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a b s t r a c t

Seed mediated catalytic growth of gold nanoparticles is used in the design of biosensors for the products
of peroxidase proteins, though the role of in situ proteins and the enzymes themselves on the sensitiv-
ity of these biosensors is yet to be addressed. This work specifically focuses on whether the presence
of proteins with a strong attraction to the gold nanoparticle seeds, such as albumin proteins, inhibits
the nanoparticle’s catalytic properties. We have determined that the sensitivity of the biosensor design,
eywords:
anoparticle
nzyme catalysis
olloidal gold
ucleation
rotein adsorption
ovine serum albumin

defined as its response to the reducing agent hydrogen peroxide, is highly dependent on the presence of
bovine serum albumin (BSA) and less dependent on the presence of the enzyme glucose oxidase. We sug-
gest that the strong interaction between BSA and the gold surface leads to poisoning of the catalytic sites
on the particle surface, which reduces the uniform growth of the nanoparticles and increases asymmetric
growth of small gold nanoparticles onto the seed surface. The overall effect of the protein interaction is
to lower the sensitivity of the model biosensor.
lucose oxidase

. Introduction

The application of metal nanoparticles in the design of biosen-
ors is increasingly frequent [1–3]. One common embodiment uses
he shift in plasmon resonance from the aggregation of particles
pon the addition of analyte to determine the concentration of ana-

yte present [4–6]. In addition, several groups have taken advantage
f nanoparticle seed mediated growth to develop biosensors for use
n detecting the products of enzymes, such as the growth of gold
anoparticles to detect the hydrogen peroxide produced by oxi-
ases [7–11], or indicators of reactions, such as the growth of silver
anoparticles through �-NADPH-dependent nitrate reductase with
hytochelatin [12]. Additionally, the growth of nanoparticles using
ilver staining methods has also been used to improve the detec-
ion limits of biosensors which use nanoparticles for DNA detection
13].

Much has been explored about how to control the size and
orphology of nanoparticles during solution synthesis [14–17],

ncluding the importance of controlling growth kinetics [18,19],

H of growth solutions [20], and the presence of capping agents
21–24]. The use of biologically relevant species, such as pep-
ides [25–30], enzyme cofactors [31], and proteins [32], during
he synthesis of nanoparticles has become more common to pro-
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duce nanoparticles with water stability and biological functionality.
Often the resulting nanoparticles produced with these biologi-
cal species are smaller than those produced without any capping
agents, but similar to those produced using alkanethiol capping
agents [31]. However, little has been explored regarding how the
presence of these biological species will affect the seed medi-
ated growth of nanoparticles used in biosensors. Since serum
albumin proteins are among the most abundant proteins present
in plasma (normal levels are 34–50 g/L) [33], we have specifi-
cally focused on the how this protein might affect seed mediated
growth in a model biosensor. In this work, we compare the effect
of serum albumin, a protein known to have a high affinity for
gold [32,34–37], to the presence of glucose oxidase on a model
biosensor’s sensitivity to the presence of a reducing agent. In addi-
tion, we investigate how the shape of particles formed by seed
mediated growth is affected by the presence of high affinity pro-
teins.

2. Experimental

2.1. Chemicals and materials

Bovine serum albumin (BSA), trisodium citrate, glucose oxi-
dase from Aspergillus niger (201 U/mg), chloroauric acid (HAuCl ),
4
tetrakis(hydroxymethyl) phosphonium chloride (THPC), and
hydrogen peroxide (H2O2) are obtained from Sigma Chemical Co.
and used without further purification. The stock solution of H2O2 is
freshly diluted from 30 wt% in water (9.8 M) to 8 mM with ultrapure
water (Milli-Q) purified by a Millipore system.

http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:bishnoi@iit.edu
dx.doi.org/10.1016/j.colsurfb.2009.10.043
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.2. High resolution transmission electron microscopy

