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ABSTRACT: This paper describes a new approach for the synthesis of hollow functional polymer
nanocapsules, which exploits gold nanoparticles as sacrificial templates. Two different functional diblock
polymers have been coassembled on the gold nanoparticles prior to gold removal. The block polymers (made
by RAFT polymerization) consisted of a biocompatible polymer segment, either (poly(oligoethylene glycol)
acrylate, P(OEG-A), or poly(hydroxylpropylacrylamide), P(HPMA) and a cross-linkable segment com-
prised of an alternating copolymer of styrene (Sty) and maleic anhydride (MA), (Sty-a/t-MA). The block
copolymers were assembled onto the GNP surfaces using a grafting “onto” methodology exploiting the high
affinity of the RAFT end-groups for the gold surface. The anhydride group was utilized to cross-link the
polymer layer. Finally, the gold cores were removed using aqua regia without affecting the integrity of the
polymers chains or the nanocapsules. All reaction and assembly steps were characterized by employing a
range of techniques, such as TEM, XPS, ATR—FTIR, DLS, and UV —visible spectroscopy.

Introduction

Nanoscale hollow polymer capsules offer a unlque and versa-
tile platform for applications in blotechnology, 2 including drug/
gene controlled release and delivery,® protection/support of
biologically active species in vivo* and for bioimaging applica-
tions.” Hollow polymer capsules can be synthesized using a
diverse range of methods such as emu151on polymerization,®
phase separation,’ cross- lmkmg of micelles,® or a through direc-
ted self-assembly process.” ' One particularly versatile method
involves the coating of a sacrificial inorganic/organic template
with golymer followed by stabilization via a cross-linking reac-
tion. ~ The template is typically selected to be a readily removable
inorganic nanoparticle, e. g silica or gold. Caruso et al."® also
described the use of organic polymer (e.g., polystyrene latexes)
particles. Templates are selected so that their sizes (diameter) can
be controlled easily, thus leading to hollow capsules with pre-
determined sizes. To ensure that the nanocapsules retain integrity
on the removal of the template, a cross-linking strategy is often
employed and this can be achieved using a number of alternative
approaches;'* for example, click reactions,"* ! carbodiimide
reactions (amine—acid reactions),®!’ " actlvated ester—amine
reactions,”'** photoinduced reactions, nucleophilic substitu-
tion (between 1,2-bis(2-iodoethoxy ;ethane and amine) reac-
tions®* and dlsulﬁde based reactions

In previous work, the layer-by-layer assembly approach has
been adopted to assemble polymers on sacrificial templates.*”®
Recent work has shown that well-defined polymers synthesized
via RAFT* polymerization can be used to assemble around
GNPs via binding to the gold surface (explomng the affinity of
RAFT end-groups for gold surfaces®' %), as demonstrated for
the first time by McCormick, Lowe, and Sumerlin et al.** In
addition, RAFT end-group functionality can be transformed
easily to thiol* 7 or pyridyl disulfide end groups.®® *° The
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RAFT- polymer approach has been exp101ted to synthes1ze a
range of responsive and functional organic nanospartlcles “or
hybrid polymer/inorganic nanoparticles.’*** RAFT poly-
merization can also be used to impart additional functionality
to the polymer so that cross-linking can be induced following
patterning around the template.

Sodium cyanide etching is widely used to remove sacrificial
gold cores.*> Removal of the core can also be achieved by the use
of other cyanide salts without damaging the polymer shell.”
Cyanide compounds are however extremely toxic and there is an
impetus to explore alternative etching approaches. One possible
alternative to the use of cyanide compounds is aqua regia; a
mixture of nitric and hydrochloric acids in a ratio of approxi-
mately 1:3. Aqua regia can be made easily as the precursor
reactants are readily available. In addition, aqua regia has safety
and environmental advantages over cyanide reactants. Gold
solubilization is achieved by the production of Au*" ions formed
by the interaction of gold with nitric acid reacting with chloride
ions forming chloroaurate ions. The acids undergo reaction and
chlorine gas is produced which also reacts with the Au(s),
producing the chloroaurate ion.

RAFT polymerization has been used previously to synthe51ze
well-defined PEG acrylate®™” and HPMA polymers.**® In
addition, RAFT has been used for the living radical polymeri-
zation of alternatmg styrene-maleic anhydride copolymers.®
Wooley et al.®* describe the synthesis of cross-linked nanopartl-
cles utilizing the reaction between maleic anhydride and amines.
In the work described in this current paper, we use RAFT to
make block copolymers containing biocompatible polymers (as
demonstrdted in a recent paper on the cytotoxicity of RAFT
polymers®) and also cross-linking functionality to assemble
round the gold nanoparticles (Scheme 1). The polymers were
then cross-linked using a small diamine molecule. Removal of the
gold cores with aqua regia resulted in the formation of stable,
biocompatible, low cytotoxic and antifouling hollow polymer
nanocapsules.

