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Highly stable Au nanoparticles with double
hydrophilic block copolymer templates:
correlation between structure and stability}
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We herein report a facile synthetic method for preparing gold nanoparticles (Au NPs) with superior
colloidal stability using a series of double hydrophilic block copolymers (DHBC), poly(ethylene oxide)-
block-poly(acrylic acid) (PEO-b-PAA), as a template (Au@DHBC NPs). Due to the presence of a well-
defined polymeric shell around the Au NPs, this DHBC-based synthetic method provides superior stability
when compared to conventional citrate-based synthesis. We have investigated NP performance by
systematically varying the molecular weight of the interacting PAA block from 5000 g mol™ to 27 000
g mol ™. Interestingly, the size of the Au NPs did not significantly depend on the molecular weight of the
PAA block and the density of DHBC present around a single NP decreased upon an increase in the mole-
cular weight of the PAA block. Cyanide etching of Au@DHBC NPs further confirmed the presence of
DHBC with different densities around the NPs, resulting in tunable stability. Considering the structural
variability of DHBCs, it is expected that the approach presented in this study will offer a new means for
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Introduction

In the past few decades, tremendous effort has been devoted
to designing nanomaterials with unique characteristics,
different from those of bulk materials, through the controlled
synthesis and functionalization of materials on a nanometre
scale."™ Colloidal gold nanoparticles (Au NPs) have been
widely applied in the fields of biology and biomedicine as bio-
logical labels, visualizing reporters, and agents for thermal
therapy.”® Although NPs are more stable in the bulk phase,
attempts at preserving and enhancing the nanoscale properties
of Au NPs under biological environments such as varying the
pH and ionic strengths have received significant attention
allowing their successful utilization in a wider field of study.’
Typically, Au NPs of size ranging from a few to several hun-
dreds of nanometers have been prepared by either adsorption or
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creating Au NPs with enhanced colloidal stability for potential biological and biomedical applications.

chemical binding of small molecules such as citric acid or thiol-
functionalized chemical species that act as surfactants and stabil-
izers."®" Despite the simple and successful synthesis of Au NPs
by these methods, the stability of Au NPs is often limited in
various biological environments.'” Thus, an additional process
such as the introduction of polymers is required for surface
passivation of as-prepared NPs, whereby the colloidal stability is
enhanced by strong inhibition of the non-specific adsorption of
biomolecules such as peptides and proteins. In particular, water-
solubilizing polymeric ligands (e.g., poly(ethylene oxide) (PEO))
can not only interrupt undesired interactions with natural
materials, but also provide an antifouling effect through the
organization of the copolymers on the NP surface."*

As an alternative approach, a variety of block copolymers
have been studied as highly attractive materials that can
improve the stabilization of NPs.'*"® Among them, double
hydrophilic block copolymers (DHBCs) are known to facilitate
the formation and controlled growth of such nanostructures as
well as impart tunability due to the presence of chemically
different functionalities of each block.’® ' In particular, the
direct utilization of DHBC as a template and a stabilizer in NP
synthesis has recently been exemplified as an efficient alterna-
tive to either the conventional surfactant-based method or pro-
tocols involving post-functionalization with macromolecular
ligands (Scheme 1). From a structural viewpoint, the DHBC
template consists of two chemically distinct segments with

This journal is © The Royal Society of Chemistry 2017


www.rsc.li/polymers
http://orcid.org/0000-0001-9951-851X
http://orcid.org/0000-0002-6419-3054
http://crossmark.crossref.org/dialog/?doi=10.1039/c7py00773f&domain=pdf&date_stamp=2017-08-03
http://dx.doi.org/10.1039/C7PY00773F
http://pubs.rsc.org/en/journals/journal/PY
http://pubs.rsc.org/en/journals/journal/PY?issueid=PY008031

Published on 04 July 2017. Downloaded by Ulsan National Institute of Science & Technology (UNIST) on 08/08/2017 15:20:44.

Polymer Chemistry

(a) Small Molecule Ligand

— Au precursor
reductant
small molecules

. . water/solvent
(i.e. citrate)

View Article Online

Paper

Vg pH, temperature R
ionic strength B

(b) Double Hydrophilic Block Copolymer

~xSVNv
PEO-b-PAA Au precursor ()
o water g
(’O\/\)}0J7~\1“\:

DHBC Template

Induced Micelle

Au : """""""""""""" ’ 3
N v N
7N 7y
Unstable NPs
i £ PEO shell
e % ‘Z;W\ reductant
2
wE —
ot i'v"‘fm 3
¥$n e

Highly Stable NPs

Scheme 1 Synthetic approaches to Au NPs via small molecules or DHBC templates and the corresponding stability under various conditions.

hydrophilic features, which act as the interacting and solvating
block, respectively.”>>® Generally, the interacting block in
DHBC plays an important role in inducing polyionic complexa-
tion (PIC) with metal ions, which determines the structural
properties of the corresponding metal NP. In contrast, the sol-
vating block affects the solubility and stability of the resulting
NPs by forming a protective shell on the surface.

