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L
iving systems, such as cells, exploit
protein self-assembly to create orga-
nized structures that display an amaz-

ing array of functions. The promise of the
emerging field of nanotechnology revolves
around the creation of nanoparticle (NP)
synthetic analogues of proteins that exhibit
similar efficient self-organization and func-
tionality. Recently, there has been particular
interest in using NPs to probe biological
processes that are critical for diagnostics
and the modulation of cell functions. How-
ever, relatively little is known about the po-
tential biological risks from NP therapeutic
applications (i.e., NPs as drugs or drug carri-
ers).1 Tragic experience has educated us
about the long time scale (decades) that
can separate exposure and pathology, as in
the case of nanorods of blue asbestos,2

and it appears that carbon nanotubes may
exhibit a similar carcinogenic potential.3

Other recent clinical studies have indicated
clear adverse health effects of NP exposure
in some NP systems there is an essentially
immediate increased risk of heart attack in
the elderly that is apparently associated
with NP-induced changes in blood viscos-
ity and blood clotting capacity from NP ex-
posure through respiration.4 Evidently, NPs
can act as a double-edged sword, either as a
toxic agent or as a platform for therapy, de-
pending on context. This has led to in-
creased interest in obtaining an under-
standing of protein�NP interactions and
the biological implications of these
interactions5,6 to aid in the controlled devel-
opment of these promising materials. On
the basis of this broad biological and medi-
cal background relating to using NPs for
therapeutic applications and to under-
standing the toxic response that can result
from environmental exposure to NP, we fo-

cus on the adsorption of common plasma
proteins on model gold NPs. We emphasize
the quantification of the protein binding in-
teractions with these NPs to better under-
stand the formation and geometrical char-
acteristics of protein layers that ultimately
“dress” the NP and which, as we shall see
below, control the propensity of the NPs to
aggregate and thus strongly influence their
interaction with biological materials. Other
recent work has also emphasized the crucial
importance of these adsorbed protein lay-
ers in understanding the interaction of NPs
with living systems.5,6

Gold NPs are a natural starting point for
understanding NP�protein interactions be-
cause of their promise for diverse biomedi-
cal applications, including their use as
probes in many biodiagnostic systems,7

photothermal and targeted drug delivery
treatments of cancer.8,9 Additionally, gold
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ABSTRACT In order to better understand the physical basis of the biological activity of nanoparticles (NPs) in

nanomedicine applications and under conditions of environmental exposure, we performed an array of

photophysical measurements to quantify the interaction of model gold NPs having a wide range of NP diameters

with common blood proteins. In particular, absorbance, fluorescence quenching, circular dichroism, dynamic light

scattering, and electron microscopy measurements were performed on surface-functionalized water-soluble gold

NPs having a diameter range from 5 to 100 nm in the presence of common human blood proteins: albumin,

fibrinogen, �-globulin, histone, and insulin. We find that the gold NPs strongly associate with these essential

blood proteins where the binding constant, K, as well as the degree of cooperativity of particle�protein binding

(Hill constant, n), depends on particle size and the native protein structure. We also find tentative evidence that

the model proteins undergo conformational change upon association with the NPs and that the thickness of the

adsorbed protein layer (bare NP diameter <50 nm) progressively increases with NP size, effects that have

potential general importance for understanding NP aggregation in biological media and the interaction of NP

with biological materials broadly.

KEYWORDS: gold nanoparticles · fluorescence quenching · protein�nanoparticle
interaction · binding affinity · conformational
change · nanotoxicology · biocompatibility · protein adsorption
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NPs allow for facile bioconjugation, which makes them
useful platforms for multicomponent delivery systems.
These attractive properties account for our initial focus
on gold NPs as our model particle system. Gold NPs are
particularly widely used in immunoelectron
microscopy10,11 and in the imaging of diverse biologi-
cal structures including cells, organelles, and other bio-
logical structures within cells and even individual bio-
molecules. This literature is correspondingly vast and
growing exponentially, and we refer the reader to a re-
cent review that covers many of these biology applica-
tions, as well as vigorously developing material science
applications such as catalysis.12 The widespread use of
these particles derives from extensive literature on the
synthesis of gold NPs of controlled dimensions and
shape and in their capacity for facile and highly vari-
able functionalization.12 These attractive features, in
combination with the nontoxic nature of gold, make
gold NPs ideal platforms for nanomedicine applications.

On the basis of the motivations described above,
we settled on an initial focus on gold NPs and their
binding to basic human plasma proteins (see Support-
ing Information for a description of these proteins in-
vestigated, along with a brief indication of their biologi-
cal function). We also included histones since they have
a much higher isoelectric point compared to the other
proteins studied, and therefore, they represent a differ-
ent class of proteins circulating in the bloodstream.
The physiological impact of these “nuclear” proteins in
the bloodstream is not well-understood, but they are
certainly important in the context of medical diagnos-
tics of disease and injury (see Supporting Information).
As far as we know, there has been no systematic and
comparative study of the binding association of human
plasma proteins with gold NPs, apart from a study by
Brewer et al. on the specific protein bovine serum albu-
min (BSA) and citrate-coated gold NPs.13

A wide range of photophysical techniques, such as
absorbance, fluorescence quenching, dynamic light
scattering, circular dichroism (CD), and electron micros-
copy (EM), are used in our study to characterize vari-
ous aspects of the protein�NP interaction, and these
techniques are briefly described in the Methods. These
measurement methods allow for the determination of a
number of basic properties: the binding (or associa-
tion) constant of the proteins with gold NPs, changes
in protein conformation upon adsorption, NP size,
protein�NP aggregation, and thickness of the protein
layer on the NP. Specifically, fluorescence quenching
measurements give information about the
protein�particle binding kinetics and equilibrium and
protein conformational change, and absorbance and
EM give information about the sizes of the bare and
coated particles; CD informs about changes in protein
structure upon binding, and dynamic light scattering
and EM provide information about the formation and
size of particle aggregates. The use of these combined

methods should provide a general perspective of
how NP size affects the nature of protein binding
and the extent to which these effects are protein-
specific. In the Supporting Information, we include
background information about the biological signifi-
cance of the blood plasma proteins used in our study
that might be of interest to physical chemists and
material scientists.

