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Abstract Essentially, biomolecule assisted synthesis
of inorganic nanoparticles can be divided into two
categories. One uses multi-domain protein cages
(template) and other relies on the self-assembly of
the biomolecules including small peptides, DNA, and
denatured protein. Protein templated synthesis of
various nanomaterials is relatively well understood as
the cages of the biological macromolecules and their
specific interaction with inorganic ions ultimately
dictate the size and crystallinity of the nanomaterials.
On the other hand formation of nanoparticles using
protein in the cost of the native structural integrity for
the self-assembly is not well understood till date. In the
present work we report a protein-assisted synthesis
route to prepare highly crystalline 3-5 nm gold
nanoparticles, which relies systematic thermal dena-
turation of a number of proteins and protein mixture
from Escherichia coli in absence of any reducing
agent. By using UV-vis, circular dichroism spectros-
copy, and high-resolution transmission electron
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microscopy we have explored details of the associated
biochemistry of the proteins dictating kinetics, size,
and crystallinity of the nanoparticles. The kinetics of
nanoparticles formation in this route, which is sigmoi-
dal in nature, has been modelled in a simple scheme of
autocatalytic process. Interestingly, the protein-capped
as prepared Au nanoparticles are found to serve as
effective catalyst to activate the reduction of 4-nitro-
phenol in the presence of NaBH,. The kinetic data
obtained by monitoring the reduction of 4-nitrophenol
by UV/vis-spectroscopy revealing the efficient cata-
lytic activity of the nanoparticles have been explained
in terms of the Langmuir-Hinshelwood model. The
methodology and the details of the protein chemistry
presented here may find relevance in the protein-
assisted synthesis of inorganic nanostructures in
general.

Keywords Protein-capped gold nanoparticle -
High-resolution transmission electron microscopy -
Reduction of 4-nitrophenylacetate - Autocatalysis of
gold nanoparticle - Langmuir—Hinshelwood surface
catalysis - Synthesis mechanism

Introduction
Inorganic nanoparticles of controlled size have been of
great interest recently for a number of possible

applications in electronic or optical materials, as well
as in catalysis (Jin 2001; Sun and Xia 2002; Narayanan
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and El-Sayed 2004; Ghosh and Pal 2007; Tian et al.
2007; Vajda et al. 2009). For example, Au nanopar-
ticles have attracted much attention in chemistry and
material science because of their good biocompatibil-
ity, facile synthesis (Burda et al. 2005), and conjuga-
tion to a variety of bimolecular ligands, antibodies, and
other targeting moieties (Katz and Willner 2004),
which make them suitable for the use in biochemical
sensing and detection (Storhoff et al. 1998; Riboh et al.
2003; Shafer-Peltier et al. 2003). Biocompatibility of
the inorganic nanoparticles often relies on two syn-
thetic strategies; one uses nano-cages of biological
macromolecules [e.g., ferritin (Kramer et al. 2004;
Flenniken et al. 2009), apoferritin (Kim et al. 2009),
heat-shock protein (Klem et al. 2005), etc.] and the
other method is involved with the self assembling
property of the biological macromolecules [e.g.,
protein (Xie et al. 2009), peptides (Dinda et al. 2010),
DNA (Mirkin et al. 1996; Loweth et al. 1999), etc.].
The first synthetic strategy is quite straightforward as
the size and its interaction with the nano-cages dictate
the quality of the synthesized nanoparticles (Flenniken
et al. 2009; Kim et al. 2009). On the other hand the
second route essentially depends on the primary
condition for the nucleation and capping by the
biomolecules, which is relatively less explored. One
of the recent studies uses small peptides to prepare the
nanoparticles (Tan et al. 2010). It has been demon-
strated that the reduction capability and the net charge
of a peptide play the key role on the nucleation and
growth of the Au nanoparticles. However, a detailed
study highlighting every step involved in the formation
of nanoparticles using large protein molecules is absent
in the literature and is the motive of this study.
Herein, we report the facile preparation of “green”
Au nanoparticles (NPs) in a number of protein
solutions starting from globular proteins to enzyme
and finally protein mixture extract from Escherichia
coli, a gram negative bacterium, without the addition of
any reducing agent. The nucleation of NPs in the
protein environments, which is the consequence of
electron transfer from protein to the metal ions, is
observed to be dependent on the melting temperature
of the host protein. However, time required to start the
nucleation (induction time) is also found to be protein-
specific. Here, we have attempted to rationalize the
protein-assisted formation of NPs in a simple analyt-
ical model of autocatalysis. This model is evolving
under the impudence of two distinct reactions. The first
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of these is the thermal denaturation of the protein
structure under thermal condition and the second one
is reversible autocatalytic process in which Au NP is
the autocatalytic species (both the product and cata-
lyst for the reaction). The obtained nanoparticles are
characterized by UV—-vis absorption spectroscopy, high-
resolution transmission electron microscopy (HRTEM).
The change in the protein structure at various temper-
atures has been followed by circular dichroism (CD)
spectroscopy. In this work we have also demonstrated
that the protein-capped NPs can be utilized as an
efficient catalyst for the degradation of 4-nitropheny-
lacetate (4-NPA) using NaBH,4 as the hydrogen donor.
The reduction of 4-NPA to 4-aminophenol (4-AP) has
industrial importance as 4-AP is a commercially
important intermediate for the manufacture of analgesic
and antipyretic drugs. Although a number of researchers
have extensively studied the catalytic reduction of
4-nitrophenol (4-NP) by NaBH, using polymer/resin
bead-supported metal NPs (Esumi et al. 2004; Praharaj
et al. 2004; Zhang et al. 2009; Saha et al. 2010) the
synthesis of protein-capped Au NPs and the use of these
NPs without any support for this catalytic purpose has
not been attempted earlier. The kinetics of the catalysis
is observed to follow Langmuir-Hinshelwood model of
surface mediated catalysis reaction.

