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Abstract: Citrate-capped gold nanoparticles as well as planar gold surfaces can be efficiently grafted with
a covalently attached polymer monolayer a few nanometers thick, by simple contact of the metal surface
with dilute aqueous solutions of hydrophilic polymers that are end-capped with disulfide moieties, as shown
by UV/vis absorption, dynamic light scattering, and surface plasmon resonance studies. The hydrophilic
polymer-coated gold colloids can be freeze-dried and stored as powders that can be subsequently dissolved
to yield stable aqueous dispersions, even at very large concentrations. They allow for applying filtrations,
gel permeation chromatography, or centrifugation. They do not suffer from undesirable nonspecific adsorption
of proteins while allowing the diffusion of small species within the hydrogel surface coating. In addition,
specific properties of the original hydrophilic polymers are retained such as a lower critical solution
temperature. The latter feature could be useful to enhance optical responses of functionalized gold surfaces
toward interaction with various substrates.

Introduction resistance to photodegradation, such favorable optical features
are stimulating the development of new applications in analytical
chemistry and in photophysics, making metal colloids attractive
components for diagnostic, electronic, and photonic devices.

In recent years, inorganic nanoparticles have attracted con-
siderable attentioh.Among them, silver, gold, and copper
colloids have been the major focus of interest because of their ) ) v .
unique optical properties determined by the collective oscilla-  COntrol over size and chemical stability of the metal particles
tions of electron density termed plasmdrighe efficiency for are important prerequisites for many potential applications. From
the absorption and scattering of light by metal nanoparticles the latter point of view, gold colloids are probably the most
can surpass that of any molecular chromoptdreaddition, attractive. Several different routes to stable gold colloids have

both absorption and scattering properties can be considerably?&€n developed over the past few years. The classical citrate
altered by surface modification, or by electronic coupling Method is often used to generate gold collditkew synthetic

between individual nanoparticles. Together with an exceptional Methods have been introduced to obtain gold nanoparticles with
a better control over size and shape so as to make different
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In contrast, chemical functionalization of gold nanoparticles biomolecules. This paper describes the preparation and some
preformed in aqueous solution has often resulted in stability properties of gold colloids surface-derivatized by hydrophilic
problems; colloid aggregation is indicated by a red-shift of the polymers. Further functionalization with substrates of biological
plasmon band. This problem is traditionally overcome by interest will be published in a forthcoming paper.
adding large amounts of polymeric stabilizers that exhibit a low
and unspecific affinity for the particle surfaetHowever,

stabilizers at such large concentrations can severely interfere Design, Synthesis, and Characterization of the Hydrophilic
with a subsequent surface functionalization. One approach topglymers. Hydrophilic polymers were designed to satisfy two
simultaneously solve both the issues of colloidal stability and types of demands. On one hand, the polymers must dispose of
of colloid derivatization consists of using hydrophilic polymeric  gnchor groups that bind selectively to gold. Also, they must
functionalizable stabilizers that are covalently grafted on the zfford rather thin layers on gold, that is, not thicker than 100
nanoparticle surfaces. When biological molecules or environ- nm pecause of the limited penetration depth of the wave probing
ments are involved, the polymeric stabilizers should be compat- the medium from gold surfaces. On the other hand, concerning
ible with biomedical requirement8.This approach can also be  possible biomedical or analytical applications, the polymers must
applied to other types of gold surfaces that are extensively usedpe resistant to hydrolysis as well as to biological degradation,
in diagnostic techniques using SPR devices, quartz crystalfor example, by enzymes or by microorganisms. Additionally,
microbalances, or impedance measuremérRalysaccharides  they must minimize unspecific adsorption (in particular of
have been extensively investigated for this purpose. Neverthe-pjological molecules), while allowing the fixation of a sufficient
less, both the grafting on gold and the activation of the polymer guantity of selectively reacting groups for further derivatization.
backbone for further derivatizations require multistep ap- Moreover, the polymers should also enable easy handling and
proaches. In addition, the building of the final metal/hydrogel storage, as well as the regeneration of the gold surfaces for
surface Coating Composite ObeyS a strict hierarchy, the biomol- sensing app“cations' In this context, we prepared hydroge]

Results and Discussion

ecules being incorporated in the last step. As steric hindrancesyrface coatings by a “grafting-to” stratetyNonionic hydro-

of biomolecules that can be fixed is severely limited.

We report here on gold colloids which are covalently
derivatized with hydrophilic polymer brushes bearing terminal
disulfide groups and being compatible with biological applica-

tions. The modified nanoparticles can be stored for long periods

surfaces using disulfide anchors. The resulting monolayers can
be derivatized for the specific recognition of analytes, either
using unsymmetrical bifunctional linker groups or directly when
the polymer bears already “activated” sites (Figure 1).

We focused on polymers based on the monomeistris-

in the dry state and are easily redispersed in aqueous solutiongpygroxymethyl)methyljacrylamidé andN-(isopropryl)acryl-
where they give stable solutions, even at the highest concentra—mide 2. Monomer1 gives polymers that are nonionic, very

tion. Simple direct mixing of the gold colloids with polymer
solutions results in grafting onto the metal surface. A priori,
the chemistry involved in the grafting-on-gold step is (i)
compatible with other types of nanoparticlésand (ii) mild
enough to allow the fixation onto gold to take place even after
the polymer has been modified with fragile fragments such as
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W. J. Mater. Chem1999 9, 1121-1127. (b) Liu, J.; Ong, W.; Roman,
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Colloids Surf., A200Q 169, 107. (b) Wang, C.; Stewert, R. J.; Kopecek,
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23, 233-242.
(11) Sackmann, E.; Tanaka, Mrends Biotechnol200Q 18, 58—64. Pei, R.;
Xiurong Yang, X.; Wang, ETalanta200Q 53, 481-488.
(12) See, for instance: Kumar, A.; Mandale, A. B.; Sastry Llsingmuir200Q
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hydrophilic* biocompatiblel> and inert to biological fouling.
Moreover, the high number of primary hydroxyl groups enables
facile post-functionalizatio®® Monomer2 produces a thermo-
responsive homopolymer in aqueous solution, exhibiting a con-
formational collapse above a lower critical solution temperature
(LCST)1” Importantly, this thermal transition is affected by
various factors (cosolvent, pH, ionic strength, internal balance
between hydrophilic and hydrophobic groups in the polymer,
...)1617These features made us wonder whether the interaction
between an analyte and a polymer containing moncheeuld
induce a local polymer collapse of the hydrogel so as to amplify
the sensitivity of the detection technique. The hydrogel surface
coatings would then be no more an inert matrix, but would
become an “active” component. In the present study, we wanted
to investigate in particular (i) whether thermal transitions could
be observed close to gold surfaces, and (ii) whether these
transitions could significantly change the observed signals.
Two series of poly(acrylamide)s were synthesized. In the
first series, the disulfide-functionalized diazo initiatdrwas
employed to incorporate a metal-anchoring moiety in the
hydrophilic polymers (Scheme 1§.Thus, polymersP1Sand

(13) For a “grafting-from” approach, see: Laschewsky, A.; Ouari, O.; Mangeney,
C.; Jullien, L.Macromol. Symp2001, 164, 323—340.

