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Colloidal gold nanoparticles (AuNP) are well-known to present a catalytic activity. However, they are charac-
terized by certain limitations, as a rather poor stability and lack of both handling and reusability. Their
immobilization on surfaces could help to overcome these drawbacks. This work evaluated the impact of the
immobilization of AuNP towards their catalytic activity on reduction and oxidation reactions. Colloidal AuNP
stabilized with citrate ions were synthesized, characterized, and immobilized by the dip-coating method, the
obtained immobilized AuNP (iAuNP) were characterized. The catalytic activity of AuNP and iAuNP was eval-
uated and compared to each other through the p-nitrophenol reduction reaction. The kinetic of the catalytic
activity of iAuNP was slower than colloidal AuNP. The catalytic activity appeared to be impacted by the less
available surface of iAuNP. The reduction efficiency of iAuNP was also evaluated with the DPPH®/DPPH,
reduction reaction. The capacity of iAuNP to catalyze the reduction of DPPH® in DPPH, was shown even after
130 days and 20 reuses of the nanostructured surface on the contrary to non-reusable colloidal AuNP. The
oxidation efficiency of iAuNP was measured by the ability to catalyze the auto-oxidation of curcumin (HPLC-UV/
vis). For all these experiments, the addition of 4-mercapto-phenol on the surface of iAuNP passivated the surface,
decreasing the catalytic activity of the materials. In conclusion, iAuNP are redox catalysts with both anti- and
pro-oxidant effects and high reusability over a very long period.

1. Introduction

For many years, gold has been considered to have no catalytic ac-
tivity. This paradigm changed with the beginning of the nanoparticle
era. The nanometric size increased the surface-to-volume ratio of gold
and, consequently, drastically enhanced its reactivity. The first proof of
the catalytic activity of gold nanoparticles (AuNP), was given in the
1980s, when, Masatake Haruta found that gold nanoparticles supported
by metal oxides can catalyze the oxidation of carbon monoxide [1].
Nowadays, AuNP are easily synthesized and functionalized nano-
materials with controllable size and are wildly used [2]. They are
described as “electron reservoir” redox catalysts [3] and still intensively
studied for their catalytic activity [4]. At the colloidal state, their cata-
lytic properties are put to good use in many fields such as biology [5],
chemistry [6] and environment [7].

However, at the colloidal state, AuNP have certain limitations. For
example, they have a limited stability depending on the pH, the ionic
strength of the medium leading to their aggregation and thus to the loss
of their properties [8]. Moreover, when added to the reaction medium,
AuNP cannot be easily recovered from the medium and are, therefore,
used only once [9]. These drawbacks could be overcome using immo-
bilized AuNP (iAuNP) on surfaces, creating nanostructured materials for
heterogeneous catalysis. The immobilization could help to increase the
stability of AuNP in several media [10] while taking profit of their
unique properties and easily removing them from the reaction medium.
The reusability and handling of such materials could be an important
advantage over colloidal AuNP.

Several methods can be used to immobilize NP on surfaces. The dip-
coating is one of the simplest, cheapest and most reproducible method,
in which the substrate/surface is immersed in successive baths with

Abbreviations: 4MP, p-mercaptophenol; AuNP, Gold nanoparticles; BHT, Butylated hydroxytoluene; DPPH®, 1,1-diphenyl-2-picrylhydrazyl; DPPH,, 1,1-diphenyl-
2-picrylhydrazine; HPLC-UV/vis, High-Performance Liquid Chromatography with Ultra-Violet and visible detection; iAuNP, Immobilized gold nanoparticles; p-AP, p-
aminophenol; p- NP, p-nitrophenol; PEI, Polyethylenimine; FIB-SEM, Focused Ion Beam Scanning Electron Microscope; SPR, Surface Plasmon Resonance.
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different coating components. In the case of AuNP immobilization, the
substrate is soaked first in a polymer solution and then in a colloidal
suspension of AuNP. Due to their negatively charged surface, AuNP can
create electrostatic interactions with oppositely charged polymers [11].
The avidity of gold for sulfur atom is also used for the immobilization of
AuNP on surface. These two solutions can also be combined, by using 2-
iminothiolane (Traut’s reagent) that allows to attach thiol groups on
polymers bearing primary amines [12].

