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ABSTRACT: Regarding the importance of the biological
effects of nanomaterials, there is still limited knowledge about
the binding structure and stability of the protein corona on
nanomaterials and the subsequent impacts. Here we designed
a hard serum albumin protein corona (BSA) on CTAB-coated
gold nanorods (AuNRs) and captured the structure of protein
adsorption using synchrotron radiation X-ray absorption
spectroscopy, microbeam X-ray fluorescent spectroscopy, and
circular dichroism in combination with molecular dynamics
simulations. The protein adsorption is attributed to at least 12
Au−S bonds and the stable corona reduced the cytotoxicity of CTAB/AuNRs. These combined strategies using physical,
chemical, and biological approaches will improve our understanding of the protective effects of protein coronas against the
toxicity of nanomaterials. These findings have shed light on a new strategy for studying interactions between proteins and
nanomaterials, and this information will help further guide the rational design of nanomaterials for safe and effective biomedical
applications.

1. INTRODUCTION

When nanoparticles (NPs) enter the blood or other
physiological fluids, various proteins can be easily adsorbed
on the surface to reduce the free energy1,2 and finally form
protein coronas on a variety of common nanomaterials
including gold,3 silver,4 carbon,5,6 polystyrene,7,8 silica,9 and
titania.10 The binding tightness and stability of a surface protein
corona define it as “hard” or “soft”.2 The protein corona affects
various biological responses,3−6,11−20 especially mitigated
cytotoxicity,5,6,12,15,18 changes in the biodistribution,3,16,19 and
inflammatory responses.20 Recent research has shown that
poly(acrylic acid)-conjugated gold nanoparticles (AuNPs) at a
certain size can easily bind to and induce unfolding of
fibrinogen, a plasma protein, and further promote the activation
of Mac-1 receptor-dependent inflammation.20 The protein
corona on the AuNPs is also found to play an essential role in
mediating cellular uptake11,24 and cytotoxicity25,26 as well as in
realizing biomedical applications.21,22 Moreover, corona−NP
complexes can also be designed as drug carriers and imaging
probes.21,22 One successful example is that serum albumin may
help drugs such as Abraxane (an FDA-approved drug in the
form of albumin-bound paclitaxel) to achieve prolonged
circulation time in vivo.23 PEGylated transferrin (Tf) corona-
conjugated silica NPs lose targeting specificity in vivo because

the Tf corona can be exchanged for other proteins in the
serum.27 Improvement of the stability of the Tf corona on the
NPs is thus crucial for their targeted applications in vivo.
Therefore, knowledge of the binding characteristics of the
protein corona to NPs would largely help address the
underlying mechanism for its stability and potential biological
impact, which should inspire further prediction of their in vivo
fate and behavior.
However, little has been known about how the corona forms

and the interfacial structures between corona and NPs.
Recently, the binding of the corona to NPs has been explored
with a variety of analytical techniques commonly used to
characterize protein composition and species,3,7,28 thick-
ness,12,19 binding affinity and stability,9,27,29 and conformation
of the protein corona.30,31 The conformation and binding mode
of proteins in the corona can be characterized by circular
dichroism (CD), nuclear magnetic resonance (NMR), X-ray
crystallography, and other techniques.20,31−33 However, NMR
and X-ray crystallography face the difficulties of complicated
sample preparation, expense, and time-intensive measure-
ments.34 The NMR method is also not applicable to sulfur-
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related structures due to the absence of nuclear spin or weak
signals from32S and/or its isotopes.35

Unlike these conventional techniques, an advantage in
studying the structures of nanomaterials and biological
molecules is provided by synchrotron radiation (SR)-based
analytical techniques.36−40 A SR light source can provide very
bright light with a tunable energy range and a high density of
photons. SR X-ray absorption near-edge structures (XANES)
can sensitively detect the composition of chemical species of
sulfur35,36,38,41 and thus present advantages in characterizing the
interaction mode of the protein corona on AuNPs as either
physical or chemical adsorption. Meanwhile, an SR-based
microbeam X-ray fluorescence (μ-XRF) technique can
simultaneously detect multiple elements, map their distribution,
and semiquantify their concentrations in a tissue slice or even a
single cell.37,42−44 In the theoretical realm, molecular dynamics
(MD) simulation has been widely used to study the interaction
of proteins with NPs.5,31,34 It can reveal the binding process of
a protein, describe the preferred binding sites, and probe the
concomitant conformational change of the adsorbed protein in
detail. Therefore, it becomes a powerful approach to studying
the binding mode and structure of protein corona on AuNPs at
the atomic level when combined with analytical tools like
XANES.
Gold nanorods in particular have wide applications in

biomedicine45−49 and their potential impacts on living systems
are attracting much attention. Our recent study has revealed
that serum protein (e.g., fetal bovine serum, FBS) corona on
cetyltrimethylammonium bromide-capped gold nanorods

