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Abstract

Gold nanoparticles (NPs) were prepared by reductfdtAuCl, in aqueous solution and stabilized by pbiky(
isopropylacrylamide) (PNIPAM). PNIPAM was prepat®dtwo distinct routes: (i) conventional free-raalic
polymerization leading to polymer without any réaetend-group, and (ii) Reversible Addition-Fraghaion
chain Transfer (RAFT) polymerization with 2-dodessyifanylthiocarbonylsulfanyl-2-methyl propionic dci
(DMP) as a RAFT agent. PNIPAM with low polydispéysivas then end-capped by acarboxylic acid and an
w-trithiocarbonate that was converted intocathiol upon hydrolysis. This hetero-telechelic pokr was
analyzed by mass spectroscopy, size exclusion @tography (SEC) antH NMR. Even without thiol end-
group, known for chemisorption onto gold, PNIPAMsn&ffective in stabilizing gold NPs (~ 1-5 nm). The
thermosensitivity of PNIPAM at the surface of gblB's was, however, dependent on the molecular wefght
the chains. Finally, the-carboxyl end-group of PNIPAM was used to anchotibj which is indeed known for
complexation with avidin, which is a possible gt for the coated gold NPs to be involved as ingldlocks
in supramolecular assemblies. TEM and UV-vis spsctipy were used to characterize the gold nanofesti
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1. Introduction

The rapid growth of nanotechnology in the recesst psmthe direct consequence of the unique phyaival
chemical properties of nanoparticles (NPs) compsoduilk solids [1]. The intrinsic lack of stabylibf naked
nanoparticles and their tendency to aggregateightytundesirable, because of a deleterious impadhe
optical, electrical, catalytic, and magnetic prdigsrof the nanoparticles [2-4]. There is thus edhi® build up a
coalescence barrier (steric or else) around thepsaticles [5]. There are many examples of staddilin of gold
NPs by low molar mass alkylthiols. However, moreergly, thiolated polymers were tested with suc§éss,
particularly when they were prepared with pre-daetaed molecular characteristics by a living/congdl
mechanism. In this respect, the Reversible AddiEcagmentation Transfer (RAFT) polymerization iead
because the radical polymerization of many monomansbe controlled and the chains are end-capped by
trithio-carbonate or a dithioester group, which bereasily converted into thiol. In this case, mue reagent is
needed for the concomitant formation of the goldsMRd the stabilizer.

Another problem related to the NPs is their recgedter use, which is more acute when the stalitinas
more effective. It is the reason why attention yaisl to polymeric stabilizers, whose solvationtimsli-
dependent, such as poli-6opropylacrylamide) (PNIPAM), which is a water+dadke polymer with a lower
critical solution temperature (LCST) in the 30-F3range [8-10]. The LCST behavior of PNIPAM is coomty
accounted by a balance between hydrogen bondingharuydrophobic effect. PNIPAM has a hydrophilic
amide group and a hydrophobic isopropyl group. #elwe LCST, aqueous solutions are stabilized bydgyen
bonding between the amide groups and the waterbwime-like structures that water molecules fonouad
the hydrophobic groups. As the temperature is asad, the hydrogen bonding weakens and the atinacti
between hydrophobic groups increase leading tevieatual demixing of the PNIPAM chains above the&SIC
Several applications take advantage of this teniperaensitive water solubility, such as controliiedg
delivery [11,12], separation [13] and catalysis][14

First synthesized by Pelton's group [15], PNIPAMasnmonly prepared by controlled radical polymeima
mainly by Atom Transfer Radical Polymerization (AFR8,16,17] and RAFT [9,18,19,20]. Convertinelet a
succeeded in analyzing PNIPAM by size exclusiomuotatography (SEC) in DMF at 60 °C, thus under
conditions that prevented parasitic polymer aggiegéadsorption from occurring [20]. The polydispigy
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index of PNIPAM prepared by RAFT was lower than71.0enhu et al. [19¢] prepared PNIPAM by RAFT in
the presence of 4-cyanopentanoic acid dithioberz@®ADB), and they used this polymeric ligandtebgize
gold nanoclusters with a well controlled size arrdasonably narrow size distribution.

