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ABSTRACT: Five-nanometer sized gold nanoparticles (Au
NPs) stabilized with citrate ions have been reacted with
various amounts of dihydrolipoic acid (DHLA) (X28, XS6,
X140, %222, relative to Au NPs). Ligand exchange between
citrate and the dithiol resulted in DHLA-capped Au NPs,
whose degree of inertia was found to be related to the density
of capping. The results revealed the importance of DHLA
coating density to enhance the colloidal stability and modulate
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the reactivity toward free radicals and proteins of biological relevance. Thus, Au NPs capped with the highest amount of DHLA
were found to be the ones that were, first, the most resistant to environmental changes, then characterized by the lowest residual
catalytic reactivity of their metallic core, and finally the lowest interacting with proteins through nonspecific adsorption. The
physicochemical properties conferred to Au NPs prepared with the X222 excess should be valuable for further pharmaceutical

development of nanoparticle platforms.
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1. INTRODUCTION

Functionalized noble-metal nanoparticles (NPs), which specif-
ically interact with cellular targets, are of great interest in
biotechnology and medicine.’ Among these metal NPs, and
because of their inertia as well as weakly toxic nature,
controllable size, and ease of functionalization with various
ligands, gold NPs (Au NPs) have been intensively studied
recently for diagnostic applications,” including tomography
and ma net1c resonance imaging,” as well as for drug
delivery.”™ ° However, the essential parameters affecting the
successful use of Au NPs for biological purposes are their
stability in physiological conditions, as well as their surface
reactivity toward molecules encountered in living organisms.'
The stability of Au NPs dispersions is strongly dependent on
their surface charge as well as pH and ionic strength of the
medium. Because of these concerns, extensive research is
focusing on the improvement of the Au NPs stability and the
development of methods to evaluate the stability of Au NPs
prior to their biological use. The most common strategy to
disperse Au NPs in an aqueous medium and to gain access to
NPs valuable for bioapplications is the use of a protective agent,
which not only prevents the aggregation of NPs, but also leads
to functionalized objects."’ So far, thiol-containing compounds
have been widely used as protective agents for obtaining stable
monolayer- protected Au NPs, because of the strong affinity of
sulfur to gold."” In many cases, the Au NPs are synthesized
using Turkevich’s method" or modifications of this meth-
0d"*'® and functionalized via a two-step approach, referred to
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as “cap exchange” (or ligand exchange). This involves replacing
the native citrate cap with bifunctional hydrophilic ligands that
contain a thiol group for anchoring the ligand to the
nanocrystal surface and a second module that not only
promotes aqueous dispersibility'®'” but also can ease the
grafting of a drug via carboxylic acid groups, for example.'®
Regardless of the cap-exchange method used, small hydro-
dynamic diameters (<25 nm) and good colloidal stability are
prerequisite for developing Au NPs with great potential utility
in biological applications. The success of these applications
largely depends on the ligand used to cap the nanocrystal
surface.

Indeed, depending on the targeted application, the ligand
type and the density of capping should difter. Thus, as far as
catalysis domain is concerned, it was previously shown that,
whatever the selected ligand, the capping limits the catalytic
activity of Au NPs. Moreover, increasing the capping density
was related to a decrease of the catalytic efficiency.® In
contrast, for biological purposes, a total inertia is required to
ensure biocompatibility; therefore, an absence of any residual
catalytic activity parallel to an optimized capping density is
needed.

Among the various ligand used, dihydrolipoic acid (DHLA,
2), the reduced form of a-lipoic acid (LA, 1) (Figure 1), and
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Figure 1. Molecular structures of a-lipoic acid (1) and dihydrolipoic
acid (2).

the poly(ethylene glycol) esters of DHLA are known to afford
NPs, such as quantum dots, with higher colloidal stability than
monothiol ligands, because of the higher affinity of the dithiol
function toward metal atoms present at the nanocrystal
surface.'#2°7

DHLA, its derivatives, and other multiple thiol-anchor
compounds have also been proven to be valuable ligands for
stabilizin% and inhibiting the aggregation of Au NPs in aqueous
solution.'®**73® Furthermore, DHLA is a physiological
compound, with antioxidant activity, already administered to
humans.”” As a consequence, this molecule has high potential
as a Au NP ligand.

Although DHLA-capped Au NPs are a substantial improve-
ment, in term of stability and also biocompatibility,*® compared
to monothiol-stabilized ones, no systematic study devoted to
the influence of the [DHLA]/[Au] molar ratio during the cap
exchange on the properties of produced Au NPs has been
undertaken. In fact, high molar excess of DHLA or its
derivatives are generally used to saturate NP surfaces. In this
work, cap-exchange reactions of physisorbed bound citrate ions
present at the surface of small-sized (ca. S nm in diameter) Au
NPs prepared via Turkevich’s method by using DHLA were
investigated. The influence of the molar ratio of DHLA to Au
on the aggregation behavior of Au NPs in phosphate buffer
solution and in the presence of excess salt was studied. Next, we
investigated the role of DHLA capping density on the reactivity
with various molecules, a dithiol, a free radical ABTS® ¥, and a
protein of biological relevance (albumin). This work highlights
how important is the packing density to build a stable and inert
platform for the design of drug delivery systems.