RESULTS AND DISCUSSION
Fluorescence Quenching of Human Plasma Proteins by Gold

NPs of Different Sizes. The application of fluorescence spec-
troscopy to the study of the structure and conforma-
tion of proteins has proven to be fruitful.14�25 Specifi-
cally, photoluminescence (PL) quenching has been
widely applied in biochemical problems owing to its
high sensitivity, reproducibility, and convenience. The
emission characteristics of tryptophan, tyrosine, and
phenylalanine residues in proteins can provide a conve-
nient handle for investigating binding and conforma-
tion changes upon association with small
molecules,16,26,27 NPs,13�15,28,29 and membranes.19,22 The
present study takes advantage of the fact that gold ef-
ficiently quenches the emission of many chro-
mophores.30 The efficiency of this fluorescence quench-
ing depends on the distance between the quencher
and the chromophore,31 and measurements of PL
quenching by proteins reveal information about the
relative accessibility of gold NPs to protein chro-
mophore groups.14,15,20,22,27,29,30

The effect of gold NPs on the PL intensity of our
model blood proteins is illustrated in Figure 1, which
shows the emission spectra of histone H3 in the con-
trol case where the NPs are absent and in presence of
gold NPs. The changes in the histone PL derives solely
from the tyrosine residue, and changes in the PL of this
residue have previously been used extensively to quan-
tify the complexation of histone with biological mol-
ecules and self-assembled structures.32 Evidently, gold
NPs having a diameter in a range between 5 and 100
nm efficiently quench the histone PL, as evidenced by
the progressive decrease in the emission maximum in-
tensity with decreasing NP size. This quenching effect
indicates a direct interaction with the gold NP chro-
mophore residues of the proteins having an interac-
tion radius �10 nm.33

The change in the maximum in fluorescence emis-
sion spectrum intensity Imax arises from a change of pro-
tein conformation,13�16,26�29 which in the present case
is due to protein adsorption onto the NPs, and reflects
relative changes in the proximity between the active
fluorescence emitters (tyrosin or tryptophan) in the pro-
teins and the quenching agent (the gold NPs). The
strong decrease in Imax with NP size indicates that the
relative fluorescence quenching is increasing progres-
sively with protein concentration, as shown in Figure 1F,
since the amount of absorbed protein follows this ba-
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sic trend. Stronger binding of the proteins to the NP

naturally should also give rise to conformational

changes of the protein, where more of the amino ac-

ids of the bound protein are in proximity with the sur-

face, and to more efficient fluorescence quenching. Par-

ticle size, charge, and other thermodynamic factors

that affect the strength of protein�NP binding should

likewise influence the relative value of the protein�NP

binding equilibrium constant K, which quantifies the

relative strength of the protein�NP binding. We quan-

titatively examine the effect of NP size on K below.

The shift of the peak intensity wavelength of the

fluorescence emission spectrum intensity in Figure 1

also contains significant information about the protein

layer adsorbed on the NP. The blue shift of this feature

is symptomatic of a shift of the dielectric properties of

the medium, or more specifically a reduction of the po-

larity of the local environment of the emitter

species.20,34 Evidently, the local dielectric environment

within the fully developed adsorbed protein layers is

less polar than the corresponding emitter environment

of the protein dispersed in solution. This trend is again

easily understood from a qualitative standpoint.

Once the protein associates with the NP, the ty-

rosine and tryptophan residues accessible to the metal-

lic surface of the NP are then quenched. Figure 1 shows

that this process is accompanied by the appearance of

an isosbestic point indicating the presence of reaction

intermediates during conjugation.34 The presence of

the isosbestic point is also indicative of a change of the

excited state energy.34 This feature is found in the his-

tone system, as shown in Figure 1, and is also found for

Figure 1. Fluorescence quenching of histone (H3) by gold NPs measuring (A) 5 nm, (B) 10 nm, (C) 20 nm, (D) 60 nm, (E) 100
nm, and (F) expanded and normalized emission spectra of histone in the absence and presence of gold NPs showing a shift
of the emission peak. The normalization is defined so that the emission peak intensity is divided by Imax so that the normal-
ized peak intensity equals 1. The protein concentration was fixed at 0.01 mg/mL, and the NP was varied over a concentra-
tion range: (A) 5 nm (0 to 4.7 � 10�5) M; (B) 10 nm (0 to 5.8 � 10�6) M; (C) 20 nm (0 to 3.7 � 10�6) M; (D) 60 nm (0 to 5.2 �
10�8) M; and (E) 100 nm (0 to 1.8 � 10�8) M.
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all the other model blood proteins (HSA, globulins, fi-

brinogen, and insulin) we consider.

