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Synthesis, Characterization, and Electrochemiluminescence of Luminol-
Reduced Gold Nanoparticles and Their Application in a Hydrogen Peroxide

Sensor
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Abstract: It was found that chloroauric
acid (HAuCl,) could be directly re-
duced by the luminescent reagent lumi-
nol in aqueous solution to form gold
nanoparticles (AuNPs), the size of
which depended on the amount of lu-
minol. The morphology and surface
state of as-prepared AuNPs were char-
acterized by transmission electron mi-
croscopy, UV/visible spectroscopy, X-
ray photoelectron spectroscopy, FTIR
spectroscopy, and thermogravimetric
analysis. All results indicated that re-

surface of AuNPs through the weak co-
valent interaction between gold and ni-
trogen atoms in their amino groups.
Subsequently, a luminol-capped AuNP-
modified electrode was fabricated by
the immobilization of AuNPs on a gold
electrode by virtue of cysteine mole-
cules and then immersion in a luminol
solution. The modified electrode was
characterized by cyclic voltammetry,
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electrochemical impedance spectrosco-
py, and scanning electron microscopy.
The as-prepared modified electrode ex-
hibited an electrochemiluminescence
(ECL) response in alkaline aqueous so-
lution under a double-step potential.
H,0, was found to enhance the ECL.
On this basis, an ECL sensor for the
detection of H,O, was developed. The
method is simple, fast, and reagent
free. It is applicable to the determina-
tion of H,O, in the range of 3x107'—
1x10 molL™" with a detection limit

sidual luminol and its oxidation prod-
uct 3-aminophthalate coexisted on the

Sensors

Introduction

Electrochemiluminescence (ECL) is a valuable analytical
tool which has been widely used in immunoassays, clinical
diagnosis, and trace detection due to its high sensitivity, low
background, wide dynamic range, and simple formats.'"”
The immobilization of ECL reagents on solid supports has
been an important subject for developing sensors, micro-
chips, and portable detectors.**® In the past, much atten-
tion has been paid to the immobilization of tris(2,2"-bipyri-
dyl)ruthenium(II) (TBR) and its derivatives, one of the
most commonly used ECL reagents, because the organic bi-
pyridyl group and the positive charge were helpful for the
structural modification and immobilization and the ECL re-
agents are regenerable in ECL reactions.!! To date, a
series of methods has been proposed to immobilize TBR
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of 1x107" molL™" (S/N=3).

and its derivatives on various electrode materials for the de-
tection of compounds, such as tripropylamine,”'” oxa-
late,®” and ethanol.'! However, the immobilization of
TBR in such sensors based on ion exchange and/or electro-
static adsorption was greatly restricted by the instability.!"
Besides, only limited species can be detected by TBR-based
ECL methods. Therefore, some

effort should also be made to- Hz ('C? Ha coo-
wards the immobilization of other @[ NH CE
ECL reagents, such as luminol. o NH Ccoo

Luminol is a popular ECL re-
agent with a rather high light ef-
ficiency. It has been widely used
for the detection of various analytes.'>) However, the appli-
cations of luminol ECL in sensors have been limited, parti-
ally because it is a challenging subject to immobilize luminol
on an electrode without decreasing its ECL activity. Until
now, there have been only a few reports on luminol-based
ECL sensors. Ouyang and Wang"? developed an ECL
sensor for the determination of glucose by immobilizing
both luminol and glucose oxidase on a clay-modified elec-
trode, through a covalent bond linked with the amino group
of luminol. Recently, luminol-doped SiO, nanoparticles

luminol APZ
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were immobilized on the surface of the electrode, and an
ECL sensor was developed for the determination of pyro-
gallol based on its enhancement of luminol ECL.!®! In an-
other work, luminol-doped SiO, nanoparticles were linked
to probe single-stranded DNA (ssDNA) as an ECL label to
determine target ssDNA immobilized on the electrode.!

Gold nanoparticles (AuNPs) have been widely used in
biosensors due to their excellent biocompatibility and ease
of self-assembly through the Au—S bond.'>!¢ It has been re-
ported that a lot of amine compounds, including aliphatic
amines,'” ' aromatic amines,”® and several amino
acids,”*?! could reduce HAuCl, to produce and stabilize
gold colloids as protecting agents in both aqueous and or-
ganic solutions. The interaction linking AuNPs and amine
molecules was attributed to the weak covalent interaction
between gold and nitrogen atoms™*! and the electrostatic
interaction between negatively charged AuNPs and positive-
ly charged amines in some cases.'” As luminol is a type of
reductive compound with an aromatic amine group and ear-
lier work demonstrated that luminol could directly reduce
HAuC], in a reverse micelle solution to give rise to chemilu-
minescence® it was reasonable to deduce that luminol
might reduce HAuCl, to produce AuNPs. This gives us an
opportunity to immobilize luminol molecules on the surface
of AuNPs, and then the resulting luminol-reduced AuNPs
might be further linked to the electrode by virtue of bridg-
ing molecules which have affinity to both AuNPs and vari-
ous electrode materials, as described in our previous
work.*!