In particular, the stability depends on the shell density,
which can be tuned by controlling the number of solvating
chains present on the surface of NPs.>*

Despite previous efforts examining the synthesis of DHBC-
based NPs, extending the application of these DHBCs is still
challenging because micellization and the corresponding min-
eralization during the growth of NPs are highly dependent on
various factors.>>>® For example, internal parameters such as
the nature of the respective blocks utilized, the molecular
weight of polymers, and the ratio of reactants to polymers,
along with external factors such as the pH, temperature, ionic
strength, and specific complexation in solution, all play a criti-
cal role in the synthesis and subsequent properties of the NP.

In order to overcome these challenges, a poly(ethylene
oxide)-block-poly(acrylic acid) (PEO-b-PAA; PEO: solvating block
for NP, PAA: interacting block for Au precursor) block copoly-
mer was designed and its effect on the formation and the
corresponding stability of Au NPs was studied. In particular, a
series of PEO-b-PAA based DHBC templates were synthesized
using the PEO-Br macroinitiator and Cu-based atom transfer
radical polymerization (ATRP) (PAA blocks ranging from
5000 g mol™" to 27 000 g mol™"). It is known that the DHBC
template can form a micellar structure in solution by com-
plexation of the carboxylate groups present in the interacting
PAA block with the starting Au precursor salts.>® Subsequently,
these micellar aggregates can be transformed into Au NPs by
reaction with a reducing agent. As an additional benefit, the
well-defined PEO shell block provides stability to the NPs from
external conditions (Scheme 1b).

This journal is © The Royal Society of Chemistry 2017

The aim of this study is therefore to synthesize highly stable
Au NPs using DHBC templates and to determine the correlation
between the number of interacting blocks present on the DHBC
template and the structural properties of NPs and the corres-
ponding stability of the synthesized NPs. Significantly, multiple
functionalities can be introduced using DHBC, as each block in
the DHBC is highly tunable in terms of molecular weight and
structural control. For this reason, the synthetic approach of
utilizing DHBC as a template provides a facile means for prepar-
ing tunable NPs with increased stability.

Experimental

Materials

Poly(ethylene oxide) (PEO, M, = 5000 g mol™"), N,N,N',N",N"-
pentamethyl diethylenetriamine (PMDETA), 2-bromoisobutyryl
bromide, and trifluoroacetic acid (TFA) were purchased from
Sigma-Aldrich and used as received. The monomer tert-butyl
acrylate (¢BA, Aldrich, purity >99%) was passed through a plug
of basic alumina to remove the inhibitors before use. Toluene
was dried and purified by passing through purification
columns (Solvent Dispensing System, Glass Contour) and dry
nitrogen was bubbled through the solvent for 15 min immedi-
ately before use. Gold(m) chloride trihydrate (HAuCl,-3H,0)
and r-ascorbic acid were obtained from Sigma-Aldrich, and
sodium hydroxide was purchased from Junsei Chemical Co. All
these were used without further purification.

Synthesis of the PEO-Br macroinitiator

5.0 g (0.10 mol) of a-methoxy-w-hydroxy poly(ethylene oxide)
(MeO-PEO-OH, M,, = 5000) was added to 30 mL of anhydrous
THF and the flask was cooled to 0 °C using an ice-bath.
2-Bromoisobutyryl bromide was added slowly into the reaction
flask over 1 h via a syringe pump with constant pressure. The
reaction solution was gradually warmed to room temperature
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and stirred overnight. Subsequently, the solvent was removed
on a rotary evaporator and the residue was dissolved in water.
The mixture was extracted with dichloromethane (DCM)
and the organic extracts were dried over magnesium sulfate.
The solution was filtered and concentrated using a rotary
evaporator. The crude product was precipitated in diethyl
ether and filtered three times to obtain the pure macroinitiator
(4.7 g, 91% yield). "H NMR (600 MHz, CDCl;, 298 K, ppm):
5 1.9 (6H, s, OCOC(CHs),Br), 3.4 (3H, s, CH;OCH,CH,-), 3.6
(456H, br s, -OCH,CH,-), 4.4 (2H, t, -CH,CH,OCOC(CHj;),Br).

