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INTRODUCTION

Bio-functionalized gold nanoparticles (AuNPs) are impor-
tant for development of different nanomaterials and biological
systems and their applications in various fields [1-3]. Biofunc-
tionalized AuNPs are widely used in photothermal therapy [4],
biological imaging [5] and in cancer diagnostics [6]. On the
other hand, a strong localized surface plasmon resonance (LSPRs)
[7], which appears in AuNPs at ultraviolet, visible and near
infrared wavelengths, promotes their applications in surface
enhanced Raman spectroscopy (SERS), metal enhanced fluore-
scence (MEF) [8] and in the construction of photodiodes, solar
cells and light emitting diodes (LEDs) [9]. Biofunctionalization
simply involves bonding of biomolecules to AuNPs by chemical
or biological means which further enhances stability and appli-
cation of AuNPs. Various methods have been developed for
the synthesis of AuNPs. These methods can be classified into
three categories i.e. (a) chemical, (b) physical and (c) biological
method of synthesis [10,11]. In chemical method, a commonly
used method is Turkevich method [12], where gold precursor
are reduced in an aqueous environment by application of
chemical reducing agents and then functionalized by different
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ligands using intricate chemistries. Similarly, different physical
method of AuNP synthesis involves the use of radiation for
the reduction of gold salts (i.e. HAuCl4), for example, laser
ablation, ultraviolet (UV) irradiation, γ-irradiation, microwave
assisted, utltrasonic irradiation and photochemical methods
[13-16]. But physical method also requires high-end and costly
instrumentation in the first step of AuNPs synthesis. On the
other hand, biological method of synthesis is based on  the
reduction of gold salts (i.e. HAuCl4) by biomolecules, which
is environmental friendly and cost-effective as compared to
other two method of synthesis [11,17]. Biomolecules that have
been used for the growth of AuNPs include plant/plant extract
and microbes like viruses, fungi, etc. [18-21]. Variety of purified
biomolecules including proteins, peptides, amino acids, sacc-
harides and nucleic acids have been engaged for the production
and functionalization of nanosized materials [22-30]. Commer-
cially available enzymes have been utilized for the synthesis
of AuNPs due to their ease of availability and diverse function-
ality. Enzymes that have been used for the reduction of AuNPs
are laccase [31], trypsin [32], β-glucosidase [33], pepsin [34]
and serrapeptase [35]. Enzymes used in the fabrication of AuNPs
acts as reducing agent as well as stabilizing agent and get



adsorbed onto nanoparticle surface [36-42]. Due to adsorption
of enzyme on gold nanoparticle surface their spatial confor-
mation might be affected leading to alteration in catalytic activity
of enzyme. The changed catalytic activity of enzymes can be
taken as an advantage to develop various optical and electro-
chemical sensing devices [43-47]. Hence, a development of
reliable experimental protocol for the synthesis of nanoparticles
over a range of chemical compositions, sizes and high mono-
dispersity is one of the challenging issues in current nanotech-
nology.

This study reports a simple, facile green method for horse-
radish peroxidase (HRP) mediated AuNPs synthesis in buffer
system at room temperature, which results into HRP capped
gold nanoparticles (HRP-AuNPs) showing better enzyme
catalysis towards hydrogen peroxide. The morphology and
size distribution of HRP-AuNPs were obtained by different
experimental studies including dynamic light scattering (DLS),
UV-visible, scanning electron microscopy (SEM) and energy
dispersive X-ray analysis (EDX). The enzyme activity of HRP
was studied to determine the catalytic efficiency of HRP-
AuNPs.

EXPERIMENTAL

Horseradish peroxidase (HRP; EC 1.11.1.7, 180 U/mg)
enzyme was purchased from Sisco Research Laboratories Pvt.
Ltd. (SRL), India. Hydrogen peroxide (H2O2) and HCl were
procured from Fisher Scientific, USA. Tricine buffer was obtained
from GCC Biotech (I) Pvt. Ltd., India. Hydrogen tetrachloro-
aurate(III) (HAuCl4·3H2O) was purchased from CDH (P) Ltd.,
India. All chemicals were used as received without any further
purification. Milli-Q water was used in all the experiments
obtained from Merck Millipore.

