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Abstract A novel and ultrasensitive resonance scattering
(RS) spectral assay was proposed for detection of horse-
radish peroxidase (HRP) activity. It was based on that the
HRP strongly catalyze H2O2 oxidation of excess I− to form
I�3 , the resulting I�3 combined with four cationic surfactant
(CS), including tetradecyl pyridinium bromide (TPB),
cetyltrimethyl ammonium bromide (CTMA), cetylpyridinium
chloride (CPCM) and tetradecyl dimethylbenzyl ammonium
chloride (TDMBA) to produce association particles (TPB-
I3)n, (CTMA-I3)m, (CPCM-I3)l and (TDMBA-I3)k, which
exhibit a strongest resonance scattering peak at 478, 423,
538 and 491 nm, respectively. For the four systems of TPB,
CPCM, CTMBA and TDMBA, the HRP activity determined
was in the linear range of 0.004–5.6, 0.04–3.2, 0.04–8.0,
0.08–8.0 ng/mL, with a detection limit of 0.0034, 0.040,
0.033, 0.016 ng/mL, respectively. The TPB resonance
scattering spectral assay was best and has been applied to
the analysis of HRP in real samples, with satisfactory results.
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Introduction

Horseradish peroxidase (HRP) is a very important enzyme
with wide application in the fields of analytical chemistry,
environmental science, clinical chemistry, organic synthesis
and so on [1–6]. Based on the catalytic effect of HRP on
H2O2 oxidation of some colorless aniline and phenols to
dimmers and polymers of quinoid or azo type with color,
fluorescence or electrochemical activity, it can not only be
applied to detect the enzyme activity and H2O2 but also to
enzymatic analysis and enzyme-linked immunoassay, with
spectrophotometric, fluorophotometric and electrochemical
techniques. Because of HRP being higher catalyzing
efficiency, it can be used for treatment of the pollution
caused by phenols and aromatic amines, and demonstrated
abroad application prospect [1–2]. In addition to, HRP
catalytic reaction has specificity, easy to controlling
reaction, no by-products in poly-synthesis, and easy
separation of its product, it has been paid attention to
organic–synthetic chemists [5, 6].

At present, the main assays for detecting HRP activity
include spectrophotometry, fluorescence spectrometry (FS),
chemiluminescence method (CL), and ELISA, enzyme-
linked fluorescence immunoassay, electrochemical enzyme-
linked immunoassay. Among which, the voltammetric
enzyme-linked immunoassay is of higher sensitivity but
complicated to operate. Most substrates used in the assays
above, aminobenzenes and phenols derivatives, are of
unstability, easy to be oxidized when exposed to light or
air, in addition, the carcinogenicity of aminobenzenes
makes its application limited. Therefore, the study of new
detection technique and new assays for the determination of
HRP are of great significance. Light scattering is a
commonly optical phenomenon. It was known that there
are some electrons on the nanoparticle surface, in which
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electrons located in the ground state or excited state. The
energy between the ground state and the excitation state
was called as excited energy. When the excited photon
energy is same or close at the excited energy of the surface
electrons, in which the excited photon resonate with the
electron, that cause the scattering signal enhanced greatly.
This optical phenomenon was called as resonance scattering
(RS) effect or resonance light scattering effect. Based on
the RS effect, a RS analytical technique has been developed
to determine some inorganic and organic substances [7–16],
with high sensitivity, good selectivity, simplicity and
convenience. Recently, RS effect of inorganic nanopaticles
has been applied to the analytical field [17, 18]. However,
there are neither few reports on the study of RS effect of
association particles, nor the detection of the activity of
enzymes. In our present work, we have found that KI,
which is of no toxicity and easy to be obtained, can act as a
substrate for HRP, and the oxidation product of I�3
combined with CS to form association particles, exhibiting
RS effect. Based on those grounds, a novel, selective,
sensitive and simple RS spectral assay has been proposed
for the determination of ultratrace HRP.

