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Abstract

Gold nanoparticles (NPs) were prepared by reduction of HAuCly in aqueous solution and stabilized by poly(N-isopropylacrylamide) (PNI-
PAM). PNIPAM was prepared by two distinct routes: (i) conventional free-radical polymerization leading to polymer without any reactive
end-group, and (ii) Reversible Addition—Fragmentation chain Transfer (RAFT) polymerization with 2-dodecylsulfanylthiocarbonylsulfanyl-
2-methyl propionic acid (DMP) as a RAFT agent. PNIPAM with low polydispersity was then end-capped by an a-carboxylic acid and an
w-trithiocarbonate that was converted into an w-thiol upon hydrolysis. This hetero-telechelic polymer was analyzed by mass spectroscopy,
size exclusion chromatography (SEC) and "H NMR. Even without thiol end-group, known for chemisorption onto gold, PNIPAM was effective
in stabilizing gold NPs (~ 1—5 nm). The thermosensitivity of PNIPAM at the surface of gold NPs was, however, dependent on the molecular
weight of the chains. Finally, the a-carboxyl end-group of PNIPAM was used to anchor biotin, which is indeed known for complexation with
avidin, which is a possible strategy for the coated gold NPs to be involved as building blocks in supramolecular assemblies. TEM and UV—vis

spectroscopy were used to characterize the gold nanoparticles.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The rapid growth of nanotechnology in the recent past is
the direct consequence of the unique physical and chemical
properties of nanoparticles (NPs) compared to bulk solids
[1]. The intrinsic lack of stability of naked nanoparticles
and their tendency to aggregate are highly undesirable, be-
cause of a deleterious impact on the optical, electrical, cata-
Iytic, and magnetic properties of the nanoparticles [2—4].
There is thus a need to build up a coalescence barrier (steric
or else) around the nanoparticles [5]. There are many exam-
ples of stabilization of gold NPs by low molar mass alkylth-
iols. However, more recently, thiolated polymers were tested
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with success [6,7], particularly when they were prepared with
pre-determined molecular characteristics by a living/con-
trolled mechanism. In this respect, the Reversible Addi-
tion—Fragmentation Transfer (RAFT) polymerization is
ideal, because the radical polymerization of many monomers
can be controlled and the chains are end-capped by a trithio-
carbonate or a dithioester group, which can be easily con-
verted into thiol. In this case, a unique reagent is needed
for the concomitant formation of the gold NPs and the
stabilizer.

Another problem related to the NPs is their recovery after
use, which is more acute when the stabilization is more
effective. It is the reason why attention was paid to polymeric
stabilizers, whose solvation is stimuli-dependent, such as poly-
(N-isopropylacrylamide) (PNIPAM), which is a water-soluble
polymer with a lower critical solution temperature (LCST) in
the 30—33 °C range [8—10]. The LCST behavior of PNIPAM
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is commonly accounted by a balance between hydrogen bond-
ing and the hydrophobic effect. PNIPAM has a hydrophilic
amide group and a hydrophobic isopropyl group. Below the
LCST, aqueous solutions are stabilized by hydrogen bonding
between the amide groups and the water, and by ice-like struc-
tures that water molecules form around the hydrophobic
groups. As the temperature is increased, the hydrogen bonding
weakens and the attractions between hydrophobic groups
increase leading to the eventual demixing of the PNIPAM
chains above the LCST. Several applications take advantage
of this temperature-sensitive water solubility, such as con-
trolled drug delivery [11,12], separation [13] and catalysis
[14].

First synthesized by Pelton’s group [15], PNIPAM is com-
monly prepared by controlled radical polymerization, mainly
by Atom Transfer Radical Polymerization (ATRP) [8,16,17]
and RAFT [9,18,19,20]. Convertine et al. succeeded in analyz-
ing PNIPAM by size exclusion chromatography (SEC) in
DMF at 60 °C, thus under conditions that prevented parasitic
polymer aggregation/adsorption from occurring [20]. The
polydispersity index of PNIPAM prepared by RAFT was lower
than 1.07. Tenhu et al. [19¢c] prepared PNIPAM by RAFT in
the presence of 4-cyanopentanoic acid dithiobenzoate
(CPADB), and they used this polymeric ligand to stabilize
gold nanoclusters with a well controlled size and a reasonably
narrow size distribution.

