
HUANG ET AL. VOL. 8 ’ NO. 6 ’ 5402–5412 ’ 2014

www.acsnano.org

5402

May 30, 2014

C 2014 American Chemical Society

Effects of Surface Compositional and
Structural Heterogeneity on
Nanoparticle�Protein Interactions:
Different Protein Configurations
Rixiang Huang,† Randy P. Carney,‡ Kaoru Ikuma,§ Francesco Stellacci,‡ and Boris L. T. Lau§,*

†Department of Geology, Baylor University, One Bear Place #97354 Waco, Texas 76798, United States, ‡Institute of Materials, �Ecole Polytechnique Fédérale de
Lausanne, Lausanne 1015, Switzerland, and §Department of Civil and Environmental Engineering, University of Massachusetts Amherst, 18B Marston Hall,
130 Natural Resources Road, Amherst, Massachusetts 01003, United States

T
he interaction between nanoparticles
(NPs) and proteins is a topic of high
relevance for the medical application

of nanomaterials.1,2 As NPs enter into bio-
logical systems, they are exposed to a wide
range of proteins of different amounts, and
it is the NP�protein complexes rather than
the NPs alone that determine the result-
ing biological responses.3 Understanding
the nature of interactions (e.g., interaction
forces, binding sites, and affinity) and the
subsequent effects (e.g., conformation and
activity of the interacting proteins, stability
and functionality of the NPs) are crucial for
better design and handling of nanomater-
ials in a biological environment.
It has been shown that proteins can

bind specifically or nonspecifically to NPs
suspended in a biological fluid4 to form a
tightly bound, yet dynamic surface coating
known as the “protein corona”. This corona

largely determines the reactivity and func-
tionality of NPs, thus serving as the biologi-
cal identity of the nanomaterials.5 The initial
adsorption and subsequent exchange of
proteins in the corona change over time
as a function of the affinity of the proteins
for the NP. The composition of protein
corona is dependent on the NP size,6

shape,7 and surface properties such as che-
mical composition,8 surface charge,9 and
surface hydrophobicity.10 The mono- or bi-
layer of proteins formed on the NP surfaces
is often described as the “hard corona” due
to the slow time scale of protein exchange
and strong binding energies associated
with the complex.11 Following protein ad-
sorption, this corona is “read” by the cellular
surface machinery to direct subsequent
NP�cell interactions.3 Ultimately, the long-
lived hard protein corona has been found to
determine the fate of the NPs upon transfer
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ABSTRACT As nanoparticles (NPs) enter into biological systems, they are immediately

exposed to a variety and concentration of proteins. The physicochemical interactions

between proteins and NPs are influenced by the surface properties of the NPs. To identify

the effects of NP surface heterogeneity, the interactions between bovine serum albumin

(BSA) and gold NPs (AuNPs) with similar chemical composition but different surface

structures were investigated. Different interaction modes and BSA conformations were

studied by dynamic light scattering, circular dichroism spectroscopy, fluorescence quench-

ing and isothermal titration calorimetry (ITC). Depending on the surface structure of AuNPs,

BSA seems to adopt either a “side-on” or an “end-on” conformation on AuNPs. ITC

demonstrated that the adsorption of BSA onto AuNPs with randomly distributed polar and nonpolar groups was primarily driven by electrostatic

interaction, and all BSA were adsorbed in the same process. The adsorption of BSA onto AuNPs covered with alternating domains of polar and nonpolar

groups was a combination of different interactions. Overall, the results of this study point to the potential for utilizing nanoscale manipulation of NP

surfaces to control the resulting NP�protein interactions.
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between biological fluids (e.g., plasma, cytoplasm).12

As such, targeted NP usage could be improved by
manipulating the surface properties of NPs to bind
proteins selectively.4,13 One such modification could
be done by introducing different forms of heteroge-
neity on the NP surface.14 Although numerous studies
have investigated the effects of surface properties on
protein adsorption, most of themwere done using NPs
with a homogeneous surface and few have targeted
the influence of surface heterogeneity within a given
NP surface.15,16 Little is known about how NP surface
heterogeneity at the nanoscale (which is comparable
to the size of proteins) affects the adsorption of pro-
teins and the resulting protein coating on NPs.
Gold NPs (AuNPs) synthesized with a binary mix-

ture of hydrophobic and hydrophilic thiolated ligand
molecules have been shown to form a ligand shell
with stripe-like domains of alternating hydrophobic/
hydrophilic composition.17�19 These stripe-like do-
mains have a characteristic thickness on the order of
a single nanometer, leading to surface heterogeneities
at similar scales as those found onproteins. This unique
structure has been shown to possess interesting prop-
erties regarding wettability,20 interfacial energy21 and
cell membrane penetration.19 For example, only those
particles with striped ligand shells were shown to
penetrate cell membranes in an energy-independent
way, while particles with a random arrangement of
ligand in their ligand shell enter cells through energy-
dependent pathways. These NPs also have different
spatial distribution/localization within cells. These ob-
servations suggest that the different interactions with
biomolecules due to NP surface heterogeneity may
be responsible for their different behaviors in cellular
uptake. By further understanding the effect of NP
surface heterogeneity on NP�biomolecule interac-
tions and the underlying mechanisms, we may (1)
improve the design of NPs (by adding surface hetero-
geneity as a new tunable property) for specific biolo-
gical applications and (2) better predict their fate and
transport in biological systems.
In our previous work, the influence of NP surface

heterogeneity was found to be dependent on the
dimension of surface features on NPs and proteins.22