Materials and methods

All the proteins and chemicals [human serum albumin
(HSA), bovine serum albumin (BSA), subtilisin Carls-
berg (SC), chymotrypsin (CHT), Tris—Cl, NaBHy,
4-NPA, HAuCly, and phosphate buffer] were obtained
from Sigma. Double distilled water was used for
preparation of aqueous solutions. Steady-state absorp-
tion was measured with a Shimadzu UV-2450 spec-
trophotometer. The CD spectrum was measured in a
Jasco 815 spectropolarimeter with a Peltier setup for
the temperature-dependent measurements. CD studies
were done with 10 mm path length cell. Thermal
unfolding of HSA was monitored by recording far-UV
CD at 222 nm as a function of temperature. The
temperature was raised from 20 to 90 °C in 2 °C step
with 2 min equilibration time at each temperature. The
unfolding curves were constructed after converting the
CD values to fraction unfolded (Kamal and Behere
2002). A JEOL JEM-2100 HRTEM equipped with an
energy dispersive X-ray (EDAX) spectrometer was
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used to characterize the particle size and individual
shape of the nanoparticles and to analyze their
elemental composition. TEM samples were prepared
by dropping sample stock solutions onto a 300 mesh
carbon coated copper grid and dried overnight in air.

Synthesis of Au@protein nanobioconjugates

The Au@protein nanobioconjugates were prepared by
the following procedure: 3 mL, 20 uM protein solutions
were prepared in 20 mM phosphate buffer solution.
Then 60 pl. 100 mM HAuCl, solution was added so
that protein:HAuCl, ratio was maintained at 1:100. A
detailed temperature-dependent study was performed
starting from 30 °C for each mixture and it has been
found that when the mixtures were heated at 76, 75, and
60 °C for HSA, BSA, and SC, respectively, the colours
of the solutions were changed from light yellow to
reddish brown. Such colour transition is indicative of
changes in the metal oxidation state. In this case, Au(III)
is reduced to Au(0) by protein in the phosphate buffer
solution. We have not observed any sign of NP
formation at room temperature for several days.

Extraction of protein mixture from Escherichia
coli

Single colony of E. coli was inoculated in 100 mL
Luria Broth (LB) and then incubated overnight at
37 °C with shaking. The obtained cells from 100 mL
culture were harvested by centrifugation (6,000 rpm)
for 5 min, washed twice with 0.1 M Tris—CI (pH 8.2)
and recentrifuged. The cells were then suspended in
2 mL lysis buffer and incubated for 20 min. Next it
was allowed to freeze thaw for three times giving
1 min incubation at ice. Finally the cell suspension
was sonicated (80 amplitude and 0.6 cps) for 10 min
and the supernatant collected by centrifugation
(10,000 rpm) for 15 min at 4 °C was the protein.