This work aims at preparing gold NPs protected/stabilized
by biotinylated PNIPAM via a thiol anchoring end-group.
The motivation for a biotin at the free chain-end of the stabi-
lizer is the supramolecular assembly of the NPs by complexa-
tion with avidin in water. For this purpose, gold NPs were
prepared in the presence of PNIPAM synthesized by RAFT
with a carboxylic acid containing transfer agent. Biotin-cadav-
erine was finally attached to the gold NPs via the a-carboxyl
end-group of the PNIPAM protective chains.

2. Experimental
2.1. Materials

N-Isopropylacrylamide (Aldrich, 97%) was twice recrystal-
lized from a benzene/hexane mixture (3:2 v/v) and dried in va-
cuo prior to use. 4,4'-Azo-bis-(4-cyanopentanoic) acid (ACPA,;
Fluka, >98%) was used as received and 2,2’-azo-bis-(isobutyro-
nitrile) (AIBN; Fluka) was recrystallized from methanol.
N,N-Dicyclohexylcarbodiimide (DCC; Aldrich, 99%), hydro-
gen tetrachloroaurate(Ill) hydrate (HAuCly-H,O; Strem,
99.9%), sodium hydroborate (NaBH,; Janssen, 98%), N-hy-
droxysuccinimide (Aldrich, 97%), N-(5-aminopentyl)biotin-
amide (biotin-cadaverine) (Molecular probes), avidin
(Aldrich), benzene (Lab Chemistry, 99%) and diethyl ether
(Labotec, CP) were used as received. N,N-Dimethylformide
(DMF; Aldrich, 99.9%) was dried over P,Os prior to use.
All the other solvents (the highest grade) were used as
received.

2.2. Synthesis of 2-dodecylsulfanylthiocarbonylsulfanyl-
2-methyl propionic acid (DMP): a RAFT chain transfer
agent (CTA)

DMP was synthesized according to Lai et al. [21]. 1-Do-
decanethiol (80.76 g, 0.4 mol), acetone (192.4 g, 3.31 mol),
and aliquat 336 (tricaprylylmethylammonium chloride;
6.49 g, 0.016 mol) were mixed in a reactor cooled to 10 °C un-
der nitrogen. A sodium hydroxide solution (50%) (33.54 g,
0.42 mol) was added over 20 min, and the reaction medium
was stirred for additional 15 min before carbon disulfide
(30.42 g, 0.4 mol) in acetone (40.36 g, 0.69 mol) was added
over 20 min, which resulted in a red color. Ten minutes later,
chloroform (71.25 g, 0.6 mol) was added, followed by the
dropwise addition of the 50% sodium hydroxide solution
(160 g, 2mol) over 30 min, and the reaction mixture was
stirred overnight; 600 mL of water were added, followed by
100 mL of concentrated HCI. Nitrogen was bubbled within
the reaction medium under vigorous stirring in order to elim-
inate acetone. A solid product was filtered off with a Buchner
funnel, then stirred in 1 L of isopropanol, filtered again and
identified as S,S’-bis(1-dodecyl)trithiocarbonate. The isopro-
panol solution was concentrated to dryness, and the solid
was recrystallized from hexane so yielding 92.5 g of a yellow
crystalline solid. '"H NMR (400 MHz, CDCl;) 0.8 (t, 3H), 1.4
(m, 20H), 1.7 (s, 6H), 3.4 (t, 2H), 13 (s, 1H). Recrystallization
was repeated until DMP was pure when analyzed by '"H NMR.

2.3. Synthesis of PNIPAM—COOH by RAFT
polymerization (CTA—PNIPAM—COOH)

PNIPAM with one carboxylic acid (—COOH) end-group was
prepared by RAFT with DMP as a RAFT agent (Scheme 1), as
reported elsewhere [20]. Briefly, in a previously flamed three-
neck flask, recrystallized NIPAM (5.0 g), DMP (182 mg,
5% 1074 mol) and ACPA (9.24 mg, 2.5 x 1073 mol) were dis-
solved in 20 mL of DMF. The solution was degassed by three
freeze—thaw—evacuation cycles, and then the flask was trans-
ferred to a water bath at 25 °C. After4 h, the crude reaction prod-
uct was precipitated in diethyl ether. The procedure was twice
repeated. The final slightly yellow powder was characterized
by 'H NMR (400 MHz, DMSO-dg): 4.0 (1H, —N—CHZ, s),
2.1 (1H, —C—CH-— broad band), 1.65 (2H, —CH,—C— broad
band), 1.20 (22H, C;;Hj,), 1.13 (6H, CH;—C—CHj;, broad
band), and 0.8 (3H, C—CH3). This PNIPAM sample was desig-
nated as CTA—PNIPAM—COOH.

