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Single Nanoparticle-based Sensor for Hydrogen Peroxide (H2O2) 
via Cytochrome c-mediated Plasmon Resonance Energy Transfer† 
Yura Kim,‡a Ji Youn Park,‡a Hye Young Kim,a Minzae Lee,b Jongheop Yib and Inhee Choi*a

Herein, we report a novel method for H2O2 detection based on a 
single plasmonic nanoprobe via cytochrome c (Cyt c)-mediated 
plasmon resonance energy transfer (PRET). Dynamic spectral 
changes were observed in the fingerprint quenching dip of a single 
plasmonic nanoprobe in response to changes in the redox state of 
Cyt c, induced by H2O2. Based on changes in the spectral profile of 
the single plasmonic nanoprobe, H2O2 was successfully detected in 
the wide concentration range from 100 mM to 10 nM, including 
physiologically relevant micromolar and nanomolar concentration.  
 
Reactive oxygen species (ROS) are natural byproducts that are 
frequently generated through cellular metabolism.1 Hydrogen 
peroxide (H2O2) is one of the major ROS, and plays a critical role in 
normal physiological processes as well as disease mechanisms.2, 3 
For example, H2O2 is deeply associated with intracellular signaling 
pathways, such as apoptosis and proliferation,1, 4 as described in Fig. 
S1, ESI†. Since H2O2 acts as an oxidizing agent owing to its strong 
electronegativity, it is reported that high levels of in vivo 
concentrations of H2O2 induce cellular damage (i.e., oxidation of 
DNA, lipids, and proteins).1, 4-8 In case of low levels H2O2, it can 
influence proliferation.9, 10 Due to these adverse implications in 
disease pathology, particularly oxidative stress in neurological 
disorders6 and cancers,2, 3 techniques for monitoring the generation 
of H2O2 have gained focus. A variety of H2O2 detection methods 
have been developed. These include optical techniques (i.e., based 
on fluorescence,11-13 luminescence,14, 15 and absorbance16, 17) and 
electrochemical techniques combined with enzymes18, 19 or non-
enzymatic electrodes such as a redox active materials (i.e., metal 
nanoparticles).20, 21 Moreover, conventional titrimetry22 is time-
consuming and is not sufficiently sensitive for detection of low 
levels of H2O2. Gasometry23 is also inappropriate for detecting H2O2 
at low concentrations and is sensitive to humidity and temperature. 
Enzymatic electrochemical techniques suffer from poor 

reproducibility and stability due to denaturation of the enzymes at 
certain temperatures and pH.24, 25 Optical methods are occasionally 
hampered by issues of low selectivity and sensitivity due to 
interferences from other species such as metal ions or degradation of 
the probe.26, 27 In particular, fluorescence techniques usually have 
low selectivity or sensitivity due to autoxidation of the fluorophores 
by light2 or photobleaching by H2O2.27 In order to overcome these 
limitations, more efficient detection methods that allow for enhanced 
sensitivity, reproducibility, selectivity, stability, and further in vivo 
applicability have been actively sought. 

Herein, we present a new method for sensitive and selective 
detection of H2O2 using a single nanoparticle and cytochrome c (Cyt 
c)-mediated plasmon resonance energy transfer (PRET). The single 
nanoparticles used as sensing probes in the present approach offer
the advantages of biocompatibility, photostability, and excellent 
optical properties such as an enhanced scattering.28, 29 

 

Fig. 1 Novel method for H2O2 detection using a single nanoparticle and Cyt c-
mediated plasmon resonance energy transfer. (A) Illustration of quenching dip 
in Rayleigh scattering spectrum of a single nanoparticle induced by plasmon 
resonance energy transfer from the nanoparticle to Cyt c. (B) Scheme showing 
dynamic spectral change in the fingerprint quenching dip of a single 
nanoparticle based on changes in the redox state of Cyt c induced by H2O2. (C) 
Configurations of a dark-field microscopy combined with a spectrophotometer 
and a sensor chip for collecting single nanoparticle spectra upon exposure to 
H2O2. 
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In addition, Cyt c is a representative redox active metalloprotein 
that possesses a heme structure as an active site,30, 31 where heme 
participates in electron transport in the cellular system.30, 32 For 
example, in the presence of oxidants (i.e., H2O2), ferrous iron (Fe2+) 
in the heme of Cyt c is oxidized to ferric iron (Fe3+).33-36 
Interestingly, the absorption spectra of reduced Cyt c and oxidized 
Cyt c are clearly distinct (Fig. 1A). Notably, reduced Cyt c has 
absorption peaks around 550 nm and 525 nm, whereas oxidized Cyt 
c has an absorption peak around 530 nm.37 The sensing principle 
employed herein is  based on the recently reported PRET

