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Gold nanopatrticles (AuNPs) capped witl(2-mercaptopropionyl)glycine have been used to study the strength

and character of the binding of a cationic metal complex, [Rujpt2?" (pz = pyrazine), at pH= 8, to

these nanoparticles. The strength of the binding has been studied using a kinetic approach consisting of the
study of the kinetics of the oxidation of this ruthenium complex b@¢3™ at different NaCl concentrations.

When the ionic strength increases, the strength of the binding decreases, as a consequence of the partial
neutralization of the charge on the AuNPs which, atH8, has the tiopronin residue negatively charged.

The increase of the ionic strength also produces a change in the character of the binding, which changes from
anticooperative to noncooperative when the ionic strength increases. The nonelectrostatic and electrostatic
components of the free energy of binding are determined. From the latter, we have obtained the values of the
electrostatic potential differences at the AuNPs/solutions interface.

Introduction ligands through noncovalent interactions. Generally speaking,

these noncovalent interactions between two species produce a
change in their properties. So, the union of a substrate, S, to a
receptor, R, promotes a change in the free energy of the substrate

A great number of applications in the nanotechnology
research area are directly related to metal nanoparticles linked
with sugars, proteins? dendrimers, surfactantg,small ligands,

or DNA.® These nanoparticles are being used for assembling given by’

new materials, developing bioassays, and as multivalent systems AGs=RTIny (1a)
for interaction studies. These interactions correspond in most s S

cases to noncovalent interactions, that is, interactions between _ 1 (1b)
chemical species other than covalent bonds. s 1+ K[R]

Nanoparticles are characterized by the properties of the metal
cluster core but also by the organic molecules that constitute Here, the activity coefficient of the substrag, is defined with
the monolayer. The variety of these nanometer-sized metallic respect to a reference state in which {RD. On the other hand,
particles depends not only on the metal nature but also on theK in eq 1b represents the equilibrium constant for the process
capping agents. Among them, alkanethiolate nanopatrticles have
received considerable attention due to their advantages ofS(free)+ R==S/R
stability, suspendability in different solvents, and facile char- (substrate linked to the receptor) (2)
acterization by standard analytical techniqtiés.this sense,
gold nanoparticles (AuNPs) capped with tiopronin are really Measuring some properties at different receptor concentrations,
stable and present a surface charge density which is functionfor example, changes of the rate constants of a given reaction
of the pH of the medium. That is, the tiopronin ligand permits in which S participates, it is possible to obtahand, from
one to control the surface charge on the gold nanoparticle andthis, the standard free energy corresponding to the union
therefore to modulate the interaction between the AuNPs andSubstrate/receptor. Following this approach, we have done a
ligands. systematic study of the interaction between a cationic metal
Although direct applications of these Au@tiopronin nano- complex, [Ru(NH)spz]**, and AuNPs capped with tiopronin
particles have been recently described, for example, as cellligands. The equilibrium binding constatand, therefore, the
targeting? there are no systematic studies in relation to the free energy of binding of the ruthenium complex (positively
strength and character of the binding of AUNPs to small charged charged) to the AuNPs were obtained following the changes in
the kinetics of the electron-transfer reaction between the [Ru-
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Figure 1. Transmission electron micrograph and core size histogram of gold@tiopronin nanopatrticles.
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the electrostatic and nonelectrostatic contributions to the binding  Size distributions of the Au cores were measured from
free energy. In this way, a complete picture of the binding can enlarged TEM image photographs for at least 860 individual

be obtained. cluster core images. Figure 1 shows a TEM image of the AuNPs.
A value of 1.4 nm for the diameter of the gold nanoparticle
Materials and Methods was obtained. The U¥Wvis absorption spectra showed an almost

nondetectable surface plasmon band (SPB) as a consequence
of the small size of the clusters (Figure 2).

Spectra. The spectra of the AuNPs in the presence and in
the absence of NaCl were recorded with a Cary 500 spectro-
photometer at 298.2 K. No aggregation between nanoparticles
was observed in the presence of the electrolyte.

Kinetic Measurements. Kinetic runs were carried out in a
stopped-flow spectrophotometer from Applied Photophysics.
The reaction was monitored by following the changes in
absorbance of [Ru(Ngspz]?* at 472 nm.