2 4. Synthesis of PNIPAM by free-radical polymerization

PNIPAM was also synthesized by conventional free-radical
polymerization. NIPAM (0.01 mol) and AIBN (0.35 mmol)
were dissolved in DMF in a round-bottom flask kept in an
ice bath. The solution was degassed by nitrogen for 30 min
and heated in an oil bath at 70 °C for 3 h. PNIPAM was col-
lected by precipitation in diethyl ether and dried. The molar
mass was determined by SEC in DMF (M, = 110,000,
PDI = 1.95). This sample was designated as PNIPAM.



A. Aqil et al. | Polymer 49 (2008) 1145—1153 1147
s
CH, I
h CH,=CH HOOC-C-(CH GH),5-C-8-C pHys
= DMP, V70 CH,  C=0 _DNOH,  ooc-PNIPAM-SH
I DMF- 25°C i 2) HCOOH
| |
H,C-C-CH,
H

Biotmn @

Biotin-PNIPAM-SH

Scheme 1. Synthesis of a-carboxyl, w-thiol PNIPAM by RAFT, and supramolecular assembly of biotin—PNIPAM—S—Au nanoparticles by tin—avidin complexation.

2.5. Hydrolysis of CTA—PNIPAM—COOH into
HS—PNIPAM—COOH

CTA—PNIPAM was hydrolyzed by a NaOH solution in
methanol (1.0 M, 28%) under nitrogen in the presence of
a small amount of EDTA in order to prevent the in situ formed
thiol from being oxidized. After hydrolysis, the mixture was
acidified by 88% formic acid and ultrafiltrated through
a 0.2 pm membrane (Nylon Acrodisc). After dialysis against
deionized water for 3 days, the final product was recovered
by lyophilization from water.

2.6. Biotinylation of SH—PNIPAM—COOH
(HS—PNIPAM—biotin)

A mixture of HS—PNIPAM—COOH and DCC was dissolved
in dried DMF. N-Hydroxysuccinimide dissolved in dried DMF
was then added dropwise at 0 °C. The reaction medium was
stirred at room temperature for 24 h, followed by the addition
of N-(5-aminopentyl)biotinamide and triethylamine. The stir-
ring was continued for additional 15 h. Dicyclohexylurea was
eliminated by filtration through a 0.45 pym membrane. The un-
reacted biotin derivative was eliminated by dialysis against
acidic water, and the solution was finally lyophilized.

2.7. Preparation of Au nanoparticles stabilized by
HS—PNIPAM—COOH, and HS—PNIPAM—biotin

Gold nanoparticles were prepared according to McCormick
et al. [22] except for the Au/S molar ratio that was 3.5:1 as rec-
ommended by Leff et al. [23]. In a typical experiment,

PNIPAM (0.9 x 10 *mol) and 10mg of HAuCl,-3H,0
were dissolved in 20 mL of deionized water, followed by the
slow addition of 0.5 mL of a freshly prepared aqueous solution
(0.45M) of NaBH; (NaBHj/Au=15.0:1) under vigorous
stirring. The reaction was kept under stirring for 12 h. The
colloidal solution of HOOC—PNIPAM—S—Au (or biotin—
PNIPAM—S—Au) was dialyzed against water for 3 days to
remove the free PNIPAM chains and the excess of gold salt.
Gold nanoparticles were collected by filtration through
a 0.45 ym membrane prior to characterization. The colloidal
solutions of gold nanoparticles were dark blue.

