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P
roteins interactwithdispersed, charged
nanoparticles (NP) and act as complex
surfactants. Electrostatic, dispersive,

and covalent interactions cause proteins to
adsorb on NP surfaces and to change their
molecular conformation.1�3 Adsorption can
decrease or increase the NPs' colloidal stabi-
lity: proteins can cause agglomeration when
they reduce the NPs' surface charge4 or
directly bind to two NP and bridge them.5

NP stability can increase if the proteins act as
a spacer between the individual particles
and cause steric or entropic stabilization.6�8

In many applications, NP agglomeration
is undesirable, and stable dispersions are
required even at the high physiological
ionic strength of biological fluids.9 In other
cases, protein-induced NP agglomeration is
intended, for example, in immunoassays
where NP specifically bind antibodies.10 The
agglomeration of gold nanoparticles (AuNP)
can easily be detected photometrically
due to a strong shift in the AuNPs' surface
plasmon resonance (SPR).11 Similar concepts
have been used to detect metal ions4 and
conformational transitions of proteins.12

An interesting intermediate case is that
of NP�protein clusters with stable, micro-
scopic sizes. They can form when proteins
bridge particles5 or when agglomeration is
deliberately stopped by stabilizing proteins.8

Here, we are interested in the spontaneous
growth of stable NP�protein clusters that
occurs without quenching.
The stability of charged colloids is com-

monly described by the DLVO theory.13,14

This theory states that a colloidal dispersion
is stable when electrostatic repulsion out-
weighs van der Waals (vdW) attraction and
otherwise agglomerates until transport
limitations end the process, usually atmacro-
scopic agglomerate sizes. Stable clusters can
only form when the agglomeration process
is quenched by a secondary process.
Several authors report self-limiting ag-

glomerate growth: Sevilla et al.15 observed
stable clusters after mixing equine myoglo-
bin with an unbuffered dispersion of citrate-
stabilized 30 nm AuNP. They investigated
myoglobin concentrations from 3.7 � 10�8

to 7.4 � 10�6 M (0.65 mg/L to 130 mg/L)
at a fixed AuNP concentration and found
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ABSTRACT Citrate-stabilized gold nanoparticles (AuNP) ag-

glomerate in the presence of hemoglobin (Hb) at acidic pH. The

extent of agglomeration strongly depends on the concentration ratio

[Hb]/[AuNP]. Negligible agglomeration occurs at very low and very

high [Hb]/[AuNP]. Full agglomeration and precipitation occur at

[Hb]/[AuNP] corresponding to an Hb monolayer on the AuNP. Ratios

above and below this value lead to the formation of an unexpected

phase: stable, microscopic AuNP�Hb agglomerates. We investi-

gated the kinetics of agglomeration with dynamic light scattering and the adsorption kinetics of Hb on planar gold with surface-acoustic wave-phase

measurements. Comparing agglomeration and adsorption kinetics leads to an explanation of the complex behavior of this nanoparticle�protein mixture.

Agglomeration is initiated either when Hb bridges AuNP or when the electrostatic repulsion between AuNP is neutralized by Hb. It is terminated when Hb

has been depleted or when Hb forms multilayers on the agglomerates that stabilize microscopic clusters indefinitely.

KEYWORDS: agglomeration . clusters . protein corona . time-dependent Smoluchowiski agglomeration model .
protein�nanoparticle mixtures . dispersion stability . electrosteric stabilization . particle stability
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smaller agglomerates and faster agglomeration kinetics
for higher protein concentration.
In a study by Park et al.,16 3.8 nm CdTe�NP were

found to agglomerate in the presence of cytochrome c.
They formed microscopic clusters with a narrow
monomodal size distribution and zeta potentials that
increased with progressing agglomeration until elec-
trostatic repulsion terminated further cluster growth.
Similar observations were reported by Kalsin et al.17

for a protein-free system: Polydisperse but finite-sized
supracrystals formed in a binary mixture of similar-
sized and oppositely charged metal nanoparticles. An
excess of either particle type resulted in an asymme-
trical composition of the clusters' outermost layer and
gave rise to electrostatic stabilization.
We suggest that stable clusters form when repulsive

interactions, be they electrostatic, steric, or due to
depletion, increase in an unstable colloid until they
stop agglomeration and yield stable clusters. There is
insufficient kinetic data on cluster growth available to
decide in which nanoparticle-protein mixtures such
mechanisms lead to stable clusters. An alternative
explanation for stable clusters are equilibrium cluster
phases18 that may also occur in nanoparticle-protein
mixtures. The intent of the work reported here was to
establish a formation mechanism for one representa-
tive cluster-forming mixture.
We investigated the agglomeration of citrate-