But do AuNP retain their properties after immobilization? The
immobilization modifies the environment of AuNP [13] and lowers the
availability of their surface, that can affect their catalytic activity [14].
The purpose of this study is to evaluate the catalytic activity of AuNP
before and after their immobilization on glass slides. The catalytic ac-
tivity of AuNP and iAuNP was measured using the p-nitrophenol/ p-
aminophenol (p-NP/p-AP) reduction reaction and compared. AuNP are
also known to be able to catalyze both reduction and oxidation [15], we
investigated whether the immobilization of the AuNP could sustain
these activities. The reduction efficiency of iAuNP has been evaluated
through the reduction of 1,1-diphenyl-2-picrylhydrazyl picrylhydrazyl
in 1,1-diphenyl-2-picrylhydrazine (DPPH*/DPPH;) [16]. Then, curcu-
min which is a well-known “antioxidant” molecule [17] is highly sen-
sitive to oxidation. Its autoxidation is initiated by hydrogen abstraction
and leads to the formation of bicyclopentadione as the final product
[18]. The oxidation of curcumin was used to measure oxidation effi-
ciency of iAuNP compared to AuNP and a common antioxidant (butyl-
ated hydroxytoluene, BHT).

As a control and to evaluate the significance of the availability of the
AuNP surface of iAuNP, p-mercaptophenol (4MP) was capped at the
surface of nanostructured glass slides. It is made of a phenolic hydroxyl
and a thiol group [19]. The thiol group allows its binding to AuNP
through gold-thiol bound [20]. The activity of AuNP with 4MP was
evaluated simultaneously with the other iAuNP to evaluate whether the
addition of a molecule at the surface of iAuNP impact their activity.

For each tested reaction, the catalytic activity of iAuNP was
demonstrated and the kinetics was slowed down. Very interestingly, a
long-term reusability of iAuNP was proved determined, with a catalytic
activity existing of up to 130 days of continuous testing.

2. Material and method
2.1. Reagents and standards

All reagents and solvents were of analytic grade and used without
further purification. Ultrapure deionized water (greater than18.2 MQ
cm) was used for the preparation of all solutions. Methanol, p-nitro-
phenol, 2-iminothiolane hydrochloride and ammonia solution 25 %
were purchased from Carlo Erba, Fluka, Alfa Aesar and Riedel de Haen,
respectively. Branched poly-(ethylene imine) (PEI) (average molecular
masses of 80,000) was purchased from Sigma Aldrich as all other
reagents.

2.2. Synthesis of citrate-capped gold nanoparticles

Citrate-capped AuNP were synthesized according to our previous
work [21]. Briefly, under an inert atmosphere (Ny) and stirring (250
rpm), 1 mL of AuCly aqueous solution (25 mM) was added to 90 mL of
ultrapure water, giving a final concentration of 270 pM of gold. Two
milliliters of sodium citrate (55 mM) were added and then, after exactly
1 min, 1 mL of NaBH4 (19.5 mM). The solution was stirred for another 5
min. The resulting suspension was stored in the dark at + 4 °C for a
maximum of 20 days [21].

2.3. Gold nanoparticle characterization

The absorbance (Apunp) and spectra recordings of colloidal AuNP
were measured by UV-Visible spectrophotometer (UV-2600 Shimadzu).
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The concentration of AuNP (Caynp (mol.L™1), was calculated according
to Lambert-Beer’s law Eq. (1):

Apune = Exunel X Caunp (@)

AuNP have a molar absorbance value of eaynp = 1.2 X 10’ M L.em™!

(taken at the maximum wavelength which is the Surface Plasmon
Resonance (SPR) band), determined by our laboratory [22]. The final
concentration of synthesized AuNP was 59+ 3 nM expressed in AuNP.
The number of AuNP (na,np) Was calculated using Avogadro’s number
(Na (mol’l)), according to Eq. (2):

naunp = Cauvp X Na 2

The hydrodynamic diameter in volume mode (D) and zeta potential
(€) of AuNP were measured at 25 + 1 °C with a Zetasizer Nano ZS
(Malvern Instruments, UK). Transmission Electron Microscopy (TEM)
images were recorded using a Philips CM20 instrument with a LaBg
cathode at 200 kV.

2.4. Immobilization of gold nanoparticles

Scheme 1 illustrates the process of immobilization of AuNP on a glass
slide, with a theoretical and schematic representation of the modifica-
tion of the glass slide surface after each step. First, 24 x 36 mm boro-
silicate glass slides (Menzel-Glaser) were cleaned and activated at
100 °C with, first, a 15-min bath in an aqueous solution of 0.1 M sodium
dodecyl sulfate and, then with another 15-min bath 0.1 M HCl solution.
They were then rinsed with ultrapure water and dried [23].