2.8. Characterization

2.8.1. Polymers

They were analyzed by 'H NMR spectroscopy with
a Bruker AM 400 apparatus at 25 °C, in deuterated chloroform
(CDCl3) added with tetramethylsilane as an internal reference.
Number-average molecular weight was calculated from the in-
tensity ratio of the CH protons of the NIPAM units (0 = 4.0)
and the CHj protons of DMP. The polydispersity index
(PDI) was determined by size exclusion chromatography
(SEC) with a 25 mM solution of LiBr in DMF as eluent at
50 °C. Polystyrene standards were used for calibration.
MALDI-TOF mass spectrometry was carried out with a Bruker
Reflex III equipped with a 337 nm N, laser in the reflector
mode and a 20 kV acceleration voltage. Dithranol (Aldrich,
97%) was used as the matrix. Sodium or potassium trifluoro-
acetate was added for ion formation. Samples were prepared
by mixing matrix (20 mg/mL), sample (10 mg/mL) and salt

Table 1

Molecular characteristics of PNIPAM used in this work

Process Time (h) Conversion® (%) M, P° LCST' (40.02 °C)
Theoretical Experimental® Ms? SEC®

RAFT* 3 30 3000 2500 2000 17,800 1.05 21.00

RAFT* 5 50 5000 4500 4000 62,000 1.05 32.22

Free 3 - - - - 110,000 2.00 31.50

# Solvent, DMF; temperature, 25 °C; [NIPAM]/[DMP]/[V70] = 1767/20/1; [NIPAM] = 2.2 M.

® Determined from "H NMR spectrum of the reaction mixture in DMSO-dj.

Determined by NMR.
4 Determined by MALDI-TOF MS.

e

c

Determined by SEC using 25 mM solution of LiBr in DMF as the eluent at 50 °C, and calibration based on polystyrene standards.

' Determined by UV—vis spectroscopy (inflection point of the absorbance—temperature curve).
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Fig. 1. MALDI-TOF spectrum of PNIPAM (sample 1, Table 1).

(10 mg/mL) in a 10:1:1 ratio. The number-average molecular
weight (M,,) of polymers was determined in the linear mode.

2.8.2. Nanoparticles

Transmission electron microscopy (TEM) was carried out
with a Philips CM-100 microscope. Samples were prepared
by spreading a drop of a dilute dispersion of particles on a cop-
per grid coated with Formvar. UV—vis spectra were recorded
with an U3300 spectrophotometer (Hitachi). Differential scan-
ning calorimetry (DSC) of colloidal suspension was performed
under a nitrogen flow (50 cm®/min) at a heating rate of 1 °C/
min in the range of 15—60 °C with a DSC Q100 from TA
Instruments.

3. Results and discussion

3.1. Synthesis and LCST of asymmetric HS—PNIPAM—
COOH

a-Carboxylic acid, w-thiol PNIPAM was synthesized as
a stabilizer of gold NPs by conventional RAFT with a transfer
agent of the trithiocarbonate type, i.e., 2-dodecylsulfanylthio-
carbonylsulfanyl-2-methyl propionic acid (DMP). DMP was
intended to cap PNIPAM by an a-carboxylic acid to be con-
verted later on into a biotin and an w-trithiocarbonate to be re-
duced into a thiol for chemisorption onto gold nanoparticles.
This RAFT polymerization of NIPAM in the presence of
DMP was previously reported by McCormick et al., providing
PNIPAM with a controlled molecular weight and a low poly-
dispersity [20]. Two asymmetric telechelic PNIPAMs were
prepared with a number-average molecular weight (M,,
NMR) of 2500 and 4500, respectively, and a low

polydispersity index (SEC) of 1.05 for both (Table 1). Al-
though not detailed in this paper and in agreement with Mc-
Cormick et al. [20], M,, linearly increased with the monomer
conversion as expected for a controlled polymerization.

The PNIPAM samples were further analyzed by matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) in order to cross-check molecular
weight and end-functionality [9a—d]. The MALDI-TOF MS
spectrum showed a series of peaks (Fig. 1), with a regular in-
terval of 113.08, which is the molar mass of the monomer. The
number-average molecular weights calculated by MALDI-
TOF MS (M,,, MS) were in good agreement with the NMR
data (M,, NMR) as shown in Table 1. The peaks in the
MALDI-TOF MS spectrum were characteristic of PNIPAM
with dodecyltrithiocarbonate and 2-methyl propionic acid as
the w- and o-end-groups, respectively. For example, the
peak with a mass of 2061.35 corresponded to 15-mers of NI-
PAM, a DMP unit and a proton ion (c in inset of Fig. 1). No
terminal unsaturation was observed, indicating that only few
chains were initiated by ACPA and/or irreversibly terminated.
Two other distributions were, however, observed in the spec-
trum that corresponded to PNIPAM without the dodecyl radi-
cal at the w-end-group and ionized by K™ (2043.39) (b in inset
of Fig. 1) and Na™t (2027.42) (a in inset of Fig. 1), respectively.
These additional distributions more likely resulted from the
cleavage of the end-group during analysis, in agreement
with both Ladaviere et al. in the study of poly(acrylic acid)
synthesized by RAFT with a trithiocarbonic acid dibenzyl es-
ter and Miiller in the fragmentation analysis of CTA contain-
ing polymer chains [9d,e].

