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We have characterized the binding of cytoskeletal proteins,
namely, tubulin and actin, with silver nanoparticles using the
techniques
of
dynamic
light
scattering,
UV-Vis
spectrophotometry,
circular
dichroism
spectroscopy,
hyperspectral
imaging,
and
transmission
electron
microscopy. Overall, actin displayed a higher propensity than
tubulin for silver nanoparticles while both proteins
experienced conformational changes upon the binding.
Conversely, ion release from silver nanoparticles was
significantly compromised upon the formation of protein
biocoronas, as shown by inductively coupled plasma mass
spectroscopy. The implications of cytoskeletal protein
biocorona on the transformation and cytotoxicity of silver
nanoparticles have been discussed.
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Recently, it has been established that nanoparticles (NPs), when
introduced to a biological environment, readily bind with proteins
and natural amphiphiles to render a NP-protein “corona”.1,2 The
formation of such NP-protein corona, or NP-biocorona in general
to encompass the broad interactions between NPs and both
biological and environmental species,3,4 has been shown to be
dynamic (i.e., soft vs. hard corona)5-8 in nature. The origin of the
biocorona resides in the physicochemical properties (size, charge,
surface coating, and hydrophobicity) of the NPs convolved with
the physical (electrostatic, van der Waals, hydrogen-bonding, and
hydrophobic) interactions between the NPs and the molecular
species constituting the biocorona.9,10 A number of recent studies
have revealed that the entirety of the NP-biocorona may dictate
recognition and uptake of the NPs by membrane receptors and
other cellular machineries.11-13 The association of NPs and
proteins may also induce protein aggregation and nucleation that
are central to the origins of Alzheimer’s, Creutzfeld-Jacob
disease, and dialysis-related amyloidosis.14-19 Furthermore,
biocorona has been found to mitigate the cytotoxicity of alveolar
basal epithelial cells induced by graphene oxide20 and has shown
promises for bioimaging and sensing. The implications of NPbiocorona, therefore, encompass the fields of nanoscale assembly,
physical chemistry, biophysics, as well as nanotoxicology,
bioengineering, and medicine.
It is noted that research on NP-protein corona to date has been
primarily focused on plasma proteins11,21 and little has been
This journal is © The Royal Society of Chemistry [year]
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known regarding the surface modifications of NPs post cell
uptake that has broad implications for understanding the fate,
transformation, and discharge of NPs. Here we show how major
cytoskeletal proteins, tubulin and actin in particular, impact the
solubility as well as ion release of silver NPs (AgNPs) through
their mutual binding. Actin and tubulin are present in intracellular
space in both monomer and polymer form and undergo dynamic
exchange, with the vast majority of the proteins present as
monomers.22-24 AgNPs are one of the most produced
nanomaterials commercially available, owing to their
antibacterial and antifungal functions as well as their capability in
generating surface plasmon resonance (SPR) for enhanced optical
detection and sensing.25-27 The cytotoxicity of AgNPs, on the
other hand, has been attributed partially to their physical
adsorption onto cell membranes/walls and partially to the release
of silver ions in the intracellular space which subsequently
triggers the production of reactive oxygen species (ROS).28-30 In
addition, silver ions can also be reduced to AgNPs by
physicochemical processes such as cellular metabolism as well as
enzymatic activities.11,31,32 It is therefore necessary to examine
the interactions of cytoskeletal proteins with AgNPs for
elucidating the transformation of NPs by ligands in the
intracellular environment. In this study, specifically, a collection
of physical chemical and analytical techniques, including
dynamic
light
scattering,
zeta
potential,
UV-Vis
spectrophotometry, circular dichroism (CD) spectroscopy,
hyperspectral imaging, transmission electron microscopy (TEM),
and inductively coupled plasma mass spectroscopy (ICP-MS)
have been utilized to illustrate the various aspects of the binding
of cytoskeletal proteins with AgNPs. We here examine 30 nm,
citrate-coated AgNP as they are among the most common types
of AgNPs produced. This study expands the scope of our
discussion on NP-protein corona from the bloodstream to the
intracellular space, and facilitates our understanding of NPbiomolecular interactions and their implications on cell function
and cytotoxicity.
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2. Experimental