Synthesis of Au@ Escherichia coli protein
extracts nanobioconjugates

The Au@E. coli extract protein conjugates were
prepared by the following method: 1 mL protein extract
solution was diluted with 1 mL lysis buffer and then
60 pL 100 mM HAuCly, solution was added. The whole
mixture was heated at 70 °C so that all the proteins

present in the mixture were denatured. After 10 min the
colours of the solutions were changed from light yellow
to deep brown indicating the formation of Au NPs.

Analytical modelling
Kinetics of nanoparticle formation

In the case of the autocatalytic reactions, the modified
protein—salt conjugate serves as a substrate in reac-
tions. The general mechanism of the nanoparticle
formation can be written as shown in the following
equations:

Nucleation : EL s FP (slow) (1)
Growth : EL + FP % 2FP (fast) 2)

where, L represents the salt i.e., AuCl, ", and E and F
represent two different forms of protein where F-form
is more perturbed than E-form, and k; and &, are the
rate constants of the slow and fast step, respectively.
Here, EL denotes the protein—salt conjugate and FP
denotes the protein—nanoparticle conjugate. The
corresponding rate equation (assuming first-order
reaction) of the first step can be written as,

[FP] = [EL],(1 — exp ) (3)

where [EL]y and [FP] are the concentration of the
E-form of the protein—salt conjugate at the initial time
and the concentration of the protein—nanoparticle
conjugate at time = ¢, respectively.

Equation (2) is the autocatalytic step (Drummond
et al. 2010). For this autocatalytic reaction the
concentration of the product can be written as,

[EL], + [FP],

m % exp ([ELl+FPly Jat

[FP] =

(4)

So, the total concentration of the protein-capped
nanoparticles is obtained by the linear combination of
Egs. (3 and 4) and thus it can be written as:

1+ [[Ilil;]]s expf([EL]OJr[FP]O)kzt
x ([EL]yx (1 — exp’)) (5)

where m and n denote the contributions of the fast
and slow step, respectively.
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Catalysis of 4-nitrophenyl acetate (4-NPA) reduction
by the nanoparticles

The catalytic reduction of 4-NPA by sodium boro-
hydride on the surface of the Au NPs is presented as,

CH;3CO,C¢H4NO, (4-NPA)
AuNP (6)
+ NaBH; — C¢H;NO(4-AP)

In this study, the obtained kinetic data of 4-NPA
reduction are fitted in a first-order rate equation as an
excess of borohydride is used compared to 4-NPA.
The apparent rate constant (k,p,) 1S assumed to be
proportional to the surface area (S) of the metal
nanoparticles present in the system (Mei et al. 2005,
2007; Panigrahi et al. 2007). Hence,

denp

r = — 7 = kapchP = kSSCNp (7)

where r is the rate of the reaction, cnp is the
concentration of 4-NP, and kg is the rate constant of
the reaction. Herein, we focus on a complete analysis
of the heterogeneous reduction of 4-NPA in the
presence of Au NPs. We have demonstrated (see later
in the text) that the reaction is surface controlled and
can be analyzed in terms of the Langmuir—Hinshel-
wood mechanism (Belohlav and Zamostny 2000; Xu
et al. 2008, 2009). In this mechanism it is assumed
that both reactants need to be adsorbed on the surface
of the catalyst. The overall rate-determining step is
governed by the rate of surface adsorption of the
reactants. In addition to the analysis of the reaction
rate, the dependence of the k,,, on the various
parameters will be analyzed quantitatively and
derived from the Langmuir-Hinshelwood analysis.

In this mechanism the adsorption of the reactants
is modelled in terms of the Langmuir-Freundlich
(LF) isotherm (Umpleby et al. 2001):

_ (kic))"
1+ ZJN=1 (kjc;)"

Here, 0, is the surface coverage of compound i, ;
is the adsorption constant of the respective compo-
nent, and c¢; is the concentration in solution. The
exponent n is related to the heterogeneity of the
sorbent. For a homogeneous material, n is equal to 1
whereas, when n is between 0 and 1 the material is
heterogeneous. For homogeneous material (n = 1),
the LF isotherm reduces to the Langmuir isotherm.
Hence Eq. (7) can be written as,

i

(8)
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r = kSSHQHZ ng = kappCNP (9)
So, from Eq. (9) we get,

koS (kri- _ mkn n—1
Kapp = sS (ke CBH4m) NPENP - (10)
[1 + (kBH;CBH;) +(knpenp) }

Here kg is the molar rate constant per square meter
of the catalyst and kyp is the adsorption constant of
nitrophenolate ion and kgy, is the adsorption constant
of borohydride.