stabilized AuNP in acidic solutions (pH 4) of bovine
hemoglobin (Hb) and bovine serum albumine (BSA)
solutions. The proteins have similar molecular weights
(66.4 kDa for BSA and 64.5 kDa for Hb) and positive net
charges at the pH value used in this study (isoelectric
point pI 4.9 for BSA and pI 6.8 for Hb). Dynamic
light scattering (DLS) indicated agglomerate growth
kinetics and agglomerate stability. Surface acoustic
wave (SAW) phase measurement was used to analyze
Hb adsorption kinetics on planar gold surfaces. Taken
together, the kinetic data suggest concentration-
dependent mechanisms of agglomeration and cluster
formation in this system and exclude equilibrium
cluster phases. A modified Smolukowski agglomera-
tion model is introduced to explain the formation of
finite-sized clusters in NP-protein mixtures.

RESULTS AND DISCUSSION

To identify the formation mechanism of AuNP�
Hb clusters, we measured time- and concentration-
dependent cluster sizes, assessed the stability of the
formed clusters upon addition of protein, and charac-
terized the adsorption kinetics of Hb on gold ex situ.
This data allows us to model the transient stability
of AuNP�Hb agglomerates and forms the basis of
a modified Smulochowski agglomeration model that
describes the formation of stable clusters.

Cluster Radius versus Hemoglobin Concentration. The size
distribution of AuNP�Hb clusters depended on the

ratio of Hb and AuNP concentrations, [Hb]/[AuNP].
Mixtures were prepared with a AuNP concentration
of 16.15 mg/L (measured by ICP-OES) and different Hb
concentrations. Protein-free samples were red due to
surface plasmon resonance (SPR) of the AuNP. DLS
indicated a particle radius of 7.3 ( 1.0 nm, consistent
with the observed color.11

Within minutes after mixing AuNP and Hb, samples
with Hb concentrations in the range of 0.2�10 mg/L
changed their color from red to violet, probably due
to the SPR coupling upon particle agglomeration4,11,19

(see Figure 1a). After a few hours, samples with con-
centrations between 0.5 and 5 mg/L Hb further chan-
ged color to dark blue. Mixtures in this concentration
range precipitated within 1 day and left an almost
colorless clear liquid (Figure 1a). We call this concen-
tration range the “instability region”. Note that the Hb
concentration theoretically required to form a com-
plete monolayer on the AuNP lies between 3.3 and
4.1 mg/L (Supporting Information), clearly inside the
instability region.

Samples with Hb concentrations above 5 mg/L
underwent no or hardly noticeable precipitation and
a SPR red-shift that decreased monotonically with
increasing Hb concentration (UV�vis spectra in the
Supporting Information Figure S1). Samples with Hb
concentrations below 0.5 mg/L exhibited the inverse
trend: SPR red-shift and precipitation decreased with
decreasing protein concentrations.

The surface plasmon shifts in the stable dispersions
are likely due to the formation of stable, microscopic
clusters. We used DLS to quantify the agglomeration.
At very high and very low Hb concentrations, no
agglomeration occurred, and DLS measured the radii
of single particles. Stable clusters formed at Hb concen-
trations below0.5 and above 5mg/L.Mean radii of stable
clusters that had formed after 24 h at different Hb and
constant AuNP concentrations are shown in Figure 1b.
The error bars indicate the cluster size distributions
calculated from the averaged autocorrelation functions.

Clusters that formed outside the instability region
at moderate Hb concentrations were stable and did
not show significant changes even after hundreds
of hours as shown in Figure 1c for a sample prepared
with 25 mg/L Hb. We reproduced the results shown
in Figure 1b with four different AuNP batches and
different buffer dilutions (Supporting Information,
Figures S2 and S3).

Replacing Hb with BSA resulted in very similar
agglomeration behavior (Supporting Information,
Figure S4). We will focus on hemoglobin in the rest of
this study but suggest that stable AuNP agglomerates
form with many other proteins.

The relationship between concentration and ag-
glomerate sizes observed is similar to that reported by
Sevilla et al.15 and Kalsin et al.17 in a nonprotein system.
Kalsin observed diverging cluster sizes when using
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identical concentrations of negatively and positively
charged nanoparticles and a strong decrease in cluster
radii when the concentration of either particle typewas
increased.