The relative kinetic efficiency of fluorescence

quenching can be estimated by fitting the depen-

dence of Io/I on gold NP concentration (Figure 2A)

based on a fitting to the Stern�Volmer equation (see

Methods).17 We find that kSV generally increases with NP

size, as represented in Figure 2B. The larger the gold

NP, the stronger the fluorescence quenching becomes.

A trend of this kind was observed previously by Jiang et

al. for Texas Red-labeled herceptin bound to gold NPs,35

Cy3 dye-labeled RNA adsorbed36 onto gold NPs, and

cationic polymers/oligomers conjugated30 to gold NP.

The time for the energy transfer and dye’s radiative

transfer rate were also observed to decrease with in-

creasing NP size.37 Since the concentration of gold is the

same for these particles, larger particles imply a lower

relative particle surface area. Thus, an increase in the NP

surface area with a progressive decrease in NP size can

accommodate a large number of molecules around the

gold particles so that smaller NPs are more efficient

fluorescence quenchers than larger ones. This trend

has been observed in NPs in the presence of small fluo-

rescent molecules, such as 1-methylaminopyrene,38 lis-

samine,37 and thionine.39 Notably, we find the opposite

trend of fluorescence quenching with NP size in the

case of proteins versus biomacromolecule adsorption

measurements. The higher surface curvature of the

smaller particles reduces the amount of protein that ad-

sorbs onto their surface, and for this reason, the fluores-

cence quenching is less efficient for the smaller NP.35

Our measurements of the protein�NP binding equilib-

rium constant K (see Methods section for its definition

and determination) as a function of particle size also

provide insight into the trend toward stronger fluores-

cence quenching with increasing NP size. Specifically, K

increases progressively with NP size so that more of

the amino acids of the bound protein on larger NPs are

naturally in proximity with the adsorbing gold NP sur-

face and the rate of fluorescence quenching is then

higher.

It is known that some proteins bind to the NP sur-
face and retain their native-like structure, while others
undergo denaturation of their tertiary structure, and
even their secondary structure can be disrupted in
some cases.26,40 Moreover, the protein may be bound
in a preferred orientation,41,42 and the degree of dena-
turation depends on NP surface chemistry,43 as well as
its NP surface curvature.44,45 We utilize circular dichro-
ism to explore in greater detail how the adsorption of
proteins on NPs alters the protein conformation. First,
we characterize the strength and cooperativity of the
adsorption of the proteins onto the NP since many of
the property changes that we observe directly derive
from this adsorption process.

Gold NP�Protein Binding Constant (K) and Protein Binding
Cooperativity (n). NPs in the diameter range of 1�100
nm display physical properties that can be quite differ-
ent from those of the bulk metal and are strongly de-
pendent on particle size, interparticle distance, the na-
ture of the protecting organic shell layer about the NP
and NP shape.46 (We do not expect that the quantum
size effect of gold NPs in the studied range affect the
protein binding. A surface phenomenon like catalysis by
gold NPs (i.e., CO oxidation) presents a quantum size ef-
fect for gold NP size �5 nm.47) Several issues must
then be addressed in understanding the magnitude of
the protein�NP binding interaction. Specifically, we
must first consider the geometrical accommodation of
the protein onto the NP surface and the chemical inter-
actions between the protein and NP surface. There is
also the more subtle matter of the multifunctional na-
ture of the binding interactions of the proteins to the
NP, which should affect the cooperative nature of the
protein�NP complex formation (i.e., the relative sharp-
ness of the binding transition as the protein concentra-
tion or temperature is varied). We quantitatively deter-
mine a measure of the binding cooperativity below and
explore how NP size affects this basic binding property.

The binding association constants K for plasma pro-
teins onto gold NPs were found to be in the range of
104 to 107 (mol/L)�1, the same range as that found pre-
viously for the binding of chymotrypsin to amino acid

Figure 2. Efficiency of fluorescence quenching of plasma proteins. (A) Stern�Volmer plot of HSA fluorescence quenching
by gold NPs having a 5 nm diameter. (Inset) Linear regime at the low quencher concentration. (B) Effect of NP diameter.

A
RT

IC
LE

VOL. 4 ▪ NO. 1 ▪ LACERDA ET AL. www.acsnano.org368



functionalized gold NPs47 and bovine serum albumin
in 10 nm citrate-coated gold NPs.13 As shown in Figure
3B, the binding association constants for proteins onto
gold NPs increase progressively with NP diameter in
the range between 5 and 60 nm. On the other hand,
we find that the binding association constant can be-
come slowly varying for some NPs having a diameter
larger than about 80 nm. A comparable crossover scale
shows up in diverse nanoscale phenomena,48,49 but
there has been no generally accepted explanation of
its molecular significance. We briefly discuss the biologi-
cal significance of this scale with respect to NP uptake
by cells in the Supporting Information.

Apparently, there are competing effects that con-
tribute to the variation of K with NP size, and these
trends are not universal, despite our observations. On
the one hand, Jiang et al.35 studied the binding of
herceptin-coated gold NPs in the range of 2�70 nm
with ErbB2 receptor and found that K tended to in-
crease with increasing NP size. A similar effect was ob-
served on the binding of polyfluorenes to citrate-
functionalized gold NPs in a size range between 2 and
20 nm.30 Evidently, the higher protein packing density
on the surface of larger NPs leads to a corresponding
increase in K. On the other hand, a contrary trend
has been established in the chemisorption of oligo-
nucleotide chains to gold NPs, where a less efficient
polymer surface packing is observed in larger NPs
because of the enhancement of the excluded volume
interactions within the extended random coil nucle-
otide chains on the particle surface,50 and proteins in
unfolded conformations should exhibit a similar be-
havior. This comparison emphasizes the potential
role of the conformational state of the adsorbed pro-
teins in understanding the nature of protein layers
that form on NPs and the associated variation of K
with NP size.