We focused this present study on the adsorption of
BSA (which has comparable size to the NPs used) on
two types of NPs. All NPs used were nearly identical in
shape, size, and composition but different only in the
ligand shell morphology. In these particles, the NP
surface heterogeneity was observed in the form of
two ligands being randomly distributed or forming
alternating stripe-like domains on the surface of each
NP. By using AuNPs with similar surface heterogeneity
features but different charged functional groups (i.e.,
with �COO� or �SO3

� terminals), we confirmed that
the observed protein adsorption behavior was depen-
dent on NP structural heterogeneity and independent

of particular polar groups. We further characterized
the interactions of the AuNPs with a mixture of two
proteins to test the NP surface heterogeneity effects in
a more complex environment.
A combination of dynamic light scattering (DLS),

circular dichroism (CD) spectroscopy, fluorescence
quenching and isothermal titration calorimetry (ITC)
was applied to characterize the interactions between
proteins and AuNPs. DLS was used to monitor the
increases in AuNP size due to self-aggregation or
protein adsorption. CD spectroscopy characterized
the secondary structure of the adsorbed BSA. Fluores-
cence quenching revealed the possible binding sites
by quantifying the quenching of fluorescence from
certain chromophores in the BSA structure by AuNP
adsorption. ITC characterized the underlying thermo-
dynamics of the interaction. Results from individual
techniques were collectively examined to understand
the mechanisms of interaction.

RESULTS AND DISCUSSION

Characteristics of the AuNPs. Two types of AuNPs were
used in this study. The MUS-type AuNPs were coated
with either (1) all negatively charged, sulfonated alka-
nethiols (11-mercapto-1-undecanesulfonate, MUS); (2)
a 2:1 molar mixture of MUS and 1-octanethiol (OT)
(now referred to as MUS/OT); or (3) a 2:1 molar mixture
of MUS and a branched version of OT (3,7 dimethyl
octane 1-thiol, brOT) (MUS/brOT). The MPA-type
AuNPs were MPA/brOT and MPA/OT, resembling
MUS/brOT and MUS/OT in their surface organizations
of the coating ligands, with the negatively-charged
MUS substituted with mercaptopropionic acid (MPA).
The synthesis and characterization of these AuNPs have
been performed in previous studies17�19 (details are
also available in the Supporting Information). To ensure
the uniformity of particle size and shape, the AuNPs
were characterized by TEM and DLS before use. TEM
showed that the AuNPs were mostly spherical and
slightly angular. The size distributions of the two types
of AuNPs based on TEM image analysis can be found in
Figure S1 (Supporting Information). The physical and
chemical characteristics of the two types of AuNPs were
presented in Table 1. TEM revealed that the three MUS-
type AuNPs are similar in size. The sizes of the twoMPA-
type AuNPs are similar to each other but slightly larger
(by∼1 nm) in core diameter than the MUS-type AuNPs.

As shown in previous studies using scanning tun-
neling microscopy, depending on the types of self-
assembled monolayer (SAM), the polar and nonpolar
ligands can be randomly distributed or form alternat-
ing stripes on the surface of AuNPs.17,18 The combina-
tion of MUS and brOT forms a surface with randomly
distributed ligands. The combination of MUS (or MPA)
and OT leads to alternating polar and nonpolar stripes,
and the dimension of the stripes is dependent on the
ratio of the MUS (or MPA) to OT. The headgroup
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spacing ranges from 0.7 to 1.0 nm, depending on the
core diameter and mixed ligand types and ratio. More
detailed information on the surface structure can be
found in previous studies.17�19

Stability of the AuNP�Protein Complexes. The change of
hydrodynamic diameter (ΔDh) of the AuNPs following
the addition of BSA asmonitored by DLS are presented
in Figure 1A. ThemaximumΔDh due to BSA adsorption
ranged from 5 to 8 nm, depending on the type of
AuNPs (Figure S3, Supporting Information). Previous
studies also reported a thickness change of 3 nm due
to the coating of human serum albumin.24 These ΔDh

suggested that the AuNPswere probably coatedwith a
monolayer of proteins at pH 7.4.

