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Abstract – The chemically modified cytochrome c from equine heart, EC (232-700-9), was im-
mobilized onto gold nanoparticles in order to develop a specific biosensing system for monitoring
hydrogen sulfide down to the micromolar level, by means of a localized surface plasmon resonance
spectroscopy. The sensing mechanism is based on the cytochrome-c conformational changes in
the presence of H2S which alter the dielectric properties of the gold nanoparticles and the surface
plasmon resonance peak undergoes a redshift. According to the experiments, it is revealed that
H2S can be detected at a concentration of 4.0 μM (1.3 ppb) by the fabricated biosensor. This
simple, quantitative and sensitive sensing platform provides a rapid and convenient detection for
H2S at concentrations far below the hazardous limit.

Copyright c© EPLA, 2015

Introduction. – Hydrogen sulfide is a colorless and
flammable gas with a “rotten egg” odor. For hundreds of
years, it has been recognized as a toxic molecule [1,2]; how-
ever, more recent studies suggest that H2S may also have
an important role in cellular signaling pathways [3]. Or-
ganisms ranging from bacteria to mammals generate and
use H2S for purposes spanning energy production [4], sig-
nal transduction [5], and immune response [6]. With such
diverse interest in H2S, there is a consequent demand for a
specific technique for the quantitative measurement of H2S
in both aqueous and gaseous media. Currently available
technologies to monitor H2S levels are based among others
on chromatographic [7], spectrophotometric [8], polaro-
graphic [9], surface plasmon resonance (SPR) [10,11], am-
perometric [12], and potentiometric [13] techniques. While
each technique has its own advantages [14,15] there re-
mains a need for simple to implement, cheap H2S sensors
that can be used repeatedly [16].

Recently, noble-metal nanoparticles such as gold
nanoparticles (GNPs) have received considerable atten-
tion in the sensor application because of their SPR shifts

(a)E-mail: amoabdiny@ut.ac.ir

under different conditions [17]. Strong variations in SPR
are generally observed when these plasmonic nanostruc-
tures aggregate as a result of the organic reaction be-
tween the coated molecules and analytes. For instance,
Zhang et al. reported a novel colorimetric probe for
the detection of S−

2 and cysteine using simple citrate-
stabilized core-shell Cu/GNPs through the S−

2 /cysteine-
induced transformation of original and spherical clusters
of large, single, spherical particles [18]. Recently fluo-
rescent, DNA-templated Au/Ag nanocluster probes were
used for the detection of S−

2 in a turn-off manner [19].
Very recently, Chen et al. [20] developed the LSPR sensor
for the detection of H2S with silver nanoparticles. These
nanosensors require organic reactions, purification, and
surface modification on the particle surface and may en-
counter difficulties under certain conditions such as dif-
ferent pH values. On the other hand, although these
methods may provide greater affordability and portabil-
ity to analytes detection, few of them can be applied to
complex environmental matrices. In addition, selectiv-
ity is still a problem, so a more robust plasmonic sen-
sor needs to be developed for technological and practical
interest.
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In order to develop biocompatible, effective and
selective devices, biosensors could provide a useful op-
tion. The proteins or enzymes, are ideal recognition el-
ements for gases such as NO and H2S. Electrochemical
based biosensors have been widely used for sulfide de-
tection [21–24]. For instance, an amperometric biosen-
sor for sulfide detection in the range 0.5–12.7μM, with
a detection limit of 0.3μM based on horseradish peroxi-
dase inhibition was reported by Yang et al. [22] and Liu
et al. [23]. The sulfide inhibitory amperometric biosen-
sor based on Coprinus cinereus peroxidase with linear
response in the range 1.09–16.3μM, (detection limit of
0.3μM) and a response time of 43 s was developed by
Shahidi Pour Savizi et al. [24]. Although the detection
limit in these amperometric biosensors was improved, the
poor selectivity still remains a main problem, which has
restricted its applicability. An optical biosensor for sulfide
detection based on fungal peroxidase was developed by
Kariminia et al. [25]. Strianese et al. proposed myoglobin
(Mb) and cobalt peptide deformylase (Co-PDF) as a H2S
sensor by means of a fluorescence resonance energy trans-
fer (FRET) mechanism [26,27]. Although these probes
can detect H2S in aqueous solution with high selectivity,
usually these biosensors suffer from the low amplitude of
the fluorescence signals. In order for metalloproteins to
be effectively used as optical biosensors, their sensitivity
needs to be increased and the limits of detection (LOD)
need to be reduced.