© 2010 American Chemical Society
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Scheme 1. Synthesis of Nano-Capsules Using Gold Nanoparticles as
Sacrificial Templates: (1) Nanoparticle Assembly; (2) Cross-Linking;
(3) GNP Core Removal

o

Experimental Section

1. Materials. Oligoethylene glycol acrylate (OEG-A)
(Aldrich, number-average molecular weight M, = 450 g/mol,
PDI = 1.02) and styrene (Aldrich) were purified via a basic
alumina column to remove the inhibitor prior to use. Maleic
anhydride (Alrich) and hydroxylpropyl methacrylamide
(Polymer Sciences, 99%) were used as received. 2,2'-Azobis-
(isobutyronitrile) (AIBN) was purchased from Wako Chemicals
and was crystallized twice from methanol prior to use. 1,2-
Ethyldiamine (Aldrich, 99%), 1-ethyl-3-(3-(dimethylamino)-
propyl) carbodiimide hydrochloride (EDC HCI, Aldrich,
98%), hydrogenotetrachloroaurate(IIl) hydrate (HAuCly,
99.9%, Aldrich), and trisodium citrate dehydrate (99%,
Aldrich) were used as received. Deionized water used for these
experiments were purified by MILIQ system with a resistivity of
17.9 mQ/cm.

2. Analytical Techniques. 2.1. Size Exclusion Chromatography
(SEC). SEC analyses of the polymers were performed in
N,N-dimethylacetamide [DMAc; 0.03% w/v LiBr, 0.05% 2,6-
dibutyl-4-methylphenol (BHT)] at 50 °C (flow rate = 1 mL/min)
using a Shimadzu modular system comprised of an SIL-10AD
autoinjector, a PL 5.0 mm bead-size guard column (50 x
7.8 mm) followed by four linear PL (Styragel) columns (10,
10*, 10>, and 500 A) and an RID-10A differential refractive-
index detector. Calibration was achieved with commercial
polystyrene standards ranging from 500 to 10° g/mol.

2.2. UV—Vis Spectroscopy. UV—visible spectra were re-
corded using a CARY 300 spectrophotometer (Bruker)
equipped with a temperature controller. Molecular weight was
also calculated by the following equdtlon Mn(UV VIS) =
[polymer]y/ [Abs>®® "M/eRAFT where Abs®®® 1M ¢RAFT 3p4
[polymer], corresponding to the absorbance of RAFT agent,
extinction coefficient, and polymer concentration, respectively.

2.3. NMR Spectroscopy. 'H and '*C NMR spectra were
recorded on a Bruker ACF300 (300 MHz) or ACF500 (500 MHz)
spectrometer, with D,O or CDCI; used as solvents. Monomer
conversion was determined by comparing the vinyl proton signal
(6 ~ 5.4—6.3, 2H/mol for methacrylamide or 3H/mol for acrylic
monomers to the total CH signal (0 ~ 3.6—3.85 1H/mol for
HPMA), and —CH,O (6 ~ 4.0—4.2 ppm for OEG-A).

2.4. ATR-Infrared Spectroscopy. ATR FT-IR spectra were
obtained using a Bruker Spectrum BX FT-IR system using
diffuse reflectance sampling accessories and a resolution of
2 em” !, Each sample was analyzed using 128 scans.

2.5. Dynamic Light Scattering (DLS). Dynamic light scatter-
ing studies of the GNPs at 1 mg/mL in aqueous media were
conducted using The size and {-potential of particles was
measured by DLS which was performed using a Malvern
Zetasizer Nano Series running DTS software and operating a
4 mW He—Ne laser at 633 nm. Analysis was performed at an
angle of 90°. GNPs (or GNPs/polymer) solutions were prepared
in distilled water with GNPs concentration of 1 mg/mL. The
solution was filtered trough Millipore nylon filters (pore size
0.45 um) to eliminate dust and large contaminants. The size
measurements were carried out in quartz cuvette and the
temperature was allowed to equilibrate for 5 min. The num-
ber-average hydrodynamic particle size and polydispersity
index were determined by DLS (on an average of five
measurements). The polydispersity index (PDI) was used to
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describe the width of the particle size distribution, and cal-
culated from a cumulants analysis of the DLS measured in-
tensity autocorrelation function and is related to the standard
deviation of the hypothetical Gaussian distribution (i.e., PDI =
oz/ZDz, where o is the standard deviation and Zp is the Z
average mean size).

