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a  b  s  t  r  a  c  t

The  covalent  binding  of  the  porphyrin  to immobilized  gold  nanoparticles  resulted  in a  very  useful and
simple  method  to evaluate  the  absorption  spectroscopy  of  a monolayer  of  porphyrins  and  the spectral
changes  produced  by  additional  ligands.

The layer  by  layer  deposition  showed  no distinguishable  porphyrin-related  absorption  bands  whereas
the  direct  simultaneous  binding  of  porphyrins  (Cu(II)  and  Fe(III)  tetrapyridylporphine)  to  immobilized
gold  nanoparticles  showed  a  significantly  higher  absorption  band  at 412  nm  corresponding  to  the  Soret
band  of  the  porphyrin  ring.

The  ATR-FTIR  spectra  showed  typical  absorptions  bands  of  porphyrin  core  at  around  1000  cm−1 and
800  cm−1,  which  were  only  observed  in the  Cu(II)  complex  of  TPyP/AuNPs–APTES/SiO2 suggesting  that  the
nzyme mimics CuTPyP  molecule  is  tilted  with  respect  to  the  substrate  surface.  The  presence  of FeTPyP  produces  changes
in the  geometry  of  the adsorbed  CuTPyP  porphyrins,  indicating  a flat  accommodation  of  the  porphyrinic
rings  in  FeTPyP–CuTPyP  composite  that  could  be  the  reason  of  the  differential  tendency  to  include  H2O2

as  ligand.  The  difference  UV–visible  spectra  of  the  bimetallic  structures  showed  a  very  sensitive  response
to H2O2 concentration  with  a Kapp  3.75  × 103 M−1(R:  0.9865;  Std  E:  2.6  ×  10−2)  which  was  notoriously
similar  to  Km value  for peroxidase  enzyme  (2.5  ×  103 M−1).

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The porphyrins and metalloporphyrins are important �-
onjugated compounds with specific optical properties that can
e easily modulated through the variation in molecular symme-
ry, metal coordination, dipole moment and extent of conjugation
f the �-systems. For this reason, they have been widely used in
he design of electrochemical and optical analytical devices with a
umber of applications [1–3].

Our research has been focused on biomimetic catalytic systems
ased on porphyrins where the combination of two  different tran-
ition metal complexes resulted in more active catalysts than their
ononuclear counterparts. A number of dinuclear complexes have

een investigated to activate small molecules [4] but undoubtedly
he synthetic Fe porphyrins as biomimetic analogs of the heme/Cu
ite of cytochrome c oxidase was the most intensively studied [5].

he synthetic dinuclear copper and iron systems have been decisive
o the understanding of dioxygen binding and showed excellent
esults in catalysis attempting to design mimics of enzymes [6–8].
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In previous reports, we  studied the catalytic activity for
molecular oxygen and hydrogen peroxide reduction of bimetal-
lic porphyrin films as electrode modifiers [9–11]. A significantly
high amperometric response to H2O2 was observed in certain
bimetallic films of porphyrins, Fe(III) and Cu(II), confined to the
electrode surface. This unique catalytic activity was not observed
in monometallic species, and could be attributed to some synergic
effect between the two  metal complexes. The absorption spec-
troscopy was  unable to corroborate this idea, since the porphyrinic
B and Q bands were not affected by H2O2 concentration in the
bimetallic system described.

Nanostructured metal films, excited by visible light, show local-
ized surface plasmon oscillations resulting in the enhancement of
local electromagnetic fields close to the metal surface [12–14].  This
property, which is size and shape dependent, has been widely stud-
ied and exploited in numerous optical applications. In terms of
the analytical point of view, the surface plasmon oscillations serve
to monitor the interaction with surface-bound molecules [15]. In
this line of research, it has been described that metalloporphyrin
self-assembled films chemisorb on gold as tightly bound monolay-

ers have properties consistent with a coplanar orientation of the
macrocycle and can be optically monitored [16,17].  Additionally,
porphyrin protected gold nanoparticles (AuNPs) with the aromatic
macrocycle parallel to the AuNPs surface show drastic changes in

dx.doi.org/10.1016/j.snb.2011.09.063
http://www.sciencedirect.com/science/journal/09254005
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cheme 1. Schematic representation of the assembly procedure onto SiO2 surface
eTPyP  and CuTPyP adsorption.

he absorbance spectra from modification of the electronic state of
he porphyrin [18].

With these ideas in mind, we hypothesize that the high
xtinction coefficient of porphyrin (>200,000 cm−1 M−1) must be
einforced by the increased coupling of the molecular � system
n nanoparticles allowing us to evaluate the spectral changes pro-
uced by H2O2 inclusion on the bimetallic center.