2. EXPERIMENTAL SECTION

2.1. Chemicals. All reagents and solvents were of analytic grade
and used without further purification. Tetrachloroauric acid trihydrate
(HAuCl-:3H,0) and a-lipoic acid were purchased from Sigma—
Aldrich (France). Phosphate-buffered saline (PBS) solution was
prepared as follows: [Na,HPO,] = 4 x 107> M, [KH,PO,] = 4 X
10 M, and [NaCl] = 1 X 107! M, final pH was adjusted to 7.4.
Ultrapure deionized water (>18.2 MQ cm) was used to prepare all
solutions. All glassware was thoroughly washed using aqua regia (3:1
HCI/HNO;) and rinsed with ultrapure water prior to use.

2.2. Preparation of Citrate-Stabilized Gold Sols. Gold colloids
were prepared at room temperature via the sodium borohydride
reduction of HAuCl,-3H,O in the presence of sodium citrate, as
described by Brown and co-workers." Briefly, at room temperature, 1
mL of a 1% (w/v) HAuCl,-:3H,0 solution in water was added to 90
mL of water. After 1 min of stirring, 2.0 mL of a 38.8 mM sodium
citrate solution in water were added. One minute later, 1.0 mL of a
freshly prepared 0.075% (w/v) NaBH, solution in a 38.8 mM sodium
citrate solution was quickly injected in the reaction flask. The reaction
medium was stirred for an additional 5-min period and the resulting
deep red colloidal solution immediately stored in darkness at 4 °C for
a maximum period of 2 months in a polypropylene tube.

2.3. Synthesis and Purification of DHLA-Capped Gold
Nanoparticles (Au@DHLA). Au@DHLA,;, Au@DHLAy, Au@
DHLA,,, and Au@DHLA,,, NPs were prepared by adding,
respectively, 90, 150, 375, and 600 umol of a-lipoic acid, solubilized
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in, respectively, 1.5, 2.5, 5, and 10 mL of 0.5 M aqueous NaOH
solution, to 25 mL of freshly prepared citrate-capped Au NPs. The
reaction mixture was stirred for 24 h at a temperature of 20—23 °C
before dialysis. The nonreacted a-lipoic acid remaining in the solution
after the cap exchange was removed by dialysis against PBS for 48 h
using a dialysis bag (regenerated cellulose with a molecular weight
cutoff of 10 kDa (Roth, France)). The dialysis medium was changed
once to fresh PBS after 24 h. The resulting Au@DHLA NPs
suspension was stored in darkness at 4 °C for a maximum period of 2
months in polypropylene tube.

2.4. Characterization of Gold Nanoparticles (Au NPs). A
double-beam UV—visible spectrophotometer (model Uvikon 932,
Kontron) was used for spectra recordings and absorbance measure-
ments. All measurements were performed at 20—23 °C using quartz
cuvettes with a path length of 1 cm. The scanning wavelength range
was from 200 nm to 900 nm, with intervals of 0.4 nm. Molar
absorbance values of Au NPs were calculated as previously
published.*” The results are the following: 1.20 + 0.10 X 107, 0.43
+0.10 X 107, 0.43 + 0.10 X 107, 0.42 + 0.10 X 107, and 0.50 + 0.20 X
10" M em™, for citrate-stabilized Au NPs, Au@DHLA,;, Au@
DHLA,, Au@DHLA,,, and Au@DHLA,,, NPs, respectively.

Transmission electronic microscopy (TEM) images were recorded
using a Philips CM20 instrument with a LaBg cathode operating at 200
kV. Au NPs solutions were deposited onto a 400-mesh carbon film
copper grids. The average diameter of the gold core was calculated for
each Au NP sample by counting ca. 200 individual particles from TEM
images. From these observations, the number of Au surface atoms (N;)
on a single Au NP was calculated using the relation

N,

S

4TIRyp”

I—H{atom2
where Ryp is the radius obtained by transmission electron microscopy
(TEM) and R, = 0.137 nm.*

The hydrodynamic diameter (D;,) and surface charge of Au NPs
were measured using a Zetasizer Nano ZS (Malvern Instruments,
UXK.). These measurements were performed at 20 °C using low-
volume polystyrene and disposable capillary cells, respectively. All Dy
reported are volume-average values, based on three independent
measurements of two Au NPs batches. Prior to zeta potential
measurements, Au@DHLA NPs were dialyzed against ultrapure water
for 24 h. All surface charges reported are averages based on three
measurements at least two batches of Au NPs.

X-ray photoelectron spectroscopy (XPS) measurements were
performed at a residual pressure of 107 mbar, using a Kratos Axis
Ultra electron energy analyzer (Kratos Analytical, U.K.) operating with
a monochromatic Al Ka source.