Branched polyethyleneimine (PEI), a cationic polymer, and 2-imino-
thiolane solutions were prepared at 0.1 and 0.01 M, respectively, in
10.0 mL of 0.15 M, Tris — HCI buffer pH = 7.4. Tris — HCl buffer was
obtained by dissolving 18.2 g of Trizma® base in 1 L of HyO, pH was
adjusted to pH = 7.4. The coatings were made by soaking slides 10 min,
first, in the PEI solution and then in a bath of 2-iminothiolane solution.
These two steps allowed the immobilization of AuNP through electro-
static interactions and gold-sulfur bond, respectively. Finally, they were
immersed in a last bath of colloidal AuNP. The last bath was repeated 1,
5, 15, or 30 times (corresponding to 1, 5, 15, or 30-iAuNP respectively)
(Scheme 1). After each bath, glass slides were rinsed with Tris — HCl
buffer (3 min) and water. The AuNP colloidal suspensions were used for
5 deposits and then renewed [23].

Some 15-iAuNP were dipped in a 0.13 M solution of 4MP dissolved in
0.15 M Tris — HCl buffer pH = 8.1 for 10 min and rinsed (corresponding
to 4MP-15iAuNP).

2.5. Characterization of immobilized gold nanoparticles

The nanostructured glass slides were characterized using UV-vis
spectrophotometer for absorbance measurements and spectra re-
cordings. For Ion Beam Scanning Electron Microscope (FIB-SEM) (Helios
Nanolab 600i and FEI brand), the surface of the nanostructured glass
slide was directly observed without metallization. The ion-emitting
gallium source was set to 20 kV on the nanostructured glass slides. For
TEM (Philips CM20 instrument with a LaBg cathode at 200 kV), carbon
covered copper grids (Agar) were nanostructured following the previ-
ously described dip coating protocol, but decreasing the incubation time
from 10 and 3 min to 3 and 1 min, respectively.

Quantification of AuNP immobilized on glass slides was performed
according to a method, adapted and validated by our laboratory [21].
Briefly, nanostructured glass slides were crushed, put in contact with an
HCI-NaCl-Brj solution (1.0 M - 0.3 M - 0.025 M respectively) and stirred
to oxidize the AuNP. The suspending solution was partially evaporated
(Turbovap, Biotage). Then, NH4Cl (30 % m/V), HCI (6 M), and Rhoda-
mine B (0.084 uM) solutions were added to allow the formation of ion
pairs between tetrachloroaurate anions and the Rhodamine B. The ion-
pairs were extracted with diisopropyl ether. This organic phase was
completely evaporated. The dried residue was dissolved in HPLC mobile
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Cleaning and activation step

100 °C 100 °C
Branched PEI
SDS0.1M HCI 0.1 M 0.1 M — 10 min**
— 15 min* — 15 min*
Glass slide

* Followed by a rinse step with water
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Nanostructuration step

Citrate-capped AuNPc
— 10 min**

2-iminothiolane
1, 5, 15 or 30 times

0.01 M - 10 min**

(1, 5, 15 or 30-iAuNP) AUNP

~ ey S s

¥ + SH + s
i SH__ . s .

¥ s~ ~NH 3 SH * s

**Followed by a 3 min rinse step with Tris-HCI buffer and then a rinse step with water

Scheme 1. Immobilization of gold nanoparticles.

phase (acetonitrile and 0.1% trifluoroacetic acid aqueous solution (25/
75, V/V)) before injection. HPLC was performed on a Shimadzu LC-20
system (degasser (SCM1000), quaternary pump (LC 20AD), autosam-
pler (SIL 20AC)). The UV-vis detector (SPD20A) was set at 555 nm. The
column (Macherey Nagel Nucleosil 100-3 C18, 150/4.6) was heated at
40 °C (Croco-cil oven). The injection volume was 100 pL and the flow
rate was 1.0 mL.min"'. Data acquisition was performed using Shimadzu
LabSolution.