Herein, we show that AuNPs can indeed be synthesized
by the reduction of HAuCl, by luminol. The morphology
and surface state of the resulting AuNPs were characterized
by transmission electron microscopy (TEM), UV/visible
spectroscopy, X-ray photoelectron spectroscopy (XPS),
FTIR spectroscopy, and thermogravimetric analysis (TGA).
The results showed that luminol and its oxidation product 3-
aminophthalate (AP?") were capped on the surface of
AuNPs as stabilizers. Moreover, the luminol-capped AuNPs
were immobilized on the surface of a gold electrode by
virtue of cysteine. The modified electrode was characterized
by cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), and scanning electron microscopy
(SEM). The ECL of luminol capped on the surface of the
electrode was studied by use of a double-step potential. It
was found that luminol ECL could be generated by this
electrochemical method and H,O, could enhance the ECL.
On this basis, an ECL sensor for the detection of H,O, was
developed. Hydrogen peroxide is a product of many enzy-
matic reactions.”*? The proposed sensor may be of great
potential for the detection of biologically important com-
pounds.

Results and Discussion

Synthesis and characterization of gold colloids: When
HAuClI, solution was mixed with luminol solution, a wine-
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red- or purple-colored solution, depending on the amount of
luminol, was formed, implying that HAuCl,; might be re-
duced by luminol to AuNPs. Figure 1 and Figure 2A-E show
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Figure 1. UV/Vis absorption spectra of AuNPs synthesized with varying
amounts of luminol solution: HAuCl, solution (0.1%o, w/w; 100 mL) was
mixed with 1.45 (curve 1), 1.50 (curve 2), 1.55 (curve 3), 1.60 (curve 4)
and 1.80 mL (curve 5) luminol solution (0.01 molL™"). The maximum ab-
sorption wavelength 4 and corresponding mean diameter D calculated
from Figure 2A-E are 1: 1=561.5nm, D=35nm; 2: 1=550.5nm, D=
29nm; 3: A=534.5nm, D=25nm; ; 4: A=530.0nm, D=20nm; 5: A=
523.5 nm, D=14 nm.

the UV/visible spectra (all the spectra were normalized at
their surface plasmon absorption maximum for comparison)
and TEM images, respectively, of the resulting solutions
with different amounts of luminol, confirming the formation
of AuNPs with different diameters. Moreover, it was also
demonstrated that both the diameter of the nanoparticles
and the maximum absorption wavelength increased with de-
creasing amounts of reductant luminol. The dependence of
the size of the nanoparticles on the reductant luminol is con-
sistent with that found in the citrate reduction method.””
The stability of the as-prepared colloid was found to be
strongly dependent on the pH. When stored at 4°C, the col-
loids were stable for at least six months without any visible
precipitates if the pH was >8, whereas coagulation and pre-
cipitation occurred rapidly if the pH was <3. Furthermore,
the dried precipitates were easily redispersed in alkaline
aqueous solutions, such as Na,CO; and NaOH solutions.
This observation implied that the surface of the AuNPs was
negatively charged and the electrostatic repulsion was the
main factor for the stabilization. At low pH values, most of
the negatively charged groups were protonated, and conse-
quently the coulombic repulsive interaction became weak
and aggregation and precipitation occurred. This pH-depen-
dent stability was very similar to earlier reports on carboxyl-
ic-protected AuNPs.*>*!l Moreover, the concentration of
electrolyte in the colloids was another important factor for
the stabilization. The addition of suitable amounts of salt
could also lead to a rapid and efficient precipitation of
AuNPs even in alkaline solution, which was utilized in the
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Figure 2. TEM images and the corresponding size distributions of AuNPs synthesized with varying amounts of
luminol solution: A) 1.45, B) 1.50, C) 1.55, D) 1.60, and E) 1.80 mL. F) TEM image and size distribution of
nanoparticles after a salt-out, centrifugation, and redispersion procedure to AuNPs in image (C).

salting-out process described in the Experimental Section. A
high content of cations was reported to cause cross-linking
with the negatively charged nanoparticles and the aggrega-
tion of these nanoparticles.”>*! The amount of salt necessa-
ry for complete precipitation was also dependent on the pH.
In a general range from pH 6 to 13, colloids at a higher pH
needed more salt to achieve complete precipitation. The ag-
gregation and precipitation caused by both acid (for pH)
and salt (for electrolyte concentration) were accompanied
by an observable color change of the colloids, which was a
reflection of the aggregation of the nanoparticles.