(CTAB/AuNRs) can mitigate damage to the cell membrane
before internalization and reduce the necrosis induced by
CTAB/AuNRs.50 Interestingly, after internalization and trans-
location into lysosomes, the protein corona can then be
detached from the AuNRs, and finally the CTAB/AuNRs
induce apotosis.19 Similarly, a very recent study has indicated
that this adsorbed protein corona is strong enough to be
retained on the NPs as they enter the cell and are trafficked to
the lysosomes. The corona would reduce the direct contact of
the NPs with the cell membranes and protects the cells from
the damages in the membrane caused by the toxic surface of
NPs until it is enzymatically cleared in the lysosomes.18 It is
also possible that the conformational change in serum proteins
induced by binding to AuNRs would result in dysfunction of
the proteins. Thus, a detailed study of the binding stability of
the protein corona on CTAB/AuNRs and their corresponding
binding structure may be crucial to understanding such
dynamic phenomena. Bovine serum albumin (BSA) is known
as the most abundant representative serum protein. Knowledge
of its adsorption on AuNRs is helpful for understanding the
formation of FBS coronas in real situations and their role in
reducing cytotoxicity.
In the present study, we selected BSA as a model protein,

aiming to form a hard BSA corona around the AuNRs and
further investigate the interaction mode of the BSA corona with
AuNRs (e.g., binding interface, crucial residues, conformation
of protein, etc.) by combining the experimental approaches of
XANES and CD with MD simulation. The disulfide bonds in
the BSA corona were found to directly recognize the gold

Figure 1. Interaction between AuNRs and sulfur-containing molecules (BSA, cysteine, cystine, methionine, and 11-mercaptoundecanoic acid (MUA,
thiol)). Characterization of CTAB/AuNRs (A) and BSA corona-coated AuNRs (B) according to TEM imaging. (C) Various sulfur species in
reference samples: Au−S, R−S (cysteine, thiol, Met), and R−S−S−R′ (cystine), shown as normalized S K-edge XANES spectra. (D) Chemical
species of sulfur in cysteine, Met, and cystine after incubation with AuNRs. (E) Composite of sulfur chemical species in BSA and the BSA corona on
AuNRs. (F) Disulfides of BSA (yellow) binding to the Au (111) surface of AuNRs. BSA is rendered as a cartoon representation with the three
domains colored cyan, red, and blue. Inset: zoomed, two disulfide moieties colored yellow on the surface of Au from the green segment (G)
Chemical species of gold in the reference samples (Au foil and HAuCl4) and in other samples including AuNRs and AuNRs incubated with BSA,
cysteine, cystine, and thiol, respectively. The chemical species of gold are shown as normalized gold L-III edge XANES. (H) Changes in the
secondary structures of BSA adsorbed on AuNRs, determined by CD spectroscopy. In (D) and (E), normalized XANES spectra are presented as
solid lines, and the least-squares fitting results as short dashed lines.
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surface and to form Au−thiol coordination bonds (Au−S). A
stable serum protein corona on AuNRs (FBS/AuNRs) can
effectively prevent direct contact of AuNRs with the cell
membrane and reduce their cytotoxicity. These combined
approaches offer an advantage to the study of the interfacial
interactions of a protein corona with AuNRs, which helps us
better understand the nature of the protective effects of the
corona.