2.5. Gold and Sulfur Content. The gold content of the various
types of Au NPs was determined using the previously reported
methodology.* A Varian Model 720-ES inductively coupled plasma—
optical emission spectrometry (ICP-OES) device was used for
multielemental Au and S analyses.

2.6. Stability Studies. Effects of the [DHLA]/[Au] ratio on the
stability of Au NPs were evaluated based on changes in the A, of the
surface plasmon resonance (SPR) band and D, of Au NPs, which were
stored at 4 °C in physiological medium PBS (150 mM) and in
polypropylene tubes for 50 days. The Au NPs were wrapped with
aluminum foil and stored in darkness throughout the measurement
period. The effects of dithiothreitol (DTT) and high concentration of
salt on the stability of the various [DHLA]/[Au] ratio were also
evaluated. Briefly, DTT and NaCl were added to each preparation of
Au NPs to a final concentration of 0.1 and 1 M, respectively. The
solution was incubated at 40 °C for 1 min and stored in darkness at
room temperature (20—23 °C) in low-volume polystyrene cuvettes for
100 min. For all stability studies, citrate-capped Au NPs were used as
control samples.

2.7. Interaction of Gold Nanoparticles with 2,2’-azino-di(3-
ethylbenzothiazoline-6-sulfonate) and Bovine Serum Albu-
min. 2,2’-Azino-di(3-ethylbenzothiazoline-6-sulfonate) (ABTS®*
stock solution) was prepared by mixing 5.4 mM ABTS with 1.7 mM
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potassium persulfate in PBS and placed in darkness at room
temperature for 16 h to give a dark blue solution. Molar
concentrations of ABTS® * were calculated using the molar absorbance
value previously reported (i.e., &34 nm = 1.5 X 10* M™! cm™).*! The
interaction between ABTS® * and Au NPs was studied as follows: 1125
1L of Au@DHLA NPs and citrate-stabilized Au NPs were reacted with
375 pL of 200 uM ABTS® * solution in PBS. After 2 h of incubation at
20—23 °C, the absorbance of the reaction medium was measured at
734 nm.

Aliquots (500 uL) of a 1.6 uM BSA solution prepared in PBS were
mixed with Au NPs in PBS (500 uL); the resulting mixtures were
incubated at 37 °C for 1 h. The interaction between BSA and Au NPs
was monitored measuring the intrinsic tryptophan fluorescence of BSA
(Aexc = 280 nm, A, = 355 nm)** with a spectrofluorimeter (Hitachi E-
2000, France). Fluorescence intensities with and without Au NPs (I
and I°) were measured and Stern—Volmer equation was used to
calculate the related constant:

)

— = 14K Q)

where Kgy is the Stern—Volmer constant and [Q] the concentration of
Au NPs, which are the quenchers.*®

2.8. Statistical Analyses. One-way analysis of variance (SigmaStat
3.1) was used for statistical analyses. For each sample group the equal
variance (Levene median) and normality (Kolmogorov—Smirnov)
tests were performed.

3. RESULTS AND DISCUSSION

Proof of the Surface Packing Density Variations.
Citrate-stabilized Au NPs were first synthesized via the
reduction of HAuCl, using sodium borohydride at room
temperature. Using TEM, the average diameter of these NPs
was found to be 53 + 1.1 nm (see Figure 2), which is
consistent with the synthetic method employed."

The UV—vis absorption spectrum of the citrate-stabilized Au
NPs shows a narrow plasmon bandwidth, centered at 517 nm,
confirming the small diameter and the weak polydispersity
observed by TEM (Figure 2). Using a molar absorbance of & =
12 X 10" M™' em™! for these ca. 5S-nm-sized Au NPs,*’ the
concentration of the citrate-stabilized Au NPs solution was
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Figure 2. Characteristics of citrate-stabilized Au NPs: (a) TEM image
(scale bar = 20 nm), (b) the corresponding size distribution (n > 200),
and (c) their UV—vis absorption spectrum.
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found to be 5.89 X 10'® NPs per liter. An average diameter of
5.3 nm represents ~1147 cubic face-centered structural units in
each nanocrystal (using a theoretical lattice parameter of a =
0.408 nm), and 4588 Au atoms per nanocrystal.** The number
of Au surface atoms on a single Au NPs was estimated to be
1104.

DHLA (2) can be covalently bound to the surface of Au NPs
either by mixing citrate-capped Au NPs with LA (1) at pH 11*
or by reduction of HAuCl, with NaBH, in the presence of 2."®
We found that citrate ions could be easily displaced from the
surface of Au NPs produced during the first step by incubation
for one day with 1 in the crude reaction mixture. During the
reaction, the dispersion color changed from pink-red to purple-
red. The S5-membered heterocycle of 1 containing the
dithiolane ring exhibits a strong absorption at 334 nm. This
absorption decreases after treatment with Au NPs. Because
dialkyldisulfide adsorption on gold yields unstable complexes,*®
a cleavage of the S—S bond of 1 by NaBH, remaining in the
reaction medium is more likely."® When an easily reducible
carbonyl derivative such as benzaldehyde was added in the
reaction mixture after generation of citrate-capped Au NPs, a
rapid reduction of the aldehyde was observed (monitored by
using a reversed-phase HPLC system coupled with UV
detection), thus confirming the presence of unreacted
borohydride after the Au NPs formation step.