2.6. Transmission Electron Microscopy. The sizes and
morphologies of the nanoparticles were observed using a trans-
mission electron microscopy JEOL1400 TEM at an accelera-
ting voltage of 100 kV. The particles were dispersed in water
(1 mg/mL) and deposited onto 200 mesh, holey film, copper grid
(ProSciTech) and allowed to air-dry at room temperature.

2.7. X-ray Photoelectron Spectrometer (XPS). A Kratos Axis
ULTRA XPS incorporating a 165 mm hemispherical electron
energy analyzer was used. The incident radiation was Mono-
chromatic Al X-rays (1486.6 eV) at 225 W (15 kV, 15 ma).
Survey (wide) scans were taken at analyzer pass energy of 160 eV
and multiplex (narrow) higher resolution scans at 20 eV. Survey
scans were carried out over 1200—0 eV binding energy range
with 1.0 eV steps and a dwell time of 100 ms. Narrow higher
resolution scans were run with 0.2 eV steps and 250 ms dwell
time. Base pressure in the analysis chamber was 1.0 x 10~° Torr
and during sample analysis 1.0 x 10~% Torr. The data were
analyzed by XPS peak 4.1.

2.8. Thermogravimetric Analysis.

Thermal Gravimetric Analysis (TGA). TGA of GNPs was
performed using a Pyris 1 (Perkin-Elmer) with a rate 10 °C/min
from room temperature to 650 °C. An isotherm at 100 °C
maintained for 20 min to eliminate any trace of water. The
weight loss was calculated from the difference between the
weights at 100 °C and at 650 °C. The sample preparation was
carried out according to the following procedures 100 uL of
GNP solution (20 mg/mL) was placed on a TGA plate. The
water was evaporated at 90 °C in the oven, and the operation
was repeated yielding 3—4 mg of material. Finally, the sample
was heated in the TGA to 100 °C for 20 min, and then, heating
until 650 °C at a rate of 10 °C/min (see Supporting Information).

3. Syntheses. 3.1. Synthesis of Gold Nanoparticles. GNPs
was synthesized using a citrate reduction according to published
procedures (for details, please see the Supporting Information).%>

3.2. Synthesis of RAFT Agents

3.2.1. Synthesis of 3-(Benzylsulfanylthiocarbonylsulfanyl)-
propionic Acid (BSPA). This RAFT agent was synthesized using
an established procedure.®

"H NMR and "*C NMR confirmed the expected structure: 'H
NMR (300 MHz, CDCl3) 6 (ppm from TMS); 2.85 2H, t, J =
6.8 Hz, CH,C(O)OH), 3.62 (2H, t, SCH,CH,), 4.61 (2H, s,
CH,—Ph), 7.31 (5H, m, CH from (Ph). >*C NMR (75 MHz,
CDCl3) 6 (ppm from TMS): 224.1, 179.2, 136.2, 130.7, 130.1,
129.2,42.9, 34.4, 32.3.

3.2.2. Synthesis of 4-Cyanopentanoic Acid Dithiobenzoate
(CDTB). The synthesis of CDTB has been described in a
previous publication and the method is detailed in the Support-
ing Information.®*

"H NMR and '*C NMR confirmed the expected structure. 'H
NMR (300 MHz, CDCls), 6 (ppm from TMS): 2.1 (3H, s, CH3),
2.5(2H, dt, —CH,—CH,CO,H), 2.7 (2H, t, —CH,—COOH), 7.2
(2H, aromatic group), 7.6 (1H, aromatic group), 7.8 ppm (2H,
aromatic group). °C NMR (75 MHz, CDCl5): ¢ (ppm from
TMS): 224, 175, 145, 135, 130, 128, 126, 120, 45, 35, 32, 25.

4. RAFT Polymerlzatlons All of the synthesized polymers
were characterized by '"H NMR, gel permeation chromatogra-
phy (GPC), and UV—visible spectroscopy.