Cytochrome c (cyt c) is a globular water-soluble heme
protein with 12.4 kDa molecular weight that exists in
the space between the inner and the outer membranes
of mitochondria. It plays an important role in the bi-
ological respiratory chain, whose function is to receive
electrons from cyt-c reductase and deliver them to cyt-
c oxidase [28]. In the protein structure of cyt c, the
heme group is located in a hydrophobic pocket, in this
kind of protein structure, hydrogen sulfide, nitric oxide
and carbon monoxide may bind to the heme iron in a re-
duced form, and only hydrogen sulfide and nitric oxide
can bind to the oxidized state of heme iron [29,30]. Con-
sequently, the cyt c in the oxidized form can be employed
as ideal recognition element in biosensor for selective H2S
detection.

In this study, we sought to create sensitive pro-
teins/GNPs optical transducers for H2S detection. We
developed a new approach for attaching cyt c onto GNPs
which is based on the chemical introduction of thiol deriva-
tives to cyt c. The cyt c/GNPs probes are prepared by
introducing GNPs into the solution of chemically modi-
fied cyt c. This probe operated on a basic principle; when
H2S reacts with the protein’s heme center, cyt c will un-
dergo conformational changes. These changes in the struc-
ture of protein affect the dielectric properties of GNPs.
These conformational changes were studied by UV-visible,
and circular-dichroism (CD) spectroscopic techniques. We
have also demonstrated that the system efficiently works
as optical H2S sensor.

Materials and methods. –

Chemicals and materials. Horse heart cytochrome c
(EC 232-700-9), 3-mercaptopropionic acid (MPA),
N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydro-
chloride (EDC), N-hydroxysuccinimide (NHS), sodium
citrate dehydrate, ascorbic acid and phosphate buffer
solution (PBS), were all purchased from Sigma-Aldrich.
Hydrogen tetrachloro aurate (III) (HAuCl4 • 3H2O) was
from Alfa Aesar and the other reagents were purchased
from Merck.

Synthesis of GNPs. In a typical synthesis route,
GNPs were synthesized with diameters in the range
12–48 nm through sodium citrate reduction of hydro-
gen tetrachloro aurate (III). In brief, 100mL of 0.3mM
HAuCl4 • 3H2O was brought to a vigorous boil with stir-
ring; subsequently, 1.0mL of 5mM sodium citrate was
added rapidly to the solution. The solution was boiled
for another 10 min, during which the solution color was
changed from pale yellow to deep red. The solution was
allowed to cool down to room temperature with contin-
ued stirring, and then stored in a refrigerator until further
use [31].

Preparation of modified cyt c. The horse heart derived
chemically modified cyt c when the carboxyl group of 3-
mercaptopropionic acid reacted with lysine residues of cyt
c via 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide/N-
hydroxysuccinimide (EDC/NHS) activation [32]. As a
typical prescription, 87μL MPA, 0.16 g EDC and 0.12 g
NHS were added to 10mL PBS (pH 7.0) under vigorous
stirring. Then, 10μL of this solution were added into the
0.1mL of 100μM cyt c in PBS (pH 7.0) followed by a gen-
tle stirring at room temperature for 2 h. The protein in the
final mixture was reduced by the addition of ascorbic acid
and then excess reagents were removed by a separation
column. The concentration of cyt c in mixture was esti-
mated by absorption measurements; stock solutions were
stored at 4 ◦C.

GNP conjugation with cyt c. The modified MPA cyt c
was incubated with GNPs for 1 h. The resultant mixture
was centrifuged to discard the free cyt c and washed by
PBS. The target cyt c/GNPs bioconjugates were finally
dispersed under ultrasonication in PBS (pH 7).