phenomenon.37-39 In this system, Cyt c in close proximity to the 
nanoparticle absorbs Rayleigh scattering from the nanoparticle, 
which results in the distinct spectral quenching dip in accordance 
with the redox state of Cyt c.37, 39, 40 Accordingly, H2O2-induced 
oxidation of reduced Cyt c36, 41 gives rise to a change in the spectral 
quenching dip,40 which functions as a sensing signal (Fig. 1B).  

In order to find an optimal nanoparticle probe, 40 nm, 50 nm 
and 100 nm Au nanoparticles (AuNPs) and a core-shell nanoparticle 
comprising a 40 nm Au core and 4 nm Pt satellites (40 nm Au@Pt), 
which have plasmon bands around the absorption bands of Cyt c, 
were tested. 40 nm Au@Pt nanoparticles were synthesized by the 
previously reported protocol42 (see supplementary method) and 
characterized with high angle annular dark field scanning 
transmission electron microscopy (HAADF-STEM) analysis and 
elemental mapping obtained from energy-dispersive X-ray 
spectrometry (EDX)  (Fig. S2 in ESI†). Sensor chips were prepared 
by immobilization of the nanoparticles on glass slides that were 
premodified with 3-aminopropyltriethoxysilane (APTES) and 
trimethoxyoctadecylsilane (TMOS). In order to confine a reaction 
solution, an elastomeric well prepared with polydimethylsiloxane 
(PDMS) was placed on the nanoparticle immobilized glass slide (see 
Fig. 1C and Fig. S3, ESI†). Using dark-field nanospectroscopy (i.e., 
dark-field microscopy combined with a spectrophotometer shown in 
Fig. 1C),28, 43 scattering spectra of individual nanoparticles on the 
glass slide were characterized. As shown in Fig. 2A, the scattering 
spectra of the 40 nm, 50 nm and 100 nm AuNPs are characterized by 
narrow plasmon bands, whereas a broad band is observed in the case 
of 40 nm Au@Pt. The broadening of the scattering band can be 
attributed to Pt particles decorated onto the surface of the Au core 
nanoparticle.42, 44 Reduced Cyt c was prepared by 12 h incubation of 
native Cyt c with ascorbic acid (AA), followed by exposure to the 
nanoparticle-immobilized sensor chip. The most striking quenching 
dips for reduced Cyt c around 525 nm and 550 nm were observed 
with the use of 40 nm Au@Pt due to its broad plasmon band, 
whereas the 40 nm, 50 nm and 100 nm AuNPs gave rise to a 
single quenching dip (Fig. 2B-2E) around 550 nm. Based on these 
observations, 40 nm Au@Pt was selected as a sensing probe for 
further detection of H2O2.  

To determine the optimal reaction conditions for H2O2 detection, 
the reagent to analyte ratio (i.e., Cyt c:H2O2) was examined. The 
concentration of Cyt c (as a reagent) was fixed to 100 µM based on 
previous studies.45 Increasing the amount of 100 µM Cyt c caused an 

Fig. 2 Selection of optimal sensing probe. (A) Rayleigh scattering spectra of 40, 50 and 100 nm AuNP, and 40 nm Au@Pt in PBS. (B-E) Changes in Rayleigh 
scattering spectra of 40, 50 and 100 nm AuNP, and 40 nm Au@Pt in reduced Cyt c solution. Unique spectral quenching dips are observed in the reduced Cyt c
solution. The scale bars for dark-field image are 2 ㎛. 