Regarding the difference between different types
of AuNPs, the first noticeable difference was the larger
ΔDh for the AuNPs with striped domains (MUS/OT)

compared to AuNPs with all sulfonated alkanethiols
(MUS) and AuNPs with randomly distributed MUS and
brOT (MUS/brOT). Similarly, for the MPA-type AuNPs,
MPA/OT has larger ΔDh than MPA/brOT (Figure S3,
Supporting Information). The different ΔDh may pos-
sibly be due to different BSA affinities (more BSA
binding for largerΔDh) or different protein geometries
on the AuNP surfaces (see the Mode of Interaction
section below for further discussion). There is also a
difference between the two types of AuNPs, in which
the MUS-type has relatively larger ΔDh than the MPA-
type (see the ITC section below for further discussion of
the different scenarios).

Following their adsorption onto surfaces, proteins
may experience different degrees of conformational
change depending on the protein type and surface
physicochemical properties (e.g., surface curvature,

TABLE 1. Physical and Chemical Properties of the Two Types of AuNPs Used in This Study

* Based on 1H NMR analysis of ligands after gold core decomposition by KCN (except for MPA/brOT).23 # Determined from TEM images and expressed as average diameter(
standard deviation. § Determined by DLS with a fixed detector angle of 173� based on volume-based size distribution.

Figure 1. (A) ΔDh of MUS-type AuNPs due to the adsorption of BSA. BSA concentration was kept at 0.05 μM in 10 mM 7.4
sodium phosphate buffer with varying amounts of AuNPs added. Error bars represent the standard deviations of multiple
experiments. (B) CD spectra showing the changes in helicity of BSA following the additionofMUS-typeAuNPs to 1.5μMBSAat
pH 7.4, room temperature (22 �C). Measurements for no-NP control and two NP concentrations are shown.
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functionality).25,26 The degree of conformational
change of the adsorbed proteins would influence
the resulting properties the AuNP�protein complex.
Therefore, to examine whether there was a change in
the secondary structure of BSA after adsorption onto
different AuNP surfaces, bound and unbound BSA
were characterized by CD spectroscopy (Figures 1B
and S4, Supporting Information). With a BSA to NP
binding ratio of ∼5, at least half of the proteins were
bound. Although the bound fraction of BSA was sig-
nificant, the change in the helicity of BSA in the
presence of all types of AuNP was small (less than 5%
in the helicity at 210 nm). Deconvolution of the CD
spectra predicted that BSA without NP addition con-
sisted of 67.4% R-helix and 9.8% β strand (in agree-
ment with Gelamo et al.27); these percentages
remained the same with the addition of all three types
of NPs at two concentrations. These observations
suggested that BSAmaintained its secondary structure
after adsorption onto all types of AuNPs.

Fluorescence Quenching. Fluorescence quenching is a
highly sensitive, reproducible, and convenient tool
for identifying the binding sites and conformation
changes of proteins upon association with small mol-
ecules, NPs, and membranes. The efficiency of fluores-
cence quenching of chromophores in proteins (e.g.,
tryptophan, tyrosine, and phenylalanine residues) de-
pends on the shielding degree of the chromophores by
the quencher, and thus this technique is useful in
revealing the relative accessibility of AuNPs to the
chromophore groups of protein.28,29

The tryptophan (Trp) residues in BSA were selec-
tively excited herein with an excitation wavelength of
295 nm, at which the competing fluorescence from
tyrosine and phenylalanine residues is much weaker.
BSA has two Trp residues located in its lower hydro-
phobic pocket in domain II (Trp-213) and on the surface
of the molecule in domain I (Trp-134), respectively.30

Fluorescence emission spectra showed that all tested
types of AuNPs quenched the fluorescence of BSA, and
the fluorescence intensity decreased gradually with
increasing concentration of AuNPs (Figure S5, Support-
ing Information). More quantitative information can be
extracted by fitting the fluorescence quenching data
with the Stern�Volmer model.30 The fitting by the
Stern�Volmer model to the fluorescence spectra is
presented in Figures 2 (left) and 3 (left) and Table 2. The
raw fluorescence emission spectra can be found in
Figure S5 (Supporting Information).

All kq values (bimolecular quenching constant)
obtained for the three types of AuNPs were at least
six orders of magnitude higher than the maximum
value (1010 M�1 s�1) for a diffusion-controlled quench-
ing process. These results suggested that the Trp
fluorescence was quenched by specific interactions
between BSA and the AuNPs (i.e., static quenching
was the dominant mechanism with the formation of
bioconjugates). The Stern�Volmer quenching con-
stant (KSV) showed the different quenching ability of
the three types of AuNPs. For BSA, the KSV of MUS and
MUS/brOT were 2.13 � 109 and 1.33 � 109 M�1,
respectively, while it was about an order of magnitude
lower (8.95� 107 M�1) for MUS/OT. Similarly, between
the two MPA-types of AuNPs, MPA/brOT showed high-
er quenching capability than the striped MPA/OT.