General polymerization procedure

Polymerization was carried out by the syringe technique under
dry argon in baked glass tubes equipped with a three-way stop-
cock or in sealed glass vials. A typical procedure for tert-butyl
acrylate (¢tBA) with PEO-Br/CuBr/PMDETA is given. For PEOs-
b-PtBA,,y, in a round-bottom flask (50.0 mL) filled with argon
was placed CuBr (43.0 mg, 0.30 mmol), toluene (2.40 mL), tBA
(3.50 mL, 24.0 mmol), PMDETA (0.75 mL, 0.30 mmol) and
PEO-Br (1.03 g, 0.20 mmol) sequentially; the total volume was
6.65 mL. Immediately after mixing, aliquots (0.50-1.0 mL
each) of the solution were injected into baked glass tubes,
which were then sealed (except when a stopcock was used) and
placed in an oil bath kept at 80 °C. After 4.5 h, the polymeriz-
ation mixture was terminated by cooling to —78 °C in dry
ice-methanol. Monomer conversion was determined from the
residual monomer concentration measured by 'H NMR
spectroscopy (80% conversion) and the obtained polymer was
purified by passing through basic alumina to remove the
Cu catalyst. The final product was precipitated in cold hexane
and dried overnight under vacuum at room temperature
(My, sec = 18 000 g mol ™", M,,/M,, = 1.11).

General procedure for hydrolysis

In a round-bottom flask, PEOs-b-PtBA (M, spc = 18 000
g mol™', M,/M, = 1.11) was dissolved in 5 mL of DCM and
5 mL of TFA was slowly added into the flask at 0 °C. The solu-
tion was stirred overnight at room temperature. After hydro-
lysis was complete, the solvent was removed via rotary evapor-
ation. The crude product was dissolved in THF and dialyzed
against deionized water to remove the reactant residues. The
pure white product PEO-b-PAA was obtained by freeze-drying
(1.5 g, 53% yield). "H NMR (600 MHz, D,0, 298 K, ppm): § 1.1
(6H, t, OCOC(CHS,),), 1.5 (192H, s, CH,CHCOOH), 2.3 (96H, br
s, CH,CHCOOH), 3.2 (3H, s, CH;0CH,CH,-), 3.5 (456H, br s
-OCH,CH,-), 4.1 (2H, br s, -CH,CH,0COC(CHj),-).

General procedure for the synthesis of Au NPs using the PEO-
b-PAA DHBC template

Au NPs with a double hydrophilic block copolymer shell
(Au@DHBC NPs) were prepared according to the following pro-
tocol. First, PEOs-b-PAA; (24.8 mg, 0.20 mmol of carboxylic
acid groups in the PAA block) was dissolved in 50 mL of deionized
water, followed by the addition of 0.10 mL of 4.0 M NaOH
(0.40 mmol, 2 equiv. for each carboxylic acid group in the PAA
block). To this solution, HAuCl,-3H,0 (26.2 mg, 0.067 mmol) was
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added and stirred for 5 min. Subsequently, 2 mL of 1 M ascorbic
acid (2.0 mmol) was added and after 3 minutes of vigorous stir-
ring, the solution underwent a color change to transparent red.
After the reaction, the solution was dialyzed against deionized
water using a dialysis membrane (MWCO 12 000-14 000,
SpectraPore) to remove any residuals. The prepared suspension of
Au@DHBC NPs exhibited good colloidal stability, lasting for more
than six months without any precipitation.

Thermal stability and polymer composite of Au NPs

1.5 mL of Au@citrate and Au@PEOs-b-PAA,, NP solutions
(1.0 nM) was added separately to vials of 4 mL capacity and
placed in a vacuum oven at 95 °C. These samples were
removed from the oven at specific intervals, and cooled to
room temperature to measure their absorbance using a UV-Vis
spectrophotometer. A composite of Au NPs was prepared with
the polymer gel matrix using agarose. For this purpose, 0.5 g
of agarose powder was dissolved in 50 mL of water and this
solution was gently shaken after heating for a minute in a
microwave. The agarose solution was removed from the micro-
wave after additional heating for 30 s. During the cooling
down process, Au@citrate and Au@PEOs;-b-PAA;. NPs were
added into the gel matrix at a specific temperature to form the
polymer-NP composite. The final concentration of Au NPs in
agarose gels was set at 0.10 nM.

Stability of Au NPs in various buffers

Stock solutions of several buffer such as MES buffer (50 mM,
pH 6.0), phosphate buffers (100 mM, pH 7 and 8), and carbon-
ate buffer (25 mM, pH 10.5) were prepared. Typically, 1 mL of
the Au@citrate and Au@PEO5-b-PAA;|. NP solutions (1.0 nM)
were dialyzed against 1 mL of the respective buffer solutions.
The total volume and the final concentration of Au NPs in
buffers were 2 mL and 0.5 nM, respectively. The absorbance
and photographic images of each Au solution were obtained
after 24 h to compare their colloidal stability in buffers.