2.6. Catalysis of the reduction of p-NP by immobilized gold nanoparticles

The catalytic activity of AuNP and iAuNP was evaluated using the p-
NP/p-AP reduction reaction [24]. For the colloidal nanoparticles, 15 uL
of colloidal AuNP at final concentrations of 9, 19, 45, 68 and 90 x 1012
M were added in 5 mL of aqueous solution of p-NP (0.1 mM) and 5 mL of
aqueous solution of NaBHy4 (0.1 M). For iAuNP, the nanostructured glass
slides were directly dipped in the solution of p-NP and NaBH4. Control
was made of p-NP with NaBH,4 without iAuNP. The experiment was
conducted at 20 + 2 °C, under stirring (ca. 150 rpm). The catalytic
performance was followed by using a UV — Vis spectrophotometer. The
concentration of the reactant (p-NP) and the product (p-AP) were fol-
lowed at 400 and 300 nm, respectively, and measured at t =0, 5, 10, 20,
30, 40, 50, and 60 min.

A pseudo-first-order rate law was considered (Eq (3)) for the calcu-
lation of the constant of kinetic, k, which was calculated as the value of
the slope of Eq (4):

C = Cyexp ™ 3
LnC= —kt.InCy @

in which C is the concentration of p-NP at a time t calculated using Beer
Lambert’s law with ¢ = 9.19x 10° L.mol’l.cm’l, Cop is the initial
concentration.

The reduction efficiency (Er) was calculated by the following Eq (5):

Eg = (CO— C1)/C0 x 100 5)

where CO is the concentration of p-NP in the control, and C1 is the
concentration of p-NP in the sample, after 1 h.

2.7. Catalysis of the reduction of 1,1-diphenyl-2-picrylhydrazyl by
immobilized gold nanoparticles and reusability

The stock solution of DPPH® was prepared in methanol (710 pM).
The working solution (71 uM) was obtained by dilution in methanol-10
mM / citrate ammonium buffer pH 7.4 (60/40, V/V), a solvent mixture

that does not alter the iAuNP. Ammonium citrate buffer was obtained by
dissolving 2.1 g of citric acid in 1 L of H20, pH was adjusted to pH = 7.4
with ammonia solution 25 %. Nanostructured glass slides were
immersed in 10 mL of working solution. The samples were placed in the
dark at 37 °C and under a stirring of ca. 50 rpm. The reduction of DPPH*
into DPPH, was studied by following the absorbance at 515 nm (epppy.
=11.08x 10° L.mol Lem Y att=0,1, 2, 3, 4, 5, and 6 h.

In parallel, positive controls were realized with reduced glutathione
as a reference antioxidant (ca. 5 mg), and the negative control was
realized with only DPPH® solution incubated in similar conditions
(without iAuNP). The activity of glass slides covered with PEI-Traut
coating (without AuNP) was also evaluated.

The reduction efficiency (Er) was calculated by the following Eq (6):

Ex = (A0 — A1)/AO x 100 6

where AO is the absorbance of the negative control, and Al is the
absorbance of the sample, after 6 h.

The reusability of iAuNP was evaluated on the 30 iAuNP. For this
purpose, 30iAuNP was used a total of 20 times to reduce DPPH® into
DPPH,, over a period of 130 days.

2.8. Catalysis of the oxidation of curcumin by immobilized gold
nanoparticles

The stock solution of curcumin was prepared in methanol (1.0 mM)
was diluted 20 times with a methanol-10 mM citrate ammonium buffer
pH 7.4 (60/40, V/V). Ten milliliters of curcumin solution (50 pM) were
stored alone and in presence of 39 uM solution of antioxidant (butylated
hydroxytoluene (BHT)) (controls), or in contact with 5, 15, 30, 4MP-
15iAuNP or both 5iAuNP and 39 yM BHT. The samples were stored at
20 £ 2 °C, at room light, and stirred at ca. 150 rpm. The concentrations
of curcumin were measured at t = 0, 7, 14, and 21 days using an HPLC-
UV/vis (Shimadzu LC-10) method.

The Shimadzu LC-10 system was constituted by a quaternary pump
(LC-10AT), an autosampler (SIL-10AD), and an UV-DAD detector
(Spectra System UV600 LP). The column (Macherey Nagel Nucleosil
100-5 C18, 250/4.5) was at 40 °C (Croco-cil oven). Data acquisition was
performed by the ChromQuest software. The isocratic mobile phase was
composed of acetonitrile and ultrapure water (45/55, V/V) with 0.1 %
of formic acid. The injection volume was 10 pL. The detector was set at
wavelengths of 280 nm (for degradation products) and 425 nm (for
curcumin) [25]. The pump was set at a flow rate of 1.0 mL.min "’

A first-order rate law, described in Eq (3), was considered for the
calculation of the kinetic constant.