Clarification of surface state of AuNPs: It has been reported
that luminol could be oxidized by HAuCl, to the excited-
state AP?” in a reverse micelle solution, giving rise to light
emission.” In the reaction, the final oxidation product of
luminol was the ground state AP?". In our work, HAuCl,
was reduced by luminol to form AuNPs and it was deduced
that luminol was oxidized to AP*". Considering that both lu-
minol and AP?*" contained the aromatic amino group in
their molecular structures, it was reasonable to assume that
luminol and AP?>" were coadsorbed onto the surface of
AuNPs through the weak covalent interaction between gold
and nitrogen atoms, according to the earlier reports on the
interaction between amine compounds and AuNPs.[*?2%]
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Therefore, both residual lumi-
nol and AP* were believed to

-
& .

g 20 coexist on the surface of
20 AuNPs. UV/visible spectrosco-
g

(£

py, XPS, TGA, and FTIR spec-
troscopy were used to obtain
experimental evidence to sup-
port this coadsorption model.
Colloids of particle diameter
25 nm were selected in all the
following characterizations.

14 16 18 20 22 24 26 28
Particle diameter /nm

Hok

>

UV/visible spectroscopy: A 24

hour dialysis procedure (see
20 below for details) was carried
out to remove free luminol
and AP?~ molecules from the
colloids, so that true informa-
0 tion about the surface of the
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S0 nm . * : peared in the UV/Vis spectrum

of the dialyzed colloids
(Figure 3, curve b) compared
with that of the original col-
loids (curve a), and the maxi-
mal surface plasmon absorp-
tion wavelength remained at
534.5 nm but the intensity of the peak decreased. The de-
crease in absorption peak intensity was attributed to the di-
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Figure 3. UV/Vis absorption spectra of 25 nm AuNPs before and after di-
alysis and salt-out procedures. a) Original 25 nm gold colloids, b) dialyzed
colloids, c,d) dialyzed-out solution for the first and last dialysis proce-
dures, respectively, e) supernatant after salt-out of dialyzed colloids, and
f) redispersed colloids of AuNPs precipitated during the salt-out process.
Inset: magnification of curves c—e in the range of 280-400 nm.
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lution effect during the dialysis procedure. On the contrary,
the dual peak of luminol could be detected in the dialyzed-
out solution during the first dialysis operation (curve ¢) and
it disappeared in the dialyzed-out solution during the last
operation (curve d). These results indicated that the dialysis
operation was feasible and effective in removing all free lu-
minol and AP*~ molecules from the colloids, while retaining
the dispersity and stability of the AuNPs. Subsequently, a
further salt-out operation was executed on the dialyzed col-
loid and observable coagulation appeared after the addition
of salts. The dual-peak absorption of luminol appeared
again in the supernatant after centrifugation (Figure 3,
curve e). The precipitates were collected and redissolved in
Na,CO; solution. The TEM image (Figure 2F) of this redis-
persed colloid indicated that the diameter of the nanoparti-
cles increased and the monodispersity became worse during
the salting-out process, compared with the original (Fig-
ure 2C). The maximal surface plasmon absorption wave-
length increased from 534.5nm (Figure 3, curveb) to
552.0 nm (curve f) and the peak became wide, which further
confirmed the results from the TEM images. The informa-
tion obtained from both TEM images and UV/visible spec-
tra demonstrated that the protective molecules were partial-
ly dissociated from the surface of the AuNPs and the repul-
sive interaction became weak during the salt-out process,
which is the reason why the luminol molecules could be de-
tected again in the supernatant. On the other hand, these re-
sults also provided evidence for the existence of luminol on
the surface of AuNPs.

X-ray photoelectron spectroscopy: Figure 4 shows the Au 4f,
C s, and N 1s X-ray photoelectron spectra of pure luminol
and the as-prepared luminol-reduced AuNPs after further
treatments. All binding energies (BEs) were calibrated with
respect to the C 1s BE at 284.6 eV.”! The spin-orbit split-
ting of doublet components for Au 4f,, and Au 4f;, were
measured to be 3.7 eV (Figure 4A), which is in good agree-
ment with previous results.” This finding is supporting evi-
dence for the presence of Au’ in as-prepared AuNPs. As can
be seen from Figure 4B, the C 1s spectrum of pure luminol
was curve-fitted into three components at 284.6, 286.0, and
287.4 eV. The maximal peak centered at 284.6 eV was attrib-
uted to the aromatic carbon atoms in the luminol molecules.
The component at 286.0 eV was associated with the carbon
atom in the aromatic ring linked to the amine group
(C-NH,).P?! The component at 287.4eV was due to the
carbon atom in the amide group (—CO—NH-).”l The C 1s
spectrum of luminol-reduced AuNPs is shown in Figure 4C.
Compared with the C 1s spectrum of pure luminol, a new
component centered at 288.6 eV appeared as well as the
three components similar to those in the luminol C 1s spec-
trum, which was attributed to the carbon atom in the car-
boxylic group (—~COO-) of AP>~.P" This result strongly sup-
ported the notion that luminol and AP* coexisted on the
surface of the AuNPs.