Using the two-step synthetic protocol we developed, four
samples were prepared with different theoretical [DHLA]/
[surface Au atoms] molar ratios (28/1, 56/1, 140/1, and 222/
1) to evaluate the influence of the ligand coverage on the
properties of Au NPs. These samples are noted Au@DHLA,j,
Au@DHLA,, Au@DHLA 4, and Au@DHLA,,,, respectively.
At the end of the DHLA anchorage at the surface of Au NPs,
the pH of the reaction mixture was found to be ca. 12,
regardless of the Au/LA ratio used. Unbound LA was then
removed by dialysis against PBS buffer (pH 7.4). Upon dialysis,
the complete disappearance of the dithiolane ring absorption at
334 nm was observed. Figure 3 depicts results obtained for
Au@DHLA,,, NPs.

Absorbance (a.u.)

500 600
Wavelength (nm)

Absorbance (a.u.)

300 400 500 600 700 800
Wavelength (nm)

900

Figure 3. Evolution of the UV—vis spectra of Au@DHLA,,, NPs, as a
function of dialysis time; red, blue, and black traces represent NPs in
the reaction medium, NP after 24 h of dialysis, and NPs after 48 h of
dialysis, respectively. Inset shows the magnification of the Au NPs
surface plasmon resonance band.
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Removal of excess LA was in all cases accompanied by a
small bathochromic shift of the SPR band, depending on the
NPs ligand coverage. UV—vis absorption spectra showed that,
after dialysis, except Au@DHLA,; NPs, all NPs exhibit an
absorption peak near 520 nm, which is characteristic of the SPR
band of Au NPs with an average diameter of 4—5 nm (see
Figure 4).

Au@DHLA28 NPs Mnax™ 530 nm
Au@DHLA56 NPs 2, max— 525 nm

Au@DHLA1 40 NPs Max™ 520 nm

Au@DHLA222 NPs — 519 nm

== citrate-capped Au NPs }“max= 517 nm

Absorbance (a.u.)

600 700
Wavelength (nm)

500 800

Figure 4. Normalized UV—vis absorption spectra for the several
[DHLA]/[Au] molar ratios used during the cap-exchange reaction.

Compared to the SPR band of citrate-stabilized Au NPs (4,
= 517 nm), ligand-exchanged Au@DHLA,,, and Au@
DHLA,,, NPs exhibit only a slight red shift (A4 = 2—3 nm)
that may originate either from the NPs surface modification
(changes in the surface dielectric constant of the NPs associated
with the adsorption of the thiol functions of DHLA) or from
the pH decrease of the solution from 12 to 7.4 during dialysis.
In complementary experiments performed on dialyzed Au NPs,
we observed similar red shifts of the SPR band (A4 = 2—3 nm)
when decreasing the pH from 12 to 7, probably due to the
decrease of interparticle distances, following a decrease of
surface charge. However, because these bathochromic shifts
were already observed on the crude Au NPs dispersions after
the cap exchange before dialysis, we privilege the change of the
NPs surface dielectric constant to explain the observed red
shifts. These weak red shifts also demonstrate that there is no

significant particle aggregation for Au@DHLA,,, and Au@
DHLA,,, NPs during the cap-exchange process. Some degree
of aggregation was observed for Au@DHLA 4 NPs with a red
shift of 8 nm. With the lowest [DHLA]/[Au] ratio used (Au@
DHLA,3 NPs), a more pronounced red shift was observed (A2
13 nm), indicating a more marked increase of the NPs
diameters during the cap exchange. Finally, it can be mentioned
that ligands such as thiols, phosphines, or dendrimers can
promote core etching of Au NPs during ligand exchange.*’~>'
When such ligands are added in limited quantity to Au NPs,
only ligand exchange occurs. However, when these ligands are
added in excess, an etching of the surface atoms of Au NPs can
occur, thus leading to core-size reduction and blue shift of the
absorption band. Even if a partial etching may occur during
reactions conducted with the highest [DHLA]/[Au] ratios, the
close resemblance of the optical spectrum of Au@DHLA NPs
with that of the native citrate-capped NPs indicates that etching
is a minor synthetic pathway during the citrate — DHLA cap
exchange.