This work aims at preparing gold NPs protectedibtail by biotinylated PNIPAM via a thiol anchorirmd-
group. The motivation for a biotin at the free ¢hand of the stabilizer is the supramolecular asbgof the
NPs by complexation with avidin in water. For thigpose, gold NPs were prepared in the presence of
PNIPAM synthesized by RAFT with a carboxylic acihtaining transfer agent. Biotin-cadaverine waalfin
attached to the gold NPs via tiiearboxyl end-group of the PNIPAM protective chains

2. Experimental
2.1. Materials

N-Isopropylacrylamide (Aldrich, 97%) was twice restallized from a benzene/hexane mixture (3:2 vig) a
dried in vacuo prior to use. 4,4'-Azo-bis-(4-cyaantanoic) acid (ACPA; Fluka, >98%) was used asivede
and 2,2'-azo-bis-(isobutyronitrile) (AIBN; Fluka)as recrystallized from methan®dl,N-
Dicyclohexylcarbodiimide (DCC; Aldrich, 99%), hydyen tetrachloroauraté() hydrate (HAuUCJH,O; Strem,
99.9%), sodium hydroborate (NaBgHanssen, 98%IN-hydroxysuccinimide (Aldrich, 97%),
N-(5-aminopentyl)biotin-amide (biotin-cadaverine)dMcular probes), avidin (Aldrich), benzene

(Lab Chemistry, 99%) and diethyl ether (Labotec) @Bre used as received,N-Dimethylformide (DMF;
Aldrich, 99.9%) was dried over,®;s prior to use. All the other solvents (the highgrstde) were used as
received.

2.2. Synthesis of 2-dodecylsulfanylthiocarbonydswf-2-methyl propionic acid (DMP): a RAFT chaimatsfer
agent (CTA)

DMP was synthesized according to Lai et al. [24pddecanethiol (80.76 g, 0.4 mol), acetone (1923.31
mol), and aliquat 336 (tricaprylylmethylammoniumaride; 6.49 g, 0.016 mol) were mixed in a reaciooled
to 10 °C under nitrogen. A sodium hydroxide solat{60%) (33.54 g, 0.42 mol) was added over 20 aniil, the
reaction medium was stirred for additional 15 mifidoe carbon disulfide (30.42 g, 0.4 mol) in acet¢f0.36 g,
0.69 mol) was added over 20 min, which resulted iad color. Ten minutes later, chloroform (71.25.¢ mol)
was added, followed by the dropwise addition of368&6 sodium hydroxide solution (160 g, 2 mol) o88rmin,
and the reaction mixture was stirred overnight; 600of water were added, followed by 100 mL of
concentrated HC1. Nitrogen was bubbled within #ection medium under vigorous stirring in order to
eliminate acetone. A solid product was filteredwifth a Buchner funnel, then stirred in 1 L of isgpanol,
filtered again and identified &S-bis(I-dodecyl)trithiocarbonate. The isopropanalusion was concentrated to
dryness, and the solid was recrystallized from hexso yielding 92.5 g of a yellow crystalline sofid NMR
(400 MHz, CDC3%) 0.8 (t, 3H), 1.4 (m, 20H), 1.7 (s, 6H), 3.4 ()213 (s, 1H). Recrystallization was repeated
until DMP was pure when analyzed iy NMR.

2.3. Synthesis of PNIPAM-COOH by RAFT polymerina{@TA-PNIPAM-COOH)

PNIPAM with one carboxylic acid (-COOH) end-groupswprepared by RAFT with DMP as a RAFT agent
(Scheme 1), as reported elsewhere [20]. Brieflg previously flamed three-neck flask, recrystatiiNIPAM
(5.0 g), DMP (182 mg, 5 x bmol) and ACPA (9.24 mg, 2.5 x Tnol) were dissolved in 20 mL of DMF. The
solution was degassed by three freeze-thaw-evacueyicles, and then the flask was transferredviater bath
at 25 °C. After 4 h, the crude reaction product peeipitated in diethyl ether. The procedure wesd
repeated. The final slightly yellow powder was @uerized byH NMR (400 MHz, DMSQdg): 4.0 (1H, -N-
CH<, s), 2.1 (1H, -C-CH- broad band), 1.65 (2H, ,&H broad band), 1.20 (22H4{Hl,,), 1.13 (6H, CH-C-

CHs, broad band), and 0.8 (3H, C-gHThis PNIPAM sample was designated as CTA-PNIPBMOH.