Fig. 3 Determination of optimal reaction conditions for H2O2 detection. (A) 
Changes in the spectral quenching dip induced by H2O2 with respect to the 
relative ratio of Cyt c. (B) Plot of initial quenching dip (I0 550 nm) and change of 
quenching dip (△I 550 nm) with respect to the relative ratio of Cyt c. 
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increase of the initial quenching dip (I0 550 nm) of the probe (Fig. 3B). 
The change in the quenching dip after exposure to H2O2 (ΔI 550 nm) 
was highest at the middle ratio (5:1). Fig. 3A shows that at the low 
1:1 Cyt c:H2O2 ratio, no quenching dip (I0 550 nm ≈ 0) was observed 
for the initial probe due to the small amount of Cyt c ,  and
consequently no significant signal was detected after adding H2O2

 (i.e., ΔI 550 nm ≈ 0). In the presence of a large amount of Cyt c (10:1), 
I0 550 nm was relatively high; however, ΔI 550 nm changed 
marginally even after exposure to 1 mM H2O2. Based on these
results, a 5:1 ratio of Cyt c to H2O2 was selected for the ensuing 
experiments. Different AA concentrations (10 mM, 50 mM, and 100 
mM) were also evaluated to find the optimum conditions for Cyt c 
reduction; 50 mM AA was selected since this produced the highest 
ΔI 550 nm value upon exposure to H2O2 (Fig. S4, ESI†).   

Having selected the optimal probe and reaction conditions for 
H2O2 detection, a sensitivity test was carried out with the developed 
single 40 nm Au@Pt probe using dark-field nanospectroscopy and 
the results were compared with those from the conventional UV-Vis 
spectroscopy (i.e., ensemble-averaged detection method). Various 
concentrations of H2O2 including physiologically relevant 

micromolar to nanomolar concentration1 were tested. As shown in 
Fig. 4A, the single nanoparticle based detection showed a linear 
relationship over a wide concentration range from 100 nM to 100 
mM. At a higher concentration of H2O2 (i.e., 1 M), the quenching 
dip disappeared entirely (Fig. S5, ESI†). The detection limit of the 
developed method was 10 nM, which is much lower than that of the 
UV-Vis spectroscopic technique (around 1 M, see Fig. S6, ESI†). 
Fig. 4B also shows the selectivity of the proposed method for H2O2 
among biologically relevant metal ions and small molecules. The 
mixture solutions used for the selectivity test were prepared with 11 
metal ions (i.e., Co²⁺, K⁺, Fe³⁺, Ca²⁺, Pb²⁺, Fe²⁺, Mg²⁺, Ni²⁺, Mn²⁺, 
Zn²⁺, and Cd²⁺) or 2 small molecules (i.e., dopamine and uric acid) 
in equimolar (100 µM) concentration. When H2O2 was present in the 
mixture solutions of metal ions, dopamine, or uric acid, signal 
change was comparable to that obtained with H2O2 only (red bars). 
On the other hand, only a minimal change was observed in the case 
of absence of H2O2 (black bars). For demonstrating the performance 
of the sensor, we additionally monitored H2O2 generation by 
superoxide dismutase (SOD) enzymatic reaction (Fig. S7, ESI†).  

In summary, we developed a novel and sensitive method for 
detection of H2O2 using single nanoparticles and redox active Cyt c-
mediated plasmon resonance energy transfer. Using the proposed 
method, H2O2 was successfully detected at a wide range of 
concentration from 100 mM to 10 nM. The detection limit of the 
proposed method is much lower than that of the conventional optical 
method. Selectivity in the presence of other biologically relevant 
metal ions and small molecules was also achieved. We believe that 
the use of a single nanoparticle as a sensing probe could provide an 
avenue for achieving dynamic, high spatial resolution monitoring of 
ROS in extra- and intra-cellular environments based on the merits of 
this approach.  

This research was supported by the Basic Science Research 
Program through the National Research Foundation of Korea (NRF) 
funded by the Ministry of Science, ICT & Future Planning 
(2014R1A1A1038069).  
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