4.1. RAFT Polymerization of OEG-A in the Presence of
3-(Benzylsulfanylthiocarbonylsulfanyl)propionic Acid (BSPA).
An example of the polymerization of OEG-A is given for
[OEG- A]O/[BSPA]O/[AIBN]O = 80/1/0.2. OEG-A (1.00 g,
2.2 x 10~ mol), 3- (benzylsulfdnylthlocarbonylsulfanyl%proplomc
acid (7.5 mg, 2.8 x 107> mol), AIBN (1.0 mg. 5.5 x 10~° mol) and
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acetonitrile (5 mL) were mixed. The solution was cooled in an ice
bath and purged with nitrogen for 30 min before heating to 60 °C.
After 8 h (conversion 70%), the solution was partially evaporated
under vacuum, and the polymer was precipitated in cold diethyl
ether (at 0 °C). The precipitation was repeated twice more to ensure
the purity of the polymer. The product was dried in vacuo to yield a
yellow powder. The synthesis of P(HPMA) is described in the
Supporting Information.

4.2. Chain Extension Using MacroRAFT in the Presence of

Styrene and Maleic Anhydride. A typical procedure for the chain
extension of RAFT polymers prepared is described as folow:
PEG macroRAFT agent (M, = 20K, 0.1 g, 5 x 10~° mol),
styrene monomer (10 mg, 1 x 10™* mol), maleic anhydride
(10mg, 1 x 10"*mole) and AIBN (0.33 mg, 2 x 10~ mole) were
dissolved in dioxane (1 mL) and added to a polymerization
ampule (2 mL). The ampule was sealed, the solution degassed
with nitrogen for 15 min and then allowed to polymerize over-
night at 60 °C. The polymerization was stopped by quenching in
liquid nitrogen and the solution was partially evaporated under
vacuum. The polymer was recovered by precipitation into cold
diethyl ether (at 0 °C). The precipitation was repeated twice
more from dichloromethane to remove any unreacted mono-
mer. The product was dried in vacuo and characterized by SEC.
A similar reaction was carried out for PLHPMA) macroRAFT,
followed by a similar purification.

5. Grafting of Polymer “to” GNPs. A stirred GNP solution
(10 mL of 1 mg/mL previously obtained) was placed in an ice
bath under for 30 min. Polymer solution (I mL concentration:
10 mg/L) was added to the GNP solution, followed by stirring
for 30 min. Then, the GNPs were purified by centrifugation at
20 000 rpm, for 30 min at room temperature followed by
resuspension in cooled water. This process was repeated 3 times.
GNPs/polymer nanoparticles were stored in solution (10 mg/mL)
or freeze-dried. After freeze-drying the hybrid GNP/polymer
nanoparticles could be redispersed easily in water (in contrast
to GNPs with no polymer coating).

6. Cross-Link Polymer Shell Using 1,2-Ethylenediamine.
GNP/polymer solution (10 mL of 1 mg/mL previously
obtained) was stirred, while 10 L of 1,2-ethylenediamine was
injected, along with 10 mg of EDC. The solution was stirred
overnight at room temperature. A further 10 L of 1,2-ethylenedi-
amine was then added along with more EDC (10 mg). The cross-
linking reaction was then allowed to proceed for a further 6 h, after
which another addition of 1,2-ethylamine and EDC was carried
out. After 24 h stirring at room temperature, the GNPs were
purified by centrifugation.

7. Dissolution of Gold Core by Aqua Regia Reagent. A fresh
solution of aqua regia reagent was prepared. A few aliquots
(100 uL) of aqua regia reagent were added to a stirred GNPs
solution (prepared above, concentration 1 mg/mL). The char-
acteristic color of the GNPs faded rapidly. The addition was
continued until total disappearance of red color. The process is
very quick (less than 1 min). The solution was then dialyzed
immediately against water for 24 h, with frequent changes of the
water, to remove the traces of acid. The final pH of the solution
was checked to ensure full removal of the acid (pH = 6.5). The
solution was concentrated for further analysis by the evapora-
tion of water at room temperature.