The half-life was calculated using Eq (7) and the oxidation efficiency
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(Eo) according to Eq (8):
t]/z = ln(2)/k (7)

In which t;, is the half-life of curcumin and k being the kinetic
constant.

Eo = (€O — C1)/C0 x 100 ®)

where CO is the concentration of curcumin in the negative control, and
C1 is concentration of curcumin in the sample, after 21 days.

3. Results and discussion
3.1. Characterization of colloidal gold nanoparticles

The citrate-capped AuNP had a concentration of 59 + 5 nM and
showed a surface plasmon resonance (SPR) at Amax = 512 + 2 nm
(Fig. 1(a)). Their hydrodynamic and core diameters were 6.2 + 0.9 nm
(Fig. 1(b)) and 2.7 £+ 0.9 nm (Fig. 1(d)), respectively. The citrate ions at
the surface of AuNP led to a negative surface charge of — 30 + 6 mV
(Fig. 1(c)). This characterization was in concordance with our previ-
ously published results [21,22]. (Fig. 1 (d)).

3.2. Characterization of immobilized gold nanoparticles

AuNP were immobilized on the surface of glass slides using the
dipping method. Branched PEI is polycationic positively charged at pH
= 7.4 (in aqueous solution, pKa = 3.3, 6.7, 9.2, and 9.9 at 25) polymer
[26] that adsorbs to glass slide by electrostatic interactions with the help
of silanol groups [11]. The bath in 2-iminothiolane allowed the forma-
tion of thiol groups and a positive charge from the primary amino groups
of PEI [27]. Both the positive charges and the presence of sulfur atoms
enabled the immobilization of the negatively charged citrate-capped
AuNP via electrostatic interactions and gold-sulfur bonds [28],
respectively.

The resulting iAuNP had a SPR visible through spectroscopic

(@)
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measurements (Fig. 2(a) and (b)), that confirmed the presence of AuNP
at the nanoparticle state. The value of the SPR increased with the
number of deposits and reached a plateau after the 10th deposit (Fig. 2
(b)). In parallel, the absorbance of iAuNP was also intensified with the
number of deposits due to the increasing of the total number of immo-
bilized AuNP from 1 to 30 deposits (Fig. 2(c)). The modification of the
SPR reflected the increasing number of neighbors of each AuNP and, in
parallel, the decreasing distance between each AuNP [29]. However, in
comparison with colloidal AuNP, no modification of the size of AuNP
has been observed in TEM, and each AuNP was still well individualized
(Fig. 2(d) compared to Fig. 1(d)). The material was homogenously
covered by the AuNP as demonstrated by MEB (Fig. 2(e)). For 30-iAuNP,
14.6 = 4.4 x 10'® AuNP were deposited at the surface of the glass slide,
which corresponded to a density of 1.69 x 10'® AuNP/cm? (Table 1).
Alongside, some 15-iAuNP were covered with 4MP. After the im-
mersion of 15-iAuNP in the solution of 4MP, its SPR shifted from 580.6
+ 0.5nm to 624.6 & 2.3 nm (Fig. 2(f)). The SPR of AuNP is influenced by
their size, their shape and also their environment and/or surface
chemistry [26]. Therefore, the modification of the SPR confirmed the
effective adsorption of 4MP on the surface of the 4MP-15iAuNP.

3.3. Catalysis of the reduction of p-NP by immobilized gold nanoparticles

The catalytic activity of AuNP and iAuNP was tested by their impact
on the reduction of p-NP. The addition of NaBHj, in a solution of p-NP led
to the formation of the nitrophenolate ion that showed maximum
absorbance at 400 nm. In the presence of a catalyst, the nitrophenolate
ion was then reduced in p-AP, that had an absorption band at 300 nm
(Fig. 3(a)) In the absence of a catalyst, the reduction of p-nitrophenolate
ions by NaBH,4 proceeds very slowly, Ning et al. showed that there was
no significant reduction before 10 h of reaction under these conditions
[27]. In this work, the initial concentration of p-nitrophenolate ions was
measured stable without any loss over the first hours of reaction, thus
allowing to highlight the proper activity of either AuNP or iAuNP.