Furthermore, the relative area of the 287.4 eV component
(—CO—NH-) was much smaller than that of the 288.6 eV
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Figure 4. X-ray photoelectron spectra of B) C 1s and D) N 1s of pure lu-
minol and A) Au 4f, C) C1s, and E) N 1s of luminol-reduced AuNPs.

component (—COO-). As the former component was partic-
ular to luminol and the latter one to AP?", it is believed that
AP?* was the main capping compound on the surface. This
phenomenon was probably caused by a difference in their
molecular structures. The electronic density of nitrogen in
the amine group of luminol is much lower than that of
AP*", as there is an additional conjugated mbond in the
amide ring structure. Therefore, the affinity between lumi-
nol and gold atoms should be much weaker than that be-
tween AP?" and gold atoms, according to the covalent bond
model for the interaction between amines and AuNPs,!-222]
and consequently the content of luminol on the surface was
relatively low.

The analysis of the N 1s spectra was consistent with the
above discussion. The N 1s spectra of both luminol and
AuNPs (Figure 4D and E, respectively) were curve-fitted
into two components at 398.8 and 399.7 eV, attributed to the
nitrogen atoms in the amine group (—NVH,) and amide group
(—CO—NH-), respectively.’”*8! A large decrease in the rela-
tive content of the 399.7 eV component (—CO—NH—) dem-
onstrated the relatively low content of luminol on the sur-
face of the nanoparticles, as this component was particular

Chem. Eur. J. 2007, 13, 6975—-6984
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to luminol and the 398.8 eV component (—NH,) was mutual
for both luminol and AP*". Notably, the N 1s spectrum of
luminol-reduced AuNPs also confirmed the absence of the
protonated state (—NH;") reported to be at approximately
402.3 eV.®l Consequently, the electrostatic interaction be-
tween the protonated amino group and negatively charged
AuNPs did not exist, which was reported to occur in the
other fatty-amine-protected AuNPs in aqueous solution.!'”)
In addition, the Au-N covalent interaction was the only
force between the gold core and the luminol/AP*~ capping
molecules.?>%! This interaction might be caused by the
lower electronic density of the aromatic amino group com-
pared to the aliphatic one.

Thermogravimetric analysis: Figure 5 shows the TGA and
corresponding differential thermogravimetry (DTG) curves
of pure luminol and luminol-reduced AuNPs (Figure SA
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Figure 5. TGA (1) and DTG (2) curves of A) pure luminol and B) lu-
minol-reduced AuNPs.

andB, respectively). Curve 1 is the TGA curve (left axis)
and curve 2 is the corresponding DTG curve (right axis) in
both cases. For pure luminol, a nearly total weight loss oc-
curred during heating to 700°C, which started at 290 and
ended at 390°C, with the maximal rate of weight loss at ap-
proximately 350°C. For luminol-reduced AuNPs, a similar
weight-loss peak was also observed at approximately 350°C
with 2.5% weight loss from 280 to 380°C (Figure 5B). The
results support the proposal that luminol exists on the sur-
face of AuNPs. The weight loss around 70°C in Figure 5B
was attributed to the moisture content due to the prepara-
tive method. The maximal weight loss of luminol-reduced
AuNPs occurred at approximately 520°C with 17 % weight
loss at 390-650°C, which was satisfactorily consistent with
the previously reported TGA data of fatty-amine-capped
AuNPs." In that work, two prominent weight-loss peaks
were observed at 260 and 500°C for the Au—octadecylamine
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complex, and at 255 and 520°C for the Au-laurylamine
complex. The lower characteristic temperature was attribut-
ed to the loss of the electrostatically bound fatty amine com-
ponent and the higher one was due to the loss of the weak
covalent interaction between them. The absence of weight
loss at approximately 250°C and the presence of weight loss
at approximately 520°C in the TGA data of luminol-re-
duced AuNPs further confirmed the results from the N 1s
X-ray photoelectron spectrum, which indicated that there
was only a covalent interaction and no electrostatic interac-
tion in these luminol-reduced AuNPs. Furthermore, it was
concluded that AP?>~ was the main composition on the sur-
face of the AuNPs rather than luminol, from a comparison
of weight-loss peaks at approximately 350 and 520°C, which
was also in agreement with the results of XPS.