Transmission electronmicroscopy (TEM) of agglome-
rates prepared outside of the instability region showed
floclike agglomerates and confirmed the decrease in
cluster size with rising Hb concentration (Figure 2). The
clusters were polydisperse for all concentrations, with
a disordered geometry consistent with diffusion-limited
agglomeration.8,20 This is in contrast to the almost
monodisperse agglomerates found by Park et al.16 and
the crystalline suprastructures found by Kalsin et al.17

Cluster Stability upon Dilution and Protein Addition. Sta-
tistical models that use kinetic constants to describe

the adsorption and desorption of particles on agglome-
rates predict that stable clusters can form in a dynamic
equilibrium.21 Dynamic equilibrium implies a strong
dependence of the agglomerate radius on the absolute
particle concentrations. A low particle concentration
will reduce the rate of Brownian collisions of free
particles with the cluster and thus, the adsorption rate,
while the desorption rate is independent of the abso-
lute particle concentration. Dilution should therefore
reduce the equilibrium cluster size.

Molecular dynamic simulations that attribute inter-
action potentials to the particles (for example, Lennard-
Jones and Yukawa potentials) also predict stable
clusters for certain parameter ranges.18 Park et al. use
such a model to explain the nanoparticle clusters they

Figure 1. (a) Photographs of particle�protein mixtures containing 16.15 mg/L AuNP after 1 h (top row) and 18 h (bottom
row). Hemoglobin (Hb) concentrations were (from left to right) 0, 0.1, 0.2, 0.3, 0.5, 1, 2.5, 5, 10, 25, and 50 mg/L. (b) Mean
agglomerate radii of stable AuNP clusters from DLS as a function of Hb concentration at a constant AuNP concentration of
16.15 mg/L. The samples were prepared approximately 24 h before the measurement. Error bars indicate the size
distributions calculated from DLS. The green line is a guide to the eye. The Hb concentration theoretically required for
monolayer coverage of the AuNP is indicated as a vertical dashed line. Blue spheres represent AuNP, green spheres represent
Hb, and both are not to scale. (c) Long-termevolution of themean agglomerate radii fromDLS in clusters formed at 16.15mg/L
AuNP and 25.0 mg/L Hb. Error bars indicate size distributions from DLS.

Figure 2. Transmission electron micrographs of agglomerated AuNP for different Hb concentrations: (a) 9.125 mg/L Hb,
(b) 20.0 mg/L Hb, (c) 75.0 mg/L. The scale bars are 100 nm in (a) and 200 nm in (b) and (c).
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observe: Initial formation of large agglomerates is
followed by a slow condensation into an equilibrium
phase of compact, electrostatically stabilized clusters.16

All of the dynamic equilibrium models described
above predict cluster sizes that change upon dilution.
We tested whether the cluster sizes are concentration-
dependent in our system. A volume of 200 μL disper-
sion of stable clusters was diluted with 800 μL of either
deionized water or pH 4.0 buffer. Diluting did not
change the color of the dispersion and did not cause
any visible precipitation. The mean cluster radius was
measured 24 h after the samples were diluted using
four protein concentrations above the instability region
(Figure 3a). Cluster sizes and size distributions remained
constant after dilution for initial Hb concentrations
of 10 mg/L and higher. Clusters formed at 7.5 mg/L Hb,
close to the instability region, changed their size
upon dilution by a factor of 1.5. We also measured the
hydrodynamic radius upon cluster formation at different
absolute concentrations with identical [Hb]/[AuNP]
(Supporting Information, Table 1). Low absolute concen-
trations yielded the largest clusters. Overall, the concen-
tration dependence of cluster sizes that we observed
cannot be explained using dynamic equilibrium models
that would predict smaller clusters at lower concentra-
tions. We believe that kinetics dominate the cluster sizes.

While dilution changed the absolute gold and
protein concentrations, their ratio remained constant.
We additionally changed [Hb]/[AuNP] by adding
highly concentrated Hb solutions to stable cluster
dispersions. Figure 3b shows the time evolution of
the mean radii of clusters prepared on either side of
the instability region. Clusters formed at high initial Hb
concentration (12.5 mg/L) retained their mean radius
after increasing the Hb concentration to 37.5 mg/L.
Clusters formed at low Hb concentrations (0.25 mg/L)
agglomerated upon increasing the Hb concentration
to 3.25 mg/L and eventually precipitated.