2.4. Synthesis of PNIPAM by free-radical polymeiira

PNIPAM was also synthesized by conventional frebea polymerization. NIPAM (0.01 mol) and AIBN
(0.35 mmol) were dissolved in DMF in a round-bottfiask kept in an ice bath. The solution was deghssy
nitrogen for 30 min and heated in an oil bath atC0dor 3 h. PNIPAM was collected by precipitationdiethyl
ether and dried. The molar mass was determined®yi8 DMF (M,= 110,000, PDI= 1.95). This sample was
designated as PNIPAM.
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Scheme 1. Synthesis af-carboxyl,w-thiol PNIPAM by RAFT, and supramolecular assenabliotin—
PNIPAM—S—Au nanoparticles by tin-avidin complexatio
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Table 1: Molecular characteristics of PNIPAM used in thisrk

Proces: Time (h)  ConversiofA M, IP¢  LCST (x0.02 °C)
(%) Theoretical Experimentdl  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]/[A] = 1767/20/1; [NIPAM] = 2.2 M.

®Determined from H NMR spectrum of the reaction tonig in DMSOé.

¢ Determined by NMR.

4 Determined by MALDI-TOF MS.

¢Determined by SEC using 25 mM solution of LiBr iiMPB as the eluent at 50 °C, and calibration basegobystyrene standards.
" Determined by UV-vis spectroscopy (inflection paifithe absorbance-temperature curve).

2.5. Hydrolysis of CTA-PNIPAM-COOH into HS-PNIPANDOH

CTA-PNIPAM was hydrolyzed by a NaOH solution in im&tol (1.0 M, 28%) under nitrogen in the preserfce o
a small amount of EDTA in order to prevent theitn formed thiol from being oxidized. After hydrdlig, the
mixture was acidified by 88% formic acid and uliitedited through a 0.2 um membrane (Nylon Acrodigder
dialysis against deionized water for 3 days, thalfproduct was recovered by lyophilization fronteva

2.6. Biotinylation of SH-PNIPAM-COOH (HS-PNIPAM-bit)

A mixture of HS-PNIPAM-COOH and DCC was dissolveddried DMF.N-Hydroxysuccinimide dissolved in
dried DMF was then added dropwise at 0 °C. Theti@aeedium was stirred at room temperature foh24
followed by the addition of-(5-aminopentyl)biotinamide and triethylamine. Tgiigring was continued for
additional 15 h. Dicyclohexylurea was eliminatedfiltyation through a 0.45 pm membrane. The unrséct
biotin derivative was eliminated by dialysis ag&iasidic water, and the solution was finally lyojgd.

2.7. Preparation of Au nanoparticles stabilizedHfy-PNIPAM-COOH, and HS-PNIPAM-biotin

Gold nanopatrticles were prepared according to Mo@k et al. [22] except for the Au/S molar rati@athvas
3.5:1 as recommended by Leff et al.[23].In adgpexperiment, PNIPAM (0.9 x Tamol) and 10 mg of
HAuCI,;-3H,0 were dissolved in 20 mL of deionized water, fakal by the slow addition of 0.5 mL of a freshly
prepared aqueous solution (0.45 M) of NagNaBH/Au= 15.0:1) under vigorous stirring. The reactioas

kept under stirring for 12 h. The colloidal solutiof HOOC-PNIPAMS-Au (or biotin-PNIPAMS-Au) was
dialyzed against water for 3 days to remove the RBIIPAM chains and the excess of gold salt. Gold
nanoparticles were collected by filtration throwgB.45 um membrane prior to characterization. Teidal
solutions of gold nanoparticles were dark blue.
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2.8. Characterization
2.8.1. Polymers