X-ray photoelectron spectroscopy (XPS) was first used to
confirm the chemical bonding between Au NPs and DHLA.
High-resolution spectra collected for Au 4f, S 2p, and C 1s are
given in Figure S. The Au, S, and C signals were compared, and
they were found to be similar in shape and position for the four
materials prepared by capping exchange. The C 1s peak can be
deconvoluted into three peaks associated with C—C bonds (at
284.87 eV), carbon bound to sulfur (at 286.24 eV), and carbon
bound to two O atoms (COOH function at 288.16 eV). The
presence of these signals corresponds with those expected to be
observed after covalent anchorage of DHLA at the surface of
Au NPs. The Au 4f region shows a pair of peaks at 83.71 and
87.73 eV assigned to the Au 4f,, and Au 4f;, peaks,
respectively, that are originating from the metal gold cores. The
peaks of S 2p3/, and S 2p, , attributed to S atoms bound to Au
NPs are observed at 16321 and 164.24 eV, respectively,
confirming that the S element is linked to the Au surface as
thiolate species.*> Another element detected on the XPS survey
scan was oxygen. Gold, carbon, sulfur, and oxygen are
consistent with the exclusive structure of the Au@DHLA
NPs proposed.

The [S]/[Au] ratio was determined for each Au@DHLA
NPs using ICP-OES for S and Au. The results presented in
Table 1 showed that the more DHLA was added, the more the
Au@DHLA NPs were capped, as expected.

3
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Figure 5. XPS binding energy spectra of Au@DHLA,,, NPs: (a) C Is, (b) Au 4f, and (c) S 2p.
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Table 1. Characterization of Synthesized Au NPs”

average core zeta
diameter, d. ~ hydrodynamic potentia:lz, ¢
(nm)” (n > diameter, D;, (mV)
(s]/[Au] 200) (am)* (n=3)  (n=3)
citrate- 53+ 11 6.5 + 1.7 —51 +2°
stabilized
Au NPs
Au@ 0.26 = 0.01 6.5 £ 3.5 150 + 1.2 —44 £ 3
DHLA,;
Au@ 0.29 + 0.01 40 £ 1.0 77 £ 12 —56 +2
DHLA
Au@ 0.33 + 0.02 39+ 1.0 7.7 £ 1.3 —66 = S
DHLA, 4
Au@ 0.41 £ 0.02 35+ 13 72+ 12 —63 + 3°
DHLA,,,

“Values are expressed as mean =+ standard deviation of n independent
measurements. “As determined by TEM. “As determined by DLS. “All
{ potential measurements were conducted at pH 7.4. “Average +
standard deviation of three batches of Au NPs.

Transmission electron microscopy (TEM), dynamic light
scattering (DLS), and zeta potential measurements were further
used to determine the physicochemical properties of DHLA-
functionalized Au NPs. TEM micrographs (Figure 6) show that
spherical shapes dominate in dispersions of Au@DHLA,, Au@
DHLA,,, and Au@DHLA,,, NPs and that these NPs are
monodisperse and unaggregated.

Figure 6. TEM images of (a) Au@DHLA,; (b) Au@DHLAg, (c)
Au@DHLA, and (d) Au@DHLA,,, NPs. All scale bars = 20 nm.

The average diameters extracted from the TEM images (n >
200) are listed in Table 1. Higher inhomogeneities in
nanoparticles shape and size dispersion can be observed for
Au@DHLA,; NPs dispersions (Figure 6) than for Au@
DHLA;, Au@DHLA ), and Au@DHLA,,, NPs, respectively,
which confirmed the results observed by UV—vis absorption.
For that small ligand coverage, TEM studies indicate that the
interparticle distance is reduced and that NPs start to coalesce
and aggregate, with the extent of aggregation increasing as a
function of storage time (vide infra). Moreover, we also noticed
that solutions of Au@DHLA,g NPs turned to a dark-gray color
after a few days of storage, indicating particle irreversible
aggregation.53
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Hydrodynamic diameters of citrate-stabilized and DHLA-
functionalized Au NPs were measured one day after the ligand
exchange (Table 1). All Au NPs exhibit appropriate Dy, values,
which were larger than the metallic core (because of the drying
process before TEM observations and solvatation layers in
aqueous medium). The derived DLS size distributions (data
not shown) were found to be monomodal with a relatively
narrow distribution, confirming the absence of aggregation after
the capping exchange and subsequent purification step of all Au
NPs. However, hydrodynamic diameters measured for Au@
DHLA NPs were determined not to be uniform and to be
strongly dependent on the [DHLA]/[Au] ratio used for the
ligand exchange. Au@DHLA,3 NPs exhibit a value of Dy = 15
nm, which is ~2.3 times larger than the native citrate-stabilized
Au NPs (6.5 nm). A strong decrease of D, was observed when
the [DHLA]/[Au] ratio increased. Au@DHLAg,, Au@
DHLA,,, and Au@DHLA,,, NPs have D, values close to
that of the starting citrate-stabilized Au NPs, indicating that the
ligand exchange was homogeneous onto these Au NPs and the
lack of Au NPs coalescence during the capping exchange
reaction.