The shifting of emission spectra following the ad-
sorption of BSA on AuNPs was also evaluated by a
double wavelength method, in which the ratio of
fluorescence intensity at 320 and 360 nm (F320/F360)
was registered and plotted against the concentration
of AuNPs added (Figures 2 (right) and 3 (right)). As the
slope of the ratio showed, F320/F360 increased gradually
with increasing concentrations of MUS, MUS/brOT
and MPA/brOT, while the ratio decreased slightly with
increasing concentrations of MUS/OT and MPA/OT.
An increasing F320/F360 suggests a blue shift of the

Figure 2. Stern�Volmer plot (left) and the shift of Trp emission (right) for BSA in the presence of increasing concentrations of
MUS-type AuNPs. The concentrations of BSA were set to be at 0.15 μM in 10 mM 7.4 sodium phosphate buffer with varying
amounts of AuNPs added. Experiments were performed at room temperature (22 �C). Error bars represent the upper and
lower limits of duplicate experiments.
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position of emission maximum that can be considered
to be caused by the burying of Trp in a more hydro-
phobic environment.30,31 The slight change of F320/F360
in BSA-MUS/OT or MPA/OT indicates less alteration in
the Trp environment following adsorption compared
to that of MUS, MUS/brOT and MPA/brOT (further
discussion of the cause and relevance to the interac-
tion mode can be found below).

It seems conflicting to have larger ΔDh but lower
fluorescence quenching efficiencies for AuNPs with
stripe-like domains (MUS/OT or MPA/OT) compared
to that of MUS and MUS/brOT or MPA/brOT as ob-
served above. One way to resolve this apparent para-
dox is to consider the different orientations by which
BSA may adsorb onto the AuNPs. Figure 4 is a sche-
matic portraying a possible geometrical arrangement
of BSA with respect to the MUS/brOT and MUS/OT
particles based on the characterizations presented
thus far. These conformations, or ones very similar,
would explain the ΔDh obtained with DLS, the persis-
tence of BSA's secondary structure as measured by CD
spectroscopy, and the proximity of the fluorescent Trp
residues to the particles shown by the fluorescent
quenching experiments. An equilateral triangular
prism model has been proposed for BSA, with its side
length of 8.4 nm and a thickness of 3.15 nm.24,32 When
BSA attaches its triangular face onto the surface of
the MUS/brOT particles to attain maximum contact,
both of the Trp residues will be close to NP surface
(<3.15 nm), whichwill result in an efficient fluorescence
quenching and a tight interaction with the NP surface.
This may have been the same when BSA adsorbed
onto MUS, as it has a homogeneously distributed

sulfonated alkanethiols shell. In contrast, if BSA at-
tached onto MUS/OT or MPA/OT with a small contact
area that results in the longest dimension being ex-
tended into the solution, the two Trp residues will be
relatively distant from theNP surface compared to that in
the previous configuration. This will result in less shield-
ing of Trp and larger ΔDh following BSA adsorption.
Besides, the extended configuration may also enable
MUS/OT or MPA/OT to accommodate more attachment
of BSA. Since there aremore thanoneBSAadsorbedonto
each NP and they may not adsorb in exactly the same
way, Figure 4only serves as a schematic representationof
a possible geometrical arrangement.

ITC and Binding Thermodynamics of NP�Protein Interac-
tions. In this section, we shift from describing the

Figure 3. Stern�Volmer plot (left) and the shift of Trp emission (right) for BSA in the presence of increasing concentrations of
MPA-type AuNPs. At pH 7.4 and room temperature (22 �C), varying amounts of AuNPs were added to 0.12 μM BSA in 10 mM
sodium phosphate buffer. Error bars represent the upper and lower limits of duplicate experiments.

TABLE 2. Fitting Parameters of the Stern�Volmer Model for BSA with Different Particles

types of NPs MUS MUS/brOT MUS/OT MPA/brOT MPA/OT

KSV ( � 108 M�1) 19.9 ( 3.5 13.6 ( 0.8 0.9 ( 0.1 2.0 ( 0.1 0.8 ( 0.04
kq ( � 1016 M�1 s�1) 40.0 ( 7.0 27.2 ( 1.5 1.7 ( 0.1 3.9 ( 0.1 1.6 ( 0.08
R2 0.83 0.98 0.998 0.993 0.986

Figure 4. Proposed binding geometries for BSA and (left)
MUS/brOT or MPA/brOT and (right) MUS/OT or MPA/OT
AuNPs based on DLS and fluorescent quenching measure-
ments. NP and protein size were not drawn to scale
(cartoons of AuNP and BSA were adopted and modified
from Verma et al.19 and Dubeau et al.,33 respectively).

A
RTIC

LE



HUANG ET AL. VOL. 8 ’ NO. 6 ’ 5402–5412 ’ 2014

www.acsnano.org

5407

geometrical conformation of the proteins to character-
izing the binding affinity and thermodynamics of this
new orientation.