Results and discussion

Figure 1a shows the TEM image of Au@HSA
nanobioconjugates. The image reveals that the nano-
bioconjugates are almost spherical in shape and
follow a uniform narrow size distribution. Particle
sizes have been estimated by fitting our experimental
TEM data to be 3.1 nm [inset in Fig. la (right)]. The
corresponding HRTEM image of the particles is
shown in Fig. 1b. The interplanar distance of the
fringes is measured to be about 0.24 nm, consistent
with the distance between the (111) planes of the gold
crystal lattice. The image in the inset of Fig. 1b
represents the corresponding selected area electron
diffraction (SAED) pattern which confirms the crys-
tallinity of those particles. It has to be noted that the
average size of 3.1 nm Au NPs obtained in the
HSA @Au NPs solution, is also confirmed from TEM
and absorption studies (see later in the text). Thus in
our experimental conditions, the possibility of for-
mation of free larger Au NPs of micrometre size (due
to uncontrolled growth) is negligibly small as they
are not revealed in the TEM images of the sample. A
typical energy dispersive X-ray (EDAX) spectrum of
Au@HSA sample is shown in the inset of Fig. la
(left) revealing the presence of Au NPs. Figure lc
shows the HRTEM image of Au@BSA nanobiocon-
jugates and the size distribution is shown as an inset
of Fig. lc.

It is well-known that the Au NPs of less than
10 nm exhibit a surface plasmon (SP) band in the
visible region (~ 530 nm) (El-Brolossy et al. 2008).
A change in absorbance or wavelength of the SP band
(Link and El-Sayed 2000; Ung et al. 2001; Luo et al.
2004) provides a measure of particle size, shape,
concentration, and dielectric medium properties.
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8 10 12 14 16 18 20
Energy (KeV)

4 Fig. 1 a HRTEM of Au@HSA nanobioconjugates. The

EDAX pattern (leff) and the size distribution (right) of the
sample are shown in the insets. b HRTEM image and SAED
showing the crystalline structure of Au@HSA NPs. ¢ HRTEM
of Au@BSA nanobioconjugates. The size distribution of the
sample is shown in the inset

Figure 2a shows the UV-vis spectra of the Au NPs
conjugated with HSA, BSA, SC, and E. coli extract
protein revealing SP bands at 530, 531, 540, and
600 nm, respectively. On the basis of Mie theory
(Mie 1908) and its expanded versions (Doyle 1958;
Zeman and Schatz 1987), information concerning
nanoparticle sizes can be derived from the analysis of
this absorption band. The average radius of Au NPs
(spherical as revealed from HRTEM), can be approx-
imately estimated from the resonance optical absorp-
tion spectrum as per the Mie scattering formula (Mie
1908)

1.2 4 BSA@Au (a)

1.0 INHSA@Au SC@Au

E-Coli_protein@Au

0.6 1

0.4 1

Normalized Absorbance

0.0 —r—T—rTr T T —r—r—
450 500 550 600 650 700 750
Wavelength (nm)
254 Monitored Peak at 530 nm (b)l

at76°C

%5 4

[

0.0 4

400 500 600 700
Wavelength (nm)

Fig. 2 a UV-vis spectra of Au NPs conjugated with various
proteins, HSA, BSA, SC, and E. coli extract, respectively.
b Time-resolved UV—-vis spectra for one of the representative
proteins (HSA) at 76 °C
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Tmetal = o = o X ( 11 )
Awy 21co (%)
»

where v = Fermi velocity (1.39 x 10° m/s for Au)
(Dhawan and Muth 2006) and Aw; s is the full width
at half-maximum (FWHM) of the surface plasmon
resonance (SPR) absorption when plotted as a func-
tion of angular frequency w, ¢y is the speed of light in
vacuum, Ap is the wavelength where absorption peak
appears, and A/ gives the FWHM of the band. The
average diameters of the NPs calculated using
Eq. (11) is found to be in the range of 3.4, 3.5, and
3.7 nm for HSA, BSA, and SC, respectively, consis-
tent with those observed in TEM studies. Relatively
broad SP band of Au@E. coli extract indicates the
broad size distribution which is mainly due to the
mixture of proteins present in the solution. Figure 2b
shows the UV-vis absorption spectra obtained at
different time intervals after mixing with aqueous
AuCl,~ solution with HSA in phosphate buffer at
76 °C temperature. Formation of Au nanoparticles in