(14) (a) Kdoerle, P.; Laschewsky, A.; van den BoogaardPolymer1992 33
(19), 4029-4039. (b) Saito, N.; Sugawara, T.; MatsudaMacromolecules
1996 29, 313-319.

(15) (a) Bartheemy, P.; Maurizis, J. C.; Lacombe, J. M.; Pucci,Boorg. Med.
Chem. Lett1998 8, 1559-1562. (b) Contino, C.; Maurizis, J. C.; Pucci,
B.; Macromol. Chem. Phy€999 200, 1351-1355.

(16) Laschewsky, A.; ReKaE. D.; Wischerhoff, EMacromol. Chem. Phys.
2001, 202 276-286.
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) Disulfide anchoring group -‘> Unsymmetrical bifunctional linker

/z/— Hydrophilic polymer % Receptor

Figure 1. Stepwise “grafting-to” derivatization of gold surfaces. (a) Fixation of the polymer with disulfide anchoring groups. (b) Activation of the polymer
by unsymmetrical bifunctional linker groups. (c) Functionalization of the polymer by receptors. Step b is omitted when “activated” polymeds are use

Scheme 1. Chemical Formula of the Polymers Employed Table 1. Characterization of the Polymers P1l, P2I, P1S, P2S,
h . A -
H,C==CHCONH(CH,0H)3 HoC=CHCONHCH(CHs)> 5V1£§r k;)t/ 238NP'<VIR Translational Self-Diffusion Measurements in
1 2
D, x 101 R +20% [k 20%
polymer P (m?s7Y) (nm)? N + 20%"° MWLk 20%° (nmy)?
MG o 5—3 CHa 2 e P1l 3.5+0.5 6.2 210 37 000 31
£)
i I MN\/\O k/\/\‘“‘ P2l 97+01 22 40 4500 16
N LocH, I . P1S 6.9+ 0.1 3.2 70 12 000 22
° 2 pP2s 8.1+0.1 2.7 55 6000 17
s P1nS 8.5+0.3 2.6 50 9000 20

O OCONH(CHz)sNHG o OCONH(CHR)NHCO 2 Hydrodynamic radiiR calculated by eq 1?Average number of
I J/ monomers evaluated from eq2Average molecular weight calculated from
N eq 3 with MWwonomerr1= 175 and MWonomerr2= 116; see Experimental
5—¢ . Section.d Average distance between individual polymer molecules that is
@ . obtained by converting 2 mg mt by (i) taking into account the
experimentally evaluated average molecular weidfiV [ (i) assuming
the polymer molecules to be distributed over a cubic latti@é&i(nm) ~
nS 0.1/(NaC)Y3, whereN, designates the Avogadro number @ddhe molar
concentration of the polymer (for details, see Experimental Section).

Hs/\/\OH average molar masses. Itis pgssible to evaluate a r_lyd.rodynamic
OH radius for the polymers considered as random coils in a good
. solvent, and to convert the corresponding characteristic radii
MPDiol into polymer lengths or conversely to an average molar mass

from the appropriate scaling law (see Experimental Section).
or by copolymerization of a 95:5 (mol/mol) mixture @fand Tablle 1 Il_stshthe resultsf._;he raﬂ(_P )_c?lculated acz;]ordmtg)] tc_)
1, respectively. For comparison, the analogous reference eq 1 are in the range oFb nm. This Is large enough to obtain

compoundsP1l and P2I were prepared using a standard sufficiently thick polymer monolayers for covering t.he gold
initiator, AIBN. P1nS was prepared by polymerization af surfsces. Yet th? Iz;]\yers Lemam thmnzr thz:;n/tmem?jxmum
using the multifunctional photoinitiating system of oligo(oxy- probing range of the techniques used to detect adsorption on
1,2-dithiane 4,5-diyl-oxycarbonyliminohexamethylene imino gold. ionalizati f Gol ¢ |
carbonyl)eo-(oxy dimethylene N-phenylimino-dimethylene- Functionalization of Gold Surfaces by Polymer Mono-

oxycarbonyl iminohexamethylene iminocarbong® together Iayers: First, the interaction between the hydrophilic polymers
with a water-soluble thioxanthone, presumably resulting in and citrate-capped gold nanospheres (diameter 12 nm; see

starlike polymers. Bearing more disulfide moieties tHR&S Experimental _Secti(_)n) was investigate_d. UV/vis absorption

P1nSallows one to evaluate the significance of the number of spectra from dispersions of the gold colloids were recorded after

anchoring groups for our purpose 12 h of incubation with increasing amounts of polymers. Figure
Water is the only common standard solvent for the polymers 2a and b displays typical results for the polyrRdiScontaining

investigated. We could not determine the molar masses by sizediSUIfide anchoring groups. With i_ncreasing concentration, t.he
exclusion chromatography, due to the partial adsorption of the pllzgsmor; resg nanc;,\ absorptlor_l IS efnhsnceg 0a5nd red;hn‘ted
polymers on the column material. Therefore, we measured( Igure _a). eyoni concentratlonsp a out 0.05 mg'fn 0
the self-diffusion coefficients in water B NMR translational plateau is reached; the absorbance is increased by about 10%,

self-diffusion measurements, to estimate the magnitude of thea,nd th? absorption maxmum shifts from 5,19 nm (initial
dispersion of gold colloids) to 523 nm at saturation (Figure 2b).

(18) Heinz, B. S.; Laschewsky, A.; RekdE. D.; Wischerhoff, E.; Zacher, ~ The observed red shift of the plasmon resonance frequency is

T. In Stimuli-Response Water-Soluble and Amphiphilic Polymers ; ; i i i
McCormick, C. L., Ed.; ACS Symposium Series 780; American Chemical too small to be attributed to particle aggregation (vide infra).

Society: Washington, DC, 2001; Chapter 10, pp 4680. Yet the observed shift is in line with a rise of the dielectric

P2S were obtained by free radical homopolymerizationlpf
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Table 2. Modification of Gold Surfaces by Polymers P1l, P2I,
P1S, P2S, and P1nS: Affinity Constants K of the Polymers for
Gold Colloids at 295 K As Extracted from UV/Vis Spectra,
Hydrodynamic Diameter D, and Corresponding Polymer Thickness
. of Polymer-Coated Gold Colloids As Measured by Dynamic
Light Scattering, SPR Asymptotic Shifts /() at Infinite Polymer
Concentration and Corresponding Thicknesses h; of the Polymer
Layer (cf. Text and Experimental Section)

(a)