Protein interaction with particles or surfaces is a
complex process that involves various noncovalent
forces including Van der Waal force, hydrogen bond-
ing, electrostatic and hydrophobic interactions, the
desolvation of both NPs and proteins and solva-
tion of newly formed complexes.34 Depending on
the structure of the proteins and the properties of the
interacting surface, the relative importance of these
various forces will be different. ITC is a useful technique
for the characterization of NP�protein interactions as
it can directly measure the enthalpy changes and
binding stoichiometry between NPs and proteins in
solution, from which other thermodynamic quantities
such as binding constant, entropy and free energy
change can be derived.35,36 This quantitative informa-
tion, in combination with other techniques, can help
reveal the mechanisms of the interactions.

As suggested by the aforementioned DLS and
fluorescence quenching results, BSA may adopt differ-
ent orientations when adsorbed onto AuNPs with
different surface properties. Accordingly, we expect
that there will be observable differences in the ITC heat
profiles based on the different modes of interaction
between the AuNPs and BSA. As shown by the titration
curves (Figures 5 and S7, Supporting Information), the
adsorption of BSA onto MUS/OT exhibited a signifi-
cantly different heat change profile from the other two

types (MUS and MUS/brOT), which have similar heat
change profiles. The complexation of BSA with MUS/
brOT was consistently exothermic throughout the
titration process, while the complexation of BSA with
AuNPs with stripe-like domains (MUS/OT) was exother-
mic only at the beginning (whenmolar ratio of protein/
AuNP is <4). Similarly, the complexation of BSA with
MPA/brOT was also consistently exothermic through-
out the titration process, and the complexation of
BSA with MPA/OT was exothermic at the beginning
(whenmolar ratio of protein/AuNP is <2) and gradually
changed to endothermic (Figure 6).

Interestingly, there was a small difference between
the MUS-type AuNPs and MPA-type AuNPs. Although
the heat profiles were all consistently exothermic, MUS
and MUS/brOT showed an abrupt change at a molar
ratio of 3, while no such abrupt change was observed
for MPA/brOT. Despite the similar trends between
MUS/OT and MPA/OT, MPA/OT showed endothermic
peaks after the disappearance of exothermic peaks,
while no endothermic process was observed for MUS/
OT. This difference may have been due to the differ-
ence in the curvature and chemistry between theMUS-
type and MPA-type AuNPs as the MPA-type particles
are 1 nm larger and the charged ligands are carboxyl-
terminated instead of sulfonate-terminated. Further-
more, the negatively-charged MPA is shorter than the
nonpolar ligands (i.e., OT and brOT) for the MPA-type,
while MUS is longer than OT for MUS-type. Adjust-
ment of the initially adsorbed BSA to accommodate

Figure 5. ITC data from the titration of 500 μM BSA into 8.4 μMMUS/brOT and 7.7 μMMUS/OT AuNP. Heat flow versus time
during injection of proteins at 25 �C and heat evolved per mole of added proteins (corrected for the heat of protein dilution)
against the molar ratio (protein/AuNP) for each injection are shown at the top and bottom, respectively. The data
corresponding to the heat of dilution of protein are shown in Supporting Information, Figure S7.
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subsequent BSA adsorption due to their smaller size
may be responsible for the abrupt change in the
MUS-type AuNPs, as the heat needed for the disruption
of contact would compensate the heat release during
new adsorption.

Of all the heat profiles, only the complexation of
BSAwithMPA/brOT can be satisfactorily fit by available
models. It was fit to a model describing a single set of
binding sites, and best-fit parameters were calculated
using nonlinear least-squares fitting (Table 3). The
thermodynamic quantities showed that the adsorption
of BSA onto MPA/brOT featured a favorable enthalpy
change (ΔH < 0), which was offset partially by an un-
favorable entropy loss (ΔS < 0), resulted in an overall
negative free energy change (ΔG< 0). Considering that
67% of the ligands were the carboxyl-terminated MPA,
the adsorption of BSA onto MPA/brOT was primarily
driven by electrostatic interactions, and the binding
sites were equivalent for all BSA molecules (since the
heat profiles were satisfactorily fitted to a model for
the single set of identical binding sites). Besides, a 5:1
binding ratio of BSA to MPA/brOT and a binding
constant of 7.86 � 105 M�1 were derived. Despite the
small difference between the MUS-type and the MPA-
type, the overall similarities in heat profiles and surface

structures suggests that similar electrostatically-driven
BSA adsorption was likely to occur on MUS and MUS/
brOT.

The overall heat profiles (with a few exothermic
peaks at the beginning of titration and some in-
significant endothermic peaks later on) observed for
MUS/OT and MPA/OT suggested relatively more com-
plex interactions compared to that of the other types of
AuNPs. Their overall small heat exchange also indi-
cated that BSA adsorbed onto the NP surface with
minimal contact, which seems to be in accordancewith
the side-on configuration suggested by DLS and fluo-
rescence quenching.