The observed differences suggests different stabili-
zation mechanisms for clusters formed at protein
concentrations above or below the instability region.
At low concentrations, stability is probably due to the
depleting of proteins from the solution by the growing
clusters. Proteins adsorbed to (and inside) the clusters
do not further contribute to particle agglomeration.
When all proteins are depleted, the partially protein-
coated clusters remain stable (see the illustration in
Figure 1b). When we added proteins to such clusters,
agglomeration resumed until the additional protein
was consumed. This reminds of the mechanism pro-
posed by Bharti et al. for the agglomeration of silica
nanoparticles in lysozyme solutions5,22 and is different
from the mechanism suggested by Kalsin et al.17

Clusters formed at protein concentrations above
the instability region must be stabilized by different
mechanisms. We suggest (see Figure 1b) that such
clusters are fully coated by layers of proteins that
provide polymer stabilization of the clusters.23 Such
clusters are not affected by additional proteins.

According to the above model, clusters will grow
either until no proteins remain in the solution or until a
protein layer has formed on the clusters that stabilizes
them against further growth. Cluster sizes would then
depend on the kinetics of protein adsorption.

Kinetics of Hemoglobin Adsorption on Gold Surfaces. We
studied the adsorption of Hb on gold in more detail to
understand its kinetics and introduce it to a possible
model of cluster formation. The surface acoustic wave
shift of a planar gold filmwasmonitored during protein
adsorption. Phase shifts that occurred at different Hb
concentrations in diluted pH 4.0 buffer are shown in
Figure 4a. The temporal evolution of the shift (that is
proportional to surface-bound mass) indicates a two-
step process as previously reported for Hb on gold.3

Monte Carlo simulations of a similar case, the adsorp-
tion of R-amylase and BSA on silicon substrates,

Figure 3. Stability of Hb�AuNP clusters in pH 4.0 buffer measured by DLS. AuNP concentration was 16.15 mg/L; error bars
indicate cluster size distributions. (a) Mean radius of clusters prepared at Hb concentrations above the instability region after
24 h (gray squares). The samples were diluted with deionized water (blue circles) or pH 4.0 buffer (green triangles) and
characterized after another 24 h. (b) Stability after protein addition of clusters prepared on either side of the instability region
with initial Hb concentrations of 12.5 mg/L (blue squares) and 0.25 mg/L (green circles).
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suggest that after the primary protein adsorption
slower conformational changes of the adsorbed
protein increase packing density.1 Circular dichroism
spectroscopy reveals strong changes in the secondary
structure of Hb adsorbed to gold surfaces, showing
that conformational changes indeed happen during
Hb adsorption.24

We used a linear superposition of two exponentials
to fit the time-dependent phase shift θ(t):

θ(t) ¼ θ0 þ θmax(1 � be�t=τSAW, 1 � (1 � b)e�t=τSAW, 2 )

(1)

Here, θmax is the phase shift for an equilibrated
protein layer and θ0 is the phase shift offset. The time
scales of the distinct processes (adsorption and con-
formational change) are denoted as τSAW,1 and τSAW,2.
The scaling parameter b describes the relative magni-
tude of the phase shift attributed to the distinct
processes (1 g b G 0).

Note that eq 1 fails to describe the initial slope of
adsorbed protein mass for Hb concentrations below
10 mg/L. We believe that protein depletion in the
small sample cell of the SAW setup causes the devia-
tion from the simple model. Molecules adsorb faster to
the uncovered gold surface than they are replenished
by the flowing solution. The data are truncated at the
inflection point of the initial slope before fitting to eq 1.
(See Figure 5 in the Supporting Information for the fits.)

The time scale of the primary adsorption process,
τSAW,1, decreased almost monotonically with increas-
ing protein concentration (Table 1). The time scale of
the protein reorganization, τSAW,2, is approximately 1
order of magnitude larger and almost independent of
the Hb concentration, as expected.

Hemoglobin Layer Structure. Cluster stability depends
on the structure of adsorbed hemoglobin layers. We
used the SAW data to analyze the structure of protein

Figure 4. SAW data of hemoglobin adsorption on a planar gold film. (a) Phase shift of the surface acoustic wave vs time after
sample injection for differentHb concentrations. For better visibility, not all data are shown in this plot. See text for discussion.
(b) Saturation value of the phase shift vsHb concentration. The data are fitted to the Langmuir (blue dashed line) and the BET
(green solid line) adsorption isotherms. Parameters of the Langmuir fit are θmono = 13.9� ( 0.4�, RL = 0.15 ( 0.02L/mg.
Parameters of the BET fit are θmono = 12.9� ( 0.7�, RBET = 386 ( 205, C0 = 2081 ( 1373 mg/L.).

Figure 5. Mean agglomerate radius from DLS versus time
after sample preparation. The gold concentration was fixed
(16.15 mg/L AuNP); Hb concentrations are indicated in the
graph (6.25, 10.0, 12.5, 18.75, 25.0mg/L). Green lines are fits
to the modified Smolukowski model (eq 7).