The electric potential, referred to as zeta potential ({), which
controls the colloidal stability and interparticle interactions, was
also determined for the S sets of Au NPs (Table 1). { values
obtained confirmed the presence of negative charges on the
surfaces of the Au NPs, due to the carboxylate groups of the
citrate or DHLA ligands. After dialysis and at pH 7.4, citrate-
stabilized Au NPs have a high negative charge of —51 mV. At
the same pH value, the { potential values measured for Au@
DHLA,;, Au@DHLA,,, Au@DHLA,,, and Au@DHLA,,,
NPs are —44, —56, —66, and —63 mV, respectively. These
values also confirmed the increase of capping density by the
DHLA ligand when increasing the [DHLA]/[Au] ratio during
the ligand exchange reaction.

Colloidal Stability of Au@DHLA NPs. Two types of
experiments were conducted in order to assess the colloidal
stability of Au@DHLA NPs either in their final medium of
synthesis (i.e,, PBS) or in the presence of a factor able to trigger
aggregation such as salt (NaCl) and another dithiol
(dithiothreitol ).

First, for Au NPs coated by a layer of thioacid like DHLA,
strong electrostatic forces should prevent the particles from
contacting and aggregation above pH 4.8. However, these
electrostatic forces are sensitive to salts present in the medium,
which can cause bridging between NPs, thus leading to
aggregation. Evaluation of the stability of Au@DHLA NPs in an
electrolytic environment like PBS (pH 7.4, ionic strength = 150
mM) should not only provide information on how Au NPs
potentially behave in biological media, but also allow to assess
the ligand binding affinity to the nanocrystals.

DLS and UV-—vis spectroscopy were first used to monitor
the stability of Au NPs over a period of 50 days in PBS at 4 °C
(Figure 7). Starting citrate-stabilized Au NPs were found to be
highly sensitive to saline media and precipitated completely in
24 h when added to PBS. The density of the capping layer was
found to have marked effects on the stability of Au@DHLA
NPs in PBS. The measured D;, of Au@DHLA,; NPs was found
to increase with storage time in PBS and reached ~150 nm
after 50 days, indicating a clear aggregation of the native
material (Figure 7a). This result is supported by the red-shift of
the SPR band to 547 nm (Figure 7b) and confirms TEM data
recorded for these NPs just after the purification step.
Moreover, dispersions of these NPs became progressively

dx.doi.org/10.1021/am3012752 | ACS Appl. Mater. Interfaces 2012, 4, 5790—5799
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Figure 7. Stability studies of the different Au NPs ((ll) Au@DHLA,;,
(®) Au@DHLA,,, (X) Au@DHLA,,, (¥) Au@DHLA,,,) stored at
4 °C in PBS versus storage time: evolution of (a) hydrodynamic
diameters (D) and (b) surface plasmon resonance band maxima
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unstable with time and changed color to dark-purple.
Irreversible macroscopic precipitation was also observed after
few days of storage at 4 °C.

The degree of aggregation was also found to be marked for
Au@DHLA NPs. Although a marked red shift from 522 nm
at day 0 to more than 540 nm at day 45 was observed by UV—
vis spectroscopy (Figure 7b), the increase of Dy, is significantly
less pronounced than that observed for Au@DHLA,; NPs (D,
~ 30 nm after 50 days of storage) (Figure 7a). Neither a
bathochromic shift of the SPR band maximum nor an increase
of the D, value were observed for Au@DHLA ,, and Au@
DHLA,,, NPs, which were essentially unaffected in a PBS
medium over 50 days of storage and exhibit the best colloidal
stability.

Second, we explored the effects of adding an excess of NaCl
on the colloidal stability of Au@DHLA NPs prepared using the
various [DHLA]/[Au] ratios described above. Figures 8a and
8b show the evolution of Dy, and of the SPR band, respectively,
upon addition of Au@DHLA NPs in a 1 M NaCl solution
(citrate-stabilized Au NPs were used as control samples).
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The citrate-stabilized Au NPs changed color from red to
violet immediately upon mixing with the salt solution and
precipitated within 30 min. Au@DHLA,; and Au@DHLAg4
NPs became progressively unstable with time (Figure 8a), and a
strong agglomeration was already observed after 1 h (D, = 1200
nm). In comparison, dispersions of Au@DHLA,,, and Au@
DHLA,,, were found to be much more stable when dispersed
in a 1 M NaCl solution with no aggregates formation. As shown
in Figure 8b, the addition of 1 M NaCl caused a gradual shift of
Au@DHLA,; and Au@DHLA 4 NPs SPR band from 530 nm
to 600 nm over 100 min, indicative of an unstability of these
samples. The bathochromic shifts of the SPR band maxima
were found to be less pronounced (from 532 nm to 583 nm
and 547 nm for Au@DHLA,,, and Au@DHLA,,, NPs,
respectively) and Au@DHLA,,, NPs remained dispersed and
aggregate-free in 1 M NaCl solution at least for 24 h.