Etching of Au NPs by cyanide ions

KCN solution (24 mM), and Au@citrate and Au@DHBC NP solu-
tions (2 nM of each) were prepared separately. 1 mL of the KCN
solution was added to 1 mL of the solution of Au NPs at room
temperature. The absorbance of the mixtures was measured using
a UV-Vis spectrophotometer at 520 nm at specific time intervals.

Measurements

'H NMR spectra were recorded on a Varian 600 MHz instru-
ment, and have been reported in parts per million (ppm). The
signals for all polymers were measured relative to the residual
solvent signals in CDCl; (7.26 ppm) or D,O (4.79 ppm). Size-
exclusion chromatography (SEC) traces and the polydispersity
index (PDI) of polymers were measured using a Waters
Alliance HPLC system equipped with a Waters 2414 refractive
index detector using either a mixture of chloroform and tri-
methylamine or that of dimethylformamide (DMF) and LiBr.
Poly(methyl methacrylate) (PMMA) homopolymers were used
as standards for calibration. The as-synthesized copolymers

This journal is © The Royal Society of Chemistry 2017
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are denoted by PEOs-b-PAA,,, where m was calculated on the
basis of degree of polymerization of tert-butyl acrylate
(DPy,, ¢pa) in the PEO-b-PtBA copolymer, which was determined
by 'H NMR. The morphology, size, and size distribution of the
prepared NPs were investigated using transmission electron
microscopy (TEM) (Tecnai FEI T20 and JEOL JEM-2100, an
accelerating voltage of 200 kV, Gatan CCD camera). UV-Vis
spectra were recorded using a UV-Vis spectrophotometer
(Shimadzu). The size distribution analyses were performed
using dynamic light scattering (a Wyatt Technology DynaPro
NanoStar instrument and a Nano Particle Analyzer) using a
photon source with a wavelength of 532 nm for micelles and
662 nm for NPs. The temperature was fixed at 25 °C and the
data were analyzed by the cumulant fitting method.

Results and discussion
Syntheses and characterization of PEO-b-PAA DHBC templates

In order to study the effect of the PAA block structure on
the formation of Au NPs and their corresponding colloidal

Table 1 Characteristics of all the polymers synthesized in this study”
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stability, a series of PEO-b-PtBA copolymers were prepared
from the PEO macroinitiator PEO-Br (M,, = 5000) via Cu-based
ATRP in conjunction with PMDETA as a ligand at 80 °C in
toluene. Five PEO-b-PtBA copolymers were successfully pre-
pared with narrow molecular weight distributions (M/M, <
1.2; Table 1 and see Fig. S1 in the ESI}) and analyzed by
'H NMR spectroscopy. For example, the PEOgs-b-PtBA;,
(Fig. 1 and entry P2 in Table 1) shows characteristic peaks for
the methyl group at the chain end of the PEO block (a, 3H)
and for the tert-butyl groups of the PtBA block (g, 9H). Peak
integration leads to a degree of polymerization of ¢BA
(DPy,, a = 96) and a total molecular weight of PEOs5-b-PtBA;
(M, nmr = 17 400).

The different copolymer samples were then treated with tri-
fluoroacetic acid (TFA) in DCM overnight at room temperature,
leading to the deprotection of the tert-butyl groups on the
P¢BA chain. Subsequently, all samples were purified by dialysis
in water for several days with the final structure of the PEO-b-
PAA copolymers being confirmed by 'H NMR.

For example, the peak for the tert-butyl group of PEOs-b-
PtBAjy (g, 9H in Fig. 1b) disappeared after hydrolysis (Fig. 1c),

PEO-b-P{BA
PEO-b-PAA
Entry Composition DP,, pof DP,,, pa® My, sec My /M, M, xve® M, ame
p1” PEO,-b-PtBAgy 114 62 16 300 1.09 13100 9600
p2° PEO.-b-P{BA, 5 114 9 18 000 1.11 17 400 12100
p3? PEOs,-b-PtBAygy 114 157 23000 1.16 25300 16 500
P4° PEO.-b-PtBA ;g1 114 235 34 800 1.12 35300 22100
p5/ PEO4-b-PtBAoy 114 368 48100 1.16 52300 31700

“All polymerizations were performed in toluene at 80 °C.
[PMDETA], = 3600/30/45/45 mM. “[tBA],/[PEO-Br],/[CuBr],/[PMDETA], =
36 mM.
"H NMR. " The number-averaged molecular weight (M,

? [tBA]o/[PEO-Br]y/[CuBr]o/[PMDETA], = 2850/30/45/45 mM.