2. RESULTS AND DISCUSSION

Characterization of CTAB/AuNRs and BSA Corona-
Coated AuNRs (BSA/AuNRs). CTAB/AuNRs were prepared
according to previously published procedures.17,51 Mean sizes
were obtained by measuring 100 NRs using transmission
electron microscopy (TEM). CTAB/AuNRs had an aspect
ratio of 4.2, with a mean length of 55.6 ± 7.8 nm and width of
13.3 ± 1.8 nm (Supporting Information (SI), Figure S1). TEM
images showed a thinner organic layer immediately surrounding
the AuNRs and a thicker one after protein adsorption (Figure
1A,B). The thinner layer was a CTAB bilayer about 1.5 nm
thick, and the thicker one was the BSA corona, about 5 nm
thick.
In order to better understand the interaction of AuNRs with

the protein corona, we lowered the surface coverage of the
CTAB bilayer on the gold surface, thus leaving some bare gold
surface for protein adsorption. When CTAB/AuNRs were

centrifuged and rinsed twice, a part of the gold surface was
directly exposed to the aqueous environment. Our previous
results indicated that AuNRs with more complete CTAB
coatings had higher surface charges (zeta potential about 35
mV), while those with lower CTAB coverage had lower surface
charges to be 29.3 mV (Table S3).19,26 CTAB/AuNRs were
incubated with 0.5% BSA in PBS at 37 °C for 3 h and the
resulting NP−protein complexes were separated from excess
BSA by centrifugation twice at 12 000 rpm for 10 min and
resuspended with deionized water to remove the unbound
proteins. The zeta potential of CTAB/AuNRs was about +29.3
± 0.7 mV, and that of BSA/AuNRs in water was about −18.6 ±
1.2 mV. The adsorbed protein coronas were then used to study
their binding structure and stability on AuNRs and the cellular
responses to them.

Interaction between a BSA Corona and AuNRs. We
used the K-edge XANES of sulfur to study the possible
adsorption mode of corona on AuNRs. Cysteine, methionine
(Met), and cystine represent the three main forms of sulfur in
BSA, with sulfur species consisting of R−S−H, R−S−R, and
S−S, respectively. The first two species are similar to thiol, but
the third one is distinct from the others.35,38 Sulfur K-edge
XANES information is sensitive to oxidation states, and the
species of the element can be determined from the peak of the
first derivative of XANES, the inflection point energy (IPE).38

As indicated by the results of XANES and its first derivative,

Figure 2. Interaction between AuNRs and BSA using MD simulation from 0 to 223 ns. (A) Crystal structures of BSA and the sulfur atoms around
plane S (bottom view) and (B) those around plane S (depicted as green plane, side view). (C) Representative temporal snapshots of BSA binding to
the gold surface. The unfolding secondary structures are highlighted in green. (D,E) Number of sulfur atoms in contact and contact surface area of
an individual BSA on the gold surface accompanying with time. In (A−C), BSA is rendered as a cartoon representation and the three domains are
colored cyan, red, and blue. The sulfur atoms are highlighted in a van der Waals representation and colored yellow.
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there were three types of sulfur species in our system: thiol (R−
S−H, R−S−R thiol), disulfide (S−S), and Au−thiol coordina-
tion (Au−S). The IPE values of cysteine, thiol, and methionine
(Met) are 2473.1 eV, and those of disulfide (cystine) and Au-
thiol are 2472.1 and 2472.6 eV, respectively (Figures S2A and
1C). Least-squares fitting of XANES indicated that when the
AuNRs were incubated with cysteine or cystine, Au−S bonds
were formed, while incubation with Met did not result in Au−S
bonds, suggesting that the disulfides in BSA probably form Au−
S coordination as cystines (Figures 1D and S4).
Disulfide bonds are the major form of sulfur in BSA. They

are responsible for maintaining the protein’s structure by
stabilizing the α-helix bundles. BSA contains 17 disulfides (34
cysteine residues), one free thiol (a cysteine residue), and five
Met (Figure S3A). When BSA was allowed to interact with
AuNRs, the characteristics of its XANES spectra changed
(Figure S2B). A least-squares linear combination fitting of
XANES showed that adsorption of the BSA corona on AuNRs
decreased the content of disulfides from 82% to 58% by
inducing 26% of the sulfur atoms to transform into Au−S
(Figure 1E), while the content of the R−S form, including Met
or cysteine, decreased only slightly, from 18% to 16%.
The changes in BSA sulfur species from S−S to Au−S