They were analyzed By NMR spectroscopy with a Bruker AM 400 apparatu®5°C, in deuterated
chloroform (CDC}) added with tetramethylsilane as an internal efee. Number-average molecular weight
was calculated from the intensity ratio of the Qidtpns of the NIPAM units)(= 4.0) and the Ckiprotons of
DMP. The polydispersity index (PDI) was determitgosize exclusion chromatography (SEC) with a 25 mM
solution of LiBr in DMF as eluent at 50 °C. Polystge standards were used for calibration. MALDI-Ti®&ss
spectrometry was carried out with a Bruker Refléeduipped with a 337 nm Naser in the reflector mode and
a 20 kV acceleration voltage. Dithranol (Aldrici728) was used as the matrix. Sodium or potassildfhadro-
acetate was added for ion formation. Samples wenegped by mixing matrix (20 mg/mL), sample (10 mig)
and salt (10 mg/mL) in a 10:1:1 ratio. The numbezrage molecular weighb,) of polymers was determined
in the linear mode.

Fig. 1. MALDI-TOF spectrum of PNIPAM (sample 1, Table 1).
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2.8.2. Nanopatrticles

Transmission electron microscopy (TEM) was caroatiwith a Philips CM-100 microscope. Samples were
prepared by spreading a drop of a dilute dispersfqrarticles on a copper grid coated with Form#v-vis
spectra were recorded with an U3300 spectrophotan(idttachi). Differential scanning calorimetry (Bpof
colloidal suspension was performed under a nitrdlgem (50 cn? /min) at a heating rate of 1 °C/ min in the
range of 15-60 °C with a DSC Q100 from TA Instruntsen

3. Results and discussion
3.1. Synthesis and LCST of asymmetric HS-PNIPAM4€00

a-Carboxylic acidw-thiol PNIPAM was synthesized as a stabilizer dtigePs by conventional RAFT with a
transfer agent of the trithiocarbonate type, Redpdecylsulfanylthio-carbonylsulfanyl-2-methyl pronic acid
(DMP). DMP was intended to cap PNIPAM by @garboxylic acid to be converted later on into atibiand an
w-trithiocarbonate to be reduced into a thiol foewtisorption onto gold nanopatrticles. This RAFT
polymerization of NIPAM in the presence of DMP wasviously reported by McCormick et al., providing
PNIPAM with a controlled molecular weight and a lpalydispersity [20]. Two asymmetric telechelic
PNIPAMs were prepared with a number-average madeautight M,, NMR) of 2500 and 4500, respectively,
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and a low polydispersity index (SEC) of 1.05 fottbfTable 1). Although not detailed in this paped &
agreement with McCormick et al. [20, linearly increased with the monomer conversiorxaected for a
controlled polymerization.

The PNIPAM samples were further analyzed by matssisted laser desorption/ionization time-of-fligtdss
spectrometry (MALDI-TOF MS) in order to cross-chauklecular weight and end-functionality [9a-d]. The
MALDI-TOF MS spectrum showed a series of peaks.(E)gwith a regular interval of 113.08, whichliet
molar mass of the monomer. The number-average maleweights calculated by MALDI-TOF M34;,, MS)
were in good agreement with the NMR dad¥k,(NMR) as shown in Table 1. The peaks in the MAOIF MS
spectrum were characteristic of PNIPAM with dod#&@yliocarbonate and 2-methyl propionic acid asdghand
a-end-groups, respectively. For example, the pealk avimass of 2061.35 corresponded to 15-mers cAMIRa
DMP unit and a proton ion (c in inset of Fig. 1)o drminal unsaturation was observed, indicatirag tmly few
chains were initiated by ACPA and/or irreversitdyrinated. Two other distributions were, howevésearved
in the spectrum that corresponded to PNIPAM withihatdodecyl radical at the-end-group and ionized by'K
(2043.39) (b in inset of Fig. 1) and N&027.42) (a in inset of Fig. 1), respectivelye$a additional
distributions more likely resulted from the cleagagf the end-group during analysis, in agreemetit dth
Ladaviére et al. in the study of poly(acrylic acignthesized by RAFT with a trithiocarbonic acibetizyl ester
and Mdiller in the fragmentation analysis of CTA t@ining polymer chains [9d,e].