All the kinetic runs were carried out under pseudo-first-order
conditions using an excess of the oxidant: [Ru@\pz*" =
2 x 107® mol dnm2 and [SOg?] = 2.5 x 107 mol in the

Materials. All chemicals were of Anal.R. grade and were
used without further purification. Hydrogen tetrachloroaureate-
(1) trinydrate was purchased from Sigma-AldrictN-(2-
mercaptopropionyl)glycine and sodium peroxodisulphate were
from Fluka; NaBH was from Lancaster; NaCl was from Merck.
[Ru(NH3)spz](ClO4), was prepared and purified according to
published proceduréd.Solutions were prepared with deionized
water, its conductivity being less than£®B m L. Buffers were
prepared according to standard laboratory procedure in order
to obtain pH= 8.

Synthesis of Gold Nanoparticles: Au@tioproninAu@tiopronin
was prepared using the procedure of Templeton ét 8ix
batches with hydrogen tetrachloroaureate(lll) trinydrate (1 equiv) - . - )
andN-(2-mercaptopropionyl)glycine (tiopronin) (5.5 equiv) were reaction mixture. Pseuo_lo-flrst-order rate constants were obtained
codissolved in 12.7 mL of 6:1 methanol/acetic acid, resulting ToM the slopes of the linear plots of l(— A.) vs time, where
in a ruby red solution. Sodium borohydrate (22 equiv) in 2.4 A‘anqA_“’ were the absprbances at t'qu when the reaction
mL of H,O was subsequently added via rapid stirring. The Was finished, respectively. All the experiments were repeated

resultant brown suspension was stirred for an additional 30 min at least five times. The estimated uncertainty in the rate constant
after cooling, with the solvent removed under vacuum at V&S less than 5%. The temperature was maintained at 298.2

40°C. The crude sample was completely insoluble in methanol 0.1K.
but reasonably soluble in water. It was purified by dialysis, in
which the pH of the crude product dissolved in 20 mL of water
(NANOpure) was adjusted to 1 by dropwise addition of The results of the kinetic runs are shown in Tablestlas
concentrated hydrochloric acid. This solution was loaded into pseudo-first-order rate constants. These rate constants correspond
15 cm segments of seamless cellulose ester dialysis membranéo the first electron transfer from the ruthenium complex to the
(Sigma, MWCO= 10.000), placedn 4 L beakers of water,  peroxodisulfaté?

and stirred slowly, recharging with fresh water ca. every 10 h

over the course of 72 h. The dark brown Au@tiopronin solutions [Ru(NH,)spz" + S,04 — [Ru(NHy)spz]*" + S,05>

were collected from the dialysis tubes and were lyophilized. (SO >4 g0 ) 3)

The product materials were found to be spectroscopically clean 4 4

and produced a yield of 119 mg.

Au@tiopronin nanoparticles were characterized by visible
absorption spectra and C, H, N, S microanalysis (13.22% C; . _
2.09%E)H; 3.1%% N; 7.13% S). According to thiz dati(i and from [RU(N"'3)5!32]2+ +S80, " — [RU(’\”'|3)5PZ]3+ + SO42 4)
the results of the transmission electron microscopy (TEM) the ) s )
molecular formula was AugCsHsONS)s(H:0)ss. For TEM because the redox potenzt_|al of th%(:@2 couple is !ow_er
examinations, a single drop (1) of the aqueous solution ~ than that of thz? SE*/SO," couplé? and the reorganization
(0.1 mg mLY) of the AUNPs was placed onto a copper grid ©€N€"9Y of 80™ is greater than that of SO
coated with a carbon film. The grid was left to dry in air for
several hours at room temperature. TEM analysis was carried
out in a Philips CM 200 electron microscope working at 200  According to the data in Tables—#4 the efficiency of the
kV. AuNPs for decreasing the rate of the electron-transfer reaction

Results

This step is slower than the second electron transfer:

Discussion
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Figure 3. Plot of the experimental rate constants of the reaction Ru-
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Figure 2. UV—vis spectra of Au@tiopronin nanopatrticles.