We find a clear dependence of the binding and dis-
sociation parameters on protein identity and NP size in
our measurements. In real bodily fluids, the total pro-
tein concentration can be as large as 35% by volume
and there can be several thousand different proteins

present whose relative uncertainties span a wide range
(see Supporting Information). Consequently, there must
be a competition between these proteins in their ad-
sorption on the NPs dispersed within this complex bio-
logical environment. In particular, we expect the two
major proteins present in plasma HSA and fibrinogen
to generally dominate the interaction with NPs at short
times due their greater availability for adsorption, but
over time, these species should become displaced by
proteins with higher relative affinity, a lower abun-
dance, and slower adsorption kinetics. This general phe-
nomenon has indeed been observed,51,52 but its quanti-
fication is difficult. Although this is an extremely
complex phenomenon, measurements on individual of
K for individual protein�NP systems should give a
rough idea of the relative rates in this competitive
many-component adsorption process when particle
and protein concentration effects on rates are consid-
ered. Measurements exploring the rate at which one
species displaces another adsorbed species would also
provide more information about this extremely com-
plex and practically important phenomenon, but this
will have to await future study. We next turn to quanti-
fying the cooperativity of the protein�NP binding
process.

The Hill coefficient n (see Methods for definition) is
a frequently utilized measure of binding cooperativity,
and Figure 4A�G shows Hill plots associated with our
protein�NP binding measurements. Parameters ob-
tained from an analysis of these data and their uncer-
tainties are summarized in Table 1. Figure 3A shows the
relationship between the Hill coefficient n and NP size.
For HSA, fibrinogen, histone, and globulin proteins, we
observe anticooperative binding (n � 1), which indi-
cates within the frame of the Hill model that the asso-
ciation energy per particle progressively decreases with
further protein adsorption. Insulin presents an oppo-
site trend and therefore n � 1. The trend toward a di-
minished cooperativity of protein binding to larger NPs
probably reflects changes in the physical�chemical
properties of the NP upon progressive protein ad-
sorption. In particular, the adsorption of protein

Figure 3. Effect of NP size on protein association. (A) Effect of NP size on the binding association constant between gold
NP�protein complex. (B) Effect of NP size on the Hill coefficient, n, a quantitative measure of the cooperativity of mutual
NP�protein binding.
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onto the negatively charged citrate-coated gold NP

must reduce the electrostatic binding energy and

thus the relative magnitudes of the enthalpy and en-

tropies of protein binding,53 thus rationalizing the

anticooperativity (relatively small value of n) of the

protein adsorption on the NP. If the NPs induce the

proteins to organize at their boundaries, on the

other hand, we may naturally expect an enhance-

ment of the cooperativity of the NP�protein bind-

ing transition.

Figure 5H indicates that fiber structures form in

the insulin/gold particle mixture, suggesting that

the gold particles facilitate insulin fiber formation.

This NP-induced fiber assembly is likely related to

the higher cooperativity of protein binding that we

see in this system (see Figure 3B). Recent analytic

modeling has demonstrated that a coupling be-

tween (protein) adsorption and (fiber growth) self-

assembly can alter the sharpness and location of the

adsorption transition.53 From a direct physical stand-

point, protein binding onto the NP surface must al-

ter the charge interaction and dielectric properties

of the NPs and the capacity of these “dressed” NPs

to induce protein clustering and reorganization

upon adsorption. We address the issue of protein re-

organization upon NP adsorption below.

Adsorption-Induced Protein Conformational Changes and

Circular Dichroism Measurements. It is well-established that

misfolded proteins, that is, proteins that are not in their

functionally relevant “native” conformations, are de-

void of normal biological activity. In addition, they of-

ten aggregate and/or interact inappropriately with

other cellular components leading to impairment of

cell viability and eventually to cell death.54 Given these

issues, it is crucial to address more specifically the na-

ture of the protein conformational change induced by

NP adsorption. We use fluorescence spectroscopy to

quantity these changes, and we briefly summarize

some essential aspects of the physics and chemistry of

this type of spectroscopy required to interpret our

observations.

As mentioned above, tyrosine and tryptophan fluo-

rescence are players in changes in fluorescence emis-

sion induced by changes in local molecular environ-

ment. Conformational changes of a protein can, in

principle, be evaluated by the measurement of changes

in the peak intensity wavelength �max in the continu-

ous fluorescence emission intensity spectrum. When

Figure 4. Fluorescence quenching properties of �-globulins by gold NPs of different sizes. Data were fit to eq 2 (solid line).
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multiple tryptophan25 or tyrosine23,55,56 residues are

present, the steady-state fluorescence is the sum of

the signals from all of the fluorescent residues, located

in different parts of the protein. Tryptophan is ex-

tremely sensitive to its environment, while this is gener-

ally less true for tyrosine, which normally fluoresces

with a peak intensity wavelength near �303 nm, re-

gardless of the polarity of the medium. The �max shift

of tyrosine, on the other hand, is particularly affected

by hydrogen bonding between the phenolic hydroxyl

groups of tyrosine and other nearby proton acceptors.54

Histone and insulin contain tyrosine only, and HSA, fi-

brinogen, globulin, and insulin also contain tryptophan.