At last, we evaluated the formation of Au NPs aggregates in
the presence of a 0.1 M 1,4-dimercapto-2,3-butanediol (also
called dithiothreitol, DTT) solution. Since DTT has a great
affinity for Au NPs, DHLA displacement by DTT should alter
the photophysical properties of the Au NPs, including a red
shift and a decrease of the SPR band and a change in the NPs
dispersion color.>*™> For citrate-stabilized Au NPs, a rapid Dy,
increase and a red shift of the SPR band maximum (from 522
nm to 570 nm in 10 min) were observed (see Figures 8c and
8d). A A, value of 595 nm was attained after 100 min, which
suggests the formation of aggregates. Under the same
experimental conditions, no color change and no sign of
aggregation were observed for all Au@DHLA NPs, indicating a
higher colloidal stability. More interestingly, a gradual shift of
the SPR band maximum was observed for all NPs from ca. 530
nm to 525 nm after treatment with DTT (Figure 8d). It is likely
that this blue shift is related to a surface—etching‘w_51 of Au@
DHLA NPs in the presence of the excess DTT. XPS was used
to monitor the interaction of DTT with Au@DHLA,,, NPs.
We chose these NPs, because they should be less sensitive to
displacement by DTT, because of the high surface coverage in
DHLA. As can be seen in Figure 9a, the Au 4f signal is only
weakly affected by DTT. The Au 4f,,, binding energy is 83.66
eV after interaction with DTT, while it was 83.70 eV in the
native Au@DHLA,,, NPs. Figure 9b shows two contributions
for S 2ps,, (161.73 and 163.16 V) and for S 2p, ,, (162.89 and
164.32 eV) while only one signal was observed for S 2p;, and
for S 2p,/, in the starting NPs at 163.21 and 164.37 eV,
respectively. These results indicate that the organic shell
surrounding the Au core is composed of DHLA and DTT and
that DTT, even used at high concentration (0.1 M), is unable
to displace DHLA molecules from Au NPs surface. This may be
related to similar affinities for Au NPs surface of DHLA and
DTT. Au@DHLA NPs can probably accommodate the DTT
ligand, which further behaves as a protective agent of the Au
core.

Results obtained after these three stability tests demonstrate
first that, because of its two anchoring groups to the Au metallic
surface, DHLA provides enhanced stability to Au NPs in an
aqueous solution, compared to single-thiol ligand-capped Au
NPs, which are far less stable in electrolytic environ-
ments.'®>57>7 Second, the surface packing density of DHLA
is a crucial parameter to enhance the stability of Au@DHLA
NPs in aqueous solution, a high surface coverage affording NPs
with the best colloidal stability.

Surface Packing Density of DHLA Controls NPs
Reactivity with a Free Radical and Bovine Serum
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Figure 8. (a, c) Time-dependent hydrodynamic diameters and (b, d) 4,,,, evolution upon addition of citrate-stabilized Au NPs (+) and Au@DHLA
NPs ((H) Au@DHLA,;, (®) Au@DHLA;, (X) Au@DHLA,,, and (¥) Au@DHLA,,,) in a 1 M NaCl solution (panels (a) and (b)) and in a 0.1

M DTT solution (panels (c) and (d)).

Albumin. Understanding the reactivity between molecules of
biological relevance and Au NPs is crucial to predict the Au
NPs fate in human body. Because of the rising interest of Au
NPs for biomedical applications, research is investigating the
detailed interactions between Au NPs and some molecules.
Two types of molecules were presently tested: a free radical,
2,2’-azino-di(3-ethylbenzothiazoline-6-sulfonate, ABTS) to
check the residual catalytic activity of Au NPs, and a protein
of biological relevance, bovine serum albumin (BSA). The
influence of the surface packing density on the behavior of
Au@DHLA NPs toward the molecules was evaluated. In all of
these assays, Au@DHLA,; NPs were not tested due to their
low stability highlighted in the previous paragraph.

Previous works have already reported that gold and other
noble-metal NPs can react with free radicals, for example 1,1-
diphenyl-2-picrylhydrazyl (DPPH®).®*"% Nevertheless, the
reaction with this radical is usually followed at a wavelength
of 515 nm, which overlaps with the SPR band maxima.
Therefore, novel methods were devoted to limit this
phenomenon via HPLC analysis, for instance.?® In this study,
Au NPs catalyze a hydrogen atom transfer to the probe.
Although the DPPH? reaction requires an organic medium, the
ABTS® * radical, which also is widely used to evaluate the
radical scavenging properties of antioxidants, can react in
aqueous solution, which mimics the physiological environment
more accurately. Therefore, this in situ-generated radical was
chosen to evaluate the residual Au NPs metallic core catalytic
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activity. In this study, the surface capping density of Au NPs is
hypothesized to minimize the interaction of free radicals with
the surface of Au NPs."” To support this hypothesis, Au NPs at
different concentrations (10—90 nM) were reacted in a
ABTS®* solution. As shown in Figure 10a, the initial
concentration of ABTS®* gradually decreased when Au NPs
concentration increased for all types of particles.