Synthesis of HRP stabilized AuNPs: All the glasswares
were initially cleaned with aqua regia and washed repeatedly
with Milli-Q water before use. In a 15 mL glass vial containing
small magnetic bead, deionized water (5 mL) was taken. Horse-
radish peroxidase dissolved in tricine buffer (1 mg/mL; pH 9)
was added. Simultaneously, HAuCl4·3H2O (0.96 mM) was
added and then the reaction mixture was stirred at room tempe-
rature until colour changes in 14 h (approximately).

UV-visible characterization of HRP-AuNPs: An aliquot
of ruby red sample (2 mL) synthesized in present study was
placed in a quartz cuvette and UV-visible spectrum of HRP-
AuNPs was recorded using an Ocean Optics spectrophotometer
(DH-mini) between 300 to 800 nm. Spectrum of developed
HRP-AuNPs was measured at a resolution of 1 cm.

Dynamic light scattering (DLS) and zeta potential meas-
urement: A ruby red sample (2 mL) containing HRP-AuNPs
was placed in the quartz cuvette and analyzed using Malvern
Zeta-sizer-Nano S90 (Malvern, UK) instrument with detector
receiving scattered light at 90º, controlled by Dispersion
Technology Software (DTS 5.03, Malvern, UK) to estimate
the mean hydrodynamic diameter and the polydispersity index
(PDI). Mean hydrodynamic diameter and intensity averaged
size distributions were obtained from the raw data using the
general-purpose inverse Laplace transform method provided
in the instrument software. The PDIs were estimated from cum-
ulant analysis provided with the instrument software.

SEM and EDX analysis of HRP-AuNPs: Particle morp-
hology and elemental analysis of HRP-AuNPs were conducted
by using scanning electron microscope (Model: ZEISS EVO
18) equipped with energy dispersive X-ray (EDX) spectro-
meter. Sample was drop coated onto the glass surface and then
dried using nitrogen gas under room temperature for analysis.

FTIR analysis: Functional groups present in the HRP
enzyme and HRP-AuNPs bioconjugate were analyzed through
FTIR spectroscopy (Bruker Tensor 37). A drop of sample was
mounted in the center of the stage for analysis. FTIR spectra
are analyzed in the range of 4000-500 cm-1.

Enzyme assay of HRP capped AuNP: Enzyme catalysis
of hydrogen peroxide with free HRP enzyme and HRP-AuNPs
conjugate were studied by measuring the changes in absor-
bance at 460 nm due to o-dianisidine oxidation in the presence
of H2O2 and enzyme [48]. In a typical experiment, tricine buffer
at pH 6 (0.1M) containing 1% o-dianisidine (2.5 mL) and H2O2

(0.1 mL) with appropriate concentration were taken in a tube.
The reaction was initiated by adding 0.1 mL of horseradish
peroxidase enzyme solution at room temperature and absorbance
was measured at 460 nm. The enzyme loading efficiency and
loading capacity of the gold nanoparticles were calculated as
follows:

A

T

W
Enzyme loading efficiency 100

W
= × (1)

where WA = weight of HRP capped on AuNPs (g); WT = weight
of total HRP (g).

A

Au

W
Loading capacity

W
= (2)

where WA = weight of HRP capped on AuNPs (g); WAu = weight
of gold nanoparticles (g).

The per cent immobilization for HRP-AuNPs conjugates
was calculated using the following equation:

Specific activity of HRP capped on AuNP
Immobilization (%) 100

Specific activity of free HRP
= ×

RESULTS AND DISCUSSION

UV-visible analysis of synthesized HRP-AuNP: Gold
nanoparticles (AuNPs) have localized electrons in their cond-
uction band which resonate upon interacting with light. This
phenomenon is known as the localized surface plasmon reso-
nance (LSPR) due to which AuNPs showed an absorption
maxima between 500-600 nm [7]. Fig. 1 shows the spectrum
of HRP-AuNP conjugates with maximum absorption at 556
nm wavelength due to LSPR. Thus, it confirms the formation
of HRP-AuNP.