TABLE 1: Rate Constants for the Reaction of Ru(NH)spz2+ (NH3):pz2" + S,0¢* vs [AuNPs] concentration at [NaCH: 0 mol
+ S,02 at NaCl = 0 mol dm~3 dm™3. Symbols @) are experimental data, and lines are the best fit
using eq 7.
[AuNPs]/mol dnt? kist
0.0000 55 TABLE 4: Rate Constants for the Reaction of Ru(NH)spz?*
366)( 107 46 + 820827 at NaCl = 0.02 mol drTr3
7-SSX 1g2 2-8 [AuNPs]/mol dnr3 Kist
1. 1 1
183 10°6 26 0.0000 3.4
256x 10°6 1.8 1.09x 10°® 3.2
3.66x 10°° 1.0 1.45x 10°® 3.0
7.32%x 10°6 0.37 2.56x 107 2.7
' ' 3.66x 1076 2.4
TABLE 2: Rate Constants for the Reaction of Ru(NH)spz* 4.39x 102 2.3
+ S,0¢>~ at NaCl = 0.005 mol dnr3 5.49x 10 2.1
7.32x 10°® 1.8
[AuNPs}/mol dnt3 kis™t
0.0000 4.8 of the reactants between two states, free and bound, to some
3.66x 1077 4.4 supporting monodisperse materials, the AUNPs in this study. If
7.32x 10; 4.1 the reactant is designed as Ru, an equilibrium constacen
1.09x 107 3.8 be defined as
1.83x 1076 3.2
2.56x 10°© 25
3.66x 1076 2.0 K = ﬂ (5)
5.49x 10°® 1.5 [RU[AUNPSs]
7.32x 10°® 11

TABLE 3: Rate Constants for the Reaction of Ru(NH)spz2* where Ry represents the free state of the ruthenium complex,
+ S,0¢% at NaCl = 0.01 mol dnt 3 ° AuNPs is the dispersed material (or pseudophase) to which the

solute binds, and Rurepresents the bound state of the solute
(or the solute at the pseudophase).
0.0000 4.3 Generally speaking, as the properties of the local media, or

[AuNPs]/mol dnm3 k/s™t

§'§S§ %g; ‘31'3 phases, corresponding to the bound and free states are different,
1.09% 10°6 35 these states react at different rates:

1.83x 1076 29

2.56x 10°® 2.6 L

3.66x 1076 2.2 Ru- — products (6a)
5.49x 10°® 1.7 kB

7.32x 10°° 1.3 Rug — products (6b)

is clear. TheN-(2-mercaptopropionyl)glycine is negatively From eqgs 5 and 6 it follows that the observed rate constant is
charged at pH= 8. Taking into account the charges of the given byt
reactants ([Ru(Nkg)spz>™ and $0g27), S would correspond to
the ruthenium complex and R to the gold@tiopronin nanopar- K- + kgK[AUNPS]
ticle in eq 2. Kobs = 1+ K[AUNPS] (7)
S is distributed between the two states that appear in eq 2,
free and bound. When applied to kinetics, two-state models This equation (it is indeed the equation of the pseudophase
consider a rapid distribution (in relation to the kinetic events) model) opens the possibility of obtaining free energies of binding
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Figure 4. Plot of the experimental rate constants of the reaction Ru- Figure 5. Plot of the experimental rate constants of the reaction Ru-
(NH3)spz*" + S,0¢°~ vs [AUNPs] concentration at [NaC# 0.005 mol  (NHa)spz2* + S,0¢2~ vs [AUNPS] concentration at [NaC# 0.01 mol
dm3. Symbols ®) are experimental data, and lines are the best fit gm-3 Symbols ®) are experimental data, and lines are the best fit
using eq 7. using eq 7.

TABLE 5: Values of the Best Fit Parameters for Eq 8 4.0

Kmax h j ke ks

[NaCll=0M 5x 100 9.2x10° 42x 10 57 103

[NaCl|=0.005M 4.5x 106 1.6x 10 1.2x 106 50 2x 1073 35
[NaCl]=0.010 M 2.9x 1(Fb 0 43 001

[NaCl]=0.020 M 1.2x 10°P 0 34 01

akg, % ks, 7% j, mol dnt3; h, mol dnm3; Kmax, mol~ dm?. Bin
this caseX is independent of [AUNPs].