¢ [¢tBA]o/[PEO-Br]o/[CuBr]y/

5700/30/45/45 mM. ¢ [¢tBA],/[PEO-Br]o/[CuBr],/[PMDETA], = 3500/12/36/

{BA]o/[PEO-Br]y/[CuBr]o/[PMDETA], = 4300/10/30/30 mM. ¢ The degrees of polymerization (DP,) of PEO and P¢BA were calculated by
») and molecular weight distribution (M,/M,) of PEO-b-PtBA copolymers were determined

by size-exclusion chromatography (SEC) using PMMA as a standard for calibration.
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Fig. 1 IH NMR spectra of (a) PEO-Br macroinitiator in CDCls, (b) PEOs-b-PtBA 2 copolymer in CDClz, and (c) PEOs,-b-PAA7 in D,O.
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indicating that the tert-butyl groups of the PtBA block were
fully deprotected.

Influence of the stoichiometry of the interacting block and the
Au precursor on the synthesis of Au NPs

It is important to understand the relationship between the
interacting PAA block of the PEO-b-PAA template and the Au
precursor (HAuCl,) as the carboxylate group is a primary con-
tributor to controlling the growth of the Au NPs. In general,
the evaluation of quantitative interactions between the inter-
acting PAA block and metal ions is rather challenging by con-
ventional spectroscopic tools such as 'H NMR due to broad
and insignificant peak changes. Therefore, sodium acetate was
employed as a model compound instead of the PAA block to
evaluate the association using "H NMR (Fig. 2). For example,
on mixing sodium acetate and HAuCl, in methanol-d, at room
temperature, the peak corresponding to the methyl group in
sodium acetate shifted downfield, indicating that the acetate
ion interacts with the Au ions (Fig. 2a). The stoichiometry was
estimated to be 2:1 (one metal ion per two acetate molecules)
by a Job’s plot based on the chemical shift change of the
acetate proton (peak a) and the molar fraction of acetate units

(a) s
(0]
a )J\ONa
_<O~, O>_ i :
—~<Q
o\“ "ro <—
Au precursor :
' 2i0 I 1;9 ' 1..8
ppm
(b)
0.08
'
E _,-
a i ' -
= 0.04
o a i
< . "
= F
0.00{ m =
0.0 05 1.0

7 (INaOAc]/([NaOAc]+[AuCl,])

Fig. 2 (a) *H NMR spectra of sodium acetate (top) and a 2 : 1 mixture of
sodium acetate and the Au precursor (bottom) in methanol-d, at room
temperature. (b) Job's plot of the association of sodium acetate with the
gold precursor (HAuCl,) determined from the change in chemical shift
(ppm) of NMR peak a. y was defined as the molar ratio of sodium
acetate to the total amount of sodium acetate and the Au precursor.
The plot showed a maximum at y = 0.667.
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(): [NaOAc]/[HAuCl,] = 1/0-0/1, [NaOAc] + [HAuCl,] = 10.0 mM
(Fig. 2b).

Based on this association behaviour, the relationship
between the micellar structures and the corresponding NPs
from the synthetic polymer template at varying molar ratios
(R, [AA in DHBC template]/[HAuCl,] = 0.5-4.0) was also investi-
gated by DLS and TEM analysis (Fig. 3 and Table S1}). For
example, PEOs-b-PAA; (entry P2 in Table 1) was used to study
the effect of the molar ratio of interacting units (the carboxy-
late group in the PAA block) and HAuCl, for the formation of
micelles and the corresponding Au NPs. The size of micelles
progressively became larger as the amount of the DHBC
template increased to a defined molar ratio (R < 1.5). This
observation suggested that the number of interacting units in
the DHBC template were insufficient for complete coordi-
nation with Au precursor ions (Fig. 3a). Moreover, the uncoor-
dinated Au ions in solution randomly participated in the for-
mation of Au NPs, leading to uncontrolled NP clusters when a
small amount of DHBC was used (Fig. 3b). These results indi-
cated that the size of micelles depends on the amount of Au
ions coordinated to the DHBC template and the ratio of the
interacting units and the Au precursor is critical in order to
control the structure of the resulting Au NPs.