suggested that the interaction of BSA with AuNRs includes
initial electrostatic adsorption followed by Au−S coordination
(Figure 1F), which determines the transformation in secondary
structures (see below). It has been reported that both thiol
groups and organic disulfides are prone to forming Au−S
coordination on the gold surface.52,53 Although Au LIII-edge
XANES did not show any changes in the chemical form of gold
in AuNRs, this failure to observe changes is probably because
the ratio of coordinated gold atoms to total atoms in the
AuNRs would be quite low, less than 0.16%. This rate would be
below the level of detection in XANES, so it is not practical to
study the coordination structure of Au−S by extended XAFS or
to distinguish changed gold species by XANES (Figure 1G, and
discussion in SI). It is important to note that there are a variety
of adsorption modes on AuNPs for different proteins. For
example, a cysteine-free protein, ubiquitin, can be adsorbed on
AuNP by short-range and non-electrostatic interactions as
indicated by NMR and MD simulation.31 Therefore, we also
used CD to analyze the changes in secondary structures of a
BSA corona. The secondary structures of BSA were determined
in both an aqueous buffer solution and a corona on AuNRs
(Figure 1H). For pristine BSA in a buffer solution, the
measured contents of α-helix, β-sheet, β-turn, and random coil
were 46%, 15%, 8.3%, and 30%, respectively. Upon incubation
with CTAB/AuNRs, the corresponding structures of the
adsorbed BSA corona changed to 36%, 37.6%, 0, and 26.4%
at 0.5 h; 38%, 35.9%, 0, and 26.1% at 1 h; and 32.9%, 41.9%,
1.1%, and 24.2% at 2 h, respectively. These rapid changes in the
secondary structures of the BSA corona arose from the
transformation of disulfide bonds to Au−S coordination.
MD Simulation for the Interaction of BSA and AuNRs.

To better understand the interaction process in detail, we
performed an MD simulation to study the possible interaction
modes of BSA with the AuNR surface, together with the
changes in the BSA protein conformation. The crystal structure
of BSA reveals a heart-shaped protein (Figures 2A and S3A). It
is composed of 585 residues with three structurally similar
domains (I, II, and III), each of which can be further divided
into two subdomains, A and B. BSA contains a high content of
α-helical structure: For each domain there are 10 α-helices: α-

helices 1−6 (h1−h6) belonging to subdomain A and helices 7−
10 (h7−10) to subdomain B (Figure S3B). In both domains II
and III, there are 6 disulfide bonds connecting the helices,
organized into three pairs: disulfide bonds connecting h1-h3
and h3-h4, h4-h5 and h5-h6, and h7-h9 and h9-h10 separately.
For each pair, the separation of disulfide bonds is less than 7.5
Å. In domain I, the disulfide bond connecting h1 and h3 is
missing, and there is a free cysteine 34 instead. Altogether,
there are 35 cysteine residues in BSA. We noted that the
disulfide bond pairs of h7-h9 and h9-h10 in domain I, h4-h5
and h5-h6 in domain II, and h1-h3 and h3-h4 in domain III are
distributed in the same plane (denoted plane S), arising from
the three-fold symmetry of BSA. Moreover, the disulfide bond
pairs h7-h9 and h9-h10 in domain III are also located in this
plane. In this way, we have successfully identified plane S,
consisting of eight disulfide bonds, which can serve as the
candidate binding surface with AuNRs (Figures 2B and S3B).
In addition, we performed an MD simulation for 223 ns to

probe the adsorption of BSA to the Au (111) plane and the
concomitant conformational change. In the simulation, the BSA
was initially placed with plane S parallel to the gold surface
continually. A driving force of 100 pN was applied to the sulfur
atoms in plane S to accelerate the adsorption process. Once the
sulfur atoms were in direct contact with the gold surface, they
were restrained in their positions by a harmonic potential to
mimic chemical adsorption. The adsorption process and final
configurations of BSA adsorbed on the Au (111) plane are
shown in Figures 2C and S5, and Movies 1 and 2 (.mpg) in the
SI. In BSA, the disulfide bonds were mainly located at the ends
of the two α-helices and were relatively exposed to the solvent.
For each disulfide bond pair on plane S, there was at least one
cysteine residue whose solvent-accessible surface area was larger
than 18 Å2. The solvent accessibility of the disulfide bonds
facilitated their adsorption onto the gold surface; the number of
sulfur atoms in direct contact with the gold surface
continuously increased to 12 at t = 140 ns (Figure 2D and
Table S1). Such an adsorption mode may result in the
reduction of as many as six disulfide bonds, accounting for 35%
of the disulfide bonds in BSA. The sulfur XANES results for the
BSA on AuNRs indicated that about 24% of the disulfide bonds
were reduced after adsorption. It should be noted that not all
the BSA in solution can be adsorbed onto AuNRs and make
sufficient contact with the gold surface. In this way, the ratio of
reduced sulfur atoms in the experiment should be lower than
the ideal situation. On the other hand, the disulfide bonds
C123−C168 and C433−C444, which connect h7-h9 in domain
I and h3-h4 in domain III, also located in plane S, were not
observed to contact the gold surface during the whole 223 ns
simulation. It is important to note that the time scale of the MD
simulation is still too short due to limitations of computational
power. We cannot entirely exclude the possible adsorption of
disulfide bonds C123−C168 and C433−C444 at longer times.
The conformational change of BSA occurs during the process