<
D+20% h £20% Ol() h,£20%
polymerP K+ 20%" (nm)e (nm)¢ (mv) (nm) hi/R2  hyR?
P1l 49x 100 34 11 0.09 11 18 0.2
P2l 1.2x 1P 16 2 0.02 0.4 09 02
P1s 1.8x 1¢f 29 8.5 0.18 3.0 27 09
P2s 2.6x 10° 29 8.5 0.22 4.4 31 16
P1nS 9.3x 1C° 54 21 0.17 2.8 81 11
(b) 2 hy/R andhy/R are calculated for comparison using data given in Table
1.bSee eq 5; standard state: ideal soluté M for the infinitely diluted
1528 solution.¢ Derived from eq 1. The hydrodynamic diameter of bare gold
N 0801 colloids was found equal to 15 nriEqual to 0.5D — 12), where 12 nm
£ - designates the diameter of the bare gold colloid as measured by electron
S /A 0 455 3 microscopy.
by A / 3
< o7e] [° lep = (a)
1519
0.72- -
T T T T (“
00 0.1 02 03 %’
[P1S] (rgmi’)
Figure 2. (a) Influence ofP1S concentration on the UV/vis absorption
spectrum da 4 nM aqueous solution of gold colloid®1S concentration
(mg mL™1), from bottom to top: 0 (solid line), 0.0003 (dashed line), 0.003
(dotted line), 0.03 (long dashedlotted line), 0.3 (dasheedouble dotted
line). (b) Absorbance at 519 nmn) and wavelengthimax at absorption . . . . .
maximum Q) as a function oP1S concentration. 0 50 100 150

constant of the medium surrounding the gold colloids according

to the Mie theory. Similar results were obtained for the other (b)
polymers bearing disulfide groupB1lnSandP2S Thus, UV/

vis absorption spectra provide evidence that the disulfide-bearing
polymers and the gold colloids interact without causing colloid
aggregation. Noteworthy, some changes of the colloid spectral
properties, albeit smaller, were also observed when applying
the reference polymeB1l andP2l that do not bear disulfide
functions.

To evaluate more quantitatively the significance of the
disulfide group for the anchoring of the polymers, absorbance
dataA;([P]) were used to extract an order of magnitude of the ———————— .
affinity constantK(P) of the polymerdP for the gold colloids 00 02 04 06
(see Experimental Section). Table 2 summarizes the results of [P} (mg.mL")
analyzing the absorbances at 519 nm. The affinity constants of gjgyre 3. (a) Evolution of the SPR intensity at a fixed angle at various
P1Sand ofP1nSfor the gold surface are respectively 4 and 2 concentrations dP2S Several consecutive steps can be distinguished. Thin

times larger than that oP1l, whereas the corresponding arows: additions oP2S(al, 0.003 mg mt’; a2, 0.012 mg mL’; a3,
0.15 mg mL%; a4, 0.3 mg mEL; a5, 0.6 mg mE?). Thick arrows: rinsing

constants foP2Sare tyvice larger thalm that 6t21. with buffer (r). (b) Influence of polymer concentrationB][on the SPR
The order of magnitude of the thicknesgP) of polymer intensity at the fixed angleP1S (O), P2S (a), P1nS (<), P11 (O), P2I

coatings on gold colloids was derived from dynamic light ().
scattering. Table 2 sums up the results. The hydrodynamic gold colloids. The introduction of the polymers bearing disulfide
diameter of the bare gold colloids was found equal to 15 nm. groups in the SPR cell induces strong shifts of the SPR signal.
This value satisfactorily compares with the 12 nm diameter In the case oP2S the evolution of the differential signal as
extracted from electron microscopy if one considers the citrate a function of time indicates that the grafting occurs within about
ions capping the colloids so as the water primary solvation shell. 10 min, and is concentration-dependent (Figure 3a). As for the
The normalized ratiob;(P)/R(P) are significantly lower for the  gold colloids (cf. Figure 2b), a plateau is observed at the largest
Pl polymers than those in theS series. concentrations dP2S(Figure 3b). Once again, this is interpreted
SPR measurements of the polymers grafted on planar goldin terms of the formation of a polymer monolayer. Comparable
surfaces provide complementary insights to those obtained onresults were observed for all the polymers investigated. Figure

slfa.u.]
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3b shows that most of the curvature of #i[P]) curves lies or (iii) by a different polymer topology (star/graft vs linear).
in the same range of 0.05 mg mifor all the polymers. This The localization of the disufide group iR1nS may be less
observation is in line with the rather similar affinity constants favorable for the anchoring on gold than R1S In fact, the
that were derived from the UV/vis experiments on the gold steric hindrance for the forming of a getdlisulfide bond might
colloids (see Table 2). Table 2 summarizes the lit(t) values be higher if the anchor is located along the polymer chain instead
that were obtained at the plateau with the polymers investigated,of at its extremity.
and the thicknessés of the polymer layers. They were derived Stability of Polymer Anchoring on Gold Surfaces.Dense
from d1(e0) using the standard Fresnel equations and appropriatemonolayers obtained by self-assembly of low molecular weight
orders of magnitude of the different refractive indexes for the thiols on gold are stable in aqueous solution. Nevertheless, we
polymer layers assumed to contain no water (see Experimentalwere concerned with the stability of corresponding layers made
Section). As for gold colloids, the normalized thickneds£R)/ from hydrophilic disulfide-bearing polymeBSwhich seemed
R(P) of the polymer layers on planar surfaces are significantly to be only slightly larger than those of the reference polymers
larger in thePSseries than those in tH#l series. However, the  PI. Therefore, we investigated a possible release of the grafted
h(P) values are significantly smaller than the corresponding polymers upon washing or dilution. Figure 3a shows that almost
valuesh;(P) found on gold colloids. Although surface curvature noP2Spolymer is removed from the gold surface when rinsing
makes quantitative comparisons difficult, the difference probably the grafted surface below the plateau shown in Figure 3b. Thus,
reflects the presence of a significant amount of water within the docking ofP2S on gold remains strongly favored below
the polymer layer. saturation. In contrast, one observes a small desorption of
Surprisingly, the disulfide-bearing polymers exhibit only a polymer at the largest concentrations investigated. This is
slightly larger affinity for the gold surfaces than those that do probably a result of the much lower affinity of the polymer
not dispose of disulfide groups. The observation is discussedtoward the already derivatized gold surface. It is also possible
in relation with the sources of polymegold interaction. In that the characteristic time to disentangle the compact polymer
addition to the specific sulfurgold bond, another attractive  monolayer is larger than that of a less compact layer. Similar
component is expected from an unspecific polymgold observations were made with the other disulfide-bearing poly-
interaction originating from hydrophobic forc&slts signifi- mers. We also tested the stability of the anchored polymers on
cance depends on the contact surface between gold and thegyold under more stringent conditions by washing the layer with
polymer. For a given polymer average molar mass, the contact1:1 methanol:HCI 37%. This cleaning method effectively
surface will depend on polymer conformation; much stronger removes organic compounds from glass sh@lasthout altering
energies of interaction are anticipated when the polymer lies the gold surface as we have checked by SPR. After the washing
flat on surfaces. In the present case, indirect information about step, 15% of thé®2S 60% of theP1S and 60% of theP1nS
the polymer conformation in the coating monolayer is provided polymer layers remained on the gold surface; the latter result is
by the evaluation of the normalized thickndg$)/R(P) of the rather satisfactory and underlines the stability of BS and
monolayers. Table 2 shows that the normalized thicknesses ofP1nS polymer-coated surface. Investigations with the gold
monolayers made frorRl are always lower than those made colloids confirmed the SPR results. In fact, it was possible to
from PS These observations suggest tRapolymers probably purify gold colloids grafted with disulfide-bearing polymers by
adopt flatter conformations on gold surfaces than RIS gel permeation chromatography (vide infra). In this case, the
polymers. Under such conditions, one anticipates the signifi- polymer in excess remaining in the aqueous solution after
cance of the energetic contribution of unspecific adsorption to saturation of the gold surface is removed. Nevertheless, the
the polymer affinity for gold to be larger in thel series than removal never changed the UV/vis absorption spectrum of the
in the PSseries. The relative importance of the disulfide group colloids nor their stability to precipitation upon addition of NaCl
for binding would probably then exceed the factorsAerived (vide infra). These observations confirm that the affinity of the
from the determinations of the affinity constants. In fact, the disulfide-containing polymers toward gold surfaces and/or the
sulfur—gold bond is strong enough to overcome the unfavorable kinetic inertness of derivatized metal nanoparticles were high
entropic contribution resulting from the conformational change enough to resist washing and dilution under most experimental
of the polymer backbone that is required to expose the polymer conditions. However, it will be shown below that large amounts
disulfide moiety for the anchoring onto golBlnSdeserves a of low molecular weight thiol-containing compounds may
special comment. Despite the anticipated larger number of displace the disulfide-bearing polymers from the gold surface.
disulfide anchor groups along the polymer backbdétiSdoes Investigations of the Features of the Polymer Monolayers
not exhibit a much larger affinity for gold than doB4S This on Gold. Two different issues were addressed. We were first
could be explained by (i) an unfavorable enthakentropy concerned with the steric protection of the gold surface by the
balance if multiple anchoring induces a too large contraction polymer monolayers, which are expected to reduce unspecific
of the conformational space, (i) the lower molar masPdhS adsorption on the metal surface. In addition, we wanted to
(19) The interaction potential between two citrate-stabilized gold colloids is eyalu_ate Whether the protection was not d(_atrl_mental to the free
expected to exhibit a barrier separating two minimas located respectively diffusion of different types of solutes within the polymer
Rt e e omg e T etive v ar Waale Sionerae, monolayer. These features are important for potential biological