H2S calibration solution. According to the literature
procedure [33], a saturated solution of H2S with an ap-
proximate concentration of 12mM at 20 ◦C was prepared
by bubbling H2S gas in 5ml of PBS (pH 7) for 1 h.
Also standard solutions of (NH4)2S were prepared by a
40% (v/v) commercial solution of (NH4)2S. The Coulom-
bometric titration was used for determination of the H2S
content of each solution. To avoid the dispersion of H2S,
all the measurements with gas were performed in a sealed
cell.

Instrumentation. The morphology of the samples was
observed using a JEM 2010 HT transmission electron
microscope (TEM) at 200 kV. The absorption spectra
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were recorded on a TU-1810 UV-vis-NIR spectropho-
tometer and circular dichroic (CD) spectra were mea-
sured with a Chirascan circular-dichroism spectrometer
(Applied Photophysics). Particle size and size distribution
were determined by a BI-200SM dynamic light scattering
instrument (DLS; Brookhaven Instruments). The value
of the ζ potential of the prepared GNPs, cyt c, and cyt
c/GNPs bioconjugates were measured with a Zeta poten-
tial analyzer (Nano Z, Malvern).

Results and discussion. –

Characterization of GNPs and the cyt c/GNPs bioconju-
gates. The GNPs with various sizes showed a color from
reddish-purple (4 nm) to dark red (40 nm) owing to the
collective oscillation of electrons in the conduction band
known as LSPR [31]. The shape and size of the synthesized
GNPs were characterized by TEM (fig. 1(a)). The pre-
pared GNPs are almost spherical with a diameter of about
23 nm. The TEM results also show that the prepared
GNPs are well dispersed. Consequently, the high surface
area of the GNPs is available for the assembly of proteins
that is an important feature for the GNPs being used as a
substrate to fabricate protein/GNPs bioconjugates. The
DLS results for the GNPs are shown in fig. 1(b). The
DLS measurement demonstrated the narrow size distribu-
tion of the prepared nanoparticles. The average hydro-
dynamic diameters of the GNPs that are obtained from
DLS analysis are about 21 nm, which is in good agree-
ment with the values obtained from the TEM results.
Usually, the chemical treatment of GNPs in the classical
approach leads to the partial aggregation. In the classi-
cal chemical treatment, NHS esterification of the carboxyl
group on the GNPs surface can destroy the carboxyl ion-
ization. Thus, the negative charge of nanoparticle neutral-
ized which can result in colloidal particle aggregation [21].
However, by using the present approach mentioned
above, a dramatic decrease was observed in the particle
aggregation.

Presuming that all AuCl−4 ions in the solution can be
reduced in each preparation, the concentration of the pre-
pared GNPs can be calculated [31]. The concentration of
GNPs calculates about 10 nM, from the average volume of
a GNP together with this assumption.

The diameter of GNPs has a significant increase after
the assembly of cyt c. The average diameter of GNPs
changed from 21 nm to about 27 nm which can show the
formation of the cyt c/GNPs bioconjugate. Moreover, the
shape and size of the cyt c/GNPs were also examined by
TEM (fig. 1(c)). It is clear that the cyt c/GNPs keeps
its spherical shape and the average diameters obtained
from TEM are about 29 nm, which is in good agreement
with these values obtained from the DLS results. Further-
more, DLS analysis was also used to measure the size of
cyt-c molecules and to evaluate the aggregate degree of
the molecules in solution. DLS results indicated that the
size of cyt c in solution is 3.1 ± 0.6 nm, suggesting that
cyt-c molecules do not undergo significant aggregation

a c

b d

Fig. 1: (a) TEM image and (b) DLS size distribution of GNPs;
(c) TEM image and (d) DLS size distribution of cyt c/GNPs.

because cyt c in its native state is approximately spherical
in shape [28].

The ζ potential measurements can also confirm the for-
mation of the cyt c/GNPs bioconjugates. The electrical
potential at the surface of the bioconjugates which is re-
lated to the surface charge and the thickness of the double
layer is represented by the ζ potential value. So the ζ po-
tential depends on the amount of proteins assembled at
the bioconjugates surface.