TABLE 1. Fit Parameters Extracted from SAW Dataa

CHb (mg/L) θ0 þ θmax (deg) b τSAW,1 (min) τSAW,2 (min) θres (deg)

5.00 5.36 1 1.0 N/A 4.85
6.25 7.44 0.79 0.79 7.23 ( 1.47 6.53
7.50 8.17 0.55 0.54 2.95 7.62
10.00 8.33 0.52 0.33 2.45 7.79
12.50 8.87 0.52 0.16 2.27 8.35
17.50 9.52 0.67 0.34 2.75 8.88
18.75 10.44 0.85 0.24 2.57 9.7
25.00 10.96b 0.78b 0.20b 2.30b 10.3b

100.0 12.67b 0.89b 0.10b 2.35b 12.1b

200.0 13.98 0.88 0.07 2.52 13.34

a The saturation value θ0 þ θmax of phase shift, the weighing parameter b,
and the time constants τSAW,1 and τSAW,2 are obtained from eq 1. The residual
phase shift after desorption θres is obtained from an empirical fit (Supporting
Information, eq 3). Errors in τSAW,1 are smaller than 0.02 min; errors in τSAW,2 are
smaller than 0.2 min unless stated otherwise. b Average of two independent
measurements.
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layers formed at different concentrations. The sorption
isotherm in Figure 4b shows the phase shift satura-
tion plateau (θ0 þ θmax) as a function of the sample's
hemoglobin concentration. We assume the phase shift
signal to be proportional to the mass of the adsorbed
protein layer and fit the data with the Langmuir and
the BET isotherm (see the Supporting Information for
a discussion of the isotherm models).

Both models yield reasonable fits, with slightly
smaller deviations from the BET model at higher con-
centrations. Protein adsorption on AuNP has been
reported to deviate from simple Langmuir adsorption
previously.3,25 It is likely that hemoglobin forms at least
partial multilayers already at the comparatively low
protein concentrations used here.26

Multilayer formation explains why the BET isotherm
provides the best fit of our protein adsorption data
(Figure 4). We suggest that proteins weakly bind to the
strongly bound monolayer, in analogy to the classical
protein corona picture.27 Such adsorption is best
described by BET even if the underlying monolayer is
incomplete.28 Patches of multilayers will have a minor
effect on the overall zeta potential (Supporting Infor-
mation, Figure S6) but act as a spacer between the
agglomerates and suppress attractive interactions.

The adsorption behavior did not change with
pH and did not depend on the presence of citrate on
the gold surface (Supporting Information, Figure S7).
After the protein-coated gold surface was flushed with
buffer, over 90% of the original coverage remained
irreversibly bound. We believe that similar to other
proteins Hb replaces the citrate and forms strong
(multivalent) bondswith the gold substrate.4,6,19 Stable
binding of Hb to gold surfaces has been reported in
studies that used fluorescence spectrometry.24,29 Pro-
teins in general have various functional groups, such as
carboxylates, amines, thiols, disulfides, and imidazoles
that can strongly bind to metal (gold) surfaces, result-
ing in very robust protein layers.4 Thiol binding via a
Cysteine residue is commonly assumed for Hb3 and
other sulfur-containing proteins12,30 although nonco-
valent binding via tryptophan residues has also been
proposed.24 We suggest that the irreversibly bound
proteins are in direct contact with the gold surface
where they form at most a monolayer, a notion that is
consistent with the literature. The 10% that desorb
during flushing were weakly bound in multilayers.

Kinetics of Cluster Growth: Extended Smoluchowski
Agglomeration Model. Agglomeration of AuNP at high
ionic strengths8 or after ligand exchange20 follows
the Smoluchowski model of diffusion-limited agglo-
meration.31 The total agglomerate concentration ∑j[Pj]
follows a differential equation:32

� d
dt∑j

[Pj] ¼ k

2 ∑
j

[Pj]

 !2

(2)

Here, Pj is the number of agglomerates consisting
of j single particles and k is the agglomeration rate
constant. The solution

∑
j

[Pj] ¼ P0
1þ k=(2P0)t

(3)

describes the kinetics of agglomeration, where the
initial particle number is given by the boundary condi-
tion P0 = ∑j[Pj]|t=0.