of adsorption of disulfide bonds. Even though the sulfur atoms
in plane S were relatively exposed, a change in local structure
was still required to achieve further exposure and subsequent
binding of the sulfur atoms. Moreover, the conformation of
BSA continuously changed even after all six of the disulfide
bonds were bound to the gold surface at t = 140 ns. The
adsorption of BSA onto the gold surface induced additional
conformational changes to form an extended contact surface
area (Figure 2E). The change in secondary structure mainly
reflects the unfolding of α-helices, especially in the region
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around the bound disulfide bond pairs: The N-terminus of helix
10 in all three domains and helices 5 and 6 in domain II were
largely unfolded. In general, the α-helical content of BSA
decreased in the final configuration, which is consistent with the
experimental observations from the CD spectrum. It is worth
noting that the structure of BSA is relatively flexible because of
the large α-helix content, and that flexibility essentially
facilitates sufficient adsorption of BSA on the gold surface.
The SR technique in combination with MD simulation offers

a remarkable advantage in characterizing binding stability and
the corresponding structure of protein coronas. Stable
adsorption of the BSA corona arising from chemical adsorption
on AuNRs is attributed to the Au−S bonds, which can be
captured by XANES. Moreover, MD simulation successfully
identifies the binding interface of BSA and the process of
adsorption and concomitant conformational change. The
simulation results about the adsorbed sulfur atoms are
consistent with the experimental observations. This integrated
methodology for revealing binding structures of BSA may be
helpful for future studies about the protein corona. It has been
widely accepted that the differences in the properties of
proteins, such as the rigidity, shape, and the functional group
distribution in the interior or on the surface of NPs, can
influence the binding structures of proteins. The effects of such

differences should be taken into account in the further research
about the other proteins in the corona.
Adsorption of serum protein onto AuNRs may interrupt the

direct interaction of AuNRs with membrane proteins. There are
at least 12 Au−thiol bonds that contribute to the binding of
BSA on AuNRs. This large number of bonds should result in a
remarkably stable adsorption of BSA, leading to highly reduced
cytotoxicity before AuNRs enter the cell. The binding
structures may account for some biological impacts of these
FBS-coated AuNPs, e.g., endocytosis and cytotoxic-
ity.11,24,27,28,50 In our system, BSA is adsorbed on AuNRs in a
“side-on” orientation, and the binding interface around plane S
should be different from the adsorption of BSA as driven by
electrostatic attraction and other forces.

Interaction of the Serum Protein Corona-Coated
AuNR (Denoted FBS/AuNR) Complex with Cells. Once
the serum protein corona forms on AuNRs, the complex can be
recognized by A549 cell, a human lung adenocarcinoma
epithelial cell line and triggers a series of responses, i.e.,
uptake, translocation, accumulation or exclusion, changes in
cellular metabolism levels, and cell death.19,55 Here, we used z-
axis scanning imaging by two-photon confocal microscope to
observe that a large number of AuNRs were internalized within
cells (Figure 3A and Movie 3 (.avi) in SI). According to the co-
localization results, most of the AuNRs were localized in the