Results and Discussion

Two different polymers were synthesized using a trithiocarbo-
nate (BSPA) or a dithioester RAFT agent with AIBN as the
initiator for oligo(ethylene glycol) acrylate (OEG-A) or hydroxyl
propylacrylamide (HPMA), respectively. At 60—70% monomer
conversion, the polymerizations were stopped. After extensive
purification (precipitation in diethyl ether and dialysis against
water), the polymer was analyzed by UV—visible, '"H NMR
and SEC analyses. The presence of the RAFT end-group, vital
for the directed binding to the gold surface, was confirmed
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i.e. a characteristic absorption at 305 nm (UV—visible); 'H
NMR analysis revealed signals at 2.6 ppm attributed to the
—CH,— in the position adjacent to the carbonyl group (see
Figure 1A for P(OEG-A) and Figure S1A (Supporting Informa-
tion) for P(HPMA)). The chain-end functionality calculated by
both NMR and UV-—visible spectroscopy confirm that the
RAFT end-group was preserved at a level greater than 90%
after purification. The purified polymers were then chain ex-
tended using maleic anhydride and styrene to form a cross-
linkable “b-block™ (see Scheme 2). SEC analysis confirmed a
shift to lower retention time (Figure S2A (Supporting In-
formation) gives an example for P(HPMA)), in accord with
increased molecular weight and a slight increase in PDI observed
for the polymerization of the second block. The results of the
polymer analyses are given in Table 1. The successful synthesis of
the functional “b-block” was confirmed by "H NMR with the
phenyl group resonances of the poly(styrene) signals observed
clearly between 6.5 and 7.2 ppm. (Figure 1B for P[(OEG-A)-
b-(Sty-alt-MA)]) and also by the strong absorption at 1780 cm ™'
observed by ATR—FTIR (Figure 4A, and S3 (Supporting
Infornation) for P(HPMA)) attributable to the anhydride group
of the maleic anhydride monomer units. The successful purifica-
tion of these polymers was investigated by 'H NMR confirming
the absence of any residual maleic anhydride monomer (absence
of signal at 6.5 ppm).

Highly uniform spherical around 20 nm gold nanoparticles
(GNP) were synthesized via the established citrate reduction
method®* (reduction of HAuCl, by boiling with sodium citrate)
and characterized by both transmission electron microscopy
(TEM, Figure 2A) and by dynamic light scattering (DLS, Figure
S4 in the Supporting Information). The diameter of the particles
obtained was around 18 nm as determined by TEM, consistent
with the DLS (18 nm).

The directed assembly of the cross-linkable polymer layer was
achieved using a grafting “onto” approach making use of the
strong affinity of trithiocarbonate and dithioester for the gold
surfaces.*>** Briefly, the copolymers were dissolved in THF and
then added slowly to a freshly prepared solution of gold nano-
particles. After purification by centrifugation (repeated washing/
centrifugation cycles), the GNPs were perfectly dispersed in
water. UV—visible spectroscopy shows a slight shift in GNP
plasmon absorbance from 520 to 528 nm for both samples
(Figure 3A, inset shows the color evolution of the GNP
solutions).

DLS analysis confirmed an increase in hydrodynamic volume
of these hybrid nanoparticles in water (Figure 3B). The nano-
particle diameter distributions remained narrow and close to
monodisperse (PDI determined by DLS close to 0.1). TEM
images indicate the presence of stable, monodisperse nanoparti-
cles for both copolymer systems, i.e., P[(HPMA)-b-(St-alt-MA)]
and P[(OEG-A)-b-(St-alt-MA)] (see for example, Figure 2B). The
populations are dominated by single nanoparticles (95%, with a
diameter size around 23—26 £ 5 nm, and also, a few aggregates
consisting of 2—3 particles (5%, average size 50 £ 10 nm) for
P[(OEG-A)-b-(St-alt-MA)], while for P[(HPMA)-b-(St-alt-
MA)], the diameter size was close to 30 nm (95% of the
population, the remaining 5% consistent of a few aggregates,
50—60 nm). The presence of the copolymer surface layer was
confirmed by both ATR—FTIR (Figure 4A) and XPS analysis
(Figure 4B). ATR—FTIR confirmed the presence of absorptions
specific to the copolymer surface composition. ATR—FTIR also
confirmed that the anhydride group was not totally hydrolyzed
during the aqueous coating process or subsequent purification.
XPS spectra confirmed signals from carbon and oxygen originat-
ing from the P(OEG-A) and P(HPMA) blocks, respectively
(Figure 4B). In addition, nitrogen was detected for P[(HPMA)-
b-(St-alt-MA)] at 399 eV originating from the amide bond in the
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Figure 1. 'H NMR spectra of A-P(OEG-A) before chain extension in D,O (water peak was suppressed by saturation) (run#1 of Table 1); B- P[(OEG-

A)-b-(MA-alt-Sty)] after chain extension in CDCls (run #2 of Table 1).