3.0 1

-1
obs /s

using specific reactions as probésThis equation, in fact the
Olson—-Simonson equatiot?, corresponds to the behavior
expected for a two- state reactive system. It is worth pointing
out that, strictly speaking, eq 7 can be applied only in the case
of unimolecular processes. However, as some of us have shown
in a previous papetd eq 7 is still valid for a second-order 2.0 4
process provided that only one of the reactants (the [RyiNH
pzJ?* complex in the present case, given the negative charge
of the nanoparticles) is partitioned between the two states and 15 1 : : : : : : :
the other (peroxodisulfate) remains essentially in the aqueous 0et0 16-6 266 3e-6 4e-6 566 666 7e-6 8e-6
pseudophase.

In fact only the data in Tables 3 and 4 (corresponding to

[NaCl] = 0.01 and 0.02 mol dn¥, respectively) can be fitted (NH9)p22* + SO¢ vs [AUNPS] concentration at [NaC# 0.02 mol

to eq 7 with the set of parameters appearing in Table 5 (S€€ -3 "symnols @) are experimental data, and lines are the best fit
Figures 5 and 6 where the points are experimental data and theysing eq 7.

line is the best fit obtained by using eq 7). The values of these

parameters merit some comments. First of all, the valuég of As can be seen, experimental rate constants are smaller than

are almost the same as the valueskgf in the absence of  the calculated values for the higher AUNPs concentrations. This

AuNPs, a fact (see Tables 3 and 4) which confirms the quality deviation is more pronounced in the absence of NaCl and

of the fit. It is also important to realize that the reactivity of the decreases at [NaC# 0.005 mol dm3, but it is still present as

bound state is much lower than the reactivity of the free state. can be seen in Figure 4. That i, changes as the AuNPs

That is, the reaction between the ruthenium complex adsorbedconcentration changes when NacCl is not present or at the smaller

on the nanoparticle and the peroxodisulfate ion is practically NaCl concentration used.

nonexistent. This confirms our assumption that the peroxodis- So results corresponding to Figures 3 anchfinotbe fitted

ulfate is practically absent at the AuNPs surface. by eq 7 in all the range of [AuNPs] concentrations unless
As to the results in the absence and in the presence of [NaCl]allowance was made for a variationkfwith the ratio between

= 0.005 mol dm3, Figures 3 and 4 show that only the data the concentrations of the [Ru(N)dpz[?* cation and the AUNPs.

corresponding to small ranges of the AUNPs concentrations canHowever, since the concentration of the ruthenium complex is

be fitted to eq 7. In Figures 3 and 4, the curves correspond to constant in our experiment, only depends on the concentra-

a fit of the experimental data bgonsidering K to be a true  tion of the AuNPs. At first, this dependence is unknown.

constantthat is, independent of the AuNPs concentration. Only However to have a physical meaniKgmust show a saturation

the first part of the curve goes through the experimental points. behavior, that is, must reach a constant value after a given

X

[AuNPs] / mol dm
Figure 6. Plot of the experimental rate constants of the reaction Ru-
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Figure 7. Plot of the experimental rate constants of the reaction Ru- Figure 8. Plot of log K vs log[Na'] (see eq 11) for the process Ru-
(NHg)spZ** + S;0* vs calculated rate constants at [Na&{]0.005 (NH3)sp22t + S,062~ in AuNPs systems. The sodium from the
mol dn 2 using eq 7 ank given by eq 8. peroxodisulphate complex {SsNa) has also been taken into account.

concentration of the nanoparticles. A dependenceK chc- anticooperativity cannot be ruled out. Thus, the binding of a
complishing this requirement, frequently found in many sys- ruthenium complex, with a charge sign opposite from the charge
tems!’ is given by eq 8 which corresponds to a sigmoidal of the nanoparticle, would produce a screening between the

dependence: charges on the tiopronin ligands in the AuNPs, allowing in this
way a more compact conformation of the receptor, with different
Kimax e binding properties from those related to the less compact
K= ?e‘ ) conformation in the absence of the ruthenium complex.