Figure 3. Elemental mapping and microscopic images for AuNRs in a single cell. (A) Two-photon fluorescence images of AuNRs in a live A549 cell,
excited at 780 nm and detected at 520 nm (green) and 560 nm (red). (B) Colocalization of AuNRs (green) and lysosomes (red) stained by
LysoTracker Red. (C) Main element analysis of a random spot in A549 cells exposed to 50 μM FBS/AuNRs for 6 h, using XRF spectroscopy.
Fluorescence intensities of the elements Na, S, P, Ca, Fe, Cu, and Zn are shown as Kα lines, while Au is shown as an Lα line. (D−F) Elemental
mapping of Au, S, P, and Ca using μ-XRF to analyze internalized FBS/AuNRs in cells at different time intervals. The insets are cell images under a
bright field.
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lysosomes (Figure 3B). During cellular uptake, FBS/AuNRs
may carry a variety of extracellular proteins into cells. Hence, it
is still a challenge to thoroughly characterize the FBS corona on
AuNRs within cells. As will be discussed below, the μ-XRF
technique is a powerful technique for studying the adsorption
mode. The spectrum can be used as an elemental fingerprint
based on the characteristic X-ray absorption energies (Figure
3C). It can also collect the intensities of fluorescence signals,
which are proportional to the concentrations of elements
within the sample. Therefore, μ-XRF can be used to identify
elements and to semiquantify the content of multiple elements
simultaneously.
In this work, the intracellular distribution of FBS/AuNRs was

studied by elemental mapping and semiquantitative analysis of
Au, S, and P. Internalized amounts of FBS/AuNRs were
roughly estimated by comparing the fluorescence intensities of
Au, S, and P to those in untreated cells. The fluorescence
intensities of Au, S, and P in a single cell increased with time
after exposure to FBS/AuNRs for 12 h as shown in Figure 3D−
F. The values of the Au, S, and P content at 12 h increased by
1.4-, 1.4-, and 1.3-fold, respectively, compared to those at 6 h
(Table S2). The increased amounts of intracellular S and P
were mainly accounted for by proteins or peptides containing
sulfur and membrane or vesicles containing phospholipids,
respectively. This result indicates the internalization of AuNRs
accompanying FBS proteins and the formation of vesicles
around FBS/AuNRs during endocytosis. These observations
about the internalization of AuNRs were also supported by
previous results from inductively coupled plasma mass
spectrometry (ICP-MS).19 Moreover, the elemental mappings
confirmed that the distributions of Au, S, and P were roughly
identical, which further supports the observation that the
internalization of the FBS/AuNR complex is correlated with
vesicle formation. Interestingly, the main distribution of Au, S,
and P is different from that of Ca, which is mainly distributed in
the nucleus suggesting that intracellular AuNRs are mainly
distributed in lysosomes around the nucleus (Figure 3B,D−F).
Thus, μ-XRF mapping combined with confocal microscope

imaging with high spatial resolution provides a novel,
convenient and sensitive approach to studying the distribution
of FBS/AuNRs in cells.
The above results suggest a possible process for the

adsorption of the serum protein corona onto AuNRs. Initially,
electrostatic forces drive proteins to approach the gold surface
due to the opposite surface charges of the protein and AuNRs
(Table S3). The direct adsorption is then mainly driven by
chemisorptive forces: binding of sulfur atoms in cystine or
disulfide bonds to the gold surface via Au−S bonds. As revealed
by μ-XRF, FBS/AuNRs were then internalized by cells as a
whole, with the corona intact, as indicated by a good co-
localization for gold (AuNRs) and sulfur elements (proteins)
(Figure 3D−F). Thus SR-based analysis techniques offer a
powerful approach to exploring the interaction between NPs
and biological interfaces.

Protective Effects of the Serum Protein Corona
against Direct Damage to Cell Membranes.We previously
reported that CTAB/AuNRs can decrease the integrity of the
lysosomal membrane of A549 cells and cause a leaky membrane
structure once the adsorbed serum protein corona detaches
from the AuNRs and the CTAB bilayer is exposed.19 To
confirm that the serum corona plays a protective role when
AuNRs contact the membrane, we examined the impact of
FBS/AuNRs and CTAB/AuNRs on the cytoplasmic membrane
structure. By incubating cells with the two types of AuNRs in a
serum-free culture medium, we obtained microscopic images
that provided evidence for the protective effects of the serum
protein corona (Figure 4). Untreated cells had intact
membrane surfaces covered with numerous long microvilli as
shown by an environmental scanning electronic microscope
(ESEM) (Figure 4A,E). After exposure to 50 μM CTAB/
AuNRs in serum-free medium for 6 h, the microvilli decreased
substantially in number and even disappeared. Meanwhile,
CTAB/AuNRs aggregated on the membrane, and large blebs
appeared around them (Figure 4B,F). At 12 h, many blebs were
still visible on the membrane but some obvious defects
appeared in the blebs (Figure 4C,G). The appearance of blebs