HPMA block (data not shown). The presence of sulfur (RAFT
end-group) was also detected at low concentrations. High resolu-
tion XPS confirmed the nature of S(2p) energy binding, which
could be attributed to C—S—gold binding at 162.2 and
163.4 eV.% The hybrid nanoparticles were also characterized by
TEM in the presence or absence of contrast agent. In accordance
with the results obtained by DLS, the particles were well-dispersed
in water. Unfortunately in the absence of contrast agent, the
polymer is not visible using TEM. The addition of a negative
contrast agent enhances the TEM analysis and the images indicate
a clear halo around the GNPs strongly suggesting the presence of a
polymer layer (Figure 2B, inset shows a magnification of one
particle). Finally, the grafting density was determined by thermal
gravimetric analysis (TGA) using a temperature scan from 100 to
650 °C, the weight-loss allows evaluating the packing of density
according to the following equation: density = [loss weight x
Na]/[(100 — loss weight)/(100 x M Fovmer w gParticle). where
weight loss is the percent weight loss corresponding to the decom-
position of polymer. Na, M,P¥™ and SPUe correspond to

Avogadro’s number, molecular weight of golymer by GPC, and
specific surface of gold nanoparticles (m-/g) calculated by the
following relation: 6/(p x d), with p being the volume mass of gold,
i.e. 19.30 g/em®) and d the gold nanoparticle diameter, respectively.
The grafting densities determined for both particles are relatively
close 0.7 (see Table S1 in the Supporting Information). These
packing densities values are close to those found previously other
polymers (for instance, GNPs/P(NIPAAm), M, = 20 kg/mol,
density close to 0.9).%

Cross-linking of the polymer layer to stabilize the hollow
polymer nanocapsules was achieved by the addition of ethylene
diamine in the presence of 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide (EDC). Initial cross-linking exploits the high re-
activity of the intact anhydride groups. Further cross-linking was
induced using an excess of diamine and EDC to ensure the full
reaction of the hydrolyzed anhydride groups, and those carboxyl
groups from the anhydride-amine cross-linking events. After
purification by several centrifugation/washing cycles, a rapid
visual inspection confirmed that the GNPs maintained stability
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Scheme 2. Illustration of Different Polymerization Steps To Yield P[(OEG-A)-b-(Sty-alt-MA)] Diblock Polymers: (a) Synthesis of P(OEG-A);
(b) Chain Extension To Form P[(OEG-A)-b-(Sty-alt-MA)]
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Table 1. Characteristic of Polymers Used in This Study
M, (SEC)M,
M, (theor)” (‘*H NMR)* My(UV—vis)* ,
runs polymers a™M (%)" (g/mol) (g/mol) PDI¢ (g/mol) DP, M{ DP,,(Sty-alt-MA)?

1 P(OEG-A), 60 22000 21500 1.24 20000 52

[24200]
2 P[(OEG-A),-b-(Sty-al--MA),]  nd 26500 1.35 22000 52 2

[28 700]
3 P(HPMA), 70 39 500 40500 1.06 22000 140

[20 500]
4 P[(HPMA),-b-(Sty-alt-MA),)  nd 46 500 .12 27000 140 29

[26 200]

oM (%) determmed by 'H NMR (see Sup/Eortlng Information). ® M,(theor) theoretical molar mass, calculated by using the following equation: =

([M]o/[CTA]O) X a X MWM()aner +MWCT

A(SEC) and PDI was determined usmg DMACc as mobile phase (polystyrene calibration). ¢ M, (‘"H
NMR) was calculated using the aromatic signals of RAFT agent (BSPA or CPDB, reglon 7.0—7.8 ppm), as reference. ¢

M (UV—vis.) was calculated

using the signal at 305 nm of RAFT end group (see equation in the experimental part).” DP, M, corresponds to average number of polymerization of
OEG-A or HPMA in the copolymer calculated by NMR. ¢ DP,(Sty-alt-MA) corresponds to average number of polymerization of (Sty-a/t-MA) in the

copolymer calculated by NMR.

in water (and their characteristic red-pink color was conserved).
GNPs were characterized by ATR—FTIR, XPS, DLS and
UV-—visible spectroscopy. ATR—FTIR confirmed the complete
absence of anhydride bonds at 1788 cm™' for both hybrid
polymer/GNPs systems, see Figure 4A for GNPs/P[(OEG-A)-
b-(Sty-alt-MA)] and Figure S3 (Supporting Information) for
GNPs/P[(HPMA)-b-(Sty-alt-MA)]. However, the absence of
the anhydride bonds can be attributed to either hydrolysis
products of the anhydride or a successful cross-linking reaction.
In the case of P[(OEG-A-b-(St-alt- MA))] the formation of a
shoulder on the absorption at 1690 cm™ (pdrtlally overlapped
with the ester bond absorption at 1730 cm™ ' from the P(OEG)
block) was indicative of the successful formation of amide bonds.
However, it is important to note that the absorption of carboxylic
acid is close to this region (1710—1715 cm ™ '). XPS analyses were
invoked to investigate the presence and nature of nitrogen on the
surface (i.e., amine or amide). The presence of nitrogen groups
was confirmed for the shell cross-linked polymer/GNP hybrids.
Using high resolution XPS, two different nitrogen signals were
identified in the region of N (1s): 399.9 eV and at 401.5 eV that
were attributed to the amide bond and the protonated amine
(—NH;" or —NH, ") (Figure S5 (Supporting Information)).** In
addition, the nature of sulfur was also investigated by XPS using
a high resolution XPS in the region at 160—166 eV. It is
interesting to note the characteristic S(2p) of RAFT end