Dynamic light scattering (DLS) and zeta potential of
HRP-AuNP: A DLS characterization is used to determine the
average size and distribution of particles in aqueous solution
[49]. The average size of HRP-AuNP synthesized was found
to be 83.93 ± 2.1 nm (Fig. 2). The zeta potential of synthesized
HRP-AuNP conjugates is essential to determine because zeta
potential is a very reliable parameter for the measurement of
nanoparticle stability. The zeta potential of nanoparticle is the
surface electric potential that arises due to tightly bound counter
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Fig. 1. UV-visible spectrum of HRP-AuNP conjugates
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Fig. 2. Particle size based distribution of HRP-AuNP conjugates in tricine
buffer

ion cloud that originates due to the conjugate layer and an
outer diffused layer. Gold nanoparticle synthesized using HRP
showed a potential of -18.4 ± 1.1 mV.

FTIR analysis: FTIR spectra of HRP and HRP-AuNP
conjugate are shown in Fig. 3. In both spectra, a broad peak at
3409 cm-1 was observed which was assigned to the N-H stret-
ching of amide group, present within the complex arrangement
of HRP protein structure and implied the stabilization of particles
by enzymes. Further, spectrum (b) exhibited an intense peak
at 1660 cm-1 which is due to carbonyl group of amide linkage.
Obtained results confirm the binding of HRP onto the surface
of AuNP and acting as a stabilizing agent.

SEM and EDX analysis of HRP-AuNP conjugates: Size
and morphology of HRP-AuNP conjugates was studied using SEM
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Fig. 3. FTIR spectra of (a) Free HRP and (b) HRP-AuNP conjugates

analysis. SEM images display that the particles were uniformly
distributed thus indicating no agglomeration of the particles.
Fig. 4a shows the HRP-AuNP conjugates as rounded particles
having a particle size of 51.4 ± 5.5 nm. An average of four
HRP-AuNP conjugates size was considered for calculating
the standard deviation. EDX analysis of the particle system
was done to determine the elemental composition of colloidal
suspension. Fig. 4b clearly shows a strong peak at 2 keV which
is a characteristic to AuNPs corresponding to its SPR absorption
[50].

Enzyme kinetics studies

Steady state kinetics: Spectrophotometrically, kinetics of
HRP in free form and its conjugated form as HRP-AuNP were
determined [48] using Lineweaver-Burk equation. Activity of
HRP was assayed by monitoring the oxidation of o-dianisidine,
which upon reacting with H2O2 produces brown colored com-
pound. Changes in optical density were recorded at 460 nm.
Kinetic studies were done by varying the substrate concen-
tration between 0.1 mM to 5mM, using initial rate method.
The Michaelis-Menten constant value (Km) was calculated in
order to determine the affinity of enzyme for the substrate.
The maximum enzyme activity (i.e. Vmax) was also measured
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Fig. 4. (a) SEM images and (b) EDX spectrum of HRP-AuNP conjugates
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using the Lineweaver-Burk plot. A HRP-AuNP conjugate
showed a lower Km value (1.81 mM) as compared to free HRP
(3.85 mM) indicating a better binding affinity of HRP towards
substrate after conjugation to AuNP surface. The Vmax of HRP-
AuNP conjugate increased due to conjugation onto AuNP
surface, which indicated a better availability of HRP active
sites for binding to substrate (Table-1). Thus, overall better perfor-
mance of HRP-AuNP conjugate suggested changes in primary
structure of enzyme after conjugation with AuNPs.

Conclusion

In this study an easy and greener approach for biogenic
synthesis of HRP-AuNP conjugates was adopted. It was shown
that HRP enzyme can be used to synthesize gold nanoparticles
at room temperature in tricine buffer. As evident from the
various spectroscopic and imaging analysis, HRP was succe-
ssfully conjugated to AuNPs and it was found to be mono-
dispersed with a particle size of 51.4 ± 5.5 nm. It shows better
enzyme activity than free HRP, which could be applicable as
tag or labeling agent for various applications.
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