The amine groups from amino acids forming proteins

can bind to a gold surface through a donor�acceptor

bond to undercoordinated gold atoms. Cystein residues

bind to gold to form stable protein�gold complexes

via coordinate covalent bonding between sulfur and

gold. Upon binding, fluorescence of the protein is

quenched by gold with substantial blue shifts of the

�max in their fluorescence spectra, as observed in Fig-

ure 1F. NPs with greater diameters cause the formation

of larger particle�protein interaction surfaces45 and

larger perturbations of the protein conformation, as ex-

hibited by Figure 1F. Consequently, gold NPs cause ba-

thochromic shifts and peak broadening for all of the

proteins studied as a result of conformational changes.

A blue shift of �max means that the amino acid residues

are buried in a more hydrophobic environment (as dis-

cussed above) and are less exposed to the solvent.23,55,57

Figure 1F illustrates that the blue shift of �max induced

by the interaction of the gold NPs with proteins in-

creases with NP size. We note that Teichroeb et al. have

observed a striking change in the activation energy of

protein thermal denaturation with NP size in the ad-

sorption of BSA on gold nanosphere.58 This effect ap-

parently saturates for some NPs having a diameter of

�60 nm, an effect that is likely to be due to protein con-

formational change accompanying its adsorption onto

the NP. This motivates the use of circular dichroism (CD)

measurements as a screening test for extensive pro-

tein conformational change upon adsorption.

CD is a powerful analytical tool to study the interac-

tion of proteins with other molecules and to determine

the protein conformation in solution or adsorbed onto

other molecules. Here the CD spectra were taken in the

wavelength range of 190 to 290 nm, and the results

are expressed as mean residue ellipticity in millidegrees.

Figure 6 shows typical CD spectra of HSA, �-globulin, hi-

stone, insulin, and fibrinogen in the presence and ab-

sence of gold NPs. The ellipticity values in the CD spec-

tra slightly decrease in the presence of gold NPs. This

indicates that the conformational change, as indicated

also by fluorescence,59 is limited and occurs only locally;

that is, the protein secondary structure (the general

three-dimensional form mediated by hydrogen bond)

is only slightly disturbed by the NPs. It has been shown

that gold NPs coated with carboxylic groups affect the

conformation of protein such as bovine serum albumin

(BSA) and anti-BSA antibodies60 to a much greater de-

gree, indicating that the NP surface coating has an im-

portant impact on protein structure where the particle-

induced conformational changes should depend on

the NP curvature and on protein stability. As demon-

Figure 5. Field-emission scanning electron microscopy (FESEM) images of clustered NP states resulting from different
NP�protein combinations. (A) HSA, (B) HSA with 20 nm diameter gold NPs, (C) HSA with 80 nm diameter gold NPs, (D) fi-
brinogen, (E) fibrinogen with 20 nm diameter gold NPs, (F) fibrinogen with 80 nm diameter gold NPs, (G) histone (H3) with
80 nm diameter gold NP, (H) insulin with 80 nm diameter gold NP, (I) �-globulin with 80 nm diameter gold NPs. Images pre-
sented are representative of at least 20 different regions in each sample.
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strated before, smaller NPs, perhaps owing to the
higher surface curvature, seem to better retain native-
like protein structure and function in comparison with
larger NPs. However, the influence of surface curvature
on the structure of adsorbed proteins seems to depend
on the particular protein. We conclude that little can
be generally said about how NP adsorption induces the
extent of protein conformational rearrangement, even
under conditions where the protein binding constants
are rather similar. The extent of protein activity prob-
ably tracks the extent of adsorption-induced conforma-
tional change so that we can expect widely different
changes of protein activity of proteins after they ad-
sorb onto NPs.

Protein-Mediated NP Aggregation. As in the case of pro-
tein adsorption on NP, the stability of the resulting
gold NP complexes against aggregation in biological
media is normally highly dependent upon the protein
concentration and other thermodynamic factors. In-

deed, we can expect these phenomena to be strongly
linked to each other because the protein adsorption
generally changes the NP�NP interactions of the re-
sulting dressed particles, governing the NP associa-
tion61 and self-assembly into extended particle clus-
ters, as in the case of protein “nanoparticles”. The
state of particle aggregation or “dispersion” in turn
is clearly important in NP�cell interactions and in as-
sociated NP toxicity resulting from large-scale par-
ticle aggregation.62

Some basic DLS data for our protein�NP solutions
are shown in Table 2 resulting from introducing plasma
proteins at the same concentration found in the blood
to NP solutions (see Supporting Information). We see
that the effective “size” of the NP increases dramatically
as they became coated with the protein and then be-
gin to aggregate due to the presence of this coating.
The protein�NP complex formed from this simple mix-
ing process remains stable for 24 h, with exception of

Figure 6. Effect of gold NPs on the protein secondary structure. Circular dichroism spectrum: (A) HAS, (B) �-globulin, (C) hi-
stone H3, (D) insulin, and (E) fibrinogen.
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HSA�gold (5 nm) and histone�gold (60 nm) systems,
where the apparent hydrodynamic sizes are, respec-
tively, 13 times and twice as large 24 h after mixing. The
NP clustering is also directly apparent in electron mi-
croscopy images of gold NP after exposure to the pro-
tein solutions (see Figure 5).

As expected, the adsorption of the protein onto the
NP has a significant impact on the propensity of the
NP aggregate so that the bare surface properties of the
particles have little direct relevance for understanding
the NP aggregation in a biological medium.