FTIR spectroscopy: The IR spectrum of as-prepared AuNPs
(Figure 6) further confirmed the surface composition dis-

RN
]
=
&8
£
=
«
= |
104 3441
0 T T T T T T
4000 3000 2000 1000

Wavenumber /cm'1

Figure 6. FTIR spectrum of luminol-reduced AuNPs.

cussed above. The existence of luminol can be supported by
several characteristic IR absorption bands, including three
amide bands*! at 1637, (amide I, the C=0O stretching vi-
bration of the amide group), 1530 (amide II, the N—H bend-
ing and stretching modes, which can only be observed as the
shoulder peak around 1503 cm™), and 1315 cm™' (amide III,
Ve the in-phase combination of N—H in-plane bending
and C—N stretching vibrations), the benzene ring absorption
bands below 1000 cm™!, and the aromatic ring C=C stretch-
ing vibration bands™*” at 1612 and 1503 cm™'. The absorption
band at 1411 cm™" (v, COO~) was attributed to the symmet-
ric carboxylate stretch.*>*" The corresponding antisymmet-
ric carboxylate stretch at approximately 1570 cm™' (v,
COO")¥* might be overlapped in the strong absorption
band at 1612 cm™', and thus can only be observed as a
shoulder peak around this position. These two bands indi-
cated that the AP*~ molecules existed as carboxyl salts on
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the particle surface. These results were in good agreement
with the coadsorption model of luminol and AP>~ on the
particle surface. Furthermore, the typical doublets of the
amino group in the luminol standard IR spectrum™! around
3400 cm™! (vy_y) disappeared and only one broad band ap-
peared in the range of 3000-3700 cm™', which was a reflec-
tion of the weak covalent interaction between the amino
group and the AuNPs.

Immobilization of luminol on a gold electrode: The as-pre-
pared 20 nm luminol-reduced AuNPs were assembled by
cysteine (cys) on the surface of a gold electrode to obtain an
AuNP/cys/Au electrode, according to the steps described in
the Experimental Section, in order to study the ECL of lu-
minol capped on the surface of AuNPs. From the results
above, most of the molecules covering the surface of the
AuNPs were AP?", and only a small number were luminol.
To obtain strong ECL, the AuNP/cys/Au electrode was im-
mersed in the luminol solution so that AP>~ on the surface
of the AuNPs could be replaced by luminol through a place-
exchange mechanism,'”) and thus a luminol-capped AuNP/
cys/Au (luminol-AuNP/cys/Au) electrode was obtained. The
modified electrodes were characterized by CV, EIS, and
SEM. Figure 7 shows SEM images of a luminol-AuNP/cys/
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Figure 7. SEM images of A) an as-prepared luminol-AuNP/cys-modified
gold electrode and B) a bare gold electrode.

Au electrode and a bulk Au electrode. The images reveal
that AuNPs were distributed evenly on the surface of the
electrode. Furthermore, Figure 8A shows the results of EIS
on bare gold, cys/Au, AuNP/cys/Au, and luminol-AuNP/cys/
Au electrodes in a phosphate buffer solution (PBS;
0.1 molL™!, pH 7.0) containing [Fe(CN)¢]>~ and [Fe(CN)q]*
(both 1x107* molL™"). The impedance spectra consisted of
a semicircle at high-ac modulation frequency and a line at
low-ac modulation frequency, thus demonstrating that the
electrode process was controlled by electron transfer at high
frequency and by diffusion at low frequency.“**"! The small-
er the semicircle, the smaller the electron-transfer resistance.
The magnitude of the electron-transfer resistance increased
in the following order: Au < cys/Au < AuNP/cys/Au.
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Figure 8. A) Nyquist diagram (—Z" versus Z) of EIS data and B) CV
curves of [Fe(CN)s*"/[Fe(CN)¢]*~ (1x10molL"") in PBS solution
(0.1 molL"!, pH 7.0) on the modified electrodes. Au electrode: curve 1;
cys/Au electrode: curve 2; AuNP/cys/Au electrode: curve 3; luminol-
AuNP/cys/Au electrode: curve 4.

When AP?*" covering the surface of the AuNP/cys/Au
electrode was replaced by luminol, the electron-transfer re-
sistance of the luminol-AuNP/cys/Au electrode decreased.
[Fe(CN)s]**~ is a negatively charged redox probe for elec-
tron transfer. The negative charge of the electrode surface
interface layer would lead to a barrier for the redox process,
and therefore increase the electron-transfer resistance.*!
The surface electrical property of the AuNP colloid at
pH 7.0 can be deduced from the pK, values of both luminol
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and AP?". It was reported that the pK, values are 6.7 (pK,1)
and 15.0 (pK,2) for luminol™®! and 3.0 (pK,1) and 5.7 (pK,2)
for AP?>~. Therefore, luminol molecules and the mono-
anionic form coexisted on the surface, whereas the AP>~
molecules are almost completely dianionic in PBS at pH 7.0.
After immersion in a luminol solution, the negative charge
on the surface of the AuNPs declined through the place-ex-
change mechanism of capping molecules from dianionic
AP* to monoanionic/molecular luminol. Consequently, an
increase in electron-transfer resistance on the AuNP/cys/Au
electrode was attributed to the negatively charged AuNPs,
and a decrease in electron-transfer resistance on the lumi-
nol-AuNP/cys/Au electrode was associated with the decrease
of the negative interface charge.