The GNPs with the size of 21 nm present a ζ potential
of −39± 1.6mV and after the assembly of cyt c the ζ po-
tential by a 14mV positive shift increases to −25±1.4mV,
which suggests the formation of the cyt c/GNPs biocon-
jugates. Moreover, these values agree well with previous
reports on citrate-stabilized GNPs [34].

Figure 2(a) shows the absorption spectra of the GNPs
(black curve) and cyt c/GNPs (red curve). The GNPs
have a LSPR peak at ∼520 nm. The absorption spec-
trum of cyt c/GNPs exhibits a LSPR absorption band at
∼525 nm (∼5 nm redshift) and a low-intensity protein’s
Soret band at ∼410 nm. This redshift in the LSPR peak
is related to the changes in the dielectric constant of the
neighboring environment [19]. Moreover, the extinction
cross-section of the LSPR of the cyt c/GNPs decreases by
about 3% compared to GNPs. Furthermore, the absorp-
tion intensity of the Soret band at 410 nm of cyt c was used
for calculating the number of cyt-c molecules per nanopar-
ticle. It was found that a self-assembled monolayer of cyt-
c molecules was present around the GNPs (∼130 cyt-c
molecules per GNPs).

To verify the presented experimental results, they are
compared with the Mie theory model [35]. The Mie the-
ory can be used for the simulation of the optical prop-
erty of core/shell nanoparticles [36]. Up to now, a large
number of computer codes of the Mie theory have been
developed [37]. Here, we use Mielab [38], a free soft-
ware specially designed for computing optical properties
of multilayered spheres. The theory basis of Mielab is

18005-p3



Meisam Omidi et al.

a b

c

Fig. 2: (Color online) (a) Absorption spectra of GNPs and
cyt c/GNPs. Protein concentration: 140 nM in 100 mM PBS
(pH = 7). (b) Absorption spectra of free cyt c and cyt c/H2S-
bound in PBS (pH = 7). (c) CD spectra of the free cyt c, cyt
c/GNPs and cyt c/GNPs /H2S-bound.

illustrated by Yang [39]. In the case of the alone GNPs
core (ADp = 20nm) in water (refractive index = 1.33) the
simulation results show an absorption peak at 525 nm, and
for the monolayer of the cyt c of 3 nm thickness (size of
cyt c in solution) on the GNPs core the simulation results
show an absorption peak at 531 nm. It is clear that the
simulation results of the Mie theory and the experimental
results agree well and this agreement proves the presented
experimental results. It is important to note that in the
simulation the cyt-c complex refractive index was deter-
mined by Yeung et al. [40].

Interaction of cyt c with H2S. The H2S-induced con-
formational change of cyt c was studied with UV-vis
absorption spectroscopy. Figure 2(b) shows compara-
tive absorption spectra of the H2S-free (black curve) and
H2S-bound (red curve) spectra. The cyt c has several
absorption peaks at 280 nm (Trp absorption peak), at
350 nm (ε-band), at 410 nm (Soret band) and at 533 nm
(Q-band) [28]. When H2S was bubbled through a cyt-c so-
lution, the absorption spectrum significantly changed em-
phasizing on; the Soret band that revealed redshift and
extensive hyperchromocity in the 530 region was bifur-
cated due to H2S binding. The ε-band is blueshifted in
comparison with its H2S-free value (H2S-bound 314 nm;
H2S-free 350 nm, respectively). There is also a decrease in
the Trp band. So the change in absorbance in all bands
indicates that H2S can impact the absorption behavior of
the protoporphyrin IX double-band resonance, iron coor-
dination and also the structure of the cyt c. The change
in the Soret band and the Q-band reflects the changes of
the heme micro-environment for the cyt c/H2S-bound.