Experimental section

Materials and reagents

A 5×10−8 g/mL HRP (biochemical reagent, RZ [=A403 nm/
A275 nm] more than 3, 300 U/mg, Huamei Biological
Engineering Co.) was prepared by dissolving 5.0 mg HRP
to 10 mL with water was stored in −4 °C refrigerator and
diluted gradually with double-distilled water to obtain the
concentration required. 5.0×10−4 mol/L tetradecylpyridinium
bromide (TPB), 1.0×10−4 mol/L cetyltrimethyl ammonium
bromide (CTMBA), 5.0×10−4 mol/L cetylpyridinium chlo-
ride (CPCM), 1.0×10−4 mol/L tetradecyl dimethyl benzyl
ammonium chloride (TDMBA) were purchased from Chem-
ical Reagent Company of Medicine Group, Shang Hai,
China. A 0.2 mol/L HAc, 0.2 mol/L NaAc, 0.06 mol/L KI,
and 2.16×10−4 mol/L H2O2 were prepared. Diagnosis kit for
hepatitis B virus surface antigen (HbsAg, enzyme-linked
immunoassay, the batch number was 20050520) was
purchased from Kehua Commercial Industrial & Biotech-
nology Co. Ltd, Shanghai. All the reagents were of analytical
grade and all solutions were prepared in double-distilled
water.

Apparatus

A model Cary Elips spectrofluorometer (Australia), a model
TU-1910 double-beam UV-Vis spectrophotometer (Puxi
General Instrumental Company, China), a model TDK

temperature controller (Yujia Instrument Detecting Factory,
China), and a model Nano-ZA90 nanoparticle size and
potentiometric analyzer (Malvern Co., GB) were used.

Procedure

A NaAc–HAc buffer solution, 0.06 mol/L KI and 0.1 μg/mL
HRP were piped into a 5.0 mL mark test tube, mixed well and
incubated at 20 °C for 30min, and CSwas added, respectively.
After mixing thoroughly, the RS spectra of the four systems
were recorded on a spectraflorophotometer under the condi-
tion of that the excited wavelength λex was equal to the
emission wavelength λem (λex=λem), the voltage was 400 V,
the excited and emission slit width were both 5.0 nm. The
RS intensity IRS was recorded. A reagent blank (I0) without
HRP was recorded and the value of ΔIRS (=IRS−I0) was also
calculated.

Results and discussion

In the NAc–HAc buffer solution, the oxidation of KI by
H2O2 to form I�3 is quite slow, while the reaction becomes
fast in the presence of HRP owing to it catalyzed H2O2 to
yield OH. Then the resulting OH can oxidize excess I− to
form I�3 that combined with CS and finally aggregate
spontaneously to form (CS-I3)n association particles. The
laser scattering indicated the mean diameter of the
association particles in the HRP–H2O2–KI–TPB system is
751 nm (Fig. 1). Thus, the system exhibits a RS effect,
owing to formation of the association particles and the solid
liquid interface. The main reactions are as following,

H2O2 ���������HRPCat:�! � OH ð1Þ

�OHþ I� Excessð Þ �! OH�þI�3 ð2Þ

nCSþþnI�3 �! CS� I3ð Þn ð3Þ

We known that the reaction of Eqs. 2 and 3 was fast, the
reaction of Eq. 1 was slow. According to reaction 1 and 2,
the relationship between OH concentration (COH) and I�3
concentration (CI) was,

COH¼kOHCI ð4Þ
According to reaction 3, the relationship between the

(CS-I3)n particle concentration (CP) and I�3 concentration
(CI) was,

CP¼kP CI ð5Þ
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Based on the catalytic kinetic principle, the rate equation
was written as,

$CP=$t ¼kKC
α
HP CHRP ð6Þ

Where CHP and CHRP are concentration of H2O2 and HRP,
the kOH, kP and kK are constant. According to the scattering
equation of IRS=kRSCP (the kRS is a constant) and above
equation, the Eq. 6 can be rewritten as,

$IRS¼ kRSkKkP
�
kOHCPO

α$t
� �

CHRP ð7Þ
The Eq. 7 indicated that the ΔIRS was linear to HRP

concentration when other conditions hold constant.

RS and absorption spectra

Figure 2 shows the (TPB-I3)n association particles exhibit a
Rayleigh scattering peak at 478 nm. The studies of liquid
phase inorganic nanoparticles indicate that three factors,
including the light source of the apparatus, absorption of

free molecule in the system and the RS effect of particles,
causes synchronous scattering peak. The strongest emission
of the apparatus is at 465 nm, so the system may exhibit a
synchronous scattering peak at 465 nm. The absorption
spectra (Fig. 3) indicated that I�3 with low concentration and
CS such as TPB exhibit very weak molecular absorption at
the wavelength between 300 and 800 nm, so the effect
caused by free molecules on the Rayleigh scattering spectra
can be neglected. But the (TPB-I3)n system has two
absorption peaks. The laser scattering spectra revealed
these two absorption peaks would have not appeared if
there was no association particle exist, which demonstrated
that the two peaks are surface plasma absorption peak of
the (TPB-I3)n particles [19], that is, this system had RS
effect. Therefore, the peak at 478 nm was caused by the
formation of association particles. There is no synchronous
scattering peak at the 465 nm, owing to the RS effect being
stronger. A wavelength of 478 nm for TPB system was
chosen. The RS peaks for other three systems showed in the
Table 1 and the wavelength at the strongest RS peak was
used.
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Fig. 2 RS spectra of the TPB system. a pH 4.6—4.80×10−3 mol/L
KI–1.51×10−5 mol/L H2O2–4.0×10