(a) 1.4
i3] 1:100 HSA_HAuCl,
' Temp = 76°C
g 107 Kobs = 0.028 min~!
=
= 0.8 4
S
—
S 06 -
£
< 04
0.2 4 O  experimental
= theoritical
0.0 4

0 60 120 180 240 300 360
Time (min)

7

©" E-Coli_Protein_HAuCl,
Temp = 70°C
Kobs = 1.676 min!

0.4 4
02 4 O experimental
theoritical
0.0 1
0 80 160 240 320 400

Time (min)

Fig. 3 a Time course of absorbance at 530 nm during the
formation of Au NPs particles by HSA protein in phosphate
buffer solution. b Similar curve at 540 nm by using SC in
phosphate buffer solution. The solid lines are the theoretical
curves generated by using Eq. (5). Circles are the experimental
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the colloidal solution was monitored from their
absorption spectra as the small noble metal particles
reveal absorption band in the UV-vis spectral region
due to SPR (Bohren and Huffman 1983). The sharp
absorption band peaking at 530 nm indicates a
relatively high monodispersity, both in size and shape
of the Au particles (Malikova et al. 2002), consistent
with the HRTEM images. Long time stability of the
Au NP in aqueous solutions (for several months)
indicates that the HSA serves as capping agent. In the
case of the other proteins, a similar trend was
observed as that of the HSA.

The evolution of the optical density at 530 and
540 nm are presented for Au@HSA at 76 °C and
Au@SC at 60 °C in Fig. 3a and b, respectively. It is
apparent that for Au@HSA the optical density
increases very slowly up to 120 min for HSA,
indicating an induction time (fy;), then sharply
increases and finally saturates at a constant value
which corresponds to a complete reduction stage. The
induction time became shorter when the concentration

(b) 25
1:100 SC_HAuCI,
2.0 Temp = 60°C
8 Kobs = 0.079 min~!
g3 154
o
o
S
£ 1.04
<<
0.5 O  experimental
= theoritical
0.0
0 20 40 60 80 100 120
Time (min)
(d) 120
=
‘£ 1004 Ty ~70°C
= Ty ~ 70°C
::Q 20+ —[—
L)
E 601
: Ty ~ 60°C
S 404 Ty ~ 48°C
S 1
2 201

E-Coli  CHT sC HSA  BSA
Protein size increases — >

data for HSA and SC, respectively. ¢ Absorbance kinetics of the
Au NPs formation at 580 nm using E. coli extract as reducing
agent. d Plot of induction time for different proteins. In all the
cases (except E. coli) the protein—salt ratio has maintained to
1:100 where the protein concentration is fixed at 20 pM
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of protein is increased. The most interesting informa-
tion is the variation in induction period (shown in
Fig. 3d) for protein to protein with same concentra-
tion. We assume that the size as well as the melting
temperature is the predominant factor for the induc-
tion period. The denaturation of protein plays an
important role in activating the reaction. From
Fig. 3d, it is clear that proteins having low melting
temperature have small induction time and vice versa.
Second, based on the experimental results, we have
proposed an analytical model for the kinetics of the
Au@protein system (Eqgs. 1 and 2) which suggests
that autocatalysis is involved for the synthesis
process. This model suggests that during the induction
period, nucleations of the NPs are slowly formed and
can be considered as seeds. The formation of these
nucleations, or seeds, catalyzes the reduction
processes and thus in the next stage (Eq. 2), seed-
mediated nucleation and growth occur simulta-
neously, and the number of particles rapidly increases
as the reaction progresses. Here, the strong capping
property of the proteins inhibits the nanoparticle
growth, thus generating high monodispersity. The
solid lines in Fig. 3 refer to the fit of the experimental
data with Eq. (5) while Table 1 shows the fitting
parameters. This model gives a quantitative explana-
tion of the kinetic data shown in Fig. 3 for all the
proteins. In particular, it explains the dependence of
induction time on k; i.e., higher the value of rate
constant (k;), smaller the induction time and vice
versa. The autocatalytic rate constant (k) as revealed
from Table 1, demonstrates that larger proteins (i.e.,
HSA or BSA) are less active than smaller proteins
(i.e., SC, CHT or E. coli extract) for the growth of
NPs. The overwhelming contribution of growth step
compared to that of the nucleation is clear from
Table 1. In simple autocatalytic reaction (Huang et al.
1993) the overall rate is obtained by plotting In [a/(1—
a)] versus time (data not shown) where a = [OD(¢)/