90

Materials. Citrate-coated AgNPs (Biopure, 30 nm in diameter, 1
mg/mL; equivalent to 11.1 nM per particle) were purchased from
NanoComposix (San Diego, CA) and stored at 4°C. Cardiac actin
(bovine heart muscle, M.W.: 43 kDa) and tubulin (bovine brain,
M.W.: 110 kDa) were purchased from Cytosketelon (Denver, CO).
[journal], [year], [vol], 00–00 | 1
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Hydrodynamic size and zeta potential. The hydrodynamic sizes
and surface charges of the actin (200 nM), tubulin (50 nM),
AgNPs (0.5 nM), actin-AgNPs (400:1 molar ratio), and tubulinAgNPs (400:1 molar ratio) were determined in standard 1-cm
polypropylene cuvettes at room temperature by dynamic light
scattering (DLS) (Zetasizer Nano ZS, Malvern Instruments). The
cytoskeletal proteins were diluted from the stock solutions by
adding deionized water to minimize the influence of salts. The
protein-AgNP mixtures were incubated for 2 h at 4°C prior to the
measurements.
UV-Vis spectrophotometry. To compare the binding affinity of
actin and tubulin for AgNPs, the absorbance spectra of the two
types of protein coronas were measured using a UV-Vis
spectrometer (Cary 300 Bio, Varian) at room temperature from
350 to 500 nm. Deionized water (18 MΩ-cm) was used to dilute
stock proteins and AgNPs to produce actin/AgNP mixtures at
molar ratios of 50-1500 and tubulin/AgNP mixtures at molar
ratios of 20-1500 (AgNPs all 0.1 nM). The cytoskeletal proteinAgNP solutions were incubated for 2 h at 4°C before
centrifugation at 8,669 ×g for 10 min. The absorbance spectra of
the supernatants were then measured using 1-cm path length
quartz cuvettes and compared with the SPR spectrum of the
AgNPs. The observed spectral red-shifts were attributed to the
formation of biocorona (which resulted in an increased local
dielectric constant) as well as NP aggregation.
Transmission electron microscopy (TEM) imaging. Direct
observation of cytoskeletal protein-AgNPs protein corona was
performed on a Hitachi H7600 Transmission electron microscope,
operated at a voltage of 120 KV. Specifically, AgNPs (0.1 nM)
were incubated with cytoskeletal proteins (40 nM) for 2 h at 4°C
before being drop-cast onto a copper grid and dried overnight at
room temperature. The proteins were negatively stained for 10
min using phosphotungstic acid prior to imaging. All samples
were prepared by directly diluting stock solutions with deionized
water.
Hyperspectral imaging. Actin (40 nM) and tubulin (40 nM)
each with AgNPs (0.1 nM) were prepared by diluting stock
solutions with deionized water and incubated for 2 and 48 h.
Hyperspectral images of the samples were collected using an
enhanced dark field transmission optical microscope (Olympus
BX41) equipped with a hyperspectral imaging spectrophotometer
(400-1,000 nm; resolution: 2.8 nm; CytoViva, Auburn, AL).
Samples of 10 µL each were wet-mounted on glass slides,
covered with #1 coverslips, and completely sealed with lacquer to
prevent water evaporation. A hyperspectral image of 0.1 nM
AgNPs in the absence of protein was collected as a control. The
2 | Journal Name, [year], [vol], 00–00
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spectra for every particle or aggregate in the image were obtained
and the peak scattering wavelengths for each particle identified
by an automated process. A bin width of 5 nm was used to
generate histograms of the peak scattering wavelengths of the
samples ranged primarily between 500 to 660 nm. Peak scattering
wavelengths less than 500 nm were allocated in the first “500
nm” bin while those larger than 660 nm were grouped in the last
“660 nm” bin. The cross correlation between any pair of
hyperspectral profiles was computed as the Pearson productmoment correlation coefficient
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where xi and yi correspond to the histogram counts of a given
wavelength bin. A correlation coefficient of 1 suggests a high
similarity between two spectral measurements, while a
correlation coefficient close to 0 denotes low to no similarity.
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Circular dichroism (CD) spectroscopy. To probe changes in the