The values of the equilibrium binding constant obtained for
This sigmoidal dependence is also described by the famous Hill €ach NaCl concentration also allow an estimation of the

equatio® or the von Hippel modé? for binding of small nonele_ctrostatic and electrostatic components of the binding.
ligands to macromolecules. In eqt8= (JAUNPS] — h)/j, Kmax _Th|s W|I_I be shown as follows:K (or Kmay) can be expressed _
is the maximum (limiting) value oK, h is the value of the in functlpn of the free energy correqundlng to the process in
concentration of the nanoparticles, [AuNPs], for whi¢h= eq 2. Without any loss of generality, this free enery@, can

(1/2)Kmax andj is an adjustable parameter. With the use of this P€ written as the sum of two contributions: (i) an electrostatic
equation, the data in Tables 1 and 2 can be fitted in all the Potential independent contributioGnel (nonelectrostatic or
range of [AUNPs] concentrations used. The results of the fit intrinsic), and (ii) an electrostatic potential dependent contribu-

are displayed in Figure 7 for [NaC# 0.005 mol dn3. This tion, AGe (electrostatic). This separation has been discussed
figure clearly indicates that our variationsrare in agreement ~ €xtensively in references 227:

with eq 8. Similar results are obtained in the absence of NaCl. _

The values 0Kax h, j, ki, andkg at [NaCl] = 0 and 0.005 AG = AGq + AG, )

mol dn12 are given in Table 5.

The fact that the values & increase when the [Ru(N#t-
pzJ?*/[AUNPs] decreases means that the union of the ruthenium
complex and the nanoparticles is anticooperative. This fact

Thus, the free energy of bindilgG can be written as a sum of
two contributions: a nonelectrostatic contributiadxG,e, and
an electrostatic oneAGg, which implies

implies that, in comparison with higher ionic strength, the K=K, oKg (10)
AuNPs not only change the strength of binding but also its
character: it is noncooperative in the case of [Na€ID.01 In order to separate these contributions we used the Lippard’s

and 0.02 mol dm? and anticooperative in the absence of NaCl equation. According to Howe-Grant and Lipp&fdpg Ke is
and at [NaCI] = 0.005 mol dn3.!® This anticooperative  proportional to—log[Na'], that is,

character has also been observed in the case of the binding of

small ions to DNA2 peptide<’! and dendrimeré? Of course, log K = log K., — 3 log[Na'] (11)
part of this anticooperativity arises as a consequence of the fact

that, when one complex is bound, a second complex would feel The values of lodK (or Kmay) appearing in Table 5 are plotted
repulsion from the first bound one. In the presence of added in Figure 8. In order to calculate [N} the sodium from the
electrolyte (NaCl here) an ionic cloud will be developed around peroxodisulfate (Ng5,0g) has also been taken into account.
the particles (and the adsorbed ruthenium complexes). This ionicFrom the intercept, a value of ldg§,e = 3.4 is found which
cloud would produce a screening of another RugNpiz2* ion gives a value of 2.5¢ 10°® mol~t dm? for K¢ That is, taking
coming toward the particle, and more so when the concentrationinto account the values df (or Kmay appearing in Table 5
of added salt increases, in such a way that the anticooperative(Knax = K when the binding is noncooperative), it can be
character of the binding, caused by the repulsive interactions established that the nonelectrostatic component of the free
of the ligands, would decrease. However, other causes ofenergy of binding is about a half of the total free energy in the
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absence of NaCl and about 67% of the total free energy of
binding in the presence of NaCl 0.02 mol dfFrom the slope
of the plot in Figue 8 a value of 0.98 fof was obtained. This
value, close to unity, would imply that the adsorption sites are
the same for Na and [Ru(NH)spz]?*, independent of their
charge. Notice that this substitution would imply a net increase
of the charge of the particle/ligand that would make more
difficult the approximation of a second [Ru(N}pz]?", thus
giving rise to the observed anticooperativity.

Once the value oKye (2.5 x 10° mol~! dm® has been
determinedKe for each [N&] concentration can be obtained
asKe = K/Kpel (see eq 10). FroriKg, taking into account that

_ —nFAW

InK, = RT

(12)

el

whereAW is the electrostatic potential difference at the AUNPs

Grueso et al.

modulation of this noncovalent interaction. This is so because
the same effect is produced by the cations of the supporting
electrolyte which are present at a (constant) concentration much
higher than that of the ruthenium complex. This effect seems
to be “saturated” at ionic strengths of about 0.01 mol-éim

On the other hand, working at different NaCl concentrations
the nonelectrostatic and electrostatic contributions to the binding
free energy have been separated. From the latter, we have
obtained the values of the electrostatic potential differences at
the AuNPs/solutions interface.
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