Equation 3 describes the standard case of
unlimited agglomeration. It does not predict the forma-
tion of stable clusters for any choice of parameters.
In the following, we extend the Smoluchowski model
by introducing a time-dependent agglomeration rate.
Assume an exponentially decaying agglomeration
constant:

k(t) ¼ k0e
�t=τDLS (4)

(A physical motivation for this choice of time de-
pendence of the agglomeration constant is given in
the Supporting Information.) We solve Smoluchowski's
eq 2 with this time-dependent k(t) and the boundary
condition P0 = ∑j [Pj]|t=0 and obtain

∑
j

[Pj] ¼ P0et=τDLS

1þ k0τDLSP0(et=τDLS � 1)
(5)

The mean particle number n(t) per agglomerate
follows as

n(t) ¼ P0

∑
j

[Pj]
¼ (1� e�t=τDLS )k0τDLSP0 þ e�t=τDLS (6)

It is easily confirmed that n(t) = 1 for t = 0 and n(t) =
k0τDLSP0 for tf¥. Equation 6 also predicts termination
of agglomerate growth: if k0 3 τDLS < 1, n(t) |t=¥ < P0; i.e.,
the agglomeration stops before all single particles are
consumed and bound in one large cluster.

The agglomerate radius Ragglo is related to n via

n = (((Ragglo)/(r0)))
df with the fractal dimension df of the

agglomerate's geometry and the single AuNP radius r0.
We define a mean agglomerate radius as a function of
time:

Ragglo(t) ¼ ((1� e�t=τDLS )k0τDLSP0þe�t=τDLS )1=df r0 (7)

We used this model to fit time-dependent agglom-
erate sizes measured by DLS (Figure 5) at five protein
concentrations above the instability region. The green
lines represent the fits to eq 7, and the fit parameter
values are listed in Table 2. All samples exhibited
rapid cluster growth after sample preparation and
stabilization of cluster sizes within approximately 2 h.
Later, agglomeration was entirely suppressed, and the
formed clusters remained stable for days as shown in
Figure 3.

For all fits shown here, the primary particle radius
r0 was fixed to 10.5 nm, the sum of the AuNP radius of
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7.3 nm and a protein radius of 3.2 nm.33 Initial particle
concentrations P0 were fixed to 5.0125 � 1014 L�1. We
adjusted τDLS, k0, and df. The values of df for large
agglomerates found here are in reasonable agreement
with previously reported values of the fractal dimen-
sion for diffusion limited agglomeration of AuNP (df =
1.86 and df = 2.1�2.2, respectively8,20). Note that df
found for small agglomerates is higher (we chose 3 as
upper boundary), as expected for compact structures.

The fits indicate that the time scale of cluster
stabilization τDLS (Table 2) is much shorter than the
adsorption of a complete protein film (Table 1). This is
surprising at first: if protein adsorption alone governs
cluster stabilization, why should there be an additional
time scale? One might suggest that our ex situ adsorp-
tion measurements using SAW overestimate the
protein adsorption rate due to the differences in
protein diffusion. A quick calculation (in the Supporting
Information) confirms, however, that Hb diffusion is
much faster than cluster formation even around AuNP.

Measurements of the zeta potential during cluster
growth also suggest that protein layers form rapidly.
The zeta potential of the clusters increased to
slightly positive values around þ15 mV (Supporting
Information, Figure S6b) almost immediately after
sample preparation and remained constant afterward.
This surface charge is below the zeta potential of
around (30 mV required to stabilize particles
electrostatically.34

We believe that an additional mechanism is re-
levant in the stabilization of the growing clusters, a
mechanism that is slower than protein monolayer
adsorption. The stabilization of AuNP by Hb is probably
due to steric effects similar to that reported for BSA on
AuNP7 and metal oxide nanoparticles.9 Protein multi-
layers seem to be required for efficient stabilization of
the clusters. The time scale of multilayer formation is
not visible in the SAW measurements because the
multilayers contribute only a small fraction (probably
around 10%) to the total adsorbed protein mass.

Our modified Smulochowski model does not con-
sider protein multilayer formation explicitly. It is still
sufficient to describe the kinetic situation here because
the fit parameter k0 summarizes such effects. Small Hb
concentrations will cause slow monolayer formation
and protract the transient stage where the energy
barrier Vmax is lowest. At this stage, rapid agglomera-
tion takes place. This is consistent with the decrease
of k0 at increasing Hb concentrations (Table 2 and
Supporting Information, Table 1).