secondary structures of actin and tubulin resulting from their
binding with the citrate-coated AgNPs, CD measurements were
performed at room temperature using a Jasco J-810
spectropolarimeter (Easton, MD). The CD spectra were collected
from 190 nm to 300 nm. The protein structures were measured
for cytoskeletal proteins (0.25 mg/mL, or 5.8 µM for actin and
2.27 µM for tubulin) and cytoskeletal proteins (0.25 mg/mL)
mixed with AgNPs (0.05 mg/mL, 0.555 nM) in deionized water
in quartz cuvettes (Starna Cells, Atascadero, CA). To minimize
the influence of buffer salts on the measurements, the proteins
and protein-AgNP mixtures were directly diluted by deionized
water from the stock actin, tubulin, and citrate-coated AgNP
suspensions. The protein CD spectra were measured within 1 h of
sample preparation to avoid protein denaturation in the absence
of salts. The CD spectra of proteins-AgNP were measured after
30 min of incubation. The spectrum of each sample was averaged
over three scans taken at 20 nm/min and subtracted by the blanks
of deionized water. The measured ellipticity value (θ, in mdeg)
was converted to standard units of deg·cm2/dmol designated as [θ]
using equation [θ] = (θ*M0)/(10000*Csoln*L), where M0 is the
mean residue molecular weight (114 g/mol), Csoln is the protein
concentration (g/mL), and L is the path length through the buffer
(cm).33 Once the CD spectra were acquired, they were converted
to respective molar ellipticity units to predict secondary structures
by the CONTIN/LL and CDSSTR methods afforded by the
CDPro package, using the SP43 and SP48 protein reference
datasets. Each of the deconvoluted spectra were then assessed for
quality by analyzing the R-fit using non-linear regression. The
final secondary structures represented the averaged structures
obtained from all of the reliable outputs (R-fit<10) resulting from
the data analysis.
Inductively coupled plasma mass spectrometry (ICP-MS).
AgNPs in aqueous readily release silver ions over time, and the
rate of this dissolution may be greatly reduced by capping agents
or a biocorona on the particle surface. Direct observation of the
release rate of silver ions by AgNPs was performed using ICPMS (X Series 2, Thermo Scientific). Specifically, AgNPs (5 mg/L,
0.0555 nM) were incubated with actin (5 mg/L, 116 nM) or
This journal is © The Royal Society of Chemistry [year]
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The actin was reconstituted to 46.5 µM (2 mg/mL) with distilled
water to form a stock solution in the buffer of 5 mM Tris-HCl, pH
8.0, 0.2 mM CaCl2, supplemented with 0.2 mM ATP, 5% (w/v)
sucrose and 1% (w/v) dextran. The tubulin was dissolved to 10
µM (1.1 mg/mL) by adding 227 µL GTB (General Tubulin Buffer:
80 mM PIPES, pH 6.9, 2 mM MgCl2, and 0.5 mM EGTA). The
stock actin and tubulin solutions were both stored at -20°C. The
structure with electrostatic potentials of both proteins can be
found in the Supplementary Information, Fig. S1.
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tubulin (5 mg/L, 45 nM) after directly diluting the stock solutions
with deionized water. After incubating for up to 72 h, the
cytoskeletal protein-AgNPs mixtures were centrifuged twice at
12,100 ×g for 30 min and their supernatants were collected. The
supernatants were then diluted with 2% HNO3 and measured in
triplicate by ICP-MS using a standard silver ion solution and 45Sc
and 69Ga as internal standards.
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As shown in Table 1, the zeta potentials of proteins-AgNPs are
closer to that of proteins than to AgNPs. This is due to the coating
of cytoskeletal proteins on the AgNPs as well as free proteins, as
reflected by the TEM images (Fig. 2). Actin and tubulin both
yielded high standard deviations for their zeta potentials (Table 1),
possibly due to self-aggregation and minor polymerization. In
addition, actin-AgNP displayed a smaller standard deviation in
zeta potential than tubulin-AgNP (Table 1), implying that the
actin-AgNP biocorona was more homogeneous than the tubulinAgNPs biocorona.
Table 1. Hydrodynamic sizes and zeta potentials of AgNPs
and cytoskeletal protein-AgNPs.