The peak current and the peak-to-peak potential distance
(DE,) of the CV curves also revealed information about the
electron-transfer process. Figure 8B shows the correspond-
ing CV curves on bare gold (curve a), cys/Au (curve b),
AuNP/cys/Au (curve ¢), and luminol-AuNP/cys/Au (curve d)
electrodes, in the same working solution mentioned above.
Both peak currents and the DE, values indicated that the
sequence of electron-transfer resistance was Au< cys/Au<
luminol-AuNP/cys/Au < AuNP/cys/Au electrodes, which was
completely consistent with the EIS results.

ECL of luminol capped on the surface of the AuNP/cys/Au
electrode and its analytical application: Luminol molecules
were successfully immobilized on the surface of the elec-
trode. It was found that the resulting electrode could direct-
ly generate ECL in alkaline solution without any addition of
ECL reagent, and excited-state AP?~ was identified as the
ECL luminophor by the Gaussian-fitted ECL spectrum cen-
tered at 425 nm (see Figure 9). The ECL intensity of the re-
sulting electrode increased with the concentration of the
H,0, solution. This property
offers the possibility that the
as-prepared modified electrode
could be used as an ECL
sensor for the detection of
H,0,.
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Figure 9. ECL spectrum of an as-prepared luminol-AuNP-modified gold
electrode in carbonate buffer solution.

obtain the maximal ECL intensity, the effects of pH, pulse
period, pulse potential, and initial potential on the ECL in-
tensity were investigated. It is well known that the luminol
ECL depends greatly on the pH of the solution. The effect
of pH was examined in the range of 9.3-10.7 in carbonate
buffer solution (CBS, 0.1 molL™"), and a maximal ECL in-
tensity was obtained at pH 10.2 (see Figure 11A). The effect
of pulse period on the ECL intensity was investigated in the
range of 10-60s in CBS solution (0.1 molL™") at pH 10.2
(see Figure 11B). The ECL signal showed a positive correla-
tion with the pulse period. This phenomenon was attributed
to the more effective diffusion of H,O, in the longer pulse
period. To make a compromise between higher ECL intensi-
ty and shorter analytical time, a pulse period of 30s was
chosen in the following experiments. The pulse potential

0.6

-0.2

3x10“ mol L'

298 30.0

1x10“ mol L

double-step potential was used

=3

to initiate the ECL of luminol,
as shown in the inset of
Figure 10. When a double-step
potential was applied to the
electrode, a pulse ECL signal
was obtained. Moreover, the
pulse ECL intensity decreased
rapidly at the first stage and
then reached a stable value in
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Figure 10. ECL profiles in different concentrations of H,O, solution under three continuous-pulse periods. The

an analytical signal for the de-
tection of H,O, (Figure 10). To
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inset shows the time dependence of the potential applied on the working electrode. Experimental parameters:
initial potential=—0.2 V, pulse potential =0.6 V, pulse period=30s, pulse r=0.1s.
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Figure 11. Effects of A)pH, B) pulse period, C) pulse potential, and
D) initial potential on ECL intensity.

over the range 0.2-1.2 V (versus SCE) was studied (see Fig-
ure 11C). As the electrooxidation of luminol was much
faster at higher electrode potentials, a positive correlation
between pulse potential and ECL intensity was also ob-
served. However, if a high potential above 0.8 V was select-
ed, the electrooxidation of gold atoms on the surface of the
electrode and the Au—S bond between the cysteine mole-
cules and the gold electrode would cause great damage to
the stability and reproducibility of the modified electrode.
Thus, a pulse potential of 0.6 V was chosen. The effect of in-
itial potential on the ECL intensity was also tested in the
range from 0 to —0.4 V (Figure 11D), and maximal ECL in-
tensity was achieved at the initial potential of —0.2 V. There-
fore, this initial potential was used in the following experi-
ments.

Under the optimal conditions described above, the change
of ECL intensity with the concentration of H,0, is shown in
Figure 10. The logarithm of ECL intensity increased linearly
with the logarithm of H,O, concentration in the range of
3x107-1x10° molL"!, and the regression equation was
log1=3.7303+0.2716 log C (r=0.9994, n=8). The detection
limit for H,O, was 1x107" molL™" (signal-to-noise ratio S/
N=3). The relative standard deviation (RSD) was 6.14%
for the determination of 1x107° molL™' H,0, (n=7). The
results demonstrated that the ECL sensor is applicable to
the detection of H,O.,.

When the proposed sensor is used for H,O, determina-
tion, the immobilized luminol on the electrode surface
might be consumed during the measurements. Accordingly,
the stability of the ECL sensor was examined during consec-
utive measurements and long-term storage. The ECL inten-
sities obtained by wusing 650 consecutive pulses in a
1x107* molL~!' H,O, solution were tested. The results indi-
cated that the ECL intensity of the as-prepared sensor still
maintained 80% of its initial value after more than 600
pulse periods in about 5 h, even in such a high concentration
of H,0, solution. Therefore, the consumption of immobi-
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lized luminol was acceptable during the consecutive meas-
urements. Besides, the exhausted sensor can be partially
self-healed by immersion in a luminol solution through the
place-exchange mechanism of capping molecules. The long-
term stability of the sensor was also studied. It was found
that the ECL intensity of the sensor gradually decreased
when it was stored in distilled water or PBS (0.1 molL™") at
pH7.0 and underwent three sets of measurements in a
1x107° molL~! H,0, solution every day. The intensity de-
creased by more than 40% in three days when the sensor
was stored in distilled water, which was better than that in
PBS. This decrease might be partially due to the desorption
of luminol AuNPs from the electrode, as the luminol AuNPs
were linked to the electrode by electrostatic interactions.
The improvement of the long-term stability of the ECL
sensor is under further investigation.