Figure 4. ESEM images for cytoplasmic membrane structures in serum-free medium: (A,E) untreated A549 cells; (B,F; C,G) cells exposed to 50 μM
AuNRs for 6 and 12 h, respectively; and (D,H) cells exposed to 50 μM FBS corona-coated AuNRs for 6 h. The upper figures (A−D) represent a
whole cell image, and zoom-ins of the areas in white dashed-line boxes are shown below (E−H). In (E−H), the black arrows and the white stars
mark AuNRs and blebs on membranes, respectively.
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on the membrane of the epithelial cells indicated an immediate
response to the toxic stimulus.56,57 We observed that the sizes
of the blebs decreased and the shape changed from swollen to

atrophic with time (Figure 4B,C). Thus early exposure to
CTAB/AuNRs induces the formation of swollen blebs on the
membrane, while the subsequent interaction of CTAB/AuNRs

Figure 5. TEM images for cytoplasmic membrane and intracellular ultrastructures in serum-free medium: (A,E) untreated A549 cells; (B,F; C,G)
cells exposed to 50 μM AuNRs for 6 and 12 h, respectively; and (D,H) cells exposed to 50 μM FBS corona-coated AuNRs for 6 h. The upper figures
(A−D) represent a whole cell image, and zoom-ins of the areas in black dashed-line boxes are shown below (E−H). In (F−H), the black arrows
indicate AuNRs near or inside membrane structures.

Figure 6. Protective effects of protein corona on the membrane integrity and cell viability. (A) Representative snapshots of a CTAB bilayer
assembled on the Au (111) surface based on MD simulation. The gold, blue, and green colors indicate Au, N, and Br atoms, respectively. (B) LDH
release from cells exposed to CTAB/AuNRs, CTAB supernatant solution, and FBS-coated AuNRs for 24 h. Cytotoxicity was evaluated by an
apoptosis and necrosis ratio analysis using flow cytometry (C), by a mitochondrial dehydrogenase activity assay using a CCK-8 assay (D), and by a
live−dead assay (E) for cells exposed to CTAB/AuNRs, CTAB supernatant, and FBS/AuNRs at 12 and 24 h. * indicates significant effects of AuNRs
on cells (p < 0.05). Results are described as mean values and standard deviations, N = 3.
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with the membrane has destructive effects on the blebs. In
contrast, FBS/AuNRs did not cause dramatic effects on
membrane structures (Figure 4D,H). Moreover, the serum
protein corona improved the stability of AuNRs in serum-free
medium from the decreased number of AuNR aggregates on
the cell surface (Figure 4B,C vs D, and F,G vs H).
TEM imaging also clearly indicates time-dependent changes

in membrane structures after treatment with CTAB/AuNRs
(Figure 5). The cytoplasmic membrane became thinner,
CTAB/AuNRs penetrated into the membrane, and membrane
structures became damaged, along with an increase in the
number of blebs and a loss of microvilli (Figure 5A−C and E−
G). For FBS/AuNRs, membrane structures remained intact,
and a few AuNRs could be found around the plasma
membrane, mainly localized within vesicles like endo-/
lysosomes (Figure 5D,H). Taken together, the TEM and
ESEM results support the conclusion that the serum protein
corona not only increases the stability of AuNRs, but also
prevents their directly destructive effects on membrane
structures.
As surfactants, CTAB molecules assemble on AuNRs during

the synthesis and form a bilayer structure,58 in the upper layer
the hydrophilic head groups point toward the aqueous medium
and the hydrophobic chains point toward the NR core (Figure
6A). The CTAB molecules share an amphipathic nature with
lipid molecules, which could be the reason why CTAB/AuNRs
seriously disturb the cytoplasmic or lysosomal membranes. As a
result, CTAB/AuNRs induce the release of lactic acid
dehydrogenase (LDH) from the cytoplasm due to reduced
membrane integrity in a dose-dependent manner similarly as