Transmission electron microscopy (TEM) images are acquired
ith a JEOL 3010 electron microscope (University of Illinois at
hicago, Research Resource Center). Due to the low concentration
f particles in solution, centrifugation is required to concentrate the
olutions prior to deposition onto the TEM grid. The particle solu-
ions are centrifuged for 5 min at 10,000 rpm and the supernatant
s then decanted until the concentration is ∼10-fold greater than
he as-prepared solution. After sonication for 10 min, 30 �L of the
oncentrated particle solution is placed on a carbon-coated copper
rid and evaporated at room temperature prior to analysis on the
icroscope.

.3. Dynamic light scattering

All dynamic light scattering (DLS) measurements were collected
sing a Malvern Nano-S instrument (Malvern Instrument, UK). The
easurement (cell) position and attenuation settings were opti-
ized for the as-synthesized gold colloid particles (measurement

osition = 4.65, Attenuator index = 8). These settings were main-
ained throughout the subsequent particle growth measurements
o allow count rates to be compared. The measurement position
as 4.65 mm from the cell wall of a 12 mm cuvette. The size was

eported as a Z-average size, also known as the Cumulants mean.
he Z-average is calculated from the signal intensity, which is based
n the cumulants analysis. The cumulants analysis is the fit of a
olynomial to the log of the G1 correlation function using Eq. (1)
38]. The value of b, the second order cumulant, is converted to
size using the dispersant viscosity and instrumental constants.

he volume corrected mean (which takes into account the refrac-
ive index and absorption of the particles in solution) has also been
rovided to take into account that the intensity mean is dominated
y the presence of a small number of large particles (the scattering

ntensity of a particle is proportional to diameter to the sixth power
ccording to Rayleigh’s approximation) [39]. The analysis model
sed was the “General Purpose” model provided by the Malvern
ispersion Technology Software Version 5.10.

n [G1] = a + bt + ct2 + dt3 + et4 + · · · (1)

.4. Preparation of Au-NP seeds

Gold nanoparticles (stabilized by citrate) are prepared follow-
ng Frens’ method [20] using sodium citrate to reduce chloroauric
cid. Typically, a 100 mL aqueous solution of 0.01% HAuCl4 is heated
o boiling, and then 2 mL of 1% sodium citrate added. The mixture
s stirred until a wine red color is obtained, cooled to room tem-
erature, and then stored in the refrigerator until needed. Particle
ize (∼20 nm) is measured by DLS. The gold colloid concentration
s calculated to be about 9.93 × 10−10 M using an extinction coef-
cient of 1.03 × 109 M−1 cm−1 and the absorbance of the solution
t 506 nm (JASCO V-530 UV–vis spectrometer), according to the
ethod provided by Liu et al. [40]. Another gold nanoparticle solu-

ion used in the experiment is THPC–gold (∼6 nm diameter). Briefly,
mL of a stock solution of tetrakis(hydroxymethyl)phosphonium
hloride (THPC) (400 �L into 33 mL of Milli-Q water) is added into
80 mL of 6.6 × 10−3 M NaOH solution [41]. The solution is stirred
or 5 min and then 6.75 mL of 1% chloroauric acid is rapidly added
nto the vortexing solution. The color changes instantly to a light
rown and is aged in the refrigerator for at least 24 h prior to use as

seed particle. The concentration of THPC–gold was calculated to
e approximately 6.08 × 10−8 M using an extinction coefficient of
.89 × 107 M−1 cm−1 and the absorbance of the solution at 506 nm
40]. The final particle size according to DLS was found to be
6 nm.
Biointerfaces 76 (2010) 241–247