A Model for Self-Terminated AuNP Agglomeration. Overall,
the following model for the formation of stable finite-
sized agglomerates at high protein concentrations
emerges (Figure 6): Agglomeration is initiated by the
fast adsorption of charged proteins on AuNP that form
a strongly boundmonolayer. This reduces electrostatic
repulsion between individual AuNP and causes diffu-
sion-limited agglomeration. Further protein adsorbs
on the growing clusters and forms partial multilayers.
Protein multilayers act as spacers between the gold
cores and decrease van der Waals attraction. Multi-
layers reduce attractive interactions until themoderate
surface charges (see the Supporting Information,
Figure S6) can stabilize the clusters electrostatically,
similar to the stabilization mechanism for AuNP:BSA
reported by Strozyk et al.19 The time-evolution of
cluster stabilization is determined by the time scale
of the multilayer growth via equation and 7 and
the Supporting Information, eq 8. Cluster sizes are

TABLE 2. Fit Parameters Extracted from the DLS Data

Shown in Figure 5a

CHb (mg/L) k0 (10
�15 L/min) df τDLS (min) Rmax (nm)

6.25 27.4 ( 35.5 2.0 ( 0.5 39.5 ( 12.1 244.5
10.00 9.4 ( 8.0 2.0 ( 0.4 36.7 ( 9.3 138.1
12.50 2.2 ( 1.5 1.9 ( 0.5 31.4 ( 9.6 67.8
18.75 9.4 ( 6.1 3 50.7 ( 12.5 65.2
25.00 3.4 ( 6.4 3 19.7 ( 6.8 33.9

a The finite cluster size was calculated as Rmax=(k0τP0)
1/dfr0.

Figure 6. Current model of cluster formation. Adsorption of charged molecules changes the interaction potential maximum
Vmax. At intermediate surface coverage, electrostatic repulsion vanishes and the particles start to agglomerate. The zeta
potential (and, thus,Vmax) increases as further protein adsorbs but saturates below the threshold for electrostatic stabilization
(red line). Only partial multilayers can stabilize the agglomerates and quench agglomeration (blue dashed line). The
quantitative connection between Vmax and the agglomeration rate is discussed in the Supporting Information.
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determined by τDLS and the initial value k0 of the
agglomeration rate constant.

At low protein concentrations, the depletion of free
proteins limits cluster growth. Small protein patches,
possibly down to single proteins, bridge AuNPs.5

Clusters with low protein content grow until the
protein concentration has dropped such that bridging
cannot continue. The outer surface of the clusters is
made up from citrate-coated AuNP that lend stability
to the agglomerate.

CONCLUSIONS

The agglomeration of citrate-stabilized gold nano-
particles (AuNP) in hemoglobin (Hb) solutions was
investigated. Depending on the concentration ratio
[Hb]/[AuNP], the mixture remained stable, agglomer-
ated and precipitated, or formed stable dispersions of
hybrid AuNP:Hb clusters.
Concentration ratios corresponding to a Hb mono-

layer on the AuNP led to agglomeration and precipita-
tion. No agglomeration occurred for very high and very
low [Hb]/[AuNP]. Intermediate values yielded micro-
scopic, nonprecipitating agglomerates or “clusters”.
The clusters reached their final size within 2 h after
mixing. We observed their growth by dynamic
light scattering and analyzed the results using a
modified Smoluchowski agglomeration model of a

diffusion-limited process with an agglomeration rate
constant that decays exponentially.
Cluster formation is tightly connected to the adsorp-

tion of Hb on AuNP surfaces. We used surface acoustic
wave phase measurements to analyze concentration-
dependent adsorption on planar gold surfaces. We
find two time scales of Hb layer formation, one due to
initial protein adsorption and the second (slower) due to
molecular reorganization. The BET sorption model fits
the adsorption isotherms, indicating at least partialmulti-
layers that Hb forms on top of strongly bound mono-
layers. Agglomeration stops when such layers form.
We suggest that agglomeration is initiated either

(at low [Hb]/[AuNP]) by particle bridging or (at high
[Hb]/[AuNP]) by electrostatic destabilization from the
oppositely charged Hb. Sufficiently low [Hb]/[AuNP]
lead to depletion of Hb, which stops the agglomeration
process and leaves clusters. Sufficiently high [Hb]/[AuNP]
lead to the formation of Hb multilayers. Such multilayers
stabilize particles and clusters electrosterically.
This mechanism is simple enough to be conceivable

for many particle�protein combinations. It may be
that microscopic, Brownian agglomerates are more
common than previously thought. This would be
important, for example, in estimating ecological effects
of nanoparticle release in aquatic ecosystems or the
distribution of nanoparticles in the human body.