interaction and the long-range repulsive electrostatic interaction. The applications.

adsorption of a polymer generates an additional repulsive energy term . . .

arising from the steric repulsion between polymer monolayers. This will Gold colloids strongly tend to adsorption or aggregation due
change the location and the depth of the two energy minima, so as the to the large attractive term at short range originating from the
height of the energy barrier. Consequently, both the thermodynamics and
the kinetics of aggregation will be modified. See, for instance: Israelachvili,
J. N.Intermolecular and Surface Forceznd ed.; Academic Press: London, (20) Cras, J. J.; Rowe-Taitt, C. A.; Nivens, D. A.; Ligler, F. Biosens.
San Diego, New York, Boston, Sydney, Tokyo, Toronto, 1992. Bioelectron.1999 14, 683-688.
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dispersive van der Waals interaction in aqueous solufibRer
instance, the direct exchange of the external medium resulting
from the citrate reduction of Au(lll) salts could not be done by
gel permeation chromatography as the gold particles precipitated
on the top of the column. Similarly, instantaneous colloid
aggregation was observed upon addition of various additives
(salts, organic molecules, ...) to the suspensions. The derivati-
zation of the gold surface by the disulfide-bearing polymers
considerably improved the colloid stability toward aggregation.
The gold colloids remained water-soluble during the derivati-
zation process, and filtration, centrifugation, and gel permeation
chromatography could be applied to polymer-grafted particles.
Furthermore, these polymer-modified gold colloids can be
lyophilized and then redispersed in water. This behavior is

usually considered to indicate the complete protection of gold 1.0
colloids by the polymer monolayer. The excellent dispersion (b) g o
of the modified colloids in aqueous media is an important result T 09
by itself since relatively few water-soluble, modified-gold £ ,:/
colloids have been reported y8tEven less systems have g 0.8-
been described that yield uncharged water-soluble gold nano- f
particles?? = o7 T
To obtain a more quantitative picture about the steric g -
protection, we applied an aggregation test to the different gold z
colloids—polymer mixtures. The latter consists of adding ) 061
aliquots ¢ 5 M aqueous NaCl to colloidal solutions while < .
following any salt-induced aggregation by UV/vis absorption 05 00 o1 02 03

spectroscopy. Without protection by a polymer monolayer, the \
i i ini i P1S] (mg.mL ")
gold particles rapidly precipitated when exposed to aliquots of [
5 M aqueous NaCl. When protected by polymer monolayers, Figure 4. (a) Absorption spectra of 3.5 nM Au colloids: naked (solid line),

A . - - L after NaCl addition in the presence of 0.026 mgThbf P1I (dotted line).
in Figure 4a for the serie1. For colloidal solutions containing (b) Influence of the concentration &f1Son the intensity of the band at

P1l, the addition of salt induces (i) a decrease of the plasmon 520 nm after exposure to NaCl. The intensity is normalized to the signal
resonance band and its shift from 523 to 536 nm, and (ii) a intensity before NaCl addition. The concentrati&t§ refers to that before
pronounced shoulder at the lower wavelength side. These dilution by addition of agueous NaCl. See Experimental Section.
changes of the UV/vis absorption spectrum are attributed to an rapje 3. NaCl-Induced Aggregation Tests on Gold Colloids at 295
aggregation of the gold particles. In contrast, only slight changes K as a Function of the Concentration of the Monolayer Forming

were observed after the addition of NaCl in the spectrum for Polymers P1l, P21, P1S, P2S, and P1nS

gold colloids coated withP1S Figure 4b displays the ratio of [P] (mg mL~") Pl P2l P1S P2s Pins
the intensities of the plasmon resonance band, before and after 3 x 107 + + + + +
the addition of NaCl, as a function &1S concentration. As 3 x 1(Tz + + + + +
already seen in Figure 2b, a plateau manifests itself beyond 0.05 g i igl i i _ _ _

mg mL~L. Table 3 summarizes the efficiency of the different
polymers against NaCl-induced aggregation. Although exhibit- @ The symbols “” indicate the presence and the symbols”indicate
ing similar affinities for gold, the polymers bearing disulfide the absence of aggregation, as followed by UVivis absorption.

groups are clearly much better stabilizers than are the reference o ) ) )
polymers without special anchor groups. thePSseries in the thermodynamic regime. The same reasoning

The precise role of the disulfide moiety in the stabilization aPPlies for the kinetics of aggregatiddS-coated gold colloids
of gold colloids against aggregation is first addressed in relation &€ kinetically better protected against aggregation than are the
with the DLVO theory!® The thermodynamic issue is first Pl-coated colloids due to the stronger steric stabilization. Other
discussed. The structures of the backbonébfand PS are factors in relation with the affinity of the polymers for gold are
similar. In contrast, the analyses of dynamic light scattering and /S0 relevant for discussing the significance of the disulfide
SPR data suggest that the monolayers should be thicker in the™0iety- First, the extent of formation of the polymer monolayer
PSseries than in thel series. Under such conditions, the energy &t @ given concentration will be larger in tRS series than in
minimum at short distances should be deeper inRheeries thePI series since the corresponding affinity for the gold surface
(shorter distance= stronger van der Waals attraction) than in IS larger in the former series (vide supra). Consequently, the

the PSseries. This should disfavor salt-induced aggregation of 299regated state will be less favored in #8 series than in
the Pl series at comparable concentrations. One eventually

