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In Situ Formation of Gold-“Decorated” Vesicles
from a RAFT-Synthesized, Thermally Responsive
Block Copolymers
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Receied July 5, 2007 Figure 1. 'H NMR spectra of the homo and block copolymers 0D
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. S 25 °C; (B) PDMAEMA73-b-PNIPAMgg block copolymer, 25C; (C)
Vesicles self-assembled from amphiphilic block copolymers, o1 wt % PDMAEMAsb-NIPAMgs block copolymer solution,
often referred to as polymersomes, have recently been the focuso °C.

of research due to their increased stability compared to
conventional liposome’s:2 Most traditional methods of vesicle 25
formation from amphiphilic block copolymers involve the /a b

C
use of organic solvents such as tetrahydrofutdylN-dimeth- 20- \
ylformamide, or dioxank?*and require extensive purification
processes which can be time-consuming and problematic. s 154 d
Recently, pH-responsive, synthetic or bioconjugate block co- g /
polymers that spontaneously self-assemble into vesicles in 3 104
aqueous or mixed solvents have been repdrfelrmes’ group -

demonstrated that such vesicles can also be decorated with gold 51
nanoparticles using an external reducing ade@bld nano-

particles, including those stabilized by (co)polymers, have been

of particular interest because of their potential applications as 10 100 1000
biomedical, optic, and electronic materialEhiol chemistry is Diameter (nm)

ificati no- o
frequently employed for surface modification of gold na Figure 2. Dynamic light scattering size distribution of a 0.01 wt %

particles, oft(_an via in situ reduction vv_ith NaRBlih the presence PDMAEMA /3-b-PNIPAMe, diblock copolymer solution: (a) 25C:
of thiol-functional molecules as stabiliz€¥8 For example, we (b) 50 °C; (c) 50°C after in situ reduction of NaAuG] (d) after in

previously reported NaBjteduction of dithioester-terminated, situ reduction of NaAuGlupon lowering temperature to 2&.
water-soluble polymers directly in water in the presence of noble
metal salts including NaAuglto yield sterically and electro-  copolymer composed of pH-responsive DMAEMA and the
statically stabilized zerovalent metal nanopartiéleRecent thermally responsive NIPAM segments. In order to design
reports have demonstrated that some (co)polymers without thiol diblocks with low polydispersity indices (PDIs) and composi-
functionality can act as both reducing agent and stabilizer tions for (a) vesicle formatidn® above the lower critical
simultaneously in the formation of gold nanoparticle$? solution temperature (LCST) and (b) maintenance of electros-
In our continuing research efforts related to the construction teric stabilization of the resulting gold-decorated vesicles, it was
of well-defined block copolymers, we recently reported the first necessary to optimize reaction conditions, monomer concentra-
example (to our knowledge) of thermally responsive vesicles tion, and blocking order. It was determined the DMAEMA
that could be stabilized by interpolyelectrolyte complexation.  should be polymerized first using 4-cyanopentanoic acid
Herein we report a similar thermally responsive vesicle system dithiobenzoate as the RAFT chain transfer agent (CTA). The
that is easily decorated with gold nanoparticles. These vesiclesresulting macroCTA could then be utilized for efficient poly-
are formed (as illustrated in Scheme 1) by the self-assembly of merization of NIPAM. Considering these aforementioned design
the thermally responsive block copolymer poly[2-(dimethyl- criteria, we first synthesized the PDMAEMA macroCTA,
amino)ethyl methacrylatblock(N-isopropylacrylamide)] (PD- stopping conversion at 69% to maintain end group fidelity and
MAEMA- b-PNIPAM) in aqueous solution. By simply mixing  molecular weight control; the number-average molecular weight
the polymer solution with a NaAughkolution at 50°C under (Mp) and PDI were determined to be 11400 and 1.08,
specified conditions, gold nanoparticle-decorated vesicles canrespectively. This macroCTA was then chain extended with
be obtained. This procedure does not require the addition of anNIPAM vyielding a well-defined PDMAEMAs-b-PNIPAMgg
external reducing agent and results in stabilized vesicles whichdiblock copolymer withM, and PDI values of 22 900 and 1.14,
remain dispersed in aqueous solution upon cooling to room respectively. (See the Experimental Section in Supporting
temperature. Informaiton for details of synthesis and characterization (Figure
Reversible additionfragmentation chain-transfer (RAFT)  S1) by SEC/MALLS).
polymerization was utilized in the synthesis of the diblock A 0.01 wt % solution of this diblock copolymer at pH 7.4
was then prepared and the aggregation behavior studied as a
* Corresponding author. E-mail: charles.mccormick@usm.edu. function of temperature (Figure S2) utilizing dynamic light
; Department of Polymer Science, University of Souther Mississippi. - seattering (DLS). A sharp transition at 38 is observed from
Department of Chemistry and Biochemistry, University of Southern . N . .
Mississippi. unimers with hydrodynamic diameteD{) below 8 nm to
8 Paper 131 in a series entitled “Water-Soluble Polymers”. vesicles with averagPy, of 140 nm. This process is completely
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Figure 3. (a) Transmission electron microscopy images and (b)-ui¢ absorption spectrum of vesicles decorated with gold nanopatrticles prepared
from PDMAEMA7s-b-PNIPAMgs as described in the text.