Circular-dichroism (CD) spectroscopic measurements
were also performed as the most powerful methods to eval-
uate the extent of the conformational changes of cyt c
in the bioconjugate system in comparison to the native
protein. Figure 2(c) exhibits the far-UV CD spectra for
free cyt c (blue curve), cyt c/GNPs (red curve), and cyt
c/GNPs/H2S-bound (black curve). It is known that when
the polypeptide chain exists in the α-helical conforma-
tion, there are two native minima at ∼209 and ∼222 nm
and a positive band at ∼190 nm. On the other hand, the
positive and negative band appeared at 190 and 222 nm,
respectively, because of the existence of a β-sheet. CD
spectra exhibited two negative minima at 209 and 222 nm
that are characteristic of cyt-c high α-helix content. The
CD spectrum of cyt c/GNPs/H2S-bound exhibits a sig-
nificant alteration on the cyt-c secondary structure. The
UV-vis and CD absorption data indicate that the protein
undergoes a strong structural change when H2S binds to
cyt c.

Determination of the binding affinity constant. To de-
termine the binding affinity of cyt c for H2S, H2S titra-
tions of free cyt c were performed while monitoring the
absorption intensity of the Q-band. The relation between
the observed absorption intensity, AH , and Kd is given
by [41]:

AH = A0 −
(

A0 − A∞
[H2S] + Kd

[H2S]
)

, (1)

where [H2S] is the concentration of free H2S in solution
and A0 and A∞ denote the absorption intensities of the
H2S-free and H2S-bound protein, respectively. According
to eq. (1) Kd is independent of the labeling ratio. Since
the protein concentrations used in the experiments were
small compared to the H2S concentrations, for practical
purposes the free [H2S] could be set equal to the total
amount of added H2S and the data points in fig. 3(a) could
be directly fitted to eq. (1) resulting in a Kd of 3.4±0.1μM
for the cyt c.

Sensing mechanism and sensitivity. The magnitude
of the spectral shift of LSPR extinction, or the maximum
scattering wavelength for small GNPs is described by the
following relationship [17]:

ΔλLSPR = mΔk

(
1 − exp

(
−2d

ld

))
, (2)

where m is the bulk refractive index response of the GNPs,
also known as the sensitivity factor (in nm per refractive
index unit, RIU), Δk is the change in refractive index
(in RIU), d is the effective thickness of the adsorbed layer
(in nm) and ld is the characteristic EM field decay length
(in nm). The calculation of the shift of the LSPR extinc-
tion for the coated GNPs requires information about the
dielectric constants of the cyt-c layer. According to eq. (2),
both the attachment of cyt c on GNPs and the conforma-
tional change of the protein attached on GNPs are ex-
pected to affect the LSPR wavelength (λLSPR). A change
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a b

c d

Fig. 3: (Color online) (a) Titration of free cyt c with H2S
monitored by the Q-band absorption intensity (533 nm). The
solid line represents the best fit to the data (eq. (1)) with
Kd = 3.4±0.1. (b) Room temperature redshifted wavelength of
LSPR peak (ΔλLSPR) time trace observed, upon addition and
removal 100 μM of H2S. (c) Absorption spectra of cyt c/GNPs
in the presence of different concentrations of H2S. (d) Red-
shifted wavelength of the LSPR peak (ΔλLSPR) as a function of
H2S concentration. Protein concentration: 140 nM in 100 mM
PBS (pH = 7).

in ΔλLSPR is employed to quantitatively determine the
amount of H2S. Figure 3(b) shows a typical time trace of
the redshifted wavelength of the LSPR peak (ΔλLSPR).
In this particular experiment each cycle was started by
adding H2S to an end concentration of 100μM and com-
pleted by passing nitrogen through the solution for the
complete removal of H2S. A ΔλLSPR of cyt c/GNPs clearly
undergoes redshifts upon each H2S addition. When bub-
bling nitrogen through the sample solution to displace the
H2S, the initial wavelength of LSPR peak was restored; the
cycle could be repeated many times. This finding showed
that, in the experimental conditions tested, the H2S bind-
ing process is reversible, which is crucial for practical sens-
ing applications. As shown in fig. 3(c), as the amount
of H2S in the aqueous solution is increased, the LSPR
wavelength (λLSPR) of the cyt c/GNPs undergoes red-
shifts continuously. Furthermore, a linear relationship be-
tween ΔλLSPR and the H2S concentration can be inferred
(fig. 3(d)), indicating a dynamic range from 0 to 150μM.
The detection limit, defined here as the lowest concentra-
tion of analytes in the sensitivity regime, is 4μM (1.3 ppb).
This performance compares favorably with many other
spectroscopic or electrochemical methods, suggesting that
the cyt c/GNPs constitute a highly sensitive radio-
metric sensor and ΔλLSPR can be used to quantita-
tively determine the H2S concentration in an aqueous
solution.