(21) (a) Templeton, A. C.; Cliffel, D. E.; Murray, R. W.. Am. Chem. Soc i i i
1609 121, 708%-7089. (b) Templeton, A C.. Chen. S.: Gross. 5. M.: addresses the kinetics of the undocking process of the polymer

Murray, R. W.Langmuir1999 15, 66—76. from the surface of the gold colloids. Whereas the affinity
(22) (a) Bartz, M.; Kther, J.; Nelles, G.; Weber, N.; Seshadri, R.; Tremel, W. i i B i

3 Mater. Chem1999 8, 1121-1125. (b) Liu, 3. Ong, W.: Roman, £ constants are rather similar in both selﬁésandPS_ nqthlng is

Lynn, M. J.; Kaifer, A. E.Langmuir200Q 16, 3000-3002. known a priori about the relative values of the kinetic constants
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Table 4. SPR Investigations of the Adsorption of 0.5 g L™1 of BSA Table 5. Kinetic Constants k Derived from Etching Experiments
and Human Serum onto Polymer-Coated Gold Surfaces with Gold Colloids Coated with Polymers P1l, P2I, P1S, P2S, and
- P1nS at 295 K (k Is Derived from the Initial Slopes of the Curves
dldueto BSA ol due to human serum total o1 In[A(520,t)/A(520,0)] as a Function of Time, See Experimental
surface (mV) (mV) (mV) Section)
bare gOId 0.063 0.015 0.078 polymer k (min—)
P1l-coated gold 0.026 0.038 0.064
P2l-coated gold 0.016 0.085 0.101 none 2.3
P1Scoated gold 0.003 0.003 0.006 P1l 14
P2Scoated gold —-0.025 —0.005 —0.030 P2I 0.7
P1nScoated gold 0.023 0.035 0.058 P1S 0.09
P2S 0.06
P1nS 1.0

associated to the docking and undocking processes. In fact, the
docking is expected to occur faster in thAeseries. Indeed, the » . ) .
unspecific binding involving surfacesurface interactions of the ~ COMPetitive adsorption of proteins. The larger affinity of the
former series is much less constraining than the specifie-site P 1SPolymer toward gold would preclude such a displacement
surface interaction of the latter. Consequently, undocking is N the experiments wit?1S Second, one could also envisage
expected to take place much faster in Bieseries. This picture  that BSA adsorption induces some conformational rearrange-
is supported by SPR experiments and gel permeation chromatoMent in the polymer mqnolayer 62Sleading to Fhe Ob??‘“’ed
graphic studies for which kinetic inertness was evoked to decrgase of the.SPR §|gnal. Eventual{tnSagain exhibits a
account for the results. This feature should also contribute to Marginal behavior which probably reveals that the surface of
slow the aggregation of gold colloids if partial removal of 90!d is only partially passivated against unspecific adsorption.
polymers from the monolayer coating on colloids is required at  AIS0, we addressed the issue of permeability of the disulfide-
thermodynamic equilibrium. In agreement with the preceding bearl'ng polymer mof‘o'aYGrS g_rafted on gold to low mol_ar mass
points, the experimental behavior of the disulfide-containing SPEC€S: and their diffusion within the gels. We examined the
polymer toward aggregation was singular as compared to thatinetics of the loss of the plasmon resonance band of gold
of the reference polymers. No aggregation was observed in the'esulting from the reaction with etchant species which converts
PS series above certain concentrations of polymers at the AU(Q) to [AU(CN)“]_'ZS The rate_ O_f the d|ssolut_|on of the gold
experimental time scale. Unfortunately, one cannot easily Particles is related to the efficiency by which a particular
determine which factor evoked above dominates the behaviorp‘,)Iymer provides a protective barrier against small species.
since we do not know whether the final observed state is a true F19Ure 2S shows that the drop of the plasmon resonance

state of equilibrium, or whether the relaxation of the system absorption associated to the dissolution of gold follows a first-
was not complete a’t the end of our experiments. order kinetics, as observed in all cases. Table 5 summarizes

In a second series of experiments, we were concerned withthe kinetic constants derived from these measurements. In the

the possible unspecific adsorption of BSA/human serum on the ¢25€ of unpoated gold collqids, the plasmon band of the gold
hydrogel surface coatings. The results of the corresponding SPRP&ticles disappears nearly in less than 30 s. In the case of the
experiments are displayed in Table 4. The increase in SPRponmersPlI a_ndP2_I,_the prqtectlon against dissolution is poor.
intensity on adsorption of BSA onto the bare gold surface Such_aresult is anticipated if the polymer monolayers are loose
indicates that BSA strongly adsorbed to form a monolayer on ©F thin as suggested by dynamic light scattering and SPR
the surfac&3 The additional increase on interaction of the €XPeriments. In contrast, the dissolution of the gold colloids
surface with human serum shows that the surface was eventuall)Poated with d|sulf|d.e-bear|ng pqumers is much slower, except
blocked with a monolayer of proteins. The behavior observed [©f P1nS The particular behavior of the latter polymer may
in the presence dP1l and P2l is rather similar and is in line result from its different architecture that does not bring a
with the large kinetic lability of the corresponding polymer S|gn|f|can_t advantage; recall thét th? afﬁmty_BthSto gold
monolayers that was evoked to account for the aggregation'VaS not improved over other disulfide-bearing polymers and
results. In contrast, adsorption of BSA and human serum onto that large unspeqﬂc adsorptions Werg observe@nmScoateq

a gold surface coated with the polymtSwas considerably gold su.rfaces (vide supra). In fact, increased cpnformanonal
reduced. Hence, the increase due to BSA was only 4% of thatconstralnts would probably reduce the local density of polymer
onto the bare Au surface, and the total unspecific binding of chains close to the gold surface so as to facilitate access of the
protein was reduced to 6%. The present results compare We”etching agents to the gold surface. In contrast, the results
with those obtained with PEG-coated gold surfaces where obtained folP1SandP2Sindicate the formation of an efficient
unspecific adsorption of serum proteins was shown to be barrier against small chemical agents that does not forbid their
suppressed down to by 4:5.25% of the original valu& The diffusiqn \(viffhin the polymer monolayer. Because etching is not
behavior ofP2Scoated gold surfaces was rather surprising. In totally inhibited, one cannot exclude the presence of unprotgcted
fact, the SPR signal decreased unexpectedly during the studieSt"face areas that could lead to some unspecific adsorption of
on the unspecific adsorption of BSA and human serum. Two fragile materials such as biomolecules. To remedy this potential
explanations could account for the latter observation. First, the problem, we envisaged to complete the coverage of the gold

decrease could be due to a displacement of polyR&S by surface with hydrophilic thiols_ of low r_nolecul_ar weight, §uch
as 3-mercapto-1,2 propane diol (MPDiol), which could diffuse