The endothermic adsorption may involve an un-
favorable enthalpy contribution (ΔH > 0) and a large
favorable entropy change (ΔS > 0) to have a negative
free energy of association (ΔG < 0). The positive en-
thalpy change and favorable entropy change (ΔS > 0)
suggested the disruption and release of water from the
interaction process,34 which was associated with the
adsorption of BSA onto the nonpolar stripes of the
AuNPs. Previous studies on these types of AuNPs using
molecular dynamic simulation demonstrated that a
hydrophobic environment developed over the non-
polar stripes21 and that the amphiphilic side chains of

Figure 6. ITC data from the titration of 500 μM BSA into 9.0 μMMPA/brOT (left) and 9.3 μMMPA/OT (right). Heat flow versus
time during injection of BSA at 25 �C and heat evolved per mole of added BSA (corrected for the heat of BSA dilution) against
the molar ratio (BSA/AuNP) for each injection are shown at the top and bottom, respectively. The data corresponding to the
heat of dilution of BSA are shown in Supporting Information, Figure S6.

TABLE 3. Thermodynamic Quantities of BSA and MPA-type NPs Interaction Derived from ITC

NPs Ks ( � 105 M�1) �ΔG (kcal mol�1) ΔH (kcal mol�1) TΔS (kcal mol�1) N

MPA-brOT 7.86 ( 0.34 8.03 ( 0.02 �28.10 ( 0.80 �20.07 ( 0.86 4.99 ( 0.15
MPA-OT heat profile could not be fitted satisfactorily by available models
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lysine and arginine could direct the adsorption of
proteins onto the polar and nonpolar ligands.21,22

Interaction with Protein Mixtures. To understand the
influence of NP surface heterogeneity in a more com-
plex environment, the interaction between MUS-type
AuNPs with a mixture of two proteins was studied
by DLS.

The ΔDh of AuNPs immediately following the addi-
tion of 1:1 mixture of BSA and fibrinogen as well as
the addition of fibrinogen alone were monitored
(Figure 7A;ΔDh for MUS/brOT and MUS/OT had similar
trends, data not shown). The ΔDh of MUS in the
presence of the BSA/fibrinogen mixture was similar
to that of fibrinogen alone, while theΔDh of MUS/brOT
and MUS/OT were larger. These MUS-type AuNPs were
found to have a 2:1 binding ratio to fibrinogen.22 Larger
ΔDh for MUS/brOT and MUS/OT may suggest the
involvement of BSA in the NP�protein complex with
MUS/OT possibly being involving more BSA than
MUS/brOT. Further addition of BSA was used to induce
an excess of BSA compared to fibrinogen, and theΔDh

was monitored for 100 min (Figure 7B). Interestingly,
the Dh of all AuNP�protein complexes decreased with
MUS andMUS/brOT behaving similarly, while the Dh of
MUS/OT remained larger than the other two types of
AuNPs. The similarΔDh for MUS and MUS/brOT further
suggested their similar binding affinity with BSA. These
observed phenomena indicate that the surface hetero-
geneity of NPs may still be able to cause a difference in
protein adsorption behavior even when there are
multiple proteins.

Mode of Interaction. In line with the experimental
evidence provided in this study, we propose that the
conformation of BSA adsorbing onto NP surfaces de-
pends on the type and form of NP surface heterogeneity.

For particles with stripe-like surface similar to those
used in this study, different conformations have been
previously proposed for the globular protein cyto-
chrome C and lysozyme in a simulation study based
mostly onmolecularmodeling.37,38 In these two studies,

the authors found that the amphiphilic lysine and
arginine side chains of Cyt C and lysosome, respectively,
were able to interact simultaneously with polar and
nonpolar surface ligands, and particles that exhibited
close domains of each type of ligand adsorbed the
protein with a varied geometrical conformation.

For the BSA in the present study, the mode of
interaction with MUS/OT and MPA/OT may be ex-
plained by the same phenomena so that the nonpolar
domains in MUS/OT and MPA/OT can help to maintain
the nonhydrated regions of the protein. There are
positively-charged (arginine- and lysine-rich) surface
patches on BSA that serve as electrostatically favorable
sites for interaction with the MUS sulfonate ligand
headgroup of the AuNPs. Since the �SO3

� and �CH3

terminals on MUS/brOT and MPA/brOT surface are
randomly distributed, MUS/brOT and MPA/brOT may
behave like particles with a homogeneously charged
surface. As such, BSA may not “recognize” the hetero-
geneity on the surface of MUS/brOT and MPA/brOT
and lay its triangular face side on the NP surface to
achieve maximal contact. However, due to the nano-
scale striations of �SO3