These observations are contrasted with the relative
stability of gold NPs with negatively charged citrate lay-
ers that stabilize the NP against large-scale aggrega-
tion. In this case, the plasmonic optical excitations of
gold still reveal information about the aggregation that
occurs in these systems. For example, a red shift of a
plasmon extinction wavelength maximum in the opti-
cal absorption spectrum can be used to quantify the in-
terparticle interaction strength,63 where a change in
the aggregation state of the gold NPs in solution re-

sults in a visual color change from red to blue as the
particles pass from isolated gold NPs in solution to a
clustered state. This effect arises because the assembly-
induced plasmon shift depends on the proximity of
the NPs and the strength of the interparticle interac-
tion which regulates this extent of this aggregation. We
next apply this technique to gain some quantitative in-
formation about the thickness of the adsorbed protein
layer, which along with the NP diameter governs the av-
erage distance between the protein-coated NP in their
clustered state.

Representative plasmonic absorbance measure-
ments of protein-coated gold NPs exhibiting aggrega-
tion are shown in Figure 7. The concentrations of HSA,
fibrinogen, and globulin in each of these measure-
ments are taken to the same as in blood plasma (Table
1 of Supporting Information) to make our discussion of
greater biological significance. We also performed ex-
periments with 10� and 100� dilutions of these pro-
tein solutions to assess the effect of protein
concentration.

TABLE 2. Dynamic Light Scattering Size Estimates of Gold NP�Protein Complexes: Measurements Were Performed
Immediately and 24 h after Mixing the Protein with the Gold Solutions

diameter of protein�gold NP complex, nm

HSA fibrinogen �-globulins histone (H3) insulin

(5 nm) gold 0 h 75.8 � 37.8a 190.2 � 24.6 186.7 � 20.7 209.0 � 25.5 122.0 � 23.3
24 h 186.1 167.2 162.6 297.9 97.8

(60 nm) gold 0 h 106.82 � 3.1 95.1 � 2.7 118.9 � 3.9 90.7 � 2.9 53.4 � 0.5
24 h 105.2 109.6 89.9 130 50.1

(100 nm) gold 0 h 122.4 � 3.6 123.4 � 3.72 127.2 � 0.4 119.7 � 4.7 128.2 � 13.0
24 h 109.3 147.3 115.5 151.9 170

aObtained from average of five separate DLS measurements where the uncertainty represents standard deviation.

Figure 7. Plasmon absorbance of gold NPs in the absence and presence of proteins (concentration determination is de-
scribed in the Methods). Measurements were performed immediately after mixing the protein and gold solutions.
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As mentioned before, the plasmon shift in gold NPs

is normally interpreted as providing a measure of the

distance between the particles, either as isolated par-

ticles where that scale is large or between the particles

in aggregates where the distance is typically compa-

rable to the particle radius (at least for spherical par-

ticles). The theoretical dependence of this plasmon shift

on interparticle distance is specified in the Supporting

Information. The first thing we notice from Figure 8 is

that the distance between the particles is deduced to

be nearly independent of protein dilution. This result is

perfectly understandable if the particles are in an aggre-

gated state (see Figure 5) and if this state is not sensi-

tive to protein dilution over a large range of concentra-

tions beyond those required to form a saturated protein

surface layer on the NP surface. We also observe that

the interparticle distance for small NP (diameter less

than 50 nm) increases nearly linearly with the particle

radius (insulin is somewhat of an exception). The exist-

ence of clustered protein-coated NPs indicates that

there is a corresponding near-linear increase in the pro-

tein layer with NP size for this class of proteins. Again,

we observe changes in this trend near a scale of about
50 nm. We noted before that the strength of the
protein�NP binding constant K increases generally
with NP size. Apparently, this stronger binding is ac-
companied by a corresponding increase in the average
thickness of the bound protein layer. Ultimately, this
progressive increase in the thickness of the adsorbed
layer has its limits, and at some point, the layer must
saturate at a value representative of a macroscopic par-
ticle. As with so many nanostructures, this type of cross-
over from molecular to macroscale phenomena occurs
on a scale on the order of 50 nm. Since any factor that
influences the protein layer thickness has an obvious
practical importance for understanding the origins of
changes of the effective protein-dressed NP interpar-
ticle interaction and the associated NP aggregation,
there should be further study of the simple and gen-
eral trend of increasing protein layer size with NP diam-
eter indicated in Figure 8.

CONCLUSIONS
Concerns about the toxicity and effectiveness of

nanoparticles (NP) introduced into the bloodstream of

Figure 8. Effect of blood protein concentration on the gold interparticle distance: (A) fibrinogen, (B) histone H3, (C) HAS, (D)
�-globulin, (E) insulin; estimates are based on eq 1.
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animals in the course of therapeutic treatment or envi-
ronmental exposure as air pollutants motivated a sur-
vey study of essential blood proteins with model gold
NPs that are of particular interest in therapeutic applica-
tions. We start with this class of NPs because the NPs
have relatively low polydispersity of size and can be
synthesized over a wide range of sizes. The capacity to
control the surface interaction through surface func-
tionalization also makes this class of particles attractive
for an initial survey study on NP�protein interactions
that is aimed at understanding general aspects of
NP�protein adsorption and the implications of this
process having relevance to NP toxicity and the use of
these NPs in the developing field of nanomedicine. Al-
though individual NP�protein studies are available to
our work, there is no other survey study that systemati-
cally explores the impact of NP size, protein and con-
centration, surface interaction on the relative strength
of the mutual binding constant quantifying the interac-
tion strength between the protein and the NP, and the
relative cooperativity of the protein binding process to
them through the determination of the Hill parameter
(n) by fluorescence quenching measurements. We also
explore how NP and protein type influence the propen-
sity toward protein aggregation through aggregate
size measurements using dynamic light scattering and
electron microscopy, the thickness of the protein layer
about the NPs through light adsorption measurements,
and the extent of protein conformational change, as
evidenced by circular dichroism measurements. This is
the first such comprehensive study of basic NP�protein
interactions covering basic blood proteins and, indeed,
any important class of proteins.