group disappeared, while a covalent —S—Au signal at 163.2—
164.4 ¢V appeared. This reveals that the RAFT end group was
degraded during the cross- linking process via aminolysis
process to form a thiol.%” Finally, the nature of the anhydride
group was also investigated by XPS. The characteristic peak at
289.4 eV attributed to the carbonyl group of anhydride®
disappeared after reaction with amine and a new signal
appears at 287.2 eV attributed to amide bond (C(Is)
of CO—NH). ATR—FTIR analyses of the GNPs coated
with P(HPMA) copolymers, did not indicate any free car-
boxylic acid groups (shown by the absence of any absorp-
tion at 1715 cm™") and anhydride groups. A similar XPS on
P[(HPMA)-b-(St-alt-MA)] cross-linked hybrid nanoparticles
was compromised by the presence of a large nitrogen signal
originating from the PCHPMA) block. DLS analyses indicate a
slight shift to higher hydrodynamic volumes after cross-linking
following a partial destabilization of GNPs during the cross-
linking phase. This observation is consistent with UV —visible
spectroscopy which shows a slight shift in a resonance binding
535 nm. Successful polymer coating of the nanoparticles
polymers was also confirmed by TEM (using a negative
contrast agent) showing clear halos around the GNPs indica-
tive of an enveloping polymer layer.

A control experiment (inspired by Matyjaszewski’s work®®)
was performed for both polymers to confirm the presence of a
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Figure 2. TEM analysis: (A) naked GNPs (20 nm) synthesized for this
study; (B) GNPs coated P[(OEG-A)-b-(Sty-alt-MA)), run no. 2 of
Table 1; (C) GNPs/P[(OEG-A)-b-(Sty-alt-MA)) after cross-linking;
(D) P[(HPMA)-b-(Sty-alt-MA)) (run no. 4 of Table 1) hollow nano-
capsule (full picture-no contrast agent). The picture inset top-right
corner is a magnified images of these particles and the inset bottom-left
is a picture of the same solution using a negative contrast agent.

A

0.8 B
A “_\_
: PN

— 2 » /I,"-'f ’ “‘\‘\
> -~ no.,..,é&‘:/ ' i

) [
< Vo
8 \\ -“ \
e 0.4 IR
© \ N
_e \ ‘. \‘
o \ kY \
28 ‘\ ARy
< \ ". \.

NN
NN
S AN
0.0 SN N fevemrtmen
T T T
500 600 700
Wavelength (nm)

B - - - "Naked" GNPs

————— GNPs/P[(OEG-A)-b-(Sty-alt-MA)]
------- GNPs/Crosslink Polymer
Capsules (after acid treatment)

N
o
1

Number distribution
3

Size (nm)

Figure 3. Characteristics of GNPs/P[(OEG-A)-b-(Sty-a/t-MA)), run
#1 of Table 1, during hollow capsule formation. (A) UV—visible spectra
of GNPs, concentration: S mg/mL (inset: pictures of GNP solutions and
nanocaspules). (B) Dynamic light scattering analysis of same materials
(concentration 5 mg/mL).

cross-linked shell around the GNPs, by testing the stability of
our GNP solutions at high temperature. In the absence of a
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Figure 4. Surface analysis of GNPs/P[(OEG-A)-b-(Sty-alt-MA)) (run
#2 of Table 1) using ATR—FTIR and XPS. (A) ATR—FTIR analysis:
(a) P(OEG-A) before chain extension run #1 of Table 1); (b) P[(OEG-
A)-b-(MA-alt-Sty)], run no. 2 of Table 1; (c) after cross-linking using a
diamine (first addition of 10 4L of diamine) on GNP surfaces; (d) after
addition of excess diamine on GNPs (second addition of diamine). (B)
XPS analysis: (a) GNPs/P[(OEG-A)-b-(Sty-alt-M A)] before cross-link-
ing, run no. 1 of Table 1; (b) purified GNPs/P[(OEG-A)-b-(Sty-alt-
MA)] after cross-linking; (¢) capsules after acid treatment on silica plate.