Several groups reported on the stabilization ofl gainoparticles by thermoresponsive polymers, dinty
PNIPAM [19]. This strategy was easily implementadtie case of polymers prepared by RAFT, becawese-th
dithioester or trithiocarbonate end-group was reduaoto thiol simultaneously to the formation ofdjo
nanoparticles by the Schiffrin reaction (reductidiHAuCl,, thus in a one-pot process. The main drawback of
using an asymmetric trithiocarbonate is the pradecstabilization of gold NPs by two types of thioe.,
PNIPAM-SH and alkyl-SH within a 1:1 molar ratio. Agentioned by Shan et al. [19c] differences ingblsl

size and the aggregation are observed when PNIPARbrayer protected clusters are prepared direxiy f
PNIPAMs end-capped by the asymmetric RAFT ageffitoon the purified hydrolyzed polymer, i.e., PNIPAM-
SH and PNIPAM disulfide mixture without residuakgthiol chains.

In this work, CTA-PNIPAM-COOH was pretreated by Na@ order to eliminate the alkylthiol and to fotire
gold NPs in the presence of the HOOC-PNIPAM-SH midigand (Scheme 1). In this respect, Loiseau.et al
reported that trithiocarbonate compounds are se@sd hydrolysis [9e]. Therefore, the stabilityldMP was
tested at a pH of ~ 10. After 12h, water was elated and the collected product was dissolved in Igpfor to
'H NMR analysis. The solution was turbid, becausthefinsolubility of the cleaved HOOC-C(G)#+SH thiol
that was removed by filtration through a 0.2 pm romme. The peak at 1.7 ppm for the six protonscadiato
the carboxylic acid (Fig. 21 for DMP) was no longdserved for the filtrate that was consistent wibdecyl
thiol released by hydrolysis of DMP (Fig. 2II).

The lower critical solution temperature (LCST) oétCTA-PNIPAM samples (Table 1) was analyzed inewat
by recording the increase of absorbance at 500esmiting from the increasing turbidity, upon ragsthe
temperature of an aqueous solution (2 mg/mL) aaihg rate of 1.4 °C/min. A typical cloud pointree is
reported in Fig. 3. The LCST was noted at the s#tetion of the baseline at low temperature andahgent to
the increasing absorption curve as a result ofardgarbidity.

3.2. PNIPAM protected gold nanoparticles

Gold nanoparticles were prepared by the classézhlation of HAuCJ by NaBH, at 0 °C in the presence of
preformed HOOC-PNIPAM-SH\,, = 2500 and 4500) (Scheme 1).

The colloidal suspensions were very stable andaciterized by absorption at 530 nm (Fig. 4). The
protected/stabilized gold nanoparticles were olesthy TEM with an average size of 2.5 + 0.5 nm amérrow
size distribution for the two suspensions (Fig.S)rprisingly enough, gold nanopatrticles stabilibgdHOOC-
PNIPAM-SH of the lower molecular weight did not shany temperature response even until 50 °C (Fig. 6
sample a). In sharp contrast, those ones stabitigddOOC-PNIPAM-SH of the higher molecular weightne
remarkably temperature-sensitive (Fig. 6, samplé@bg characteristic absorbance of the aqueouti@olof the
PNIPAM stabilized gold nanoparticles was recordedughout the LCST temperature range of the non-
adsorbed chains. For the temperature dependerthe sfirface plasmon to be observed properly, tieetedf
the solution turbidity was taken into account bigtsacting the absorbance increment at 400 nm andalzing
the curves such that the absorbance ranged fran@®{24]. The absorbance typically decreased with
increasing temperature for the solution of NPsikzail by HOOC-PNIPAM-SH (4500) (Fig. 4a) as resafithe
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shielding of the gold surface by collapsed PNIPAMios. At 25 °C, the characteristic plasmon resoeat
530 nm was clearly detected, which was not the aagmore above 35 °C. The surface plasmon resonsnce
known to depend on several parameters, such aeftlaetive index of both the solvent and the priitecshell
layer [24]. A discontinuity in the absorbance a0 %@n was observed in the LCST domain (Fig. 4a)clvi the
signature of the dehydration of PNIPAM and theteglanodification of the refractive index [19a]. Gistent
with the temperature insensitivity of the gold aparticles stabilized by HOOC-PNIPAM-SH Mf, = 2500,
the plasmon resonance did not change from 18 f&€5@hus through the LCST range of the original roac
ligand; Fig. 4b).