2.5. Catalytic growth of Au-NPs

To determine the role that bovine serum albumin (BSA) plays
in the growth reaction, BSA is dissolved in phosphate-buffer
solution (PB, 0.01 M, pH 7) at different concentrations from
zero to 904 �g/mL. The growth solution consists of 1.62 mL of
gold nanoparticle solution, either 5.65 × 10−11 M gold colloid or
6.82 × 10−9 M THPC–gold to maintain similar surface areas, and
0.75 mL of BSA in PB. This solution is mixed with different con-
centrations of H2O2 (total volume 1 mL), allowed to incubate for
3 min prior to the addition of 28.62 �L of HAuCl4 (final concentra-
tion = 2.4 × 10−4 M HAuCl4). The absorbance spectra are recorded
by UV–vis spectroscopy after a fixed time interval of 10 min
to maintain reproducibility of the measurements. DLS measure-
ments are also taken exactly 10 min after the initiation of the
reaction. All experimental procedures and measurements are per-
formed at room temperature (25 ◦C). The final concentration of
BSA ranges from 0 to 200 �g/mL. Additional UV–vis measure-
ments are taken at longer intervals to determine how adsorption
of BSA affects the rate of catalytic growth (Supplementary
material).

For comparison, the BSA used in the above reaction is replaced
with glucose oxidase (GOx, MW = 160,000 Da) from Aspergillus niger
dissolved in PB. GOx is a commonly used enzyme for detecting the
presence of glucose in nanoparticle based sensors [8,9,42]. The final
concentration of GOx ranges from 0 to 600 �g/mL.

3. Results and discussion

Since BSA is known to bind strongly to gold surfaces, especially
those with a citrate coating [34,36,43], we investigated how these
interactions between BSA and NP seeds affect particle growth and
therefore the sensitivity of a model biosensor. Fig. 1 shows the
absorbance spectra of the growth solutions in the presence of dif-
ferent concentrations of H2O2 and BSA. No reaction is observed
between hydrogen peroxide and Au ions in the absence of the
gold seed particles within the 10 min incubation period, demon-
strating the role of the gold nanoparticle (NP) seeds as catalysts in
the reaction. The overall particle extinction is expected to increase
with the addition of H2O2, which reduces the chloroauric acid
onto the surface of gold NP seeds until the point when all of the
excess Au(III) ions provided have been consumed [8]. This is the
same effect observed by others using NPs as seeds in enzymatic
reactions [8,9,44]. As has been observed previously, the initial red
shift observed at low H2O2 concentrations supports the concept
of particle enlargement; however, a blue-shift is seen at higher
H2O2 concentrations due to the formation a mixture of very small
crystalline Au-NPs together with enlarged Au-NPs [7,8]. However,
when even a small amount of BSA is added to the reaction solution
(50 �g/mL), the narrow, blue-shifted peaks seen at high [H2O2] are
no longer present. At higher concentrations of BSA (200 �g/mL),
the overall extinction of the particles increases only slightly and
the shape of the peak is similar to that seen before the addition of
H2O2. This result reveals that the presence of BSA affects the seed
mediated growth reaction.

In an attempt to quantify the observations in Fig. 1a, we exam-
ined the “sensitivity” of catalytic reactions as a function of the
concentration of BSA. We define “sensitivity” as the slope of the
change in the particle solutions’ absorbance at 523 nm (wave-
length of maximum absorption for original particle solution) with
increasing hydrogen peroxide concentration, or �A523 nm/[H2O2],

according to the linear least squares regressions shown in Fig. 1d–f.
According to Beer’s law, the absorbance of a gold NP solution in
UV–vis spectroscopy is related to the concentration of gold NPs and
the extinction coefficient of the NPs, which is dependent on a par-
ticle’s size [40]. Though it is clear that the relationship is not truly
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ig. 1. (a) Absorbance spectra of Au-colloid (20 nm) seed in the presence of HAuC
from bottom to top, 0, 0.1, 0.25, 0.5, and 1.0 mM H2O2) at three different BSA conc
ach concentration. (c) The overall change in “sensitivity” (�A523 nm/[H2O2]) as a fu