� and �CH3 terminals on the
surface ofMUS/OT andMPA/OT, the cumulative effects
of the nonpolar groups cannot be neglected, as de-
monstrated by Kuna et al.21 Therefore, BSAmay have to
adjust its conformation to fit the surface features on
MUS/OT and MPA/OT. The interaction between BSA
andMUS/OT orMPA/OT is likely to be a combination of
different interactions rather than simple electrostatic
interactions as expected in the case of MUS or MUS/
brOT or MPA/brOT. It is possible that some BSA ap-
proached the stripes of the AuNPs (through electro-
static and/or hydrophobic interactions) with a smaller
contact area than that withMUS/brOT, andmay lead to
longer extension of BSA into solution and loose inter-
actions with the MUS/OT and MPA/OT surfaces. Be-
cause of the complex structure of BSA and the dynamic
nature of interfacial interactions, detailed information
regarding the exact amino acids and side chains in

Figure 7. (A) ΔDh of AuNPs following the addition of a mixture of 0.32 μM BSA and 0.32 μM fibrinogen, MUS with 0.32 μM
fibrinogen alone was also shown as a reference; (B) ΔDh of AuNPs following the further addition of 0.6 μM BSA.
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contact with NPs cannot be obtained with the techni-
ques used in this study.

In spite of their overall similarity in chemical com-
position, the different experimental results between the
MUS/OT (MPA/OT) andMUS/brOT (MPA/brOT) indicated
that the structural organization of surface functional
groups is no less important than the surface chemistry
in protein adsorption. Despite some small differences,
the overall similar phenomena observed in both MUS-
typeandMPA-typeAuNPs suggested that theNPsurface
structure-dependent protein conformationmay be gen-
eralized regardless of the type of polar ligand used.

It would be worthy to note that characteristics of
the adsorbed proteins are also important, as proteins
are very diverse in size, shape and surface chemistry.
The protein surface is highly heterogeneous and con-
sists of various polar and nonpolar functional groups.
All these properties affect the exact nanoscale physi-
cochemical identities of the protein surface that inter-
acts with the available sites onNP surface. For example,
the size and shape of proteinswere found to determine
the binding stoichiometry for the same types of NPs.36

In a study by Hung et al., they also stressed the
importance of the structural characteristics of the
particular protein under examination for the preva-
lence of the conformational change of the protein
upon adsorption to structured surfaces.37 In our study,
the surface heterogeneity of BSA allows the protein to
adopt different conformations to adsorb onto AuNPs
exhibiting nanoscale surface heterogeneities. In the
case of MUS and MUS/brOT, sites on the BSA surface
with more positively-charged side chains are likely to
interact with the negatively-charged ligands on the NP
surface, while sites with more nonpolar side chains
may come in direct contact with the nonpolar stripes
on MUS/OT NPs. Delicate control by the chemical
heterogeneity (surface charge distribution) of proteins
was illustrated by Treuel et al. (2014),39 in which human
serum albumin with different modifications were

shown to adopt different orientations on NP surfaces.
However, in our study, it is the surface heterogeneity of
NPs that determines the orientations of the adsorbed
proteins, and the heterogeneous surface of the inter-
acting proteins makes this control possible.

These surface structure-determining protein coat-
ings have important implications: (1) the surface het-
erogeneity of NPs can be manipulated to selectively
adsorb proteins in relevant systems; (2) organization of
the adsorbed proteins may affect their activity, as
demonstrated by the esterase activity results that
showed that BSA retained higher esterase activity in
thepresenceofMPA/OT than thatofMPA/brOT (FigureS7,
Supporting Information). Overall, this study demon-
strated the potential of using surface structural hetero-
geneity as a new tunable property in the design of NPs
to modulate the conformation of adsorbed molecules.
Further studies are needed to investigate the behavior
of these AuNPs with different ligand conformations in
more biologically relevant systems.

CONCLUSION

In summary, the adsorption of BSA onto three MUS-
type and two MPA-type AuNPs was studied using a
combination of DLS, CD spectroscopy, fluorescence
quenching, and ITC. The results showed different
protein adsorption behaviors depending on the NP
surface ligand composition and structure. BSA adsorp-
tion onto particles with nanoscale stripe-like polar and
nonpolar domains behaved differently from AuNPs
with randomly distributed mixed terminals and homo-
geneously charged terminals. The different binding
modes affected protein configuration and interaction
affinity. Results suggested that the surface structural
and chemical heterogeneity of NPs is important in
determining the protein�NP surface interaction and
subsequent protein conformation. This study also de-
monstrated that NP surface heterogeneity could be a
tunable property in NP design for specific applications.

METHODS

Preparation of AuNPs and Protein Suspension. The synthesis of
SAM-coated AuNPs with diverse surface composition and
structures can be found in previous studies14,17,18 and in the
Supporting Information. To prepare the stock suspensions of
AuNPs, the AuNP powder was added into either ultrapure water
(Millipore Simplicity, >18 MΩ-cm) or dialyzed sodium phos-
phate solution. The suspensions were sonicated in an ultrasonic
bath (VWR, B2500A-MT) for 30 min. After ultrasonication, the
AuNP suspensions were centrifuged at 9000 rpm for 15 min
(Eppendorf 5417c centrifuge) to remove nondispersive aggre-
gates from the suspensions. The mass concentration was
determined using a PerkinElmer ELAN 9000 inductively-
coupled plasma mass spectrometer (ICP-MS) (Waltham, MA),
which was then converted tomolar concentration based on the
NP geometry characterized by TEM (mass of single AuNP was
calculated based on its density and average core size).