In this section and for a sake of clarity, the results were expressed in
term of “total number of AuNP” to allow the comparison between

(b)

Dy, (nm)

Fig. 1. Physicochemical characterization of colloidal AuNP using (a) spectrophotometry, (b) Dynamic Light Scattering (DLS), (c¢) DLS coupled to Laser Doppler

Electrophoresis, (d) TEM picture of colloidal AuNP.
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Fig. 2. Characterization of iAuNP: (a) Spectra recorded during iAuNP preparation; (b) SPR according to the number of baths of colloidal AuNP; (c) Absorbance at the
SPR according to the number of bath of AuNP; (d) TEM picture of 15-iAuNP; (e¢) MEB picture of 30-iAuNP; (f) Spectra of 15iAuNP (dotted line) and 4MP-15iAuNP

(continuous line).

Table 1

Catalytic constant of the p-nitrophenol reaction (k) and reduction efficiency (ER)
of iAuNP and AuNP after 1 h at 20 °C.

iAuNP / AuNP Number of AuNP (x10'®)  k (min™!) (x1072)  ER (%)
1-iAuNP 1.2+0.1 2.9+0.1 83.3+ 1.3
5-iAuNP 3.2+0.1 2.5+ 0.3 80.7 + 2.8
15-iAuNP 5.4+ 0.4 2.6 +0.2 80.3 + 2.2
30-iAuNP 14.6 + 4.4 2.2+ 0.2 74.2 + 2.3
4MP-15iAuNP 5.4 + 0.4 0.4 +0.2 25.3 4+ 10.4
Colloidal AuNP  0.005 0.2+0.2 87.2+1.7
0.010 0.4 +0.1 70.8 + 3.0
0.026 0.8+ 0.2 41.1+5.1
0.040 2.0+ 1.5 25.3 + 4.2
0.053 10.0 + 0.2 15.7 + 7.7

colloidal and iAuNP.

The addition of AuNP in the mixture of p-NP and NaBH4 led to the
gradual decrease in the absorbance at 400 nm, and thus in the concen-
tration of p-NP. In parallel, a gradual increase in the absorption band at
300 nm was observed, which corresponded to the formation of p-AP
(Fig. 3(a)). This decrease was dependent of the number of added AuNP
(Fig. 3(b)). Without the addition of AuNP, the absorbance at 400 nm of
the p-NP remains stable for 60 min (Control in Fig. 3(b)). These results
brought in light the catalytic activity of colloidal AuNP. Moreover, the
kinetic constant of the catalytic reaction (k) of colloidal AuNP increased
exponentially with the amount of AuNP (Fig. 3(c)).

The purpose of this work was to evaluate the impact of the immo-
bilization towards the catalytic activity of AuNP. This activity was
similar whatever the number of deposits (Fig. 3(d) and Table 1). The
yields obtained in this study (more than 80 %) were in accordance with
other published works [28,29]. No activity was observed for the glass
slide without AuNP (control in Fig. 3(d), k = 0.05 + 0.07 x 10~ 2min 1)

The activity of 5, 15 and 30-iAuNP, that contained at their surface
more than 10'® AuNP, was comparable with the activity of a 100-fold
smaller amount of colloidal AuNP (4.0 x 10'1) (Table 1).

The immobilization seemed to slow down the catalytic activity of
AuNP. The immobilization of AuNP limited their Brownian motion in
comparison to their colloidal state. Their reactivity may also be limited

by the electronical interaction between the polymer and the electronic
cloud at the surface of AuNP [23]. A model of the catalytic reduction of
p-NP on the surface of AuNP, already suggested that the reaction
depended on the total surface area of the AuNP available [30].

The importance of the availability of the AuNP surface was also
demonstrated since the capping of i-AuNP by MP lowered by a factor of
6.5 the reactivity of 4MP-15iAuNP (Fig. 3d and Table 1). P-mercapto-
phenol at the surface of iAuNP has OH groups that formed H-bound to
each other [20]. This reduces the accessibility of the electronic cloud on
the surface of the gold atoms and consequently reduces their activity.
Chen et al. have also demonstrated the modulation of the catalytic ac-
tivity according to the availability of the AuNP. They developed poly(N-
isopropylacrylamide)-coated gold nanoflowers whose activity depended
on the temperature. The temperature modulated the conformation of
poly(N-isopropylacrylamide) and thus the availability of the gold
nanoflowers surface. When the polymer was uncoiled, the availability
was reduced and consequently was the catalytic activity [31].