Several groups reported on the stabilization of gold nano-
particles by thermoresponsive polymers, including PNIPAM
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Fig. 2. '"H NMR spectrum of DMP (a RAFT agent), before (I) and after (II)
hydrolysis in water at pH ~ 10.

[19]. This strategy was easily implemented in the case of poly-
mers prepared by RAFT, because the w-dithioester or trithio-
carbonate end-group was reduced into thiol simultaneously to
the formation of gold nanoparticles by the Schiffrin reaction
(reduction of HAuCl,), thus in a one-pot process. The main
drawback of using an asymmetric trithiocarbonate is the pro-
tection/stabilization of gold NPs by two types of thiol, i.e.,
PNIPAM—SH and alkyl-SH within a 1:1 molar ratio. As
mentioned by Shan et al. [19¢] differences in the gold size
and the aggregation are observed when PNIPAM monolayer
protected clusters are prepared directly from PNIPAMs end-
capped by the asymmetric RAFT agent or from the purified
hydrolyzed polymer, i.e., PNIPAM—SH and PNIPAM disul-
fide mixture without residual alkylthiol chains.

In this work, CTA—PNIPAM—COOH was pre-treated by
NaOH in order to eliminate the alkylthiol and to form the
gold NPs in the presence of the HOOC—PNIPAM—SH macro-
ligand (Scheme 1). In this respect, Loiseau et al. reported that
trithiocarbonate compounds are sensitive to hydrolysis [9e].
Therefore, the stability of DMP was tested at a pH of ~ 10.
After 12 h, water was eliminated and the collected product
was dissolved in CDCl; prior to 'H NMR analysis. The solu-
tion was turbid, because of the insolubility of the cleaved
HOOC—C(CH3),—SH thiol that was removed by filtration
through a 0.2 um membrane. The peak at 1.7 ppm for the
six protons adjacent to the carboxylic acid (Fig. 2I for
DMP) was no longer observed for the filtrate that was consis-
tent with dodecyl thiol released by hydrolysis of DMP
(Fig. 2ID).

The lower critical solution temperature (LCST) of the
CTA—PNIPAM samples (Table 1) was analyzed in water by
recording the increase of absorbance at 500 nm resulting
from the increasing turbidity, upon raising the temperature
of an aqueous solution (2 mg/mL) at a heating rate of
1.4 °C/min. A typical cloud point curve is reported in Fig. 3.
The LCST was noted at the intersection of the baseline at
low temperature and the tangent to the increasing absorption
curve as a result of nascent turbidity.
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Fig. 3. Cloud point curve for PNIPAM (M,, = 4500) in aqueous solution (2 mg/
mL) at 500 nm with a heating rate of 1.4 °C/min.

3.2. PNIPAM protected gold nanoparticles
Gold nanoparticles were prepared by the classical reduction

of HAuCl, by NaBH,4 at 0 °C in the presence of preformed
HOOC—PNIPAM—SH (M, =2500 and 4500) (Scheme 1).
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Fig. 4. Surface plasmon resonance of gold nanoparticles stabilized by PNI-
PAM at different temperatures: (a) Au—S—PNIPAM (4500), (b) Au—S—PNI-
PAM (2500) and (¢c) Au—PNIPAM (no thiol involved).
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Fig. 5. TEM images of gold nanoparticles stabilized by (a) PNIPAM (M, = 4500) prepared by RAFT and (b) PNIPAM prepared by free-radical polymerization

(no thiol involved).