Fig. 2. "H NMR spectrum of DMP (a RAFT agent), before (i after (I1) hydrolysis in water at pH ~ 10.
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Fig. 3. Cloud point curve for PNIPAM (M= 4500) in aqueous solution (2 mg/ mL) at 500 nith & heating
rate of 1.4 °C/min.
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Fig. 4. Surface plasmon resonance of gold nanopartickasilted by PNIPAM at different temperatures: (a)
Au-S-PNIPAM (4500), (b) Au-S-PNI-PAM (2500) andXa}PNIPAM (no thiol involved).
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For the sake of comparison, gold nanoparticles wegpared in the presence of PNIPAM, synthesizefildey
radical polymerization, thus deprived of any theéad-group. The apparent molecular weidht,(SEC) was
approximately two times higher than that one of HOPNIPAM-SH with a nominali,, (M,, NMR) of 4500
(Table 1). The polydispersity was also much higly/M,, = 2). Formation of gold nanoparticles of the same
average size as before (2.5 £ 0.5 nm) and a nastzdistribution was observed by TEM (Fig. 5b).
Consistently, the UV-vis spectrum showed absorpios36 nm, characteristic of the surface plasmasomance
of well-spaced gold NPs (Fig. 4c). Clearly, PNIPAMth or without a thiol end-group, has the ability
passivate a gold surface. According to Remaclé gha constitutive amides of PNIPAM can interaith gold
via N-H--Au hydrogen bonds and still stronger Au-O bondd.[2S an additional piece of information, the
microcalorimetric endotherms of the aqueous suspemd gold nanoparticles stabilized by the diffare
PNIPAM chains were recorded (Fig. 7). As far as NRilized by RAFT-PNIPAM (Table 1, entry 2) are
concerned, two separate transition process€g;at 37 = 0.6 °C and,,,, = 48 + 0.7 °C are observed (Fig. 7,
graph a) as already reported by Shan et al. [Bath transitions are 5 °C higher than those repdsteShan for
4-cyanopentanoic acid PNIPANU( = 5400) stabilized gold NPs [19¢]. This differeraa be understood by
different end-groups for PNIPAM chains in additionslightly different working conditions (heatingte
1°C/min in the present case). The occurrence ofemaotherms has been previously explained by éifies in
the hydratation degree of the PNIPAM brush congigdetwo zones around the gold nanoparticles. Tlalpo
hydrated chains of the inner zone collapse at ldemperature than that of the hydrated outer zone.
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Fig. 5. TEM images of gold nanoparticles stabilized byRBJPAM (M, = 4500) prepared by RAFT and (b)
PNIPAM prepared by free-radical polymerization ¢hl involved).
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Fig. 6. Gold nanoparticles stabilized by (a) PNIPAM-SH,@12500) and (b) PNIPAM-SH (M= 4500) at 20
and 50 °C, respectively.