In addition, TEM analyses provided details of the optimum
molar ratio required for a controlled synthesis of Au NPs. As
the R value increased, the structure of the Au NPs became
homogeneous, and their size gradually decreased. When the R

(a) T . T T
m  Micelles
1251 m Au@P2NPs L 60
- - B
£ 1004 = . o
—_ Y
(’) L —_
= 751 el
2 m s =
3501 < | : |—> E
o ¥
= L i 2 2
Q i
254
NP clusters individual NPs
0 T T T T 0
0 1.0 2.0 3.0 4.0

R = [Acrylic acid (in PAA)] / [HAUCI,]

Fig. 3 (a) DLS and TEM analyses of micelles (before reduction) and the
corresponding Au NPs (after reduction) prepared from PEOsy-b-PAA;,
and HAuCl, with varying molar ratios (R = 0.5-4.0). (b) A series of TEM
images of Au NPs prepared at a specific R value.
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value reached 3, only individual Au NPs were found to be
observed in solution. This observation indicated that the Au
ions were fully coordinated with the DHBC template and well-
defined micellar structures were present in the system. The
discrepancy in the coordination number required for the
DHBC template (R = 3) and the model compound (R = 2) is
likely due to the steric hindrance and repulsion of carboxylate
groups along the PAA backbone, leading to a decrease in
the association ability between the interacting unit and the Au
precursor ion. Therefore, the molar ratio of interacting units
and Au precursor was optimized as R = 3 for the DHBC system
during the controlled synthesis of Au NPs.

Effect of the DHBC template on the Au NP surface

As discussed in the previous section, the interacting PAA block
of the PEO-b-PAA DHBC template influences the formation of
Au NPs. The covalently bonded solvating PEO block, on the
other hand, is located on the surface of the Au NPs with these
PEO blocks acting as a protective shell on the surface of the Au
NPs. The stability of Au NPs prepared using the PEOs)-b-PAA;
template (Au@P2 in Table 2) was then evaluated under
thermal conditions and in the presence of biological buffers.

Table 2 Characterization of Au NPs prepared using citrate and DHBC
templates?

Ligand for Dy’ (nm) Dy,° (nm)
Entry NP synthesis (TEM) (DLS)
Au@citrate Citric acid 17.1+1.2 n.d.
Au@P1 PEOs-b-PAAs; 17.3 +3.1 31.6
Au@P2 PEOg-b-PAA;, 16.7 + 3.3 26.2
Au@P3 PEO.-h-PAA 1 19.2 + 3.8 27.6
Au@P4 PEOs,-b-PAA, ;. 15.8 £ 3.0 29.4
Au@P5 PEO,-b-PAA, 16.3 + 3.5 31.6

“All Au@DHBC NPs were synthesized with a fixed molar ratio (R = 3)
of interacting units, carboxylate groups of PAA blocks, and Au precur-
sors. ” The diameter of Au NPs is denoted by Dnp, which was calculated
by analyzing more than 100 Au NPs observed by TEM. ¢ Average size of
micelles is denoted by Dy, which was evaluated from the results of
three measurements by DLS.
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Conventional Au NPs prepared by the citrate reduction process
were treated as a control (Au@citrate in Table 2). The stability
of these NPs was evaluated by UV-Vis spectroscopy and TEM
analyses (Fig. 4).

The thermal stability of Au@P2 and Au@scitrate was first
examined by incubation at 95 °C in aqueous medium (Fig. 4a).
The color and absorbance of Au@P2 solution did not change
over 24 h and the particle size and shape were also unchanged
in TEM images, indicating that the Au@P2 was stable with no
detectable aggregation at high temperatures. In clear contrast,
the red color of Au@citrate quickly faded within 1 h at 95 °C
with concomitant disappearance of the characteristic surface
plasmon band. This phenomenon was further verified by TEM
studies showing aggregated Au NPs.

Inspired by the increased thermal stability of Au@P2, a
composite hydrogel containing Au NPs with agarose gel was
also prepared (Fig. S2t). Both Au@P2 and Au@citrate aqueous
solutions were added to the agarose solution at high tempera-
ture and then cooled to room temperature to form a hydrogel
complex with Au NPs. While the Au@P2 NPs were well dis-
persed in the agarose gel matrix, the Au@citrate NPs showed a
color change due to their instability under the high tempera-
ture conditions employed during the preparation of the hydro-
gel matrix.

The superior stability of Au@DHBC NPs was further evalu-
ated under various pH and buffer conditions, including phos-
phate, MES, and carbonate buffers. The Au@P2 suspension
shows high stability under acidic conditions (Fig. 4b) and in
the presence of various buffers (Fig. 4c). In contrast, the stabi-
lity of Au@citrate was significantly diminished under identical
conditions due to interparticle coupling and/or NP ionization.
These results highlight the significant influence of the PEO
shell in enhancing Au NP stability.