The colloidal suspensions were very stable and characterized
by absorption at 530 nm (Fig. 4). The protected/stabilized
gold nanoparticles were observed by TEM with an average
size of 2.5+ 0.5nm and a narrow size distribution for the
two suspensions (Fig. 5). Surprisingly enough, gold nanopar-
ticles stabilized by HOOC—PNIPAM—SH of the lower molec-
ular weight did not show any temperature response even until
50 °C (Fig. 6, sample a). In sharp contrast, those ones stabi-
lized by HOOC—PNIPAM—SH of the higher molecular
weight were remarkably temperature-sensitive (Fig. 6, sample

b). The characteristic absorbance of the aqueous solution of
the PNIPAM stabilized gold nanoparticles was recorded
throughout the LCST temperature range of the non-adsorbed
chains. For the temperature dependence of the surface plas-
mon to be observed properly, the effect of the solution turbid-
ity was taken into account by subtracting the absorbance
increment at 400 nm and normalizing the curves such that
the absorbance ranged from O to 0.9 [24]. The absorbance typ-
ically decreased with increasing temperature for the solution
of NPs stabilized by HOOC—PNIPAM—SH (4500) (Fig. 4a)

Fig. 6. Gold nanoparticles stabilized by (a) PNIPAM—SH (M,, = 2500) and (b) PNIPAM—SH (M,, = 4500) at 20 and 50 °C, respectively.
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Fig. 7. Microcalorimetric endotherms for aqueous dispersions of (a) RAFT-PNI-
PAM (Table 1, entry 2), (b) RAFT-PNIPAM (entry 1) and (c) PNIPAM (entry 3).

as result of the shielding of the gold surface by collapsed PNI-
PAM chains. At 25 °C, the characteristic plasmon resonance at
530 nm was clearly detected, which was not the case anymore
above 35 °C. The surface plasmon resonance is known to de-
pend on several parameters, such as the refractive index of
both the solvent and the protective shell layer [24]. A discon-
tinuity in the absorbance at 530 nm was observed in the LCST
domain (Fig. 4a), which is the signature of the dehydration of
PNIPAM and the related modification of the refractive index
[19a]. Consistent with the temperature insensitivity of the
gold nanoparticles stabilized by HOOC—PNIPAM—SH of

HS SH

Low Mw SH
SH  NaBHJ0°C

HAuCI,
NaBH,/0°C

High Mw

%? g‘st\lp

M, =2500, the plasmon resonance did not change from 18
to 50 °C (thus through the LCST range of the original macro-
ligand; Fig. 4b).

For the sake of comparison, gold nanoparticles were pre-
pared in the presence of PNIPAM, synthesized by free-radical
polymerization, thus deprived of any thiol end-group. The ap-
parent molecular weight (M,,, SEC) was approximately two
times higher than that one of HOOC—PNIPAM—SH with
a nominal M, (M,, NMR) of 4500 (Table 1). The polydisper-
sity was also much high (M/M, =2). Formation of gold
nanoparticles of the same average size as before
(2.5+0.5nm) and a narrow size distribution was observed
by TEM (Fig. 5b). Consistently, the UV—vis spectrum showed
absorption at 536 nm, characteristic of the surface plasmon
resonance of well-spaced gold NPs (Fig. 4c). Clearly, PNI-
PAM, with or without a thiol end-group, has the ability to pas-
sivate a gold surface. According to Remacle et al., the
constitutive amides of PNIPAM can interact with gold via
N—H---Au hydrogen bonds and still stronger Au—O bonds
[25]. As an additional piece of information, the microcalori-
metric endotherms of the aqueous suspension of gold nanopar-
ticles stabilized by the different PNIPAM chains were
recorded (Fig. 7). As far as NPs stabilized by RAFT-PNIPAM
(Table 1, entry 2) are concerned, two separate transition pro-
cesses at T, =37+£0.6°C and T,, =48 £0.7 °C are ob-
served (Fig. 7, graph a) as already reported by Shan et al.
[19c]. Both transitions are 5 °C higher than those reported
by Shan for 4-cyanopentanoic acid PNIPAM (M,, = 5400) sta-
bilized gold NPs [19¢]. This difference can be understood by

SH/Sh ,
HAuCI ort segments; o,
e, fr SE loops .&»} LCST (a)

P

not observed

ong segments/  50°C LCST b)

Scheme 2. Train-loop-tail model for the adsorption of PNIPAM onto the gold surface.

Fig. 8. Colorimetry of biotinylated PNIPAM by DMACA.
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Fig. 9. TEM images of gold nanoparticles (a) stabilized by Bio-PNIPAM-SH and (b) idem after supramolecular assembly by complexation with avidin.

different end-groups for PNIPAM chains in addition to slightly
different working conditions (heating rate 1 °C/min in the pres-
ent case). The occurrence of two endotherms has been previ-
ously explained by difference in the hydratation degree of the
PNIPAM brush considering two zones around the gold nano-
particles. The poorly hydrated chains of the inner zone collapse
at lower temperature than that of the hydrated outer zone.