linear” for some solutions (namely 50 �g/mL BSA), this provides a
ore quantitative method for tracking the effects of BSA on particle

rowth. From the response curves (Fig. 1b), it is apparent that the
ensitivity of this type of enzymatic reaction is dependent on the
resence of proteins that have a strong affinity to the gold surface,
ince increasing the concentration of BSA used in the reaction to
00 �g/mL caused an approximately 5× decrease in the sensitivity
f the response curve (Fig. 1c). This concentration corresponds to
oughly 2 × 1012 molecules/cm2, which is less than monolayer cov-
rage (3 × 1012 molecules/cm2) according to previous studies with
itrate-stabilized gold surfaces [34].

A linear least squares regression of the change in absorbance
or a fixed wavelength (523 nm) only provides a semi-quantitative

easure of the differences between NP solutions with and with-
ut BSA added, because of bathochromic shifts in the spectra upon
ddition of H2O2 and saturation at high [H2O2] (due to the com-
lete consumption of gold ions), which limit the linearity of the
esponse. If the area under the curve is plotted versus [H2O2]
Supplementary material), the linearity of response is now even
ore limited and confined to low hydrogen peroxide concen-
rations (<0.25 mM), except for solutions containing [BSA] over
0 �g/mL. Using the magnitude of the slope of �Area versus
H2O2], the onset of particle growth inhibition is ∼25 �g/mL of BSA
∼2.7 × 1011 BSA molecules/cm2), corresponding to approximately
.01 M phosphate-buffer solution of pH 7 as the function of concentration of H2O2

ions, 0, 50, and 200 �g/mL. (b) The resulting response curves are plotted below for
of [BSA] added.

one-tenth of a monolayer and ∼1.3 BSA molecules per particle
(Supplementary material) [34].

Though the addition of BSA appears to hinder the initial sen-
sitivity of the model biosensor, the overall area under the curve
actually increases with the addition of <100 �g/mL BSA at higher
H2O2 concentrations (>0.25 mM) compared to solutions without
BSA. The source of this increase in area is most likely due to a reduc-
tion in the detachment of nanoclusters from the surface of the seed
particles. This idea is supported by both light scattering (Fig. 2)
and transmission electron microscopy (Fig. 3) measurements. For
Au NP solutions with BSA ≤ 10 �g/mL, the hydrodynamic diameter
(DH) decreases with increasing concentrations of H2O2, which cor-
relates well with the blue-shift seen in the UV–vis spectra at higher
hydrogen peroxide concentrations (Fig. 1). In addition, the count
rate (Fig. 2b) continues to increase dramatically upon addition of
large amounts of hydrogen peroxide in solutions where BSA is
<25 �g/mL (Fig. 2b), while the count rate only increases marginally
for those solutions containing more BSA. This observation agrees
with previous studies that suggest that light scattering provides a

sensitive detection method for the quantification of glucose by seed
mediated growth of nanoparticles [7].

Fig. 3 shows the TEM results of gold colloid after 10 min of
reacting with H2O2 (0.25 and 1 mM) and BSA (0–200 �g/ml). When
hydrogen peroxide is added, Au crystallites are catalytically grown
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ig. 2. (a) Resulting hydrodynamic diameter (DH) for the seed solutions after reduc-
ion of additional Au(III) with H2O2 as measured by dynamic light scattering. (b)

easured count rate from light scattering as a function of [H2O2] and [BSA] added
o the seed solutions.