Influence of DHBC template composition on the Au NPs and
their stabilities

Five copolymers carrying different chain lengths of the PAA
block but having identical PEO chain lengths were then

(a) (b) (c)
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Fig. 4 (a) Thermal stability of Au NPs in water at 95 °C ([Au NP] = 1.0 nM). Stability of Au NPs (b) under acidic conditions (HCl solution, pH 3.0) and
(c) in buffer solutions after incubation for 24 h (MES buffer, pH 6.0; phosphate buffers, pH 7.0 and 8.0; carbonate buffer, pH 10.5).
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employed to investigate the effect of DHBC structures on the
synthesis of Au NPs (Table 2). Using these DHBC templates, all
Au NPs were prepared with a fixed molar ratio of the interact-
ing unit, the carboxylate group of the PAA block, and the Au
precursor (R = 3). The conversion of the Au precursor into met-
allic Au was estimated to be over 80%, confirmed using an
ICP-OES instrument. Thus, considering a similar weight per-
centage of Au and DHBC before and after the synthesis of NP,
we postulate that over 77% of the polymers are actually recov-
ered during the synthesis (Table S21). The size and shape of
the NPs were determined by DLS analysis and from TEM
images. The hydrodynamic diameter (D) determined from
DLS measurements was relatively larger than that measured
from TEM images, which supported the assertion that a thin
polymeric layer surrounded the Au NPs.*?

Interestingly, TEM images showed that the synthesized Au
NPs had nearly similar sizes in the range of 16.3 to 19.2 nm
(Table 2 and Fig. S3t), even though the molecular weight of
PAA blocks in the DHBC templates was quite different
(Table 2). It may be concluded that the molecular weight of the
interacting block in DHBC is not a critical factor in determin-
ing the size of NPs. Recently, the Urban group has reported
that the sizes of NPs were not influenced by changing the
molecular weight of poly(methyl methacrylate) (PMMA) as an
interacting block during the synthesis of NPs.>* These obser-
vations supported the idea that a similar number of interact-
ing units in the polymer chain would be required to form NPs
with similar sizes.

In the case of Au NPs based on PEO-b-PAA copolymers,
although DHBCs with five different molecular weights (P1-P5)
were used, the fixed relative ratio (R = 3) in all NP syntheses
resulted in Au NPs of similar size ranges. Thus, instead of the
total amount of the carboxylic acid group, the relative molar
ratio of interacting units (i.e. carboxylate groups in the PAA

Au precursor
—_—
reductant

Au precursor
———
reductant

View Article Online
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block in the copolymer to the Au precursor) is regarded as an
important factor in determining the size and structure of the
resulting Au NPs.

The different amounts of PAA chains used in each
Au@DHBC (from Au@P1 to Au@P5), however, can lead to
differences in the density of the PEO blocks present on the
surface of NPs (Scheme 2). For example, Au@P1 uses a larger
number of PAA chains to form a single NP compared to
Au@P5 because the DP, A of P1 is much lower than that of
P5. As a result, A u@P1 may have more solvating PEO blocks
on the NP surface compared to Au@P5, leading to a higher
density of PEO chains on the NP surface.

In order to unambiguously confirm the relative differences
in the density of solvating PEO blocks between NPs,
Au@DHBC NPs were studied by thermogravimetric analysis
(TGA). TGA measurements provide the relative weight contents
of Au and DHBC and allow the areal chain density of PEO
shells on the surface of Au NPs to be determined (Table 3). For
example, Au@P1 had a weight ratio of 29% Au with the
volume of a spherical single Au@P1 NP being simply calcu-
lated from the radius of the obtained NP. The number of PEO
chains on the single NP could therefore be estimated from the
volume of single NPs, density of Au (19.3 g cm™3), and mole-
cular weight of the DHBC template (M, nmr of P1 = 9600; see
Table 1). Finally, the areal PEO chain density of Au@P1 was
evaluated to be 8.4 chains per nm® based on the number of
PEO chains present on a single NP and the surface area of
spherical Au@P1. As the chain length of the interacting PAA
blocks increased, it was observed that the relative areal density
of the PEO block decreased in the order of Au@P1 > Au@P2 >
Au@P3 > Au@P4 > Au@P5.

Based on these results, the PEO shell density on the Au
surface may be tuned by controlling the length of the interact-
ing PAA block length. Furthermore, such differences in the

J High Density
- of Shell

3

Low Density
of Shell

Similar Size of NPs

Scheme 2 Schematic representation of changes in Au NP structure that vary depending on the molecular weight of the PAA block in DHBC templates.
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Table 3 Thermogravimetric analysis of Au@DHBC NPs and other characteristics

Weight%”
Number of PEO Areal density of PEO
Entry Au DHBC PEO Weight ratio” Radius of Au NP‘ (nm) chains per NP4 chain® (chains per nm?)
Au@P1 29 71 35 1.2 8.7 7640 8.1
Au@P2 39 61 26 0.7 8.4 3740 4.3
Au@P3 43 57 18 0.4 9.6 3580 3.1
Au@P4 45 55 13 0.3 7.9 1350 1.7
Au@P5 47 53 8 0.2 8.2 950 1.1