(23) BSA has an ellipsoidal structure with dimensions of 1%.@.7 x 2.7

nme, See: Riddiford, C. L.; Jennings, B. Riochim. Biophys. Actd966 (25) (a) Chen, SLangmuir 1999 15, 7551-7557. (b) Templeton, A. C;
126, 171-173. Hostetler, M. J.; Kraft, C. T.; Murray, R. WJ. Am. Chem. S0d998 120,

(24) Kenausis, G. L.; Vigs, J.; Elbert, D. L.; Huang, N.; Hofer, R.; Ruiz-Taylor, 1906-1911. (c) Marinakos, S. M.; Novak, J. P.; Brousseau, L. C., llI; Blaine
L.; Textor, M.; Hubbell, J. A.; Spencer, N. D. Phys. ChenB 200Q 104, House, A. B.; Edeki, E. M.; Feldhaus, J. C.; Feldheim, DJLAm. Chem.
3298-3309. Soc 1999 121, 8518-8522.
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through the polymer layer. Thus, the effect of the addition of
MPDiol to aqueous suspensions of the different polymer-coated
gold colloids was analyzed by means of the preceding etching
test as well as of the aggregation test. In all cases, the gold
colloids dissolve much more slowly than in the case of the
polymer-modified colloid in the absence of MPDiol (Figure 2S).
Hence, a very efficient barrier against etching agents is formed.
However, the addition of less than 0.3 mi®M NaCl led to
the instantaneous aggregation of the particles of all the samples.
Because under the same conditions, no aggregation was
observed for the polymer-coated colloids (see Table 3), these
findings suggest that MPDiol does efficiently graft on the gold
surface while displacing the polymer chains already anchored.
Eventually, the MPDiol monolayer formed is no longer able to
provide good colloidal stability. (b)
Behavior of Gold Colloids Coated with Thermoresponsive

Polymers. The preceding experiments demonstrated that the 261
grafting of large molecules on gold surfaces induced only rather
small perturbations of the properties of the gold colloids. This
is desirable for a protection of the colloids. But for biosensor
applications, this implies that the signals obtained for such
systems from UV/vis absorption spectra of the plasmon
resonance band, or from SPR, are not very sensitive to the
selective binding of analytes. Therefore, we explored whether
such perturbations could be enhanced by taking advantage of 227
the thermal collapse of polymers derived from monor@eit
the lower critical solution temperature. Such a phenomenon T(°C)
should strongly modify the refractive index of the la_yer covering Figure 5. (a) UV/vis spectral changes occurring during the temperature
the gold surface, and consequently enhance the signal responsencrease of an aqueous suspensioR28&modified gold colloids (12 nM).
Hence, the evolution of the absorption spectrum R&ES Solid line, naked gold colloids at 293 K; dashed lif2Scoated gold
derivatized gold colloids was investigated as a function of colloids at 293 K; dotted lineP2Scoated gold colloids at 315 K. (b)

. . Changes of the plasmon band intensity at 520 nm of an aqueous suspension
temperature. For comparison, the same experiment was PEr4f p2Smodified gold colloids (12 nM) as a function of temperature.
formed on naked gold particles as well asRitSmodified gold

colloids that do not exhibit a thermal transition. In the latter hysteresis as d|sp|ayed in Figure 4S was observed during the
cases, no change of the plasmon band was observed upoRooling cycle. Such a behavior is in line with the much larger
heating, except for a small decrease of its intensity which is sjze of theP2Scoated gold colloids. Correspondingly, the rate
of the plasmon band from 523 to 537 nm and a strong increase To support that the thermoresponsive behavior ofRBS

of I:h% barklld mte_n_s 'tytIY]V e:e obsef[ved fﬁéﬁsgg(;lllagzlgnglo:I_d derivatized gold colloids was linked to the temperature-induced
cofloids when raising the temperature from 0 (Figure conformational change of the polymer, a series of samples was

ﬁz‘n;;gurrei;gegi??gg ntr?weofczr?ggiseoﬂst:js pelizg;%fbandstudied by transmission electron microscopy (TEM). A drop
y q P of the solution of gold colloids stabilized with pol{vinyl-

modified gold colloids as a function of temperature. The latter .
. : o pyrrolidone) was evaporated slowly onto a carbon-coated copper
curves show a transition around 308 K. This transition temper- . . . ;
. - mesh grid, and the resulting structures were examined. Bright
ature compares well with the LCST measured RS in ) . o -
) ... field TEM micrographs of the stabilized nanoparticles revealed
aqueous solutioff In contrast, the breadth of the transition is . ; . .
. - well-dispersed particles with an average diameter of 12 nm and
much sharper folP2Scoated gold colloids than foP2S in . S . .
of narrow size distribution£1 nm). Figure 6a and b displays

aqueous solution. The latter behavior probably results from the the corresponding pictures obtained with aqueous dispersion of
rafting on colloids/gel permeation chromatography process. In ) L .
graiting 'asige p I grapny p gold particles derivatized bp2S after evaporation at 298 K,

fact, molecules exhibiting the largest affinity for the gold surface . o
in theP2Ssample prefergntially a%lsorb on tr)r/1etal. Bygconsidering and "?‘t 333K, that is, pelow and above th_e thermal transition in
that the corresponding affinity depends on polymer length (vide solution. The comparison of these two plcturgs shows that the
supra) and that unadsorbB&Smolecules are discarded during average distance between Au r_1ar!osp_her_es IS muqh smaller at
the subsequent chromatographic separation, one thus expects 255 K than at 298 K. This finding is in line with (i) a
decrease of polydispersity manifesting itself as a sharper thermaiconformational collapse of the sterically protective polymer
transition. In addition, a similar although more pronounced Menolayer grafted on the surface of the gold particles occurring
in the [298 K; 333 K] range; the collapse is known to be

(26) A cloud point of 306 K was determined fB2Sfrom the inflection point i i ici
of the curve obtained during the heating cycle (Figure 4S). Though this associated to an increase of hydrophobicity at the largest

value is in line with previous reports qmly-2 in aqueous solutions at  temperatures; and (ii) a temperature-induced aggregation of the

A (nm)

244

A (520 nm)

similar concentrations, the broad thermal transition observeldZ8differs ; ; P i
from many reports (see ref 17). The broadness of the transition presumably gold particles resu't'“g from hydrophobic interactions between
originates from the large polydispersity of sampias P2Scoated gold colloids.
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Figure 6. TEM images of gold colloids. (d)2Scoated particles evaporated
at room temperature. (l2Scoated particles evaporated at 333 K. The
bar displays 100 nm.

Significant temperature-induced modifications of the optical
properties of gold nanoparticles have been reported béfore.

The temperature-dependent assembly of complementary single
strand oligonucleotides was used to tune the average interparticle

distance and to eventually control the electronic coupling
between gold colloid€ In the present system, the average molar
mass ofP2Sstill gives too thick polymer layers to allow the

is larger than the corresponding one accompanying the simple
adsorption of a large molecule (such as the hydrophilic
polymers) on the gold surface. Considering SPR observations
made with other polymers exhibiting a LCSTthe present
results confirm that a thermal transition can be reasonably
considered as a means to enhance the signal response for
detecting adsorption on gold surfaces, by methods such as UV/
vis absorption, or by SPR.