Here, we report the synthesis and characterization by FTIR and
EM of immobilized gold nanoparticles modified with bimetal-
ic films of porphyrins [Cu(II) and Fe(III) tetrapyridylporphine].
he metalloporphyrins were immobilized through layer-by-layer
LbL) deposition or by direct binding of the porphyrin ring to the
anoparticles by pyridine nitrogens [19].

We compare both systems by absorption spectroscopy as sens-
ng material to follow the hydrogen peroxide reduction.

. Material and methods

.1. Reagents

Pre-cleaned glass slides (Iwaki Clinical Test Ware, Tokyo, Japan)
sed for UV–visible transmission measurements were cleaned with

 “piranha solution” (H2SO4:H2O2 = 3:1), followed by flushing with
lentiful water and purging with nitrogen gas.

Analytical grade gold (III) chloride trihydrate salt, poly(vinyl sul-
onic acid) sodium salt, poly(allylamine hydrochloride) (Aldrich)
nd sodium citrate were used as supplied.

Fe(III) and Cu(II) complexes of 5,10,15,20-tetra(4-pyridyl)-
1H,23H-porphine were prepared according to standard procedure

9,10]. 3-Amino propyl-triethoxy silane (APTES) was  purchased
rom Fluka. All other reagents were obtained from Merck and used
s received. Water was deionized and filtered using a Millipore
ater purification system (18 M�).
PTES self assembled monolayer; (b) adsorption of gold nanoparticles (AuNPs); (c)

2.2.  Apparatus

A HP8452 diode array spectrophotometer and a quartz crystal
cell were used to obtain the UV spectra.

Particle size was verified by TEM. Gold nanoparticles in aqueous
dispersion were imaged in a Phillips CM200 Transmission Electron
Microscope after placing drops of dispersion onto gold grids, 400
mesh (SPI, PA, USA), and allowing the liquid to dry in air at room
temperature (not shown). The scanning electron micrographs of
the modified surfaces were obtained using a Zeiss DSM982 GEMINI
SEM with Field Emission Gun (FEG), operated at 3 kV.

FTIR spectra were recorded with a Nicolet 6700 ThermoScien-
tific, diamond crystal was  used for ATR experiments. By subtracting
the spectrum of the AuNPs–APTES–SiO2 in the same conditions
without porphyrins, the resulting spectrum was obtained. All spec-
tra were baseline corrected.

2.3. Synthesis of gold nanoparticles

Gold nanoparticles were synthesized by a modification of the
Turkevich method [20]. In brief, 4.5 mg  of gold (III) chloride trihy-
drate (HAuCl4·3H2O) was  dissolved in 45 mL  of MilliQ water, and
10 mL  of this solution was brought to boil in a round-bottom flask
under stirring. A 1.6 mL  portion of a 1% sodium citrate solution
was  added to the solution using a stirrer. The solution turned red
after 5 min, and the intensity of the color increased with time. Boil-
ing was  maintained for 20 min  after which the heat was  removed
and stirring was continued for 15 min. Then, 8 mL of the nanopar-

ticle suspension were centrifuged in 1.5 mL Eppendorf tubes at
7000 rpm (4.500 g) during 45 min  to remove excess reducer; the
supernatant was removed, and the remaining AuNPs were redis-
persed in 4 mL  of MilliQ water.
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Fig. 1. Absorbance spectra of: AuNPs–APTES/SiO2 (solid);
PAH–PVS/AuNPs–APTES/SiO2 (dash–dot); FeTPyP–CuTPyP/PAH–PVS/AuNPs–APTES/
SiO2 (dot); FeTPyP–CuTPyP/AuNPs–APTES/SiO2 (dash).
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AuNPs–APTES/SiO2. This array was modified with metallopor-
phyrins (MeTPyP), Cu(II) and Fe(III) tetrapyridylporphine, by two
different pathways: (a) through layer-by-layer (LbL) electrostatic

F
M

.4. Surface modification

Prior to use, SiO2 plates were cleaned in “piranha” solution.
he clean glasses were then immersed into a 10% (v/v) solution of
PTES in ethanol for 6 h, rinsed extensively with ethanol, dried in
2 stream and in a 60 ◦C oven for 6 h. Next, the silane functionalized

urfaces were placed into the AuNPs suspension for 12 h to form a
onolayer. After this time period, the substrates were removed

rom the NPs suspension and copiously rinsed with H2O. Then they
ere immersed in MeTPyP solution at pH 2, for 12 h.