25

AgNPs
Actin
Actin-AgNPs
Tubulin
Tubulin-AgNPs

Hydrodynamic size (nm)
35.7±0.2
~2.0
39.4±0.7
~9.0 (aggregation)
44.8±0.6

Zeta potential (mV)
-42.5±0.1
-28.0±5.6
-31.6±0.8
-27.1±3.3
-27.0±2.6
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Fig. 1 Red-shifts of UV-Vis absorbance peak wavelengths induced by the
formation of cytoskeletal protein-AgNP biocoronae, in reference to that
for AgNPs alone at λ0 = 406 nm. The horizontal axis shows the molar
ratios of cytoskeletal proteins to AgNPs.
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Fig. 2 TEM imaging of (left) citrate-coated AgNPs, (middle) actin-AgNP,
and (right) tubulin-AgNP biocoronae. Scale bar: 100 nm.

Actin (polydispersity index or PDI: 0.659) and tubulin (PDI:
0.662) displayed broad size distributions in their buffers.
However, the proteins-AgNPs were more uniform in size (PDI:
0.286 for actin-AgNP and 0.290 for tubulin-AgNP), evidently due
to the breakage of protein aggregates by the AgNPs. The
hydrodynamic size of actin-AgNPs increased by 3.7 nm than
AgNPs (~twice the hydrodynamic size of actin), indicating
coating of a single actin layer on the AgNPs. In comparison, the
hydrodynamic size of tubulin-AgNP increased by 9.1 nm (~the
hydrodynamic size of tubulin) than AgNPs, suggesting that the
AgNPs were partially coated by a single layer of tubulin. These
results agree qualitatively with the UV-Vis absorbance and TEM
data (Figs. 1 and 2). By comparing the UV protein absorbance
intensities (280 nm for tubulin, 260 nm for actin) after 2h
incubation of proteins with AgNPs (1500:1 molar ratio) and
removing all AgNPs and strongly bound cytoskeletal proteins by
centrifugation and comparing to control protein UV-Vis spectra,
we concluded that AgNPs have a strong binding capacity for 150
and 300 tubulin and actin molecules per particle, respectively.
This further suggests that monolayers being formed on the
nanoparticle surfaces. The smaller size and greater flexibility of
actin (~2 nm) compared to tubulin (~ 9 nm) as well as the
hydrodynamic size data suggest that actin results in more
complete surface coverage of the AgNPs. This explains the
greater SPR redshift seen in Fig. 1, as a larger degree of surface
coverage by proteins will result in a more significant change in
the local dielectric constant, resulting in a more significant redshift of the AgNP SPR.
Hyperspectral imaging combines high signal-to-noise dark
field microscopy with high-resolution scattering spectra for each
pixel (Supporting Information, Fig. S2) and has been employed
recently for the detection of NPs and their aggregations.34-36 Since
protein coating induced red-shifts in the SPR spectra of the
AgNPs, red-shifts also occurred in the peak scattering
wavelengths for protein-coated AgNPs than AgNPs alone. Our
hyperspectral imaging showed a maximum spectral peak at 550
nm for the AgNPs (Fig. 3, orange bars in top and middle panels),
as a result of AgNP self aggregation. In comparison, a slight blueshift was observed for actin-AgNPs with 2 h incubation and a
further enhanced blue-shift was observed for actin-AgNP with 48
h incubation, likely through continued breakage of AgNP
aggregates over time (Fig. 3, top and lower panels). Indeed, the
cross-correlations of the hyperspectral histograms for actin-AgNP
at 2 h and 48 h with AgNPs at 2 h are 0.97 and 0.24, respectively.
In contrast, the spectra of tubulin-AgNP after 2 h incubation
yielded a broader distribution compared with AgNPs alone (Fig. 3
middle panel, orange vs. green bars), likely caused by selfaggregation and polymerization of the tubulin. Like actin, tubulin
also facilitated the breakdown of AgNP aggregates, though less
effectively (Fig. 3, middle vs. top panel, see counts for
wavelengths below 550 nm) and displaying no apparent time
dependence (cross correlations with AgNPs at 0.63 vs. 0.60, Fig.
3 lower panel), which indicates that the biocoronas were stable in
solution and did not dissociate or degrade with time.
The secondary structures of actin and tubulin were altered
resulting from their interactions with the AgNPs (Fig. 4, Fig. S3,
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Fig. 3 (Top and middle panels) Histograms of the hyperspectra of AgNPs
and cytoskeletal protein-AgNPs. Bin width: 5 nm. A total number of 82 to
359 NPs or NP with protein aggregates were screened in each case to
derive the histograms. (Bottom panel) Cross correlations of the
hyperspectra of cytoskeletal protein-AgNPs with that of AgNPs.