Conclusion

The surface of gold colloids can be easily and efficiently
derivatized in aqueous solution with hydrophilic nonionic
polymers that bear terminal disulfide anchoring groups. The
resulting polymer-coated gold nanoparticles can be stored in
the dry state and redispersed in water, to yield sterically
stabilized colloid suspensions. The polymer layers allow free
diffusion of small solutes, but minimize efficiently the unspecific
absorption of large molecules such as proteins. Such features
are most attractive for biological applications, especially upon
taking into account the versatility of the polymer approach for
surface derivatization. In fact, it is easy to change the average
molecular mass of the polymers, to introduce diverse function-
alities such as reactive groups along the polymer backbone, and
so on. Further, the study underlines the possible advantage to
introduce components making the hydrogel surface coatings an
“active” partner in a sensing purpose. For example, our
investigations suggest that a suitably tuned phase transition could
amplify the response toward external stimuli when using optical
methods for the detection, like UV/vis absorption for gold
colloids, or SPR for gold surfaces.

Experimental Section

Materials. Hydrogen tetrachloroaurate (Aldrich), sodium citrate
(Aldrich), sodium chloride (Acros), potassium cyanide (Acros), and
potassium ferricyanide (Prolabo) were used without further purification.
Doubly distilled water was purified by a Millipore system.

Polymer Synthesis.The synthesis of the disulfide-functionalized

initiators was reported previousky1® The synthesis of polymei81S

and P2S with a disulfide-functionalized initiator is described else-
where!® Reference polymer$1l and P2l were obtained by the
analogous procedures employing the initiator azoisobutyronitrile (AIBN).
PolymerP1nSwas made by polymerizing monoméwvith the photo-
initiating system of oligo(oxy-1,2-dithiane 4,5-diyl-oxycarbonylimino-

observation of the change of the coupling regime above the hexamethylene imino carbonytp-(oxy dimethyleneN-phenylimino-

cloud point. In principle, one could prepare smallegSs
molecules. Thus, one may envisage to intensify the optical

dimethylene-oxycarbonyl iminohexamethylene iminocarbomgj2-
(2'-hydroxy-3-trimethylammoniopropyloxy)thioxanthone chloride, in

response to interaction with the substrate to be analyzed byanalogy to ref 13.

playing not only with the change of the refractive index above
the cloud point, but also by using the polymer collapse-induced

aggregation of the gold nanoparticles. The latter phenomenon

could also find some applications for reversibly tuning the
optical features of gold sof,or for the electronic properties
of quantum dot solids when using smaller metal partiéfes.

All findings support that (i) a temperature-induced confor-
mational collapse oPS2does occur on gold colloids; and (ii)
the change of the UV/vis signal induced by the polymer collapse

(27) Mirkin, C. A. Inorg. Chem 200Q 39, 2258-2272.

(28) Lazarides, A. A.; Schatz, G. @. Phys. Chem. R00Q 104, 460-467.

(29) Xia, Y.; Gates, B.; Yin, Y.; Lu, YAdv. Mater. 200Q 12, 693-713.

(30) (a) Markovich, G.; Collier, C. P.; Heinrichs, S. E.; Remacle, F.; Levine,
R. D.; Heath, J. RAcc. Chem. Re4999 32, 415-423. (b) Matrtin, J. E.;
Wilcoxon, J. P.; Odinek, J.; Provencio, ®.Phys. Chem. R00Q 104,
9475-9486.

Evaluation of Hydrodynamic Radii from NMR Experiments. The
measurements of translational diffusion coefficients at 300 K were
carried out on an Avance Bruker DRX 600 spectrometer equipped with
a TBI probe with three orthogonal pulsed field gradients (PFG). The
pulse sequence used is a stimulated echo (STE) with residual solvent
signal suppressioft.Eddy current effects were minimized using sine
shaped PFG and introducing a longitudinal eddy current delay (LED)
of 5 ms before acquisition. The diffusion delay lengtk) (vas 600
ms, and encoding PFG lengths) (were of 2 ms for all experiments,
except for the samplB1l (A = 1 s andd = 3 ms). Their maximum
amplitudes were varied from 5.5 to 52.9 G ¢hin 32 steps. Each was
acquired with 256 transients. Suppression of HOD signal was achieved

(31) Wischerhoff, E.; Zacher, T.; Laschewsky, A.; RglaiD. Angew. Chem.,
Int. Ed. 2001, 39, 4602-4604.

(32) Altieri, A. S.; Hinton, D. P.; Byrd, R. AJ. Am. Chem. Sod.995 117,
7566-7567.
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using two 270 Gaussian pulses of 2 ms. Diffusion coefficients were

of gold) and gold (46 nm) by vacuum evaporation. These slides were

obtained by fitting the decrease of the signals with respect to gradient cleaned immediately before use (1:1:504NH,OH:H,0) and rinsed
intensity. The average values correspond to peaks with good enoughwith water. The slides were attached to the SPR prism via an index

signal-to-noise ratios.

Data Analysis.An average hydrodynamic radi&of each polymer
sample was derived from the measured self-diffusion coeffid&nt
according to the StokesEinstein relation:

kT
for a random coil where; designates the solvent viscosity, the
absolute temperature, akdhe Boltzmann constant. The hydrodynamic
and gyration radii were then assimilated to eventually derive an order
of magnitude of an average numbéf monomers contained within
the polymer according t&

N KT 1513
- GnnaDt]

@)

wherea designates the monomer length evaluated to 0.25 nm in the
present series of polyacrylamides from Hyperchem molecular modeling.
Eventually, an estimate of an average molecular wéigbt each
polymer sampléMW Owas obtained from:

kT
6rnab,

5/3
MW O~ [ ] X MW onomer 3)

where MWhonomerdesignates the molecular weight of the monomer that
was used for the polymer synthesis.

It was checked a posteriori that NMR experiments were performed
in the dilute regime to reasonably interpret the r&{l) as character-
izing the polymer random coils. Taking into account the extracted radii
R(P), it is possible to evaluate the order of magnitude of the average

matching oil.

Derivatization of Gold Substrates. Typical Procedure for Polymer-
Grafting of Gold Colloids. A mixture of 0.6 mg of the selected
polymerP and 5 mL of a 16 nM solution of gold colloids was kept
overnight at room temperature in the absence of light. In the case of
the samples used for cloud point and TEM experiments, the derivatized
gold colloids were purified by gel permeation chromatography over a
Sephadex PD-10 prepacked column (Pharmacia). The resulting colloid
fraction was either used immediately, or was lyophilized for storage.
No difference in the behavior was noticed between the latter two types
of samples during further experiments.

Polymer-Grafted Plates for SPR.The grafting process has been
followed by SPR under continuous flow of polymer solutions at given
concentrations. Weakly adsorbed polymer molecules were subsequently
rinsed off by flowing water through the measurement chamber.

