs when 0.5 HAuCl4:DEAEMA was used,
light scattering (DLS), and the
diameters of the corresponding micelles prior to mixing with
gold (lll) chloride. Note that the nanoparticle diameters
quoted are the hydrodynamic diameters of the entire gold-

determined by dynamic

polymer construct. Particle formation was monitored over
time using UV-visible spectroscopy and the results are
presented in Figure 3. The growth initiation time (Table 3) is
taken as the point at which absorbance at 520 nm becomes
greater than 2.
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Figure 3: Graphs showing the kinetics of solutions containing different
polymers mixed with gold at certain HAuCls:DEAEMA molar ratio. The
graphs show the evolution of the absorbance at a 520 nm wavelength
over time. a) Molar ratio 0.3 b) Molar ratio 0.5 c) Molar ratio 0.7.
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Table 3: Diameter size of the micelles and the polymer/gold particles (0.5 molar ratio of HAuCls to DEAEMA) at pH 7.

DLS results Particle
. DEAEMA:PEGMA . diameter+ | Srowth
No. | Architecture Theoretical Polymer Structure Micelle initiation
(w/w%) PDI Std Error / .
diameter / nm? hm® time / hrs
P1 29:70 PEGMAu-b-DEAEMA19-b-PEGMA14-b-PMA; 135 1.000 31+3 9<t<24
P2 BAB 38:60 PEGMA12-b-DEAEMA26-b-PEGMA12-b-PMA; 18.2 0.262 31+3 7
P3 46:52 PEGMA10-b-DEAEMA;-b-PEGMA10-b-PMA; 13.5 0.139 31+3 6
P4 26:72 DEAEMA19-b-PEGMA;5-b-PMA: 24.4 0.416 33+1 9<t<24
P5 AB 37:61 DEAEMA6-b-PEGMA4-b-PMA: 21.0 0.066 28+1 9
P6 48:50 DEAEMA;;-b-PEGMA20-b-PMA: 28.2 0.114 39+6 3
P7 ABA 27:71 DEAEMA10-b-(PEGMA2s-co-PMA;)-b-DEAEMA10 18.2 0.722 31+3 9<t<24

2 The results reported are the ones corresponding to the maximum of the peak by intensity. In case more than one peak is present, the diameter reported is
the one corresponding to the maximum of the micelles peak. Complete DLS results can be found in Figure S2.
b The experiment was repeated twice, thus the value reported is the average diameter. The diameter corresponding to the maximum of the peak was used

for the calculations. Complete DLS results can be found in Figure S2.

To characterise the gold core of the nanoparticles, we have
selected one example of each architecture for detailed
characterisation by synchrotron small-angle X-ray scattering
(SAXS); specifically, Polymer 3 as an example of BAB, Polymer 6
as an example of AB and Polymer 7 as an example of ABA. In
all cases SAXS showed that the gold cores were spherical, with
diameters in the 8-10 nm range and a population Gaussian
dispersity in the range 0.20-0.25 (i.e. the standard deviation
normalized by the mean (Figure S7, Tables S3, S4). Hence the
gold core diameter is roughly 1/3 of the micelle diameter with
no difference in this case between the three different
architectures. The spherical nature of the particle gold cores
was further confirmed by transmission electron microscopy
(TEM) (Figure S6).

Returning to the overall diameter of the gold-micelle
construct, in most of the cases, it is observed that the size of
these particles is higher than the corresponding micelles, as
expected, since the Au was incorporated in the centre of the
micelles.

Interestingly, the architecture and the composition of the

copolymers influence the time that the particles need to be

formed, as well as the size of the particles. In summary five
main observations can be made:

(i) All the copolymers with the lowest hydrophobic amino
content, regardless the architecture, form micelles with
significant population of unimers and/or aggregates, as
indicated by the high polydispersity (PDI) values. As a
result, the particles formed by these copolymers need
more time to be formed.

(ii) Concerning copolymers of the same architecture, either

BAB or AB, the time needed for particle formation is

shorter as the hydrophobic amino content increases. This

shows the important role of the amino groups on the
synthesis of AuUNPs.

For the BAB triblock copolymers, there is no significant

difference in the particle size, regardless of the change in

composition. However, similarly to the AB diblock
copolymers, the higher the DEAEMA:PEGMA ratio, the
faster the AuNPs are formed.

(iii)

This journal is © The Royal Society of Chemistry 20xx

(iv) The ABA architecture, which adopts flower-like micelle
configuration, forms AuNPs of a comparable size as the
BAB architectures, regardless the composition.

(v) Polymer 6, which is the AB diblock copolymer with the
highest hydrophobic amino content, forms mostly
micelles with no significant population of unimers or
large aggregates (as indicated by the low PDI value).
Polymer 6 also forms particles faster than all the other
polymers.

In conclusion, it has been demonstrated that both the
polymer composition and block position (architecture)
influence the formation and the size of the AuNPs. Most
importantly, the AB diblock copolymer with the highest
content in the hydrophobic amino unit forms mostly micelles
(no unimers or large aggregates are present) and it is the best-
performing in terms of fabrication of AUNPs with this micelle-
templating method. The absence of unimers and large
aggregates is confirmed by the presence of only species with
size corresponding to micelles, as proved by DLS (Table S2).
Therefore, a set of polymer structure criteria and conditions
for AuNPs synthesis have been determined, which are
important in designing and tailoring AuNPs for biomedical
applications.
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