a

b c

Fig. 4: (Color online) (a) Redshifted wavelength of the LSPR
peak (ΔλLSPR) in the presence of various anions and gases in
the same concentration of 20.0 μM. (b) Redshifted wavelength
of the LSPR peak (ΔλLSPR) time traces of cyt c/GNPs after
the addition of H2S. (c) The values of kL have been plotted
as a function of the H2S concentration. Protein concentration:
140 nM in 100 mM PBS (pH = 7). All time traces were mea-
sured at room temperature.

Selectivity. The selectivity is known as a key parame-
ter in nanobiosensors. In order to investigate the selectiv-
ity of the present nanobiosensor, the influence of various
gases (CH4, N2, O2, Ar and CO2) and ions (Fe3+ and
SO−2

4 ) was tested (fig. 4(a)). The results indicated that in
a constant response time, no significant shift is observed
in samples containing other anions or gases included. The
results demonstrate that the cyt c/GNPs have a high se-
lectivity for the sensing of H2S in aqueous solutions.

Determination of H2S binding kinetics. Figure 4(b)
shows the spectral shift of LSPR as a function of time after
adding various amounts of H2S in the range 5–150μM.
The spectral shift of LSPR time traces could be well fitted
to an exponential function,

ΔλLSPR =
{
λ(t→∞) − λ0

}
(1 − exp(−kLt)) . (3)

When plotting the kL values as a function of the H2S
concentration, a linear dependence was observed. The kL

can be described by the following relationship:

kL = koff + kon[H2S], (4)

where koff is the rate of dissociation of the H2S from the c
GNPs/Cyt/H2S complex and kon is the second-order rate
constant for the association of H2S and cyt; the following
values could be extracted from the data in fig. 4(c): koff =
0.101±0.003min−1, and kon = 0.033±0.001μM−1 min−1.
From these a value of Kd = koff/kon = 3.1 ± 0.8μM
is found in agreement with the Kd values derived from
the H2S titrations (see above). Kd is the key parame-
ter for determining the sensitivity of the sensor. Kd is
defined as [cyt c] [H2S]/[cyt c − H2S], where [cyt c] is
the concentration of the H2S-free and [cyt c − H2S] the
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concentration of the H2S-bound cyt c. The quantity by
which the sensitivity of the method can be judged is the
ratio [cyt c]/[cyt c − H2S]. This ratio varies strongly when
the [H2S] is close to the Kd. Therefore, with the present
nanobiosensor, H2S can be easily detected in the concen-
tration range between 4μM and 150μM.

In order to study the effect of the time stability, the
detection of 10μM H2S in different time was tested. Ac-
cording to the experimental results it is clear that after
2 months (at 4 ◦C) the sensor response changes by just
about 10 percent. Additional experiments show that the
nanobiosensors are stable in the aqueous solution for at
least 10 days at room temperature (∼25 ◦C) before par-
ticle sedimentation occurs, regardless of whether H2S is
present or not.

Conclusions. – The Au/cyt c core/shell NPs can
be successfully used as a LSPR-based nanobiosensor for
H2S. The cyt c/GNPs probes are prepared by introducing
GNPs into the solution of chemically modified cyt c. UV-
visible absorption spectroscopy and the circular-dichroism
(CD) technique demonstrated that the conformation of cyt
c can be changed in the presence of H2S. This conforma-
tional change altered the dielectric properties of the GNPs
and induced redshifts in the LSPR band. The H2S can be
easily detected by the present nanobiosensor in the range
from 4μM to 150μM. In addition to the high sensitivity
and selectivity, the sensor also showed a good stability.
This simple, rapid, selective, and highly sensitive assay
has potential applications in environmental inspection and
biomedical research.
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