Table 1 List of the parameters obtained from the analytical
model of particle formation

Protein ky (min™h) k M~ ' min™Yh  m (%) n (%)
HSA 1.245 x 107*  0.015 0.91 91)  0.09 (9)
e 4677 x 107*  0.020 0.79 (79)  0.21 (21)

E. coli 3.178 x 107" 3.488
extract

0.72 (72)  0.28 (28)

OD(o0)] and OD(#) and OD(o0) are the optical
densities at times 7 and oo, respectively. The rate
constant (k.,s) is obtained from the slopes of these
plots. In case of Au@HSA the value of kg, is found to
be 0.028/min.

It is well-known that conformational changes
occur when proteins adsorb onto nanoparticles (Fei
and Perretts 2009). It has been demonstrated that in
the presence of gold nanoparticles, BSA shows a
decrease in o-helical structure, as detected by CD,
and a significant increase in sheet and turn structures,
as detected by Fourier transform infrared (FTIR)
spectroscopy (Shang et al. 2007). In our study,
although proteins are denatured at the particle
formation temperature yet more conformational
changes occur with time due to the intrinsic proper-
ties of the protein combined with features of the
nanoparticles, such as surface chemistry and surface
curvature. Figure 4 shows the decrease of molar
ellipticity with time which describes more structural
perturbation. The rate constant of protein conforma-
tional change (kqe,) is obtained by fitting the exper-
imental data with first-order exponential equation. It
has been found that in case of Au@HSA system the
value of kgen, (0.029/min) is very much comparable to
the value of ku,s (0.028/min) which reveals more
conformational change during the autocatalytic pro-
cess. Figure 3c represents the evolution of the SPR
peak at 580 nm with time for a mixture of proteins
obtained from E. coli extract. Here, the shorter
induction time is probably due to the mixture of
protein present in the extract. At higher temperature
relatively smaller proteins are denatured very quickly
resulting very fast reduction of Au ions. The role of
DNA in the E. coli extract in the formation of Au NPs
has been ruled out as a control study on DNA-Au(III)
ion mixture at 75 °C fails to reveal any Au NPs even
after 2 h. Generalized two-step mechanism for auto-
catalytic growth is shown in Scheme 1 where the first
step is the slow nucleation step and the second step
indicates the seed-mediated autocatalytic growth.

In this study, the catalytic function of Au@pro-
tein nanobioconjugates is substantiated by carrying
out the reduction of aqueous 4-NPA, which has a
peak at 276 nm in the UV-vis. spectrum (Fig. 5a,
curve I). Addition of sodium borohydride to 4-NPA
immediately results in a shift in the peak to 400 nm
with intensification of yellow colour of the solu-
tion (Fig. 5a, curve II) due to nitrophenolate ion
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formation. In the absence of any catalyst, the peak
at 400 nm remains unaltered even for 2 days.
Addition of Au@protein nanobioconjugates to the
yellow colour of the nitrophenolate ion solution
immediately results the diminution of 400 nm peak
with intensification of a new peak at ~297 nm
(Fig. 5a, curve III) because of the reduction of
4-nitrophenolate species to 4-AP. A control exper-
iment with denatured proteins devoid of gold
nanoparticles did not provide any signature of
4-AP under the same experimental condition. The
generation of 4-AP confirms the catalytic activity of
the Au nanoparticles for the reduction of 4-nitro-
phenolate in aqueous solution. Figure 5, b shows
that after the addition of Au nanoparticles the
absorption peak at 400 nm gradually drops with
time. Figure 5c shows the time dependence results
obtained from the reaction conducted at room
temperature. This observation indicates that upon
the addition of Au@protein nanobioconjugates, a
certain period of time is required for the 4-nitro-
phenolate to adsorb onto the catalyst’s surface
before the reaction could be initiated. Here we
define this period of time as the adsorption time or
t.qs- After the adsorption time, the reaction becomes
stationary and follows first-order rate law. The
apparent rate constant (k,pp) is calculated from the
linear slope of the curve and in the following we
shall discuss it in terms of L-H model.