METHODS

Synthesis of Gold Nanoparticles. Gold nanoparticles (AuNP)
were synthesized using the method first published by Frens.35

Chloroauric acid (HAuCl4) (45 mg) was dissolved in 20 mL of
deionized water (Milli-Q, Merck Chemicals GmbH, Schwalbach,
Germany). The solution was filtered through a 0.22 μm regen-
erated cellulose syringe filter to remove any macroscopic im-
purities. Deionized water (380 mL) was added to the filtered
solution, and the mixture was heated to the boiling point.
Subsequently, 14 mL of filtered (0.22 μm RC syringe filter)
1 wt % solution of trisodium citrate was added, and the
temperature was kept at the boiling point for another 30 min
before the mixture was allowed to cool to room temperature.
The solution was stirred at high speed (250�500 rpm) through-
out the synthesis.

Sample Preparation. Bovine hemoglobin and bovine serum
albumin (products number A2500 and A7030, Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) were used as received
without further purification. Titrisol pH 4.00 buffer concentrate
(VWR International GmbH, Darmstadt, Germany) was prepared
according to the provided instructions. The buffer was further
diluted 1:15 with deionized water to reduce the ionic strength
(final concentration of the buffer's components: 0.785 g/L citric
acid, 0.299 g/L NaOH, 0.107 g/L HCl).

Protein solutions were freshly prepared with deionized
water for each set of experiments and filtered through a
0.22 μm syringe filter to remove macroscopic impurities and
undissolved protein.

Sampleswere prepared by filling a sterile disposableUV�vis
cuvette (UVette, Eppendorf AG, Hamburg, Germany) with 100 μL
of buffer (diluted as described above) and 50 μL of protein
solution. Proper mixing was assured by repeatedly aspirating
with the pipet before 50 μL of filtered Au�NP dispersion was
added. Larger samples were prepared with the same procedure
using multiples of these volumes.

Particle Characterization. The hydrodynamic radius of AuNP
and AuNP clusters wasmeasured using dynamic light scattering
(DLS). We used a DynaPro Titan (Wyatt Technology Europe
GmbH, Dernbach, Germany) at a laser wavelength of 831.2 nm.
The laser power was adjusted prior to each measurement to
ascertain good count statistics. Sample cell temperature was
kept at 25 �C. Autocorrelation functions were averaged from
six individual consecutive measurements with an acquisition
time of 10 s each. The particle size distribution of the sample
was calculated from the first and second cumulant term of
a polynomial fit to the averaged autocorrelation curves.36

If cumulants of higher order are neglected, the particle size
distribution is approximated as a Gaussian truncated at zero.
The first two cumulants then represent the center and the
standard deviation of the distribution.

UV�vis spectra were recorded with an HR2000þ high-
resolution spectrometer (Ocean Optics GmbH, Ostfildern,
Germany) using a DH-2000-BAL deuterium�halogen light-
source (Mikropack GmbH, Ostfildern, Germany) and appropri-
ate fiber optics. The final spectra were averaged from a set of
10 individual spectra with a integration time of 100ms each and
smoothed with a boxcar width of 5.

Transmission electron micrographs (TEM) were recorded
with a JEM-2010 microscope (JEOL Germany GmbH, Munich)
operated at an accelerating voltage of 200 kV. The samples were
diluted 10-fold in deionized water prior to recording the TEM
images.

Gold concentrations in the particle dispersions were deter-
mined by ICP-OES (Horiba Jobin Yvon Ultima2, HORIBA Jobin
Yvon GmbH, Unterhaching, Germany), vaporizer flow rate
0.82 L/min, detection wavelength 242.795 nm). Zeta potential
measurements were performed using a Zetasizer Nano (Malvern
Instruments GmbH, Herrenberg, Germany).

Surface Acoustic Wave Measurements. Protein adsorption on
gold surfaces was measured via the phase shift of the surface
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acoustic wave of a planar gold surface. We assume that the
phase shift is proportional to the adsorbed protein mass. The
gold surface was a SAM X biosensor (SAW Instruments GmbH,
Bonn, Germany) with unmodified gold-coated sensor chips
(providing four individually addressable flow channels per
chip). Prior to each experiment, the sensor chip was cleaned
in oxygen plasma for 5 min. Titrisol buffer was diluted as
described above and used as a running buffer. We allowed
the system to equilibrate at a buffer flow of 100 μL/min to
saturate the surface with citrate before injection of the protein
solutions andmimic the surface chemistry of the citrate-capped
nanoparticles. For each concentration, sample aliquots of
300 μL were injected through a single channel at a flow rate
of 30 μL/min. Each channel was only used for one single
injection to avoid artifacts from residual protein.
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