−5 mol/L TPB; b a—1.5 ng/mL
HRP; c a—2.4 ng/mL HRP; d a—4.0 ng/mL
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Fig. 3 Absorption spectra of the TPB system. a pH 4.6—4.80×10−3

mol/L KI–1.51×10−5 mol/L H2O2–4.00×10
−5 mol/L TPB; b a—0.40

ng/mL HRP; c a—2.40 ng/mL HRP; d a—3.20 ng/mL HRP
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Fig. 1 Diameter distribution for
the TPB system pH 4.6—4.0×
10−5 mol/L TPB–0.24 ng/mL
HRP–1.51×10−5 mol/L H2O2–
4.8×10−3 mol/L KI
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Selection of conditions

Effect of pH

The effect of KH2PO4–Na2HPO4 buffer solution with the
pH 4.9 to 8.04, HAc–NaAc in the pH 3.6 to 5.6 on the
ΔIRS values of the four systems were studied. The results
showed the sensitivity of NaAc–HAc buffer solution is
higher than KH2PO4–Na2HPO4. In the NaAc–HAc buffer
solution, the ΔIRS values of TPB, CTMAB and TDMBA
systems reached their maximum and stable when the pH
value is between 4.4 and 5.0 (Fig. 4). Thus, a pH 4.6 was
chosen for the three systems. While ΔIRS value of CPCM
system increased from pH 3.5 to 4.5 at first, then keep
stable from pH 4.5 to pH 5.5, thus pH 4.8 was selected for
the CPCM system. When the volume of 0.20, 0.20, 0.20,
and 0.30 mL for the TPB, CTMAB, CPCM and TDMBA
systems, the ΔIRS reached their maximum value, and was
selected.

Effect of H2O2

As Fig. 5 shows the ΔIRS value increased fast with the
concentration of H2O2 when its concentration was low. The

ΔIRS value of the TPB system tended to be stable when the
concentration of H2O2 reached 1.51×10−5 mol/L. When the
concentration of H2O2 was 1.31×10−5, 2.16×10−5 and
2.16×10−5 mol/L for the system of CTMAB, CPCM and
TDMBA, the ΔIRS values all reached their maximum, then
the ΔIRS value gradually decreased as the concentration of
H2O2 increased. So, 1.51×10−5 mol/L, 1.30×10−5 mol/L,
2.16×10−5 mol/L and 2.16×10−5 mol/L H2O2 were optimal
for the TPB, CTMAB, CPCM and TDMBA systems,
respectively.

Effect of KI

The ΔIRS value of each system all increased quite fast as the
concentration of KI increased when the KI at the very low
concentration. When the concentration of KI reached 4.80×
10−3 mol/L, 3.60×10−3 mol/L for TPB and CTMAB systems
respectively, the ΔIRS values reached their maximum and
inclined to be stable. When the concentration of KI reached
6.00×10−3 mol/L, 7.20×10−3 mol/L for CPCM and
TDMBA systems, respectively, the ΔIRS values reached
their maximum, too. Therefore, 4.80×10−3, 3.60×10−3,
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Fig. 4 Effect of pH. a TPB system; b CTMAB system; c CPCM
system; d TDMBA system
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Fig. 5 Effect of H2O2 concentration. a CTMAB system; b TPB
system; c CPCM system; d TDMBA system

Table 1 RS peaks for CS–HRP–H2O2–KI particle system

CS particle system Color RS peaks (from strongest
to weaker; nm)

TPB Light yellow 478 (strongest)
CTMAB Light violet 423 (strongest), 270, 720
CPCM Light yellow 538 (strongest), 400, 710, 270
TDMBA Light yellow 491 (strongest), 390, 700, 270

Table 2 Analytical features of CS systems

Systems Regression
equation

Linear
range
(ng/mL)

Correlation
coefficient

Detection
limit
(ng/mL)

TPB ΔI478 nm=55.6c+1.9 0.004–5.60 0.9968 0.0034
CTMAB ΔI423 nm=48.2c+0.37 0.040–3.20 0.9982 0.040
CPCM ΔI538 nm=57.7c−10.7 0.040–8.0 0.9955 0.033
TDMBA ΔI491 nm=10.2c+20.1 0.080–8.0 0.9958 0.016
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6.00×10−3 and 7.20×10−3 mol/L KI were chosen for the
TPB, CTMAB, CPCM and TDMBA systems, respectively.