Conclusion

This work has demonstrated that AuNPs with diameters of
14-35 nm could be synthesized by the direct reaction be-
tween HAuCl, and luminol in aqueous solution, and that
the diameter of the nanoparticles increased with decreasing
amounts of reductant luminol. UV/Vis spectroscopy, XPS,
TGA, and FTIR spectroscopy showed that luminol and its
oxidation product AP?~ coadsorbed on the surface of
AuNPs through the weak covalent interaction between gold
and nitrogen atoms in the amino groups, and that AP*~ was
the main capping compound on the surface. Subsequently, a
luminol-capped AuNP-modified electrode was fabricated by
the immobilization of AuNPs on a gold electrode by virtue
of cysteine molecules and immersion in luminol solution. It
was found that luminol capped on the surface of the AuNP-
modified electrode could directly generate ECL under a
double-step potential. A reagent-free ECL sensor for the
detection of H,O, was developed based on the modified
electrode. The sensor was applicable to the detection of
H,0, in the range of 3x10'-1x10* molL ™" with a detec-
tion limit of 1x10~" molL™" (S/N=3).

This work shows for the first time that luminol could be
immobilized as a capping reagent of AuNPs assembled on
an electrode for developing a H,O, ECL sensor. By virtue
of the coimmobilization technique with enzymes, ECL sen-
sors for the detection of biologically important compounds
are under investigation based on the immobilization of lumi-
nol. The response of H,O, as a model compound to the
modified electrode was examined. The response of com-
pounds other than H,O, to the modified electrode is also
being explored to extend the applications of the luminol-im-
mobilized electrode.

Experimental Section

Chemical and solutions: A stock solution of luminol (0.01 molL™") was
prepared by dissolving luminol (Sigma) in NaOH solution (0.1 molL™")
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without further purification. Working solutions of luminol were prepared
by diluting the stock solution. HAuCl,+4 H,O was obtained from Shanghai
Reagent (Shanghai, China). An HAuCl, stock solution (1.0 gL"") was
prepared by dissolving HAuCl, (1 g) in redistilled water (1 L) and stored
at 4°C. Working solutions of H,0, were prepared fresh daily from 30 %
(viv) H,O, (Xinke Electrochemical Reagent Factory, Bengbu, China). All
other reagents were of analytical grade, and redistilled water was used
throughout.

Synthesis and characterization of AuNPs: All glassware used in the fol-
lowing procedures was cleaned in a bath of freshly prepared HNO3/HCI
(3:1, v/v), rinsed thoroughly in redistilled water, and dried prior to use.
Gold colloids with various diameters were prepared by the reduction of
HAuCl, with luminol, which was similar to the classical citrate reduction
method.”! A 100 mL portion of HAuCl, solution (0.01%, w/w) was
heated to boiling point. While stirring vigorously, various amounts of lu-
minol solution (0.01 molL™") were added rapidly. Volumes of 1.45, 1.50,
1.55, 1.60, and 1.80 mL were selected for synthesizing AuNPs with differ-
ent diameters. The solution was maintained at boiling point for 30 min,
during which time a color change from yellow to black to purple was ob-
served before a wine-red or purple color was reached. The heating
source was removed, and the colloid was kept at room temperature for
another 20 min and then stored at 4°C. Note that the pH of the added lu-
minol solution played a very important role in the preparation of the
gold colloids. The diameters of as-prepared AuNPs were found to be
very different when a luminol stock solution with 0.1 or 0.05 molL™'
NaOH was used. If other conditions were controlled such that they were
identical, the synthetic reaction was much faster and formed AuNPs of
larger diameters in the luminol stock solution at lower pH.