The LbL deposition was done by alternative immersion of the
iO2 plates in poly(allylamine) (PAH) solution 1 mM and PVS 1 mM
uring 1 h each. Finally the modified substrates were immersed in

eTPyP for 12 h.

ig. 2. SEM images (magnification 200k× – left – and 600k× – right –) of (A a
eTPyP/AuNPs–APTES/SiO2, mean size distribution 17 ± 6 nm.
Fig. 3. ATR spectra of MeTPyP/AuNPs–APTES/SiO2 (64 scans and 4 resolution).

The absorption spectra were obtained at pH 7. The modified
glasses were immersed in MQ  water (3 mL)  and successive aliquots
of 50 �L H2O2 (20 mM)  or NaNO2 (105 mM)  were added.

3. Results and discussion

3.1. Synthesis and characterization of porphyrin nanoparticles
composites

In order to find the best optical sensor architecture to
evaluate ligand binding on immobilized metalloporphyrins, we
prepared immobilized gold nanoparticles on a transparent sub-
strate by attachment to APTES-coated glass (SiO2) surface:
deposition of the films poly(vinyl sulfonate) (PVS), poly(allylamine)

nd B) AuNPs–APTES/SiO2, mean size distribution 15 ± 5 nm and (C and D);
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Fig. 4. Absorbance spectra of: FeTPyP/AuNPs–APTES/SiO2 (A);
C
a

h
b
t

r
p
a
b
g
o

Fig. 5. Difference spectra between FeTPyP–CuTPyP/AuNPs–APTES/SiO2 + H2O2

(successive additions of 50 �L H2O2 20 mM)  and
FeTPyP–CuTPyP/AuNPs–APTES/SiO2.
uTPyP/AuNPs–APTES/SiO2 (B) and FeTPyP–CuTPyP/AuNPs–APTES/SiO2 (C),
fter successive additions of 50 �L H2O2 (20 mM).

ydrochloride (PAH) and metalloporphrins, and (b) by the direct
inding of the porphyrin ring to the nanoparticles. Scheme 1 shows
he sequence of immobilization.

In spite that the layer-by-layer growth method has been
eported as a general route to compositionally modulated por-
hyrin films [21], the UV–visible spectra (Fig. 1, dot) does not show
ny clearly distinguishable porphyrin-related absorption bands,

eing completely dominated by the intense SP absorption of the
old nanocore. This result can be explained by the swelling effect
f poly(allylamine) hydrochloride at pH 2 [22] or to a low amount of
porphyrin labeling the outer polymer layer, however, the presence
of porphyrin core became evident through the observation of its
typical emission spectra (not shown). On the contrary, the covalent
binding of the porphyrin to the gold surface [23] was  very useful
to evaluate the absorption spectroscopy since a significant higher
band at 412 nm corresponding to the Soret band of the porphyrin
ring was  observed (Fig. 1, dash) and attributed to the increased
coupling of the molecular � system (� ∼ 0) of porphyrins in this
arrangement [24].

The SEM images (Fig. 2) reveal the morphology and order
degree of AuNPs–APTES/SiO2 (Fig. 2A and B) and the compos-
ite films (Fig. 2C and D). A dense and uniform distribution of
nanoparticles on the glass substrate can be observed. The compos-
ite MeTPyP/AuNPs–APTES/SiO2 maintains a similar morphological
distribution and shows a 2 nm larger mean diameter, consistent
with a monolayer of porphyrins deposited on gold nanoparticle
[25].

3.2. ATR-FTIR

The mid-frequency (650–2000 cm−1) spectra of the immobi-
lized nanoparticles are shown in Fig. 3. We  focus on features
key to the present studies: (a) the two absorptions bands that
distinguish the porphyrin core at around 1000 cm−1, in-plane pyr-
role ring breathing mode, and at 800 cm−1, which is due to an
out-of-plane �-pyrrole-hydrogen deformation [25] and (b) the
C N axial deformation of pyridyl moiety in TPyP [26] band at
1590 cm−1 which is also evident in the spectra. The appearance of
the above mentioned bands is only observed in the Cu(II) complex
of TPyP/AuNPs–APTES/SiO2 suggesting that the CuTPyP molecule
is tilted with respect to the substrate surface. Additional pyridine
ring stretching modes at 1510 and 1570 cm−1 are observed in the
FeTPyP/AuNPs–APTES/SiO2, which points to a perpendicular or at
least tilted orientation of pyridyl moiety with respect to the gold
surface in this film, with a flat or parallel orientation of the por-
phyrin core. Interestingly, the presence of FeTPyP produces changes
in the geometry of the adsorbed CuTPyP porphyrins, since no por-
phyrin moiety bands are observed in the bimetallic structure. This
last result indicates a flat accommodation of the porphyrinic rings
in FeTPyP–CuTPyP composite that could be the reason of the dif-

ferential tendency to include H2O2 as ligand.
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Fig. 6. Absorbance spectra of FeTPyP–CuTPyP/AuNPs–APTES/SiO2: after successive
additions of 50 �L NaNO2 105 mM (solid) and then additions of 50 �L H2O2 20 mM
(dot) (A); and of 50 �L H2O2 20 mM (solid) and then additions of 50 �L NaNO2 (dot)
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[5]  V.J. Selverstone, Dioxygen reactions, in: I. Bertini, H.B. Gray, E.I. Stiefel, V.J.
Selverstone (Eds.), Biological Inorganic Chemistry, University Science Books,
05  mM (B).