Published in: Polymer (2008), vol. 49, iss.5, pp43-1153
Status: Postprint (Author’s version)

Fig. 7. Microcalorimetric endotherms for aqueous dispensiof (a) RAFT-PNIPAM (Table 1, entry 2), (b)
RAFT-PNIPAM (entry 1) and (c) PNIPAM (entry 3).
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Fig. 8. Colorimetry of biotinylated PNIPAM by DMACA.
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In the case of PNIPAM (Table 1, entry 3) coatedigohly one broad endotherm centered at 33 £ 0.83€
observed (Fig. 7, graph c). This is in line witke leplacement of the brush-like morphology [19¢jested for
"RAFT-PNIPAM" (Table 1, entry 2) by the random trdoop-tail adsorption of PNIPAM (entry 3) [19f|hé
broadening of this endotherm may be due to thebgeaeity of the molar mass of the hydrated PNIPAM
segments caused by the random interaction of ammictibns with gold surface. Finally, as expectad fo
PNIPAM obtained by RAFT (Table 1, entry 1), no sfgant endotherm was observed (Fig. 7, graph b,
the poor hydratation of the low molecular weightlPAM brush in line with the collected UV data.

Based on the Tenhu et al. [19€] explanation ofalmservations, i.e., a first transition charasteriof the
PNIPAM segments close to the gold surface, thuselgmpacked and less hydrated, whereas the futlyatgd
segments located away from the surface would hgoresble for the second transition and on the \wedtiwn
dependence of LCST on the PNIPAM molecular weiglatpropose the following model for the PNIPAM
chains at the gold surface (Scheme 2). Independehthe thiol end-group, which is chemisorbedhe surface,
the random adsorption of constitutive amide urgtults in dangling loops and terminal segments s&ho
relative length allows the LCST to manifest its@linot. This model actually fits the train-looptedonformation
proposed for poly(ethylene oxide) (PEO) [26] anty/fany! pyrrolidone) (PVP) [27] adsorbed onto s
Finally, biotin was attached to the protective b&the gold nanoparticles by amidification of tterboxylic
acid end-groups of the PNIPAM stabilizer.

Thus the acid function of HS-PNIPAM-COOH was adiehbyN-hydroxysuccinimide and then reacted with
(5-aminopentyl)biotinamide in the presence of kjgamine. Biotinylated PNIPAM was purified by dialg and
recovered by lyophilization. Qualitatively the sass of biotinylation was confirmed by a coloratiest [28].
Indeed, the yellow color of 7-dimethylaminocoumadiacetic acid (DMACA) turned pink in the presemde
PNIPAM-biotin (Fig. 8; for interpretation of thefezences to color in this figure, the reader igmnefd to the
web version of this article). Biotinylated PNIPAMag&/used as a stabilizer in the preparation of gold
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nanoparticles according to the same recipe asdeBwld nanoparticles stabilized by Bio-PNIPAM-Skdrey
observed by TEM. Fig. 9a shows particles with & gizthe 1-5 nm range. Upon addition of avidin, the
suspension of gold nanoparticles stabilized byitytated PNIPAM became turbid (Fig. 10) consisteith the
observation of strings of nanoparticles by TEM (Bilg). These preliminary observations are promifimg
converting the PNIPAM coated gold NPs into buildiigcks of supramolecular assemblies. As a rule,
complexation of biotinylated PNIPAM with (strept)jdin is an expected versatile tool to confer
thermosensitivity to avidin containing moleculegy(edrugs and antibodies), surfaces and particiids
potential application in drug delivery, biotechrgpyoand surface engineering.

Fig. 9. TEM images of gold nanoparticles (a) stabilizedBiy-PNIPAM-SH and (b) idem after supramolecular
assembly by complexation with avidin.

4. Conclusions

Gold nanoparticles were prepared by reduction ofti@lhin the presence of thermosensitive PNIPAM.
Although thiol end-capped PNIPAM is known as a roigand effective in stabilizing gold nanoparticlésis
work showed that interactions between constitugivedes of PNIPAM and gold are strong enough togatot
gold nanoparticles against aggregation. A trairpttal model, as was reported for the adsorptioRBO and
PVP on silica, would also prevail at the PNIPAMMaiterface. It is only when the length of the dany
PNIPAM segments is long enough that the LCST belnanfithe polymer can manifest itseitCarboxylic acid,
w-thiol PNIPAM was synthesized by RAFT, and the amid-group was used to attach biotin indhgosition.
Gold nanopatrticles stabilized by biotinylated PNNPAre prone to organization at the supramoleceteellby
biotin/avidin complexation.
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