Table. S1). Specifically, the alpha helices of actin showed a 24%
relative decrease (from 38% to 29%) while beta sheets a 36%
relative increase (from 25% to 34%) upon their binding to the
AgNPs. No changes were observed for the percent of random
coils. In comparison, the alpha helices of tubulin displayed a 17%
relative decrease (from 35% to 29%), beta sheets a 5% relative
increase (from 21% to 22%), and random coils an 11% increase
once bound to the AgNPs. In other words, both actin and tubulin
showed a decrease in alpha helices and an increase in beta sheets
upon biocorona formation, similar to that observed for tubulin
exposed to hydroxylated fullerene.37 In addition, the
conformational changes were greater for actin than tubulin,
consistent with our UV-Vis absorbance measurement and
hyperspectral imaging (Figs. 1 and 3).
The differential binding of actin and tubulin for AgNPs, as
reflected by the absorbance, hyperspectral imaging, and CD
measurements, can be derived from the discrepancies in the
physicochemical and structural properties of the two types of
cytoskeletal proteins. Since both actin and tubulin are rich in
alpha helices (both at 35%) and turns and their zeta potentials
were nearly identical, at approximately -27 to -28 mV (Table 1),
we attribute the observed differential binding to the differences in
the rigidity and size of the two types of proteins. Structurally,
actin is a globular protein of 43 kDa while tubulin is an alpha4 | Journal Name, [year], [vol], 00–00
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beta dimer of 110 kDa. Both actin and tubulin can be
polymerized into microfilaments and microtubules respectively
under favourable conditions, with microtubules possessing a
higher rigidity and a much longer persistence length than actin
filaments.38 In the cell, actin carries out more interactions than
most other proteins and it is conceivable that actin bound more
efficiently to citrate-coated AgNPs than tubulin. Such binding is
likely realized via hydrogen bonding between the citrate coating
of the AgNPs and the abundant peripheral alpha helices and turns
of the proteins, in addition to electrostatic, van der Waals, and
hydrophobic interactions between the two species, similar to what
we observed for AgNP-ubiquitin biocorona.39 The hydrogen
bonding with citrate-coated AgNPs perturbed the structural
integrity of the alpha helices and turns that populated the protein
surfaces, as reflected by our CD measurements for both actin and
tubulin (Fig. 4). Due to the highly localized nature of hydrogen
bonding (typically 2-3 angstroms in bond length), the larger sized
tubulin should be less efficient than actin for their binding to the
AgNPs that possessed a significant curvature. The effect of NP
size on binding energies and conformational changes in
cytoskeletal proteins is a subject of future discrete molecular
dynamics (DMD) studies; it is expected that smaller NPs will
cause more conformational changes compared to larger particles
and will favour binding by smaller, more flexible proteins.14
Furthermore, as a non-covalent capping agent, citrate could
undergo rapid and stochastic exchanges with the cytoskeletal
proteins in aqueous for adsorbing onto the AgNPs. Sterically, the
smaller actin should be more flexible than tubulin in occupying
the AgNP surface areas transiently free from citrate coating,
through electrostatic and hydrophobic interactions. Previous
experimental40 and our computational39 studies have shown that
AgNPs prefer to bind to negatively charged protein surfaces.
Such potential binding sites are highlighted as clusters on tubulin
and actin, with their residues specified in Fig. S1.
Percentage of secondary structure
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Fig. 4 Changes in the secondary structures of actin and tubulin upon their
binding with AgNPs. Note the consistent decreases in alpha helices and
increases in the beta sheets for both types of proteins when bound to the
AgNPs.

As shown in Fig. 5, without the presence of cytoskeletal
proteins (black curve) AgNPs rapidly released silver ions, from
0.13 to 0.20 mg/L within the first 4 h, while the rate of release
levelled off subsequently for the total observation period of 72 h.
The released silver ions reached a concentration of ~0.27 mg/L at
72 h for an original AgNP concentration of 5 mg/L, implying a
This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Release of silver ions with and without the presence of proteins,
measured (n=3) by ICP-MS. Original AgNP concentration: 5 mg/L. Actin
and tubulin concentrations: 5 mg/L.

70

of cytoskeletal proteins on the AgNPs physically hindered the
release of silver ions, and the dynamic process of biocorona
formation competed with and eventually dominated silver ion
release to stabilize the AgNPs. This time-dependent result further
suggests that the conformation and physicochemical properties of
AgNPs are better preserved by hardened cytoskeletal proteins.
However, it also implies that the formation of this biocorona
alone is insufficient to fully scavenge silver ions that are a major
cause of triggering ROS production and cytotoxicity.

4. Conclusions
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In summary, we have shown that cytoskeletal proteins can
interact readily with citrate-coated 30 nm AgNPs, likely through
hydrogen bonding, electrostatic, van der Waals, and hydrophobic
interactions. Changes in the size and surface coating are expected
to affect protein binding energies14 and electrostatic interactions
and are the subject of ongoing study. In general, actin showed a
higher propensity than tubulin for binding with the 30 nm
citrated-coated AgNPs, likely originated from their smaller size
and less rigidity. Binding with AgNPs induced changes in the
secondary structures for both types of proteins, while
compromised silver ion release from the AgNPs as a result of
biocorona formation and hardening. The knowledge derived from
this study may facilitate our understanding of the fate and
transformation of nanomaterials in mammalian and plant cells,41
and should have relevance to the field studies of NP-biomolecular
interaction, toxicology, biosensing, and medicine involving
metallic NPs.
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(Top row) Illustrations of actin and tubulin bound with a silver
nanoparticle (AgNP) (not in proportion). Also shown are citrates
(red) adsorbed onto the NP surface. (Lower row, left to right) SPR
spectral shifts of AgNPs and hindered silver ion release as a result of
protein coating and hardening.
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