n the faces of the parent Au seeds and should ideally form a uni-
orm layer of gold on the NP surface. However, previous studies
y Zayats et al. [8] using 13 nm particles showed that in addition
o overall nanoparticle growth, Au nanoclusters are formed on the

article surface which can detach from the larger seed particles,
ontributing to the blue-shift of the absorbance spectra at high
2O2 concentration. NPs without the presence of BSA are shown

o be initially aggregated (Fig. 3a) but separate into individual large

ig. 3. TEM images of gold NP growth in the presence of 2 × 10−4 M HAuCl4 and varyin
0–200 �g/mL).
Biointerfaces 76 (2010) 241–247

particles (∼80 nm) with increasing amounts of hydrogen peroxide
(Fig. 3d). The initial aggregation may occur from placing the par-
ticles into a phosphate-buffer solution with chloroauric acid prior
to the addition of hydrogen peroxide. However, since only limited
aggregation was seen in DLS measurements prior to the addition
of reducing agent (Fig. 2a), it likely that the aggregation seen in
the initial TEM images is due to the centrifugation step used to
concentrate the particles prior to TEM analysis.

Interestingly, Fig. 3 shows quite a difference in the gold NP’s
morphology at high concentrations of hydrogen peroxide in the
presence of BSA (Fig. 3e and f) versus particles without BSA (Fig. 3d).
First, the degree of aggregation seen in Fig. 3e and f is significantly
greater than that shown without the presence of BSA (Fig. 3d). Sec-
ond, though there were large aggregates, the size of the individual
particles making up those aggregates do not change significantly
(Supplementary material Table 2). Third, the formation of numer-
ous separate nodes of various sizes was observed on the surface
of gold seeds (Fig. 3b, c, e and f). These nodes are similar to the
nanodendrite structures found when bimetallic Pd–Pt nanostruc-
tures are created from truncated octahedral Pd seeds [45]. These
small nodes may contribute to the weak but gradual increase of
the absorbance spectra with increasing the concentration H2O2
and the lack of shift in the wavelength of absorbance maxima in
the absorbance spectra (Fig. 1a). The TEM results imply that when
BSA binds to the surface [34], it blocks biocatalytic growth sites
on the surface of gold, forcing additional gold deposition onto any
uncovered sites and thereby non-uniform growth of the NP seeds
(Scheme 1). These results also suggest that the presence of BSA
allows the nanoclusters formed on the particles to maintain their
association with the parent seed particles.

In order to determine whether this effect is dependent on
the particle’s surface chemistry and size, an additional nanopar-
ticle catalyst is tested in the model biosensor. Instead of using
citrate reduced gold colloid, the significantly smaller gold NP
of tetrakis(hydroxymethyl) phosphonium chloride (THPC) as the
reducing agent [41] is tested. These particles have been shown to
have some phosphorous component on their surfaces and were
therefore expected to show differences in their ability to catalyze

g concentrations of H2O2 (0.25 and 1.0 mM) at the different BSA concentrations
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cheme 1. Proposed model of biocatalytic growth of Au-NPs in the presence and
bsence of BSA.

he reaction between gold ions and hydrogen peroxide and their
ffinity to BSA. Fig. 4 shows the absorbance of the THPC–gold NPs

fter the addition of H2O2 in the presence of varying concentra-
ions of BSA. Our first observation is that THPC–gold nanoparticles
ehave remarkably similar as NP catalysts as those produced
sing the citrate reduction method. Second, the sensitivity of

ig. 4. (a) Absorbance spectra of THPC–gold (6 nm) seed in the presence of HAuCl4 in 0
from bottom to top, 0, 0.1, 0.25, 0.5, and 1.0 mM H2O2) at three different BSA concentrat
ach concentration. (c) The overall change in “sensitivity” (�A523 nm/[H2O2]) as a function
Biointerfaces 76 (2010) 241–247 245