P-NP is also one of the most common organic-pollutants in industrial
wastewater [32]. The reduction of p-NP in p-AP (an intermediate in the
synthesis of dyes or pharmaceuticals) offers at the same time the
degradation of a toxic compound and the formation of a high-value
product [33]. The catalytic activity of iAuNP besides the other advan-
tages (stability and handling), seems compatible with an application as
in situ reactor. They could be usable for the degradation of chemical
compounds, making them a potential tool for wastewater treatment.

3.4. Catalysis of the reduction of 1,1-diphenyl-2-picrylhydrazyl by
immobilized gold nanoparticles and reusability

The DPPHe/ DPPH, method is commonly used to evaluate the
radical scavenging activity of substances according to Eq (9):

DPPH' + Reduced molecule=DPPH, + Oxidized molecule 9

In the literature, this test is often employed to demonstrate the
antioxidant activity of colloidal AuNP [34-36] but the catalytic contri-
bution of AuNP in this reaction is not always broached in these studies
[37]. The radical scavenging activity of colloidal citrate-capped AuNP is
already known: their half maximal effective concentration (ECsg) has
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Fig. 3. (a) UV-vis spectra of the reduction of p-NP to p-AP at different times in presence of 15-i AuNP at 20 °C; (b) Evolution of the concentration of the p-NP
concentration in presence of an increasing total number of colloidal AuNP at 20 °C; (c) Evolution of the concentration of the p-NP concentration in presence of iAuNP

at 20 °C (n = 3). The control is made of 10 mL of reagent solution without AuNP.

been measured at 11 + 1 nM [38]. The radical scavenging activity can
also be viewed through the prism of catalysis and be considered as the
catalysis of a reduction reaction, which has been done in this work.

All the tested iAuNP (from 5 to 30 deposits) catalyzed the reduction
of DPPH"® in DPPH,, with the reduction efficiency mentioned in Table 2.
This activity is only due to AuNP, since glass slide without AuNP did not
have any effect (Egr = -1.3 + 2.0 %). Again, the reduction efficiency of
4MP-15iAuNP was ca 2.5 times lower than 15-iAuNP even if they pre-
sent the same amount of AuNP. The passivation process induced by 4MP
in 4MP-15iAuNP was in accordance with its reduced catalytic activity as
the one described for the reaction with p-NP.

Unlike the catalytic activity on p-NP, the reduction efficiency

Table 2

Reduction efficiency (ER) of iAuNP (n = 3) after 6 h.
Glass slide Er(%)
5-iAuNP 22.0 £ 0.6
15-iAuNP 37.2+ 3.6
4MP-15-iAuNP 15.4 & 4.2
30-iAuNP 76.2 + 0.6

increased with the number of deposits and thus with the total number of
AuNP with a concentration-dependent effect. Catalytic activity is usu-
ally not concentration-dependent, unless the minimum quantity neces-
sary for the effect is not provided.

Reuse of iAuNP was studied on 30iAuNP over a 130-day period for
20 reductions of DPPH® (Table 4). The reduction efficiency of 30iAuNP
slowly decreased during the first 6 days (corresponding to 6 reuses), and
then reached a plateau in which the reduction efficiency remained sig-
nificant (41.8 + 5.8 %) until 130 days (or 20 uses). This result high-
lighted the improvement provided by the immobilization of AuNP.

This result highlights the improvement brought by AuNP immobili-
zation, which allows the removal and preservation of the nanostructured
catalytic surface, and surface and makes it suitable for many reuses. In
comparison, colloidal AuNP could be used only once as they are not
recoverable. They are dramatically less stable than iAuNP (21 vs 130
days). In addition, the reduction efficiency of colloidal AuNP could not
be evaluated using the DPPHe method, because the reaction takes place
in a mix of aqueous buffer and methanol in which AuNP in their
colloidal state aggregate. All these considerations highlight once again
the greater stability and the major interest of iAuNP compared to
colloidal AuNP, for a catalytic use independent of their environment
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(medium, solvent).

3.5. Impact of immobilized gold nanoparticles on the stability of curcumin

The ability of iAuNP to catalyze oxidation was studied by following
the concentration of curcumin using HPLC-UV/vis. The three main
peaks observed at 425 nm at (Fig. 4(a)) corresponded to curcumin (tr =
18.6 + 0.0 min) and two main impurities, bisdemethoxycurcumin and
desmethoxycurcumin at 15.1 + 0.4 and 16.8 + 0.0 min, respectively
[40]. As a function of time, the concentration of these three molecules
decreased, and peaks corresponding to degradation products appeared
which were mainly visible at 280 nm (Fig. 4(b)).