Derivation of the Affinity Constants K(P) of the Polymers P for
Gold Colloids. Absorbance data;([P]) were used to extract an order
of magnitude of (i) the affinity constant§(P) of the polymersP for
the gold surface; and (ii) the change of the molar absorption coefficients
of the gold colloidse;()/e,(0) upon derivatization with the polymers.

A two-state model similar to that of Langmuir to account for adsorption
of a gas monolayéfwas used to describe the association between the
polymer molecule$ and the gold colloids:

Srree +P= S)ound (4)
where every gold colloid (average radiug was assumed to contain
497IR(P)? independent siteS for polymer anchoring, using the polymer
radii R(P) extracted from the preceding NMR experiments. The
absorbance data were then analyzed from eq 5, which can be easily
obtained®

molar mass of each polymer sample from egs 2 and 3. In fact, assuming

that the macromolecules are distributed on a cubic lattice, it was always

found that the average distan@éP) between polymer coils remained
less than 0.R(P) at the polymer concentrations used (2 mg L
(Table 1).

UV/Vis Absorption Experiments. UV/vis absorption spectra were

recorded on a Kontron Uvikon-930 spectrophotometer. The temperature

was regulated at 0.9C and directly measured within the 1 cmnl cm
cuvette. Cloud point experiments were performed by recording the

absorbance at 260 nm as a function of temperature on aqueous solution

containing either 0.36 mg mit of polymer PS2 or 12 nM PS2
derivatized gold colloids. The experimental points were recorded after
standing for 20 min at each temperature.

Preparation of the Gold Substrates. Gold ColloidsGold particles
were prepared according to literature proceddr&efore use, all the
glassware was washed with freshly prepared aqua regia (3:1 HCEHNO
followed by extensive rinsing with doubly distilled water. Next, 39
mM sodium citrate (50 mL) was poured into boiling 1.0 mM HAuCI
(500 mL) under vigorous stirring. After the onset of a deep red color,
boiling and stirring were continued for 15 min. The solution was cooled
to room temperature under continuous stirring to yield a mother solution
evaluated at 16 nM in colloid from UV/vis absorptiéfhy taking into
account the average particle diameter of-12 nm as determined by
direct observation in transmission electronic microscopy (vide infra).

SPR Gold PlatesThe BK7 glass slides used for SPR measurements
were coated with thin films of titanium (1 nm, to increase the adhesion

(33) de Gennes, P.-Gcaling Concepts in Polymer Physi€ornell University
Press: Ithaca, NY, 1979.

(34) Jerschow, A.; Miler, N. Macromoleculesl998 31, 6573-6578.

(35) Freeman, R. G.; Hommer, M. B.; Grabar, K. C.; Jackson, M. A.; Natan,
M. J. J. Phys. Chem1996 100, 718-724.

(36) (a) Brown, K. R.; Walter, D. G.; Natan, M. Chem. Mater 200Q 12,
306—313. (b) Link, S.; EI-Sayed, M. Al. Phys. Chem. B999 103 4212
4217.
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A(0) — Ay (o0
A(P]) = A(0) — AO A X

2
1 1 \2 1/2
{(1+x+.(//co)—[(l+x+%) —4x] } (5)

whereA;(0) andA; () are the initial absorbance and the absorbance at
full coverage of gold colloidsg, is the total molar concentration of

The sitesS (if C designates the molar concentration of the gold colloid,

Co = 49”CIR(P)?), x s the ratio PJw/Co where Pliot is the total polymer
molar concentration, anK is the affinity constant of the considered
polymer for the occupation sit8.

Dynamic Light Scattering. Light scattering measurements were
done at 25°C on 1-5 nM solutions of derivatized gold colloids after
gel permeation chromatography. Incident irradiation at 514.5 nm was
produced by a Coherent argon laser. A Brookhaven multiautocorrelator
was used to generate the full autocorrelation function of the scattered
intensity. The time correlation function was analyzed by a method of
cumulants.

SPR MeasurementsSPR measurements were performed at 293 K
on a SPR-DEVI prototype (VTT, Tampere, Finland) with a diode laser
(A = 670 nm) as light source, angular resolutior 0.005.%° Gold-
coated slides were attached to the SPR prisms (BK7 glass].514).

The monochromatic light directed to a prism was reflected onto a
photodiode. The intensity of the reflected light was measured as a
function of external incidence angle. Every experiment was computer

(37) Atkins, P. W.Physical ChemistryOxford University Press: New York,
1978.

(38) See, for instance: Jullien, L.; Canceill, J.; Valeur, B.; Bardez, E.Vrefe
J.-P.; Lehn, J.-M.; Marchi-Artzner, V.; Pansu, RAm. Chem. S0d.996
118 5432-5442.

(39) Described on the Web site http://www.vtt.fi.
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controlled. The change i@l at a fixed angle has been recorded 100 mM of KCN*) in 2 mL of 4 nM gold colloids in a quartz cuvette.
during the experiments devoted to analyze the kinetics and the saturationin the series of experiments devoted to complete gold coating after
of polymer adsorption. The thicknesses of the polymer films grafted polymer grafting, 2«L of 3-mercapto-1,2 propane diol (MPDiol) was
on gold plates were estimated by applying the standard Fresneladded to the cuvette before etching of the polymer-coated gold colloids.
equations, assuming refractive indexes equal to 1.566 as calculated from  Electron Microscopy. Transmission electron microscopy (TEM)
increment& for the polymers$?1andP1S and to 1.528 for the polymers  images were obtained with a Hitachi H-700H microscope operating at
P2 andP2S and dielectric constants;; = —6.7126+ 19.855i and an acceleration voltage of 200 kV at a magnification of 200 000.
eny = —13.869+ 0.8013i for the Ti and Au layer, respectively. Specimens of the various Au colloids were prepared by slow evapora-
Aggregation Experiments.UV/vis absorption spectra were recorded  tion of a drop of the appropriately diluted solution deposited onto a

over time after addition of 0.3 mLfd> M aqueous NaCl to 2 mL of  collodium-coated copper mesh grid. The size distributions of the gold

4 nM solution of gold colloids to evidence any possible aggregation particles were measured from enlarged photographs of the TEM images.
process. The final spectra were recorded after 3 h.
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ImmunoReseach) were pumped into the measuring cell, and changeqight scattering experiments.
in the intensity of the light were detected for about-1I min at a

fixed angle of incidence. The surface was rinsed with buffer between  Sypporting Information Available: SPR spectra, absorption

every injection of protein, and the amount of bound protein was gpectra, and TEM images (PDF). This material is available free
determined. The polymer layer was also washed 30 min in a 1:1 ¢ charge via the Internet at http:/pubs.acs.org
cleaning solution of methanol:HCI 37% after adsorption of protein. ' DR

Etching Experiments. The absorption was monitored over time at JA010796H
520 nm after addition of 90L of etching solution (1 mM K[Fe(CN)],

(41) Marikanos, S. M.; Novak, J. P.; Brousseau, L. C., Ill; House, A. B.;
(40) van Krevelen, D. WProperties of polymers3rd ed.; Elsevier: Amsterdam, Edeki, E. M.; Feldhaus, J. C.; Feldheim, D. L.Am. Chem. S0d.999
1990; pp 296-297. 121, 8518-8522.
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