“The weight% of Au and DHBC were obtained by TGA measurements.

b The weight ratio of PEO chains to Au can be defined as [weight% of

DHBC + weight% of Au]. “ Radius was calculated by TEM analysis. ¢ Number of chains per NP = {[the weight ratio of polymer to Au] x [volume of
the spherical Au NP (4/3 x & x Au radius®)] x [density of Au (19.3 g cm™*)] x Avogadro’s constant (6.02 x 10°%)} + (M,, of the DHBC template) (see
Table 1). ¢ Areal chain density = [number of chains per NP] + [surface area of the spherical Au NP (4 x 1 x radius of Au NP?)].

density of the PEO block may allow the overall stability of the
Au NP to be controlled. The effect of PEO shell density on the
stability of NPs was then evaluated via thermal and etching
experiments.

The thermal stability of all Au@DHBC NPs at 95 °C was
maintained for several days without any noticeable difference
between the samples (Fig. S4T). The cyanide etching experi-
ments were also performed on Au@DHBC NPs to clearly
demonstrate the effect of the PEO shell density on stability.
Au@citrate and Au@P2 NPs were therefore subjected to
etching using a dilute cyanide solution (Fig. 5a and b) and, as
expected, the Au@citrate sample underwent complete degra-
dation within 30 min with the corresponding surface plasmon
band having disappeared rapidly. In direct contrast, Au@P2
NPs exhibited relatively slow degradation in the presence of
cyanide ions with only 13% decrease in the surface plasmon
band intensity at 520 nm after 30 minutes. Moreover, all
Au@DHBC NPs showed a similar etching behaviour with
slightly different degradation rates according to their PEO
shell density (Fig. 5c). For example, the decrease in plasmon
band intensity for Au@P1 with a high PEO shell density was
37%, while the Au@P5 sample with a low PEO shell density
showed 52% decrease after 120 min. In a previous report on

the stability of NPs against cyanide digestion, it was shown
that the higher density of surface ligands serves as a better
barrier to prevent the cyanide etching of Au atoms.>* Similarly,
for the Au@DHBC system described in this work, the digestion
rate of Au@P1 NPs is directly related to the shell density: the
stability increases with increasing chain density of the PEO
shell.

Based on the NP synthesis and etching experiments,
the effect of the copolymer chain density on colloidal stability
is graphically represented in Scheme 3. In Au@DHBC NPs of a
similar size, the difference in the density of the PEO
shells anchored on the NP is determined by the length of
interacting PAA blocks, as described in Scheme 2. This differ-
ence results in a relatively condensed surface ligand layer on
the Au@P1 NP, which is responsible for the increased steric
shielding of the NP surface. In contrast, the Au@P5 NP has a
loosely packed surface ligand. A dense polymeric layer of PEO
can effectively protect the NP against external chemicals such
as cyanide ions and thus facilitate the formation of more
stable NPs in solution. Furthermore, this DHBC-based
approach enables the synthesis of NPs with stability that can
be varied as a function of the molecular weight of interacting
blocks.
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Fig. 5 Cyanide etching of Au NPs in KCN solution (12 mM). (a) Relative absorbance at 520 nm, (b) normalized absorbance after 30 min treatment
with Au@citrate (black color) and Au@P2 (red color) NPs. (c) Comparison of relative absorbance changes in different Au@DHBC NPs after treatment

with KCN.
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Scheme 3 Schematic representation of Au NPs and their etching performance that vary depending on the molecular weight of the PAA block and

the corresponding density of the PEO block on the surface of Au NPs.

Conclusions

In this report, the structural role of double hydrophilic block
copolymers (DHBC) in the synthesis of Au nanoparticles (Au
NPs) has been investigated. In PEO-b-PAA copolymer-based
synthesis, it was found that highly stable Au NPs can be
formed with the assistance of two chemically distinct blocks:
an interacting PAA block to bind with Au ions and a solvating
PEO block to sterically stabilize the NPs under harsh con-
ditions (e.g., high temperature, varying pH, and an etching
process). Although the molecular weight of the PAA block in
the copolymers was not a critical factor for determining the
size of NPs, it was found to contribute to the difference in the
densities of PEO shells present on the surface of the NPs. This
difference allows for the possibility of synthesizing NPs whose
stability can be controlled by the molecular weight of the
different copolymer blocks. The use of a DHBC having both
hydrophilic and biocompatible components for the synthesis
of NPs increases potential applications in biomedicine and
bioengineering. We expect that the protocol presented in this
study will offer a new means for preparing various NPs with
superior stability.
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