The main factor affecting the stability of curcumin is auto-oxidation
[18]. Both 5,15 and 30-iAuNP showed a catalytic activity inducing the
oxidation of curcumin, as described in Fig. 4(c) and Table 3. The addi-
tion of iAuNP induced a 2.5-fold faster degradation of curcumin
(Table 4). Curcumin did not seem to adsorb on iAuNP. If that had
happened, we would have had a decrease in the activity of iAuNP. An
absence of catalytic activity was observed for 4MP-15iAuNP proving the
passivation of the nanostructured surface by MP. To confirm that iAuNP
effectively catalyzed the auto-oxidation of curcumin, BHT, a chain-
breaking or radical-trapping antioxidant, was added. It slows down (or
blocks) the auto-oxidation by competing with the propagation reaction
[41]. At 39 pM, BHT did not impact the stability of curcumin. However,
it significantly protected curcumin from 5 to iAuNP induced degradation
and decreased the its oxidation efficiency by 40% (Fig. 4(d) and
Table 4), confirming that iAuNP actually catalyzed curcumin auto-
oxidation.

The stability of the nanostructured slides was evaluated by direct

(a)

190

150 |
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Table 3

Reduction efficiency (ER) of 30-iAuNP (n =

3) during 130 days.

Day Er(%)

0 76.2 + 0.6
1 721 +1.1
2 62.2 + 6.2
3 52.6 + 4.8
5 47.5 £ 4.1
130 41.8 £5.8

Table 4

Half-life of curcumin at 21 days stored exposed to light at 20 °C alone (control)
or in contact with 5, 15 or 30-iAuNP, 4MP-15iAuNP, 39 uM BHT or both 39 yM
BHT and 5-iAuNP, kinetic constant (k) and oxidation efficiency (EO) (n = 3).

Glass slide Half-life (days) k (days™) (x1072) Eo (%)
Control 17.2 £+ 1.0 41+0.2

BHT 39 uM 18.7 £ 1.1 3.7+0.2

5-iAuNP + 39 uM BHT 10.4 £ 0.3 6.7 +£ 0.2 47.0 £2.3
5-iAuNP 6.2 +0.2 11.2+0.3 77.5+1.9
15-iAuNP 6.1 +£0.2 11.4+ 0.3 84.0 £ 2.1
30-iAuNP 85+1.8 84+19 57.3 £ 14.2
4MP-15-iAuNP 173+ 1.0 3.8+0.1 6.2 +£2.0
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o o o
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quantification of the gold present on their surface during the oxidation
study of curcumin. Over the 21 days of study, no significant loss of gold
was observed, indicating again a very good stability of the iAuNP. This
result is in accordance with the one obtained in Section 3.4.
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Fig. 4. Chromatograms of curcumin at day O (grey) and 21 (black) when stored in contact with 5 iAuNP with a detection at 425 nm (a) and 280 nm (b); (c)
Concentration of curcumin at 21 days stored exposed to light at 20 °C alone (control) or in contact with 5, 15 or 30-iAuNP or 4MP-15iAuNP, please notice that the
curves of the control and 4MP-iAuNP are overlaid; (d) Concentration of curcumin at 21 days stored exposed to light at 20 °C alone (control) or in contact with 39 pM
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4. Conclusion

In this work AuNP were successfully immobilized at the surface of
glass slides. We demonstrated that iAuNP could catalyze both oxidation
and reduction reactions. The obtained gold nanostructured surface
showed a catalytic activity evaluated using the p-NP reduction reaction.
Indeed, on the one hand, iAuNP catalyzed the reduction of DPPH® in
DPPH,, and on the other hand, its catalytic activity promoted the auto-
oxidation of curcumin. Even if the immobilization decreased the cata-
lytic activity of iAuNP in comparison with colloidal AuNP from a kinetic
point of view, it allowed iAuNP to present a greater stability and an
important reusability with an activity kept after 130 days and 20 reuses.
The obtained long-lasting multi-catalytic iAuNP is a promising tool in a
multitude of fields such as biology or health. Due to the apparent non-
specificity of the catalyzed reaction, they could be used as in situ
reactor for various heterogenous catalysis, such as for the treatment of
waste water [39], the formation of active pharmaceutical ingredient
from a pro-drug [40] or biosensing [41].
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