The mutual dependence of k,,, on the catalytic
dose as well as concentration of borohydride and
4-NP is shown in Fig. 5d—f where the solid lines refer
to the fits of the experimental data with use of
Eq. (10) while the best fitting results are obtained with
k=444 10 x 107  mol/m*s, kynp = 14000 £
200 L/mol, kpy, = 22 £ 2 L/mol, m =09 £ 0.1,
and n = 0.6 = 0.1. The orders of the kinetic param-
eters so determined are quite close to those obtained
by Wunder et al. (2010). The k,, obtained from the
linear slope of the kinetic curves is linearly related to
the catalyst dose (shown in Fig. 5d), i.e., the surface
area available for catalysis, keeping other parameters
such as initial 4-NPA concentration and borohydride
concentration the same, which could be rationalized
by considering the fact that the catalysis usually takes
place on the surface of the Au nanoparticles
(Murugadoss and Chattopadhyay 2008). The nonlin-
ear relationship of k,, versus cpy,, i.e., concentration
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Fig. 5 a Absorption spectra of 4-NPA (/) in absence of NaBH,,
(Il) in presence of NaBH, at O min, and (/II) in presence of
Au@protein nanobioconjugates. Conditions: [4-NP7] = 5.5 x
107> M; [AuNPs] = 2.2 x 1077 M; [NaBH,4] = 0.1 M. b Con-
centration versus time plot (monitored at 400 nm) for 4-NPA
reduction by NaBH,. Conditions: [4-NP] = 5.5 x 1075 M;
[NaBH,4] = 0.1 M. ¢ Typical time dependence of the absorption
of 4-NPA at 400 nm. d Plot of apparent rate constant (k,pp)

of borohydride and the saturation at high concentra-
tions, shown in Fig. 5Se, clearly demonstrates the
diffusion of the borohydride to the nanoparticles. The
effect of 4-NPA concentration on the reduction rate
was studied keeping other parameters such as catalyst
dose and borohydride concentration unchanged. As
depicted in Fig. 5f, in the case of 4-NP reduction
using Au NPs as catalyst, it was found that in the very
low concentration range of 4-NP, k,,, decreased with

30 40 50
Catalyst dose (nM)

60 70

50 mM BHy4~

0 T T T
4 6 8

=
(%]

Canp X 10°(mol/l)

versus catalyst dose for 4-NPA reduction by NaBH, in the
presence of Au@protein solution as catalyst. Conditions: [4-
NP] = 5.5 x 107> M; [NaBH;] = 0.1 M. e, f Dependence of
the apparent rate constant k,p, on the concentration of BH !
e and 4-NP f. The solid lines are the fit of the Langmuir—
Hinshelwood model. The surface area of Au nanoparticles is
0.0106 m?/L in both cases

the increase of 4-NP concentration, and in the high
concentration range Kk, remained constant. This is
due to high concentration of 4-NP leads to almost full
coverage of the surface of the nanoparticles. This
slows down the reaction with the borohydride ions on
the surface of the Au NPs. Figure 5e and f, clarifies
the mutual relationship of k.5, with cgy, and csnp
which demonstrates that there must be a competition
between the reactants on the catalyst’s surface.

@ Springer



5494

J Nanopart Res (2011) 13:5485-5495

Moreover, the fitted data in Fig. 5d—f clearly dem-
onstrate that the reduction of 4-NP can be described
by the L-H model with good accuracy.

Conclusion

Detail understanding of the associated biochemistry
of the proteins during the formation of inorganic
nanoparticles has been successfully demonstrated. A
number of proteins have been investigated to show
the possible effects and it has been found that
induction time may increase as the melting temper-
ature of a protein is increased. This suggests that low
melting temperatures may be important for the
nucleation and growth of nanoparticle. An autocata-
lytic model has been proposed that fits well with the
experimental data and suggest that some nucleations
are slowly formed during the induction period that
boosts the growth of the nanoparticles. Finally, we
have demonstrated that the catalytic reduction of
4-NPA by borohydride in the presence of Au NPs can
be modelled in terms of the Langmuir—Hinshelwood
model. All the parameters related to this model have
been described here in a very efficient way. We hope
that with the continuing efforts toward understanding
the mechanism of protein—nanoparticle growth rela-
tionship is likely to find use in protein biochemistry,
thereby making these studies much more widely
accessible in nano-biotechnology.
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