Scheme 1. Formation of Thermally Responsive Vesicles Decorated with Gold Nanoparticles from PDMAEMAb-PNIPAM g9
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reversible. Also shown are tHél NMR spectra (Figure 1) of  equilibration and gold complex reduction. The mixed solution
the homo and block copolymers at selected temperatures. Atwas kept at 50°C for 2 days, after which time the solution
25 °C, the diblock copolymer is fully solvated, and signals temperature was lowered to 2&. DLS analysis detected no
associated with each block are visible. An increase in the dissociation into unimers. It appears that the vesicle structure
solution temperature to 50C causes the NIPAM signal to is permanently “fixed” since the thermally responsive vesicles
become broadened and significantly suppressed while thedo not dissociate into unimers at 2&. The vesicle size is
PDMAEMA signal remains, for the most part, unattenuated. increased at 28C (d) relative to that at 50C (c) due to the
This, in addition to zeta potential measurements (Figure S3, swelling behavior of the vesicles as the PNIPAM block becomes
Supporting Information), reflects the presence of the positively more hydrophilic at 25C. Compared to chemical cross-linking
charged PDMAEMA blocks located on the surface of the of vesicles!® this method is quite attractive since it allows for

particles at pH 7. simultaneous gold nanoparticle formation, “locking” of the
Recently, the use of small molecule amines as reducing agentgesulting structure, and still permits long-term stability in
in the formation of gold nanoparticles was reportéth addi- aqueous media.

tion, Armes et al. showed that PDMAEMA polymers can be It should be noted that the molar ratio of the PDMAEMA
utilized to reduce AuGl counterions to zero-valent gold, and, and NaAuC] is critical for the formation of the gold nanopar-

at the same time, stabilize the resulting gold nanopartiéles. ticles-decorated vesicles. In our experiment, as previously
our experiments, after dissolving PDMAEMAb-PNIPAMgg mentioned, PDMAEMA:NaAuGlwas kept at 10:1. When the

at 0.01 wt %, we first allowed vesicle formation to occur at ratio was lowered to 5:1, the decrease in the hydrophilicity of
50°C,; the resulting solution was then mixed with the NaAuCl the PDMAEMA/NaAuCl, block results in precipitation as
solution in a 10:1 molar ratio of DMAEMA units:NaAugIThe manifested by the onset of turbidity.

pH of the initial polymer solution was 7.4, reaching an Shown in Figure 3a is a transmission electron microscopy
equilibrated pH value of 6.4 after the addition of NaAy@LS image of gold-decorated structures. The structures are spherical
analysis (Figure 2) shows that vesicle size and size distribution and possess morphology consistent with that of vesicles. The
increased slightly with this reaction (b to c), which is attributed bound gold nanoparticles function to “stain” these structures,
to increased protonation of the PDMAEMA segments during enhancing the TEM image. The formation of the gold nano-
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