reported previously.50 In contrast, FBS/AuNRs do not cause
membrane impairment within a 24 h time frame (Figure 6B).
We also examined subsequent cell responses to AuNRs such

as apoptosis or necrosis, metabolism, and cell survival due to
decreased integrity of the cell membranes. The plasma
membrane acts as a barrier that prevents a direct disturbance
from extracellular stimulation and maintains homeostatic
conditions within the cell. Disturbance in the cell membranes
by CTAB/AuNRs results in a high percentage of necrosis and
some apoptosis, as shown by the Annexin V-PI assay (Figure
6C). CTAB/AuNRs also decrease mitochondrial metabolism
activity or cell viability based on the CCK-8 assay similarly as
reported.19,50 Here, a central role is played by the CTAB/
AuNRs rather than the CTAB released from CTAB/AuNRs.
Interestingly, such negative effects on the membrane decrease
after a hard FBS corona is formed (Figure 6D). We found that
the stability of FBS corona on the surface of AuNRs is inversely
correlated with the cytotoxicity of CTAB/AuNRs determined
by LDH assay (Figure S6). Meanwhile, in a 10% FBS medium,
the toxicity of CTAB/AuNRs is the same as FBS/AuNRs. As
indicated above, the designed BSA corona and the naturally
occurring FBS/AuNRs reduce cellular toxicity of CTAB/
AuNRs similarly. However, both FBS/AuNRs and CTAB/
AuNRs cause slightly time-dependent toxicity rather than
immediate toxicity (Figure 6C,D), possibly due to later
exposure of CTAB.19 As a result, CTAB/AuNRs cause acute
toxicity and induce cell death, as shown by the live−dead assay
results (Figure 6E).
To decrease interaction of the CTAB bilayer with cell

membranes, the BSA corona was formed after centrifuging
CTAB/AuNRs twice to expose some bare Au surface for BSA

Figure 7. Role of serum proteins in the interaction of AuNRs with membranes. Partially exposed CTAB/AuNRs are incubated with BSA to form a
hard BSA corona via Au−S coordination. The existence of the protein corona facilitates the protein receptor-mediated internalization and
translocation of AuNRs to endo-/lysosomes, where the CTAB bilayer on AuNRs can probably induce lysosome-associated apoptosis. Without a
protein coating, CTAB/AuNRs can directly destroy the cytoplasmic membrane, form defects, and cause the release of LDH, which eventually
induces necrosis.
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adsorption. BSA forms a hard corona on the gold surface via
Au−S coordination that increases the colloidal stability of the
corona−NPs in the physiological fluids.59 Serum protein
coronas prevent a direct interaction between the cell membrane
and the CTAB bilayer on the surface of the AuNRs, thus
averting damage to the cell membrane (Figure 7). However,
most of serum protein coronas can dissociate from the surface
and undergo enzymatic degradation when the corona−NPs
move into digestive organelles such as lysosomes,59,60 and the
re-exposed toxic surface may then decrease the lysosomal
membrane integrity18,19 and cause lysosome-mediated apopto-
sis.18,59 In contrast, when the corona is not present, the
exposure of the cell membrane to CTAB/AuNRs the causes the
release of LDH and eventually induces necrosis. Thus the
protein corona regulates the biological effects of CTAB/
AuNRs, which are closely related to the stability of adsorption.

3. CONCLUSIONS
To summarize, we designed a hard BSA corona on the surface
of AuNRs and successfully identified the binding structure of
the BSA corona. The adsorption of BSA formed a stable corona
on the AuNRs that was attributed to at least 12 Au−S bonds
with side-on binding modes. The stable BSA corona should
contribute to the stability of an FBS corona and reduce the
acute toxicity of NPs by suppressing potentially destructive
effects on the cell membrane. It is worth emphasizing that a
methodology combining SR techniques with computational
simulation can realize detailed characterization of the binding
structure of the protein corona on NPs. The strategy will
definitely help us understand interfacial interactions among
proteins, NPs, and cell membranes, and their potential impact
on cell responses. These findings and the integrated strategy
will provide guidance not only for the study of the interaction
between NPs and biological interfaces, but also for the rational
design of nanomaterials for safe and effective applications in
biomedicine.
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