Gold colloids prepared with 1.55 mL luminol were used for the character-
ization. As-synthesized colloidal solutions were characterized by TEM
(Hitachi H-800, Japan) and UV/Vis spectroscopy (Shimadzu UV-2401 PC
spectrophotometer, Japan). A salt-out procedure was introduced to ex-
clude the effect of excess luminol and other coexisting free molecules in
the colloids on the characterization of the surface state of AuNPs. In a
typical salt-out procedure, a suitable amount of NaCl (KBr for FTIR ex-
periments) was added to the gold colloids and the resulting precipitates
were washed twice with redistilled water through a repeated ultrasonic
dispersion—centrifugation process to remove inorganic or organic impuri-
ties completely. Finally, the AuNPs were dried under vacuum at room
temperature. The obtained dry powders of AuNPs were used to acquire
XPS, FTIR, and TGA data. XPS was performed on an ESCALAB
MK II electron spectrograph (VG Scientific, UK). The FTIR experiments
were carried out on a Bruker Vector-22 FTIR spectrometer (Bruker In-
struments, Billerica, MA) in a KBr pellet, scanning from 4000 to
400 cm™" at room temperature. The TGA data were acquired on a Shi-
madzu TA-50 thermal analyzer (Shimadzu, Japan) at a heating rate of
5°Cmin~" from room temperature to 700°C in a nitrogen atmosphere.

A dialysis operation was used to separate excess luminol from the col-
loids instead of the salt-out strategy, to avoid the aggregation of AuNPs
during the salt-out process. A homemade semipermeable membrane was
used, which was prepared by the volatilization of collodion. Redistilled
water was refreshed about six to ten times under stirring until no absorp-
tion was observed in the UV/Vis spectrum of the dialyzed-out solution.
A typical dialysis operation needed about 24 h.

Preparation and characterization of AuNP-modified electrode: Scheme 1
shows the procedures for preparing the luminol-AuNP/cys-modified gold
electrode proposed in this work. The bare gold electrode was polished to

gold ez
cysteine colloids _=_ luminol =i
el | N [N )
Au cys/Au AuNPs /cys/Au luminol - AuNPs /cys/Au

Scheme 1. Preparation procedure of the luminol-AuNP/cys/Au electrode.
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a mirrorlike surface with chamois leather, rinsed with redistilled water,
and then dried with filter paper. The electrode was then cleaned by cy-
cling between 0 and 1.5V versus SCE in H,SO, (0.5 molL™") at a scan
rate of 100 mVs™' until reproducible cyclic voltammograms were ob-
tained. This freshly pretreated bare Au electrode was immersed in L-cys-
teine solution (0.1 molL™") for 4 h at room temperature in darkness to
allow the self-assembling of cysteine on the surface of the electrode. The
resulting monolayer-modified electrode was rinsed thoroughly with redis-
tilled water to remove the physically adsorbed cysteine. Then the cys/Au
electrode was dipped into the gold colloid solution for 18 h at 4°C. Gold
colloid prepared with 1.60 mL of luminol was selected for the modifica-
tion procedures. Subsequently, the AuNP self-assembled electrode
(AuNP/cys/Au  electrode) was dipped into luminol solution
(1x10°> mol L") for another 12 h at 4°C. Finally, the as-prepared modi-
fied electrode (luminol-AuNP/cys/Au electrode) was dipped into redistil-
led water for conservation at 4°C.

CV, EIS, and SEM were used to monitor the modification procedures.
SEM was performed on a JEOL JSM-6700F microscope (JEOL, Japan).
Both CV and EIS experiments were carried out on a CHI760B electro-
chemical workstation (Chenhua, China). PBS (0.1 molL !, pH 7.0) con-
taining [Fe(CN)s]*"+[Fe(CN)g]*~ (both 1x10°molL™") was used as
working solution. The EIS results were recorded in the frequency range
of 0.1 to 10kHz at the formal potential of the corresponding redox
couple and with a 5 mV amplitude of the alternating voltage.

ECL measurements: ECL measurements were performed with a home-
made ECL/electrochemical cell system, including a model CHI760B elec-
trochemical workstation (Chenhua, China), an H-type electrochemical
cell (self-designed), a model CR-105 photomultiplier tube (PMT) (Bei-
jing, China), a model RFL-1 luminometer (Xi’an, China), and a comput-
er, as described previously.'>% A luminol-AuNP/cys-modified gold elec-
trode served as the working electrode, a platinum wire as the counter
electrode, and a silver wire as the quasi-reference electrode (AgQRE).
Although the potential of the AgQRE was essentially stable during an
experiment, the measurements of AE=E,gx,4+—Esce in different solu-
tions were taken for potential calibrations. A H,0O, solution containing
CBS (0.1 molL™") was used as working solution for the determination of
H,0,. During measurements, a 2.0 mL portion of the working solution
and the blank solution without H,O, were added to the working com-
partment and the auxiliary compartment of the ECL cell, respectively.
When a double-step potential was applied to the working electrode, an
ECL signal was generated and recorded.

The ECL spectrum was measured by inserting filters at wavelengths of
360, 380, 400, 420, 450, 470, 490, 510, 535, and 550 nm (light cannot pass
at wavelengths lower than these) under pulse conditions, as described
previously.” I, was calculated as L1 420y0 = Lp—1;1)/(A,—A,), for example,
Lo = (Lsoo—1380)/(400—380), L35 = (Lys0—L420)/(450—420), etc. The curve of [;
versus A was consistent with the ECL emission spectrum.
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