THPC–gold dramatically decreases with increasing concentration
of BSA (Fig. 4b–c). When the concentration of BSA is increased from
0 to 200 �g/ml, the sensitivity is reduced from 1.4 a.u./mM down to
0.04 a.u./mM H2O2 (THPC–gold, Fig. 4c). When area under the curve
is used as a measurement of biosensor inhibition by BSA instead
of the change in absorbance at a fixed wavelength, similar results
were seen for THPC–gold particles as found with Au-colloid parti-
cles (Supplementary information). The main differences between
the way these two particles behave in the presence of BSA is that
there is not clear inhibition of the biosensor response for THPC–gold
nanoparticles until the BSA concentration reaches a concentra-
tion of 75 �g/mL, whereas inhibition for begins at approximately
25 �g/mL for the Au-colloid nanoparticles. This difference most
likely resides in the difference between the two particle sizes and
their concentration in solution. When the change in the initial
response of the model biosensors is compared (i.e. low [H2O2]), it is
clear that response for the THPC–gold particles actually increases at
low BSA concentrations while the Au-colloid particles decline upon
the addition of any BSA (Supplementary material). The critical con-
centration that poisons both model biosensors is 200 �g/mL, which
corresponds to a BSA:Au ratio of 1:1 for THPC–gold and 100:1 for
ence of BSA hinders the catalytic reaction for both types of particles
but that the response is a function of particle size and concentration.

Finally, we tested whether the seed mediated growth process is
affected by incubation with the actual peroxidase enzyme that is

.01 M phosphate-buffer solution of pH 7 as the function of concentration of H2O2

ions, 0, 50, and 200 �g/mL. (b) The resulting response curves are plotted below for
of [BSA] added.
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ig. 5. Plots of the change in Abs at 523 nm versus [H2O2] as a function of glucose
he curve versus [H2O2] for various concentrations of glucose oxidase added.

sed in the detection of glucose (Fig. 5) in an analogous fashion to
SA. We find only limited reduction in the sensitivity of our model
nzymatic sensor as a function of peroxidase concentration, even
p to concentration levels of 600 �g/mL (Fig. 5a and b). However, it
as clear from measuring the change in area under the curve as a

unction of GOx that the citrate-stabilized Au-colloid do have some
hange in response with the addition of GOx (Fig. 5c), though it was
ot as large as that seen with BSA. There is almost no difference seen

or the THPC–gold particles using either change in absorbance at a
ingle wavelength or overall area under the curve (Fig. 5b and d)
s a measure of response. Our hypothesis is that glucose oxidase
as a significantly lower affinity for the gold NPs than the serum
lbumin proteins.

. Conclusions

In conclusion, the present study has demonstrated by employ-
ng UV–vis spectroscopy that the biocatalytic growth of Au-NPs is
indered due to the interaction between BSA and gold NPs. Elec-
ron microscopy and light scattering studies are consistent with
he spectral data and suggest that BSA plays two roles in the
eed mediated growth process. We propose a model in which pro-
ein attachment to the gold seed first prevents the detachment of
anoclusters from the seed particle surface and second leads to

nhibition of surface catalytic sites. We are the first group to demon-

trate that with the addition of a strongly bound protein with a high
ffinity to gold that this detachment can be prevented and change
he overall morphology of the particles. Since numerous kinds of
xidases generate H2O2, this work reveals that biosensors based
pon seed mediated catalysis will lose sensitivity in the presence
se addition for (a) Au-colloid and (b) THPC–gold. Plots of the change in area under

of high concentrations of proteins with high affinity for the gold sur-
face, such as BSA. However, large quantities of low affinity binding
proteins, such as the enzyme itself, do not have a significant impact
upon the catalytic ability of the nanoparticle surface even at signif-
icantly higher concentrations. This study provides insight into the
design of biosensors based on seed mediated biocatalysis and the
role that protein attachment can play in these studies.

Supplementary material

Detailed tables listing the TEM and DLS results are presented
along with estimations of the packing density of BSA on the sur-
face of the nanoparticles based on surface area and BSA put into
the nanoparticle solutions. In addition, the changes in the area
under the curve as a function of hydrogen peroxide and BSA and
the slope of the change in peak area versus [H2O2] is given. The
change in slope for peak area versus hydrogen peroxide for both
Au-colloid and THPC–gold is shown as a function of the number of
BSA molecules per particle.
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