Bovine serum albumin (BSA, lyophilized powder, g 98%)
was purchased fromSigmaand usedwithout further purification.

The stock solution of the proteinswas prepared in 10mMsodium
phosphate buffer solution (PBS) of pH 7.4 and stored at 4 �C, and
the stock solutionwas usedwithin 1 week. Buffers at pH 7.4 were
prepared using 10 mM sodium phosphate buffer solution.

Dynamic Light Scattering. The hydrodynamic diameter of
AuNPs was measured using a Malvern Zetasizer Nano ZS
(Worcestershire, U.K.) with a fixed detector angle of 173�.
Specifically, at pH 7.4, the AuNP stock suspension (∼0.05 μM)
was sequentially added with protein stock solution to reach a
series of final protein/AuNP molar ratios that ranged from 1 to
20. The mixture was incubated for 30 min before DLS measure-
ment, and a total of 15 measurements were taken. At least
duplicate experiments were performed for each data point.

Circular Dichroism Spectroscopy. CDmeasurements were under-
taken by a Jasco J-810 spectropolarimeter (Easton, MD) with a
2 mm path length rectangular quartz cell at room temperature
(22 �C). The CD spectra were recorded from 190 to 260 nm, and
each spectrum was an average of 5 scans. The concentration of
BSA was fixed (1.5 μM), and the AuNPs concentration varied
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from 0 to 0.2 μM. The CD spectra were deconvoluted to obtain
their R helix and β strand content using an online algorithm
K2D3 (http://k2d3.ogic.ca/).

Fluorescence Quenching Measurements. Fluorescence measure-
ments were performed on a HITACHI F-7000 fluorescence
spectrophotometer (Tokyo, Japan) with the use of a 1.00 cm
path length rectangular quartz cell. The spectra were recorded
in the wavelength range of 310�500 nm upon excitation at
295 nm, using 10 nm/10 nm slit widths, and each spectrum was
an average of two scans. The concentrations of BSA were set to
be at 0.15 μM (for MUS-type) and 0.12 μM (for MPA-type), and
the concentration of AuNPs ranged from 0 to 0.004 μM for
MUS-type AuNPs, 0 to 0.014 μM for MPA-type AuNPs. Blanks
corresponding to the buffer were subtracted from the sample
spectra to correct the fluorescence background before perform-
ing the analysis. Duplicate experiments were conducted for
each AuNP concentration.

Since the AuNP concentrations were relatively low, where
fluorescence quenching was dominated by diffusive transport,
a nonequilibrium model for the fluorescence quenching is
considered to be more appropriate.28,30 The Stern�Volmer
model, which predicts the ratio F0/F at low concentrations of
quenching agents to be linear, is the standard model for this
regime. Thus, it was being used to analyze the fluorescence
intensity data.

F0
F

¼ 1þ kqτ0[AuNP] ¼ 1þ KSV[AuNP]

where F0 and F are themaximum fluorescence intensities in the
absence and presence of AuNP, respectively, kq is the quench-
ing constant, τ0 is the lifetime of the fluorophore in the absence
of quencher, KSV is the Stern�Volmer fluorescence quenching
constant, which is a measure of the quenching efficiency, and
[AuNP] is the quencher concentration.

Isothermal Titration Calorimetry. ITC measurements were per-
formed on a MicroCal ITC200 system (GE Healthcare). BSA was
dialyzed overnight against 10 mM sodium phosphate buffer
(renewed three times), and the AuNPs were dissolved in the last
dialysate (sonicated, then centrifuged at 9000 rpm for 15 min).
A typical titration experiment involved 38 injections of BSA
(titrant, 1 μL per injection from a 500 μM stock) at 150 sec
intervals into the sample cell (volume = 200 μL) containing the
AuNPs solution (MUS, 7.03 μM; MUS/brOT, 8.43 μM; MUS/OT,
7.73 μM; MPA/brOT, 8.95 μM; MPA/OT, 9.3 μM). The reference
cell was filled with 10 mM sodium phosphate buffer. During
the experiment, the sample cell was stirred continuously at
1000 rpm.

The heat of BSA dilution in the buffer alone was subtracted
from the titration data (both normalized to 0) for each experi-
ment. The data were analyzed to determine the binding
stoichiometry (N), affinity constant (Ka), and other thermody-
namic parameters of the reaction using the coupled Origin
software. The reported thermodynamic parameters were an
average of duplicate experiments.
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