cross-linked shell, our GNPs precipitate as the thiol—gold bond
cleaves above 60 °C, as reported in a previous article.*” In the
presence of a cross-linked shell, the GNPs remain perfectly
dispersed overnight at 80 °C as confirmed by visual inspection
and by DLS analysis (diameter size around 40 nm, see Figure S11
in the Supporting Information). The plasmon resonance of these
cross-linked polymer GNPs before and after treatment stays close
to 525 nm, while in the case of non cross-linked polymer present a
higher plasmon resonance. (around 600 nm, Figure S12 in the
Supporting Information) characteristic of destabilized nanopar-
ticles This outcome supports the presence of a cross-linked
polymer shell that physically encompasses the GNPs.

The gold cores were removed using an aqua regia reagent.
Aqua regia was added dropwise to a stirred solution of the shell
cross-linked nanoparticles until the characteristic pink-red color
of the solution disappeared (Figure 3A, inset) (reaction time
around 1 min). The solution was then rapidly dialyzed using
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a membrane cutoff 8 000 Da against a large volume of Ultra pure
water to quickly and efficiently remove the aqua regia reagent.
UV-—visible analysis confirmed the absence of the characteristic
resonance band of gold (Figure 3A and Figure S6 )Supporting
Information)); however, DLS analyses confirmed the presence of
nanoparticles with slightly smaller sizes than the original hybrid
polymer GNPs. This slight decrease can be attributed to solvo-
phobic contraction of the phenyl containing core. In addition,
C-potential studies show the absence of charged particles (~0 mV).
A comparison of XPS spectra taken before and after reaction with
the aqua regia reagent, confirmed the loss of gold and the
retention of the polymeric component (the characteristics peaks
(C and O) of polymers were unaffected by the acid treatment,
Figure 4B). The presence of chlorine (Cl (2p’)) at 197.9 eV was
also observed and can be attributed to complexation with the free
amine (—NH;"/CI7).*> A further control experiment was con-
ducted to investigate the effect of the strong acid conditions on
the overall integrity of the polymeric structures. P(HPMA) or
P(OEG-A)) were exposed to the aqua regia for 1 h (60 times
longer than the conditions used for nanoparticle modification),
followed by dialysis against water, and then freeze-drying. 'H
NMR and GPC analyses show that the polymers were unaffected
by this treatment (data in Supporting Information, Figures S7 and
S8). However, UV—visible spectroscopy indicated the loss of
RAFT agent (4 = 305 nm) after the acid treatment, suggesting
that the RAFT end-group could be lost during either the cross-
linking process (aminolysis) or via exposure to the aqua regia
reagent (Figure S9); we are conducting further studies on the
precise mechanism of this reaction in aqua regia.

The formation of hollow polymer nanoparticles, P[(HPMA)-
b-(St-alt-MA)] and P[(OEG-A)-b-(St-alt-MA)] was also strongly
supported by TEM analyses. TEM images, acquired without
contrast agent, clearly indicate the absence of gold cores (in accord
with the UV—visible spectroscopy data). The hollow polymer
capsules are clearly observed (Figure 2D and Figure S10 in the
Supporting Information). Analysis of the TEM images show that
the capsule diameter sizes are slightly smaller than those measured
by DLS, which can be attributed to the anhydrous conditions
under which the TEM images are acquired. The average dia-
meter size is 30 £ 5 nm (proportion 90%), with the presence of
large capsules around 40—50 nm (proportion 10%) in the case of
cross-linked P(OEG-A-b-(Sty-alt-MA). Cross-linked P(HPMA-b-
(Sty-alt-MA))] yielded slightly larger diameter sizes (around 45 +
5 nm) than P(OEG-A-b-(Sty-alt-MA). To improve the resolution,
a negative contrast agent was added, confirming polymer nano-
particles with similar sizes to those found earlier (Figure 2D inset
and Figure S11, inset). The images are in good agreement with
those obtained by other researchers for hollow polymer nano-
particles of approximately this size, synthesized via different
templated processes.

Conclusion

This paper describes a new route to the synthesis of hollow
nanoparticles using gold nanoparticles as sacrificial templates for
polymers obtained by RAFT polymerization. Polymers were
cross-linked onto the gold templates, followed by gold removal
using aqua regia at room temperature. XPS, FT-IR, UV—vis,
and DLS confirmed both the cross-linking of the polymer nano-
shell, the complete removal of the gold nanoparticle core and the
stability of the hollow polymer nanocapsules. Further investiga-
tions are in progress to determine the encapsulation ability of
these particles.?’
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