Under solution conditions approximating physi-
ological conditions, we find that our model gold NPs
bind to an array of plasma proteins, leading to an ad-
sorbed protein layer or “corona” that largely defines the
biological identity of these particles. We observe a gen-
eral tendency of the association constant governing
the strength of the NP�protein interaction to increase
with NP size, while the cooperativity (i.e., the Hill param-
eter n characterizing the relative sharpness of the
protein�NP binding transition) tends to diminish with
NP size for most of the proteins that we have investi-
gated. This effect is attributed to enhanced protein
packing in the larger NPs and the more efficient screen-
ing of the NP charge interaction as the proteins pro-
gressively adsorb onto the NP. We also observe a gen-
eral tendency of the thickness of the protein layer to
increase with NP size, although this trend must satu-

rate at some point, and in the present study, this seems
to correspond to NPs having a scale of about 50 nm, a
scale seen for the crossover from the macroscale to the
nanoscale physics in many materials science contexts.
We also examined conformational transitions of the
protein structure upon adsorption onto gold NP by
fluorescence emission spectroscopy, and circular
dichroism measurements indicate that factors largely
affecting the strength of the protein binding constant
(e.g., NP size and concentration) had the evident effect
of increasing the fluorescence emission peak intensity,
but circular dichroism measurements imply that the ac-
tual extent of protein conformational change in these
protein layers can be highly variable with protein type.
An obvious tendency for the adsorbed protein layers to
cause the NP to aggregate was indicated by dynamic
light scattering.

Further study is necessary to understand how the
nature of the protein adsorption process changes the
protein conformation and the tendency of the
“dressed” particles to aggregate. A better understand-
ing of the properties of these coated particles (specifi-
cally the roles of charge, rigidity effects, hydrophobic
and van der Waals interactions) is also required since
the properties of these NP�protein complexes can be
central for proper function in biomedical
applications6,51 and for understanding and controlling
the toxicity of these materials. Moreover, an under-
standing of how NPs having different sizes interact with
cells requires the study of the molecular events in-
volved in NP�membrane receptor binding, endocyto-
sis, and subsequent signaling activation. Our study indi-
cates that both general trends and specific features of
plasma protein�gold NP complex formation can be
quantified. The control of physical, chemical, and bio-
logical properties of protein adsorption on NP in large
measure defines NP fate in living systems.

We finally note that, since many nanomedicine ap-
plications utilize derivatized PEG gold nanoparticles,64

it would clearly be of interest to extend our investiga-
tion of NP�protein interactions to include this class of
NPs since excluded volume interactions in polymer
brush layers often lead to diffuse particle interfaces
and thus different trends other than indicated in the
present study might be expected. Moreover, these dif-
fuse interfaces should also swell and contract in re-
sponse to changes in thermodynamic conditions so
that changes in pH, salt, and other thermodynamic vari-
ables might also have a significant influence on pro-
tein binding in these systems.

METHODS
Reagents. Human serum albumin (HAS) (A9511), histone H3

(H4380) from calf thymus, human �-globulins (G5385), human in-
sulin (I9278), and human fibrinogen (F-4883) were purchased
from Sigma Chemical company.65 Citrate-coated gold NP solu-

tions were purchased from Ted Pella. In our experiments, the
concentrations of HSA, fibrinogen, and �-globulin (10� and
100� dilution of the original plasma protein concentration) are
similar to those found in blood plasma (see Table 1). A mixture of
10 	L of gold NPs and 200 	L of protein solutions (plasma con-
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centration) was utilized for our DLS study, as this is a concentra-
tion comparable to physiological conditions.

Absorbance Measurements. The effect of proteins on the plas-
mon excitation wavelength for gold NPs was determined by re-
cording the light absorbance of gold NPs in the absence and
presence of protein on the SpectraMax M5 spectrophotometer
(Molecular Devices).65 Each spectrum is an average of three indi-
vidual samples recorded twice. The experiments were performed
at 25 °C.

The magnitude of the particle-clustering-induced plasmon
shift on gold NPs is given by eq 1, which allows an estimation
of the strength of the interparticle coupling arising from the
proximity of NPs in the clusters. In particular, the plasmon shift
of gold NPs in the presence of blood proteins provides a mea-
sure of the apparent interparticle distance66

where 
�/�o is the fractional plasmon shift, s is the distance be-
tween the surfaces of the articles, D is the particle diameter, and
0.23 is the decay constant for the universal trend of plot 
�/�o

versus s/D obtained by Jain et al.66

Fluorescence Quenching Measurements. Intrinsic tryptophan, ty-
rosine, and phenylalanine fluorescence quenching induced by
gold NPs was recorded on a Cary Eclipse fluorescence spectro-
photometer (Varian). Excitation was performed at 280 nm. Fluo-
rescence emission was measured at 25 °C in DPBS (without Ca2�

and Mg2�) containing various concentrations of gold NPs. The
protein concentration was fixed at 0.01 mg/mL. Nanoparticle
concentration range was 0 to 4.7 � 10�5 M (5 nm), 0 to 5.8 �
10�6 M (10 nm), 0 to 3.7 � 10�6 M (20 nm), 0 to 4.3 � 10�7 M
(30 nm), 0 to 5.2 � 10�8 M (60 nm), or 0 to 1.8 � 10�8 M (100 nm).