Effect of CS

When the concentration of TPB, CTMAB, CPCM and
TDMBA was 3.0×10−5, 1.5×10−5, 6.0×10−5 and 1.0×10−5

mol/L for each system, the ΔIRS values reached their
maximum and became stable. Therefore, 4.0×10−5 mol/L
TPB, 2.0×10−5 mol/L CTMAB, 8.0×10−5 mol/L CPCM
and 1.2×10−5 mol/L TDMBA were chosen for use.

Effect of reaction time and temperature

The results indicated, at the temperature between 18 to 25 °C,
the ΔIRS value is maximum and relatively stable and the
HRP activity was high. At the temperature of 37 °C, the
activity of HRP was quite high, however, the blank value
was also high and the ΔIRS was unstable. The ΔIRS values
all reached their maximum, needing about 25 min, kept
stable within 50 min. Thus, reaction time of 30 min at 20 °C
was chosen for each system.

Working curve

The working curves were obtained by measuring the ΔIRS
for each system by adding RP of various concentrations.
Table 2 shows the ΔIRS value is proportional to the HRP
concentration in a certain range, in which the TPB system
was relatively sensitive and reproducible. Thus, the TPB
system was chosen for the analysis of samples. Compared

with those methods already reported [20–25], the one
described in this paper has some advantages, including the
reagents of no carcinogenicity and easy to be obtained, and
high sensitivity, so it is one of the most sensitive assays for
the determination of HRP activity.

Influence of Foreign Substances

The influence of foreign substances (FS) on the determina-
tion of 2.40×10−2 ng/mL HRP was examined. When the
relative error (RE) is less than ±10%, the tolerances of co-
existing substances are showed in Table 3. It can be seen
that most of constant substances examined didn’t interfere
with the determination of HRP. The results indicated that
the present method has good selectivity.

Analysis of Samples and Recovery

The HRP concentrations in real samples of the HbsAg were
detected under the optimum conditions and the results are
listed in Table 4. The relative standard deviation (RSD) was
between 4.6% and 7.7%. The recovery was in the range of
101% to 110.0%.

Conclusions

A novel and ultrasensitive and highly selective RS assay
was proposed for the determination of HRP, combined the
RS effect of (CS-I3)n particle and the strong catalytic effect
of HRP. It would be widely applied to enzyme-linked

Table 3 Influence of FS

FS Allowance CFS/CHRP RE (%) FS Allowance CFS/CHRP RE (%)

BSA 2.5×103 1.4 HSA 5.5×102 8.8
b-Amylase 1.2×103 7.7 Sucrose 8.3×103 5.3
L-Aspartate 3.3×103 0.8 VB6 8.3×104 3.7
DL-Tryptophan 1.3×102 −5.3 Mg2+ 3.3×103 6.9
Glycine 6.7×103 3.6 Ca2+ 1.2×104 1.4
L-Glutamate 1.5×104 1.9 K+ 1.3×105 5.7
Nicotinicaid 5.0×103 7.5 Cu2+ 1.7×103 −5.8
SO2�

4 1.3×105 6.9 Zn2+ 3.3×103 8.9
C2O

2�
4 1.1×105 2.0 Fe3+ 3.3×102 −3.0

Cl− 1.8×105 5.7 Ni2+ 2.3×102 5.0
Citric acid 4.6×105 8.4 SDS 1.0×102 −5.4

Table 4 Results for HRP in samples

Sample Found value (mg/mL) Average (μg/mL) RSD (%) Added (ng/mL) Found (ng/mL) Recovery (%)

1 1.20, 1.12, 1.17, 1.08, 1.10 1.14±0.053 4.6 1.0 1.02 102
2 0.129, 0.125, 0.139, 0.134, 0.118 0.132±0.0081 6.1 0.1 0.103 103
3 0.0152, 0.0143, 0.0126, 0.0151, 0.0136 0.0143±0.0011 7.7 0.01 0.0107 107

J Fluoresc (2008) 18:1059–1064 10631063



immunoassay, coupling this new strategy with the enzyme
labeled immuoreaction.
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