.3. Hydrogen peroxide effect on absorption spectroscopy

We  performed the UV–visible spectra of the monometallic and
imetallic composites after successive additions of H2O2, in order to
nderstand the interaction of hydrogen peroxide with the immo-
ilized porphyrins. Fig. 4 shows these results: the Soret band of
he FeTPyP deposited on gold nanoparticles showed a significant
ecrease upon addition of H2O2 (Fig. 4A) due to the deleterious
ffect of hydrogen peroxide on the aromatic ring whereas the CuT-
yP absorption spectra did not change (Fig. 4B). Interestingly, the
ed shifted Soret band (around 412 nm)  increased steadily with the
ddition of hydrogen peroxide (Fig. 4C) only in the bimetallic com-
osites. These results are consistent with previous electrochemical
xperiments, confirming the synergic effect between the two  metal
omplexes [9,10].

Considering that the Soret bands in the composite materials are
ery broad, because they are dominated by the low-spin heme cen-
er, we evaluate the difference spectra of the bimetallic structure
hich showed a linear response to H2O2 concentration (Fig. 5).
bsorption spectral titration of heterobimetallic complex was per-

ormed by varying the final concentration of the H2O2 (0.5–2 mM).
he experimental data adequately fits to the following equation (R:
.9865; Std E: 2.6 × 10−2) [27,28], which was used to calculate the

ntrinsic binding constant, Kapp,
1
Aobs − A0

= 1
Ac − A0

+ 1
Kapp(Ac − A0)[H2O2]

(1)
tors B 160 (2011) 1282– 1287

where [H2O2] is the final concentration of hydrogen peroxide, Ac

is the absorbance of the complex (maxima absorbance at 428 nm)
and A0 is the initial absorbance (without addition of H2O2).

A Kapp 3.75 × 103 M−1 was obtained by this experimental sys-
tem, which is very close to the value reported for the peroxidase
enzyme (2.5 × 103 M−1) [29]. This result strongly suggests that the
bimetallic composite accommodates in a favorable geometry to
include hydrogen peroxide as ligand.

The Soret band shifted hypsochromically by 10 nm (Fig. 6A)
upon the addition of sodium nitrite to the immobilized metal-
loporphyrins composite, indicating that the bimetallic complex
coordinates nitrogen monoxide through the nitrogen atom to form
nitrosyl derivative. This complex is very stable and cannot be dis-
placed for increasing concentration of H2O2 (Fig. 6A). Conversely,
and indicating a lower affinity, the H2O2 adduct can be displaced
by addition of sodium nitrite (Fig. 6B).

Absorbance at Söret band (412 nm)  showed a linear
range response with increasing hydrogen peroxide concen-
tration up to 1.5 mM.  The linear regression equation for
Fe(III)TPyP–Cu(II)TPyP/AuNPs–APTES/SiO2 is expressed as
A = 1 × 10−5 M−1 X + 0.1393, R2 = 0.9942. The sensitivity for
H2O2 detection is 1 × 10−5 M−1 (10 �M−1) and the detection limit
calculated is 0.15 mM.  These values are very similar to those
reported in literature for LSPR-based optical sensor [30–32].

4. Conclusions

The covalent linkage of the porphyrin to the gold surface was
very useful to evaluate the absorption spectroscopy of the immo-
bilized system. A significant higher peak at 412 nm was  observed,
which could be attributed to the coupling of the molecular � sys-
tem (� ∼ 0) to the gold substrate. SEM images showed a dense
and uniform distribution of nanoparticles on the gold substrate,
the composite MeTPyP/AuNPs–APTES/SiO2 maintained a similar
morphological distribution with a larger mean diameter (2 nm),
probably due to the porphyrin deposition.

The presence of FeTPyP produced changes in the geometry of
the adsorbed CuTPyP porphyrins resulting in the special accommo-
dation of the porphyrinic rings in FeTPyP–CuTPyP composite that
could be the reason of the differential tendency to include H2O2
from the observed in solution.

This method allowed us to observe the effect of a strong lig-
and, such as nitrite anion, which irreversibly affects the bimetallic
complex.
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