In the case of PNIPAM (Table 1, entry 3) coated gold, only
one broad endotherm centered at 33 + 0.8 °C was observed
(Fig. 7, graph c). This is in line with the replacement of the
brush-like morphology [19¢] expected for “RAFT-PNIPAM”
(Table 1, entry 2) by the random train-loop-tail adsorption of
PNIPAM (entry 3) [19f]. The broadening of this endotherm
may be due to the heterogeneity of the molar mass of the hy-
drated PNIPAM segments caused by the random interaction of
amid functions with gold surface. Finally, as expected for PNI-
PAM obtained by RAFT (Table 1, entry 1), no significant en-
dotherm was observed (Fig. 7, graph b), due to the poor
hydratation of the low molecular weight PNIPAM brush in
line with the collected UV data.

Based on the Tenhu et al. [19¢] explanation of these obser-
vations, i.e., a first transition characteristic of the PNIPAM
segments close to the gold surface, thus densely packed and
less hydrated, whereas the fully hydrated segments located
away from the surface would be responsible for the second
transition and on the well-known dependence of LCST on
the PNIPAM molecular weight, we propose the following
model for the PNIPAM chains at the gold surface (Scheme
2). Independently of the thiol end-group, which is

+ avidin

Fig. 10. Gold nanoparticles stabilized by biotinylated PNIPAM before and
after addition of avidin.

chemisorbed to the surface, the random adsorption of constitu-
tive amide units results in dangling loops and terminal seg-
ments, whose relative length allows the LCST to manifest
itself or not. This model actually fits the train-loop-tail confor-
mation proposed for poly(ethylene oxide) (PEO) [26] and
poly(vinyl pyrrolidone) (PVP) [27] adsorbed onto silica. Fi-
nally, biotin was attached to the protective shell of the gold
nanoparticles by amidification of the carboxylic acid end-
groups of the PNIPAM stabilizer.

Thus the acid function of HS—PNIPAM—COOH was
activated by N-hydroxysuccinimide and then reacted with N-
(5-aminopentyl)biotinamide in the presence of triethylamine.
Biotinylated PNIPAM was purified by dialysis and recovered
by lyophilization. Qualitatively the success of biotinylation
was confirmed by a coloration test [28]. Indeed, the yellow
color of 7-dimethylaminocoumarin-4-acetic acid (DMACA)
turned pink in the presence of PNIPAM—biotin (Fig. 8; for in-
terpretation of the references to color in this figure, the reader
is referred to the web version of this article). Biotinylated PNI-
PAM was used as a stabilizer in the preparation of gold nano-
particles according to the same recipe as before. Gold
nanoparticles stabilized by Bio-PNIPAM—SH were observed
by TEM. Fig. 9a shows particles with a size in the 1—5 nm
range. Upon addition of avidin, the suspension of gold nano-
particles stabilized by biotinylated PNIPAM became turbid
(Fig. 10) consistent with the observation of strings of nanopar-
ticles by TEM (Fig. 9b). These preliminary observations are
promising for converting the PNIPAM coated gold NPs into
building blocks of supramolecular assemblies. As a rule, com-
plexation of biotinylated PNIPAM with (strept)avidin is an ex-
pected versatile tool to confer thermosensitivity to avidin
containing molecules (e.g., drugs and antibodies), surfaces
and particles with potential application in drug delivery, bio-
technology and surface engineering.

4. Conclusions

Gold nanoparticles were prepared by reduction of HAuCl,
in the presence of thermosensitive PNIPAM. Although thiol
end-capped PNIPAM is known as a macroligand effective in
stabilizing gold nanoparticles, this work showed that interac-
tions between constitutive amides of PNIPAM and gold are
strong enough to protect gold nanoparticles against
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aggregation. A train-loop-tail model, as was reported for the
adsorption of PEO and PVP on silica, would also prevail at
the PNIPAM/gold interface. It is only when the length of the
dangling PNIPAM segments is long enough that the LCST be-
havior of the polymer can manifest itself. a-Carboxylic acid,
w-thiol PNIPAM was synthesized by RAFT, and the acid
end-group was used to attach biotin in the o-position. Gold
nanoparticles stabilized by biotinylated PNIPAM are prone
to organization at the supramolecular level by biotin/avidin
complexation.
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