The half-maximum values (ECS0) of the concentration—
response curves were calculated and the results were as follows:
11 +£1,19 £ 1, 24 £ 1, 26 = 1 nM for citrate-stabilized Au
NPs, Au@DHLA;, Au@DHLA,;,, and Au@DHLA,,, NPs,
respectively. The obtained values of citrate-stabilized Au NPs,
Au@DHLA were significantly different of what was calculated
for Au@DHLA, ;, and Au@DHLA,,, (p < 0.05). Moreover, no
statistically difference was highlighted between the two last
cited Au NPs. Therefore, DHLA capping seems to bring a
better inertia toward highly reactive molecules. Moreover, the
surface capping density is a key to controlling the reaction
between Au NPs and free radicals.

The interaction of particles with albumin is usually the first
step to predict the object becoming in bloodstream since it is
quantitatively the most important circulating protein (38 to 48
g/L) with a fandamental role into oncotic pressure, transport of
molecules, and antioxidant property.®’ In this work, we
evaluated how the surface packing density of Au NPs influences
the reactivity toward bovine serum albumin (BSA), which
possesses 76% homology, compared to the human protein.®>
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Figure 9. XPS spectra of Au@DHLA,,, NPs after interaction with
DTT: (a) Au 4f region and (b) S 2p region.

BSA fluorescence quenching, as a function of Au NPs
concentration, was studied (Figure 10b). The results showed
that, regardless of the surface capping density, all Au NPs
interact with BSA. Nevertheless, the Stern—Volmer constants
were calculated as follows: 0.091 + 0.003, 0.068 + 0.002, 0.056
+ 0.003 and 0.047 + 0.003 nM™! for citrate-stabilized Au NPs,
Au@DHLAy,, Au@DHLA 4, and Au@DHLA,,, NPs, respec-
tively. Stern—Volmer constant obtained in the case of the
densest surface packing (Au@DHLA,,,) was significantly
different (p < 0.001), compared to all of the other cappings.
It is well-known that the quenching between BSA and Au NPs
occurs via an interaction with tryptophan located at position
212, in a hydrophobic domain, which changes its fluorescence
after modification of its molecular environment.> Currently,
two mechanisms are highlighted to understand how Au NPs
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can bind BSA and as a consequence, quenches the amino acid
fluorescence:*® First, the electrostatic binding, which is based
on the fact that even though BSA is globally negatively charged
at physiological pH, 60 positively charged lysine residues are
located on the protein surface able to interact with oppositely
charged groups through electrostatic interactions. Second, the
displacement mechanism, in which Au NPs capping ligand is
displaced after adsorption of BSA onto the gold core.

With regard to citrate-stabilized Au NPs, the interaction
occurs mainly through the first mechanism, but the second one
is not excluded.® If DHLA capping is now considered, capping
ligand displacement may not occur because of the presence of
two S atoms that covalently bind the Au NPs core. Therefore,
this gives superiority to DHLA over citrate as a capping ligand,
especially if the packing density of Au@DHLA,,, is taken into
consideration. Moreover, even if Au@DHLA NPs bind BSA,
the most important capping was able to limit this interaction, to
some extent. These experimentations are very important with
regard to testing these NP platforms as future drug delivery
systems, since it is now well-described that protein binding on
nano objects induces fast internalization by cells through
multiple receptor uptake.* Indeed, this phenomenon helps
antigen-presenting cells recognition, (macrophages, B cells, and
dendritic cells, which are efficient in nonself internalization),
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and, finally, induces fast clearance from bloodstream.®®

Therefore, protein binding on NPs surface will directly
influence the pharmacokinetic behavior of a nano object
(half-life and distribution to the targeted site, for instance). But,
thanks to the presence of the carboxylic acid groups of DHLA
on Au NPs surface, these particles offer the possibility to be
further functionalized by the grafting of a drug of therapeutic
relevance and also poly(ethylene glycol). Indeed, this polymer
is usually used to create a steric barrier to avoid protein
adsorption on NPs in order to improve the object half-life in
bloodstream.®® As a consequence, Au@DHLA,,, NPs will be
chosen and chemically modified to finally investigate the impact
on macrophage physiology of this platform, offering both, a
pharmaceutical application and stealthiness toward the antigen-
presenting cells.

4. CONCLUSIONS

Citrate-capped gold nanoparticles (Au NPs) with an average
diameter of ca. 5 nm were coated with dihydrolipoic acid
(DHLA), using a cap-exchange method. The influence of the
molar ratio of DHLA to Au on the properties and on the
stability of Au@DHLA NPs produced was investigated. Among
the four sets of Au NPs prepared (Au@DHLA,;, Au@DHLA.,
Au@DHLA, ,,, and Au@DHLA,,,), Au@DHLA NPs with the
highest ligand surface density exhibit the best colloidal stability
under in vitro physiological conditions. The superior stability of
Au@DHLA,,; and Au@DHLA,,, NPs in saline medium results
from the combined effects of (i) the tight binding offered by
the bidentate dithiol group of DHLA on Au NPs surfaces, and
(i) the more homogeneous surface coverage of Au NPs
provided by high [DHLA]/[Au] ratios. Finally, Au@DHLA,,,
showed the best inertia toward a free radical and albumin, thus
it becomes an ideal candidate for further biomedical
application.
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