As in numerous previous studies of drug binding to pro-
teins (the study of tetradrine binding to albumin provides a rep-
resentative example),67 we quantify the fluorescence quenching
by the relation

where I0 and I are fluorescence intensities in the absence and
presence of gold NPs, respectively.68,69 We assume that the bind-
ing of proteins to NPs occurs at equilibrium, and correspond-
ingly, we fit our fluorescence quenching data for Q to determine
an equilibrium constant kD describing the gold NP�protein in-
teraction. Since a given protein can be expected to have multiple
associative interactions with NPs, we can expect the binding
equilibrium to exhibit cooperativity, as in the classic example of
binding of multiple O2 molecules to hemoglobin.70,71 Conven-
tionally, this complex phenomenon is taken into account by
modeling Q through the Hill equation68,70�73

where Qmax is the saturation value of Q, kD the protein�NP equi-
librium constant, and n the Hill parameter.68,70,71 Although the
modeling on which eq 3 is based is somewhat idealized, n is gen-
erally regarded as a measure of association “cooperativity”. For
a positively cooperative reaction, n � 1, meaning that once one
protein molecule is bound to the NP, its affinity for the NP pro-
gressively increases in a superlinear fashion. For a negatively co-
operative reaction, n � 1, and the binding strength of the pro-
tein to the NP becomes progressively weaker as further proteins
adsorb. For a noncooperative association, where n � 1 and
where Q formally has the mathematical form of Langmuir ad-
sorption equation,68,70,71 the affinity of the proteins for NPs does
not depend on whether other protein molecules are already
bound. The “binding constant” K is defined to be the reciprocal
of kD.

At low NP concentrations, fluorescence quenching is domi-
nated by diffusive transport, and a nonequilibrium model for
the fluorescence quenching is appropriate. The standard model
for this regime is attributed to Stern�Volmer.17 In particular, the
ratio F0/F at low concentrations is predicted to be linear in con-
centration of the quenching agent in this theory. Specifically, we
then have the relationship

This equation is traditionally used to quantify fluorescence
quenching efficiency by additives at low concentrations that
bind or otherwise interact with the fluorescent species where
Stern�Volmer constant (kSV) is conventionally taken as a mea-
sure of the quenching efficiency, �, times the diffusion-limited bi-
molecular rate for the dynamic quenching process.

Fluorescence quenching parameters are estimated as an av-
erage of three individual experiments, and the uncertainty is
the standard deviation. For the binding constant, the error for
each fit was determined by using the standard error analysis
method described by the equation i � (Cii�2)1/2, where Cii is the
diagonal element of the variance�covariance matrix and � is
the reduced chi value.

Circular Dichroism. Circular dichroism (CD) spectra were re-
corded on Olis RSM spectropolarimeter at room temperature, in
a 2 mm path cuvette. Ellipticity is expressed in millidegrees. The
gold NPs were added in small aliquots of stock gold solutions to
protein solution (1 mg/mL). Each spectrum represents an aver-
age of 20 scans. The experiments were performed at 25 °C.

Electron Microscopy. Samples for field emission scanning elec-
tron microscopy (Hitachi S4700 FE-SEM) were prepared by plac-
ing 20 	L of freshly prepared protein�gold solution on alumi-
num stubs mounted with carbon substrate. The stubs were
placed on vials and quickly frozen by exposure to liquid nitro-
gen followed by lyophilization (200 	L plasma concentration �
10 	L gold).

Dynamic Light Scattering. Dynamic light scattering (DLS) mea-
surements were made with a lab-built setup utilizing a He�Ne
laser at 632.8 nm wavelength. A linearly polarized laser beam of
0.7 mm diameter was focused with an f � 180 mm achromatic
doublet lens in the center of a square quartz sample cell. The
diffraction-limited focused light beam waist was 400 	m. The
cell had internal dimensions of 10 mm � 2 mm and required just
0.1 mL of sample solution. Light, quasielastically scattered at
90°, was collected by an f � 8 mm aspherical lens and coupled
to a single-mode fiber with 4.3 	m core size. The fiber was con-
nected to an avalanche photodiode photon counter with 65%
detection efficiency at the laser wavelength. Photon counts were
registered by a digital correlation board with 10 ns time resolu-
tion. The laser incident power of 23 mW was reduced by a set of
neutral density filters to keep the photon count below 1 MHz in
the detector’s linear range. The shortest correlation time was set
to 400 ns to avoid the detector after pulsing. The data were ini-
tially fit with the quadratic cumulant method, and in cases where
the polydispersity values were appreciable, the CONTIN algo-
rithm was used instead. The spatial coherence factor above 0.9
was routinely observed for dilute samples. Data collection time
was typically set to 30 s for samples in equilibrium and to 5 s dur-
ing kinetic series acquisition. The solution (10 	L gold � 200
	L plasma concentration protein) was filtered with PTFE 0.45
	m. Particle size was estimated from an average of five sepa-
rate measurements, and the measurement uncertainty is indi-
cated as standard deviation.
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