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The physical interaction between a lipid vesicle and a silver nanoparticle (AgNP)-human serum

albumin (HSA) protein “corona” has been examined. Specifically, the binding of AgNPs and HSA

was analyzed by spectrophotometry, and the induced conformational changes of the HSA were

inferred from circular dichroism spectroscopy. The fluidity of the vesicle, a model system for

mimicking cell membrane, was found to increase with the increased exposure to AgNP-HSA

corona, though less pronounced compared to that induced by AgNPs alone. This study offers

additional information for understanding the role of physical forces in nanoparticle-cell interaction

and has implications for nanomedicine and nanotoxicology. VC 2012 American Institute of Physics.

[doi:10.1063/1.3672035]

Understanding biological response to engineered nano-

materials is essential to the continued development of nano-

medicines, whose expanding repertoire includes design of

novel assemblies for gene and drug delivery and of highly

specific and localized bioimaging and disease and tumor

detection. On the other hand, the mass production of nano-

materials and rapid commercialization of nanotechnologies

further justify research addressing occupational and environ-

mental exposure to administered or accidentally released

nanoparticles.1–4 Central to these crucial research needs is a

mechanistic description of the unique interplay between bio-

logical systems and engineered nanomaterials,1,3,4 especially

at the cellular level which manifests the unit of life.

It has been realized that nanoparticles, upon their entry

into the bloodstream or—more generically—when dispersed

in a biological fluid, interact readily with proteins, peptides,

amino acids, fatty acids, lipids, and other soft and organic

matters.5–7 Consequently, the nanoparticles acquire an

enhanced mobility as well as biocompatibility and may elicit

their impact on the host system through a collective entity of

nanoparticle-protein “corona,” rather than the physicochem-

istry of the nanoparticle “core” alone.5–10 Such nanoparticle-

protein corona may further initiate its contact with the cell

through physical adsorption or recognition by the membrane

receptors specific for the proteins that constitute the corona.

Uptake of nanoparticles is thought—as agreed upon by a ma-

jority of the research community—to be realized via the

energy-dependent biological process of endocytosis, in addi-

tion to passive diffusion and mechanical or biochemical

damage in the lipid membrane induced by the trespassing

nanoparticle.1 However, despite intensive research efforts,

both experimentally11–20 and through atomistic and coarse-

grained computer simulations,21–25 it remains unclear and of-

ten controversial as to what extent the thermodynamic and

endocytotic pathways may individually contribute to the

convoluted process of nanoparticle cell uptake.

In this paper, we show a facile method of examining the

physical interaction between a lipid vesicle—a model cell

membrane—and a nanoparticle-protein corona. The lipid

vesicle consists of zwitterionic dimyristoyl phosphatidylcho-

line (DMPC) doped with 10% anionic dimyristoyl phosphati-

dylglycerol (DMPG). The equal chain length of the fatty acyl

tails and comparable head group sizes of DMPC and DMPG

minimized phase separation in the vesicle.26 Physically, a

dipole moment existed in DMPC that pointed from the O� to

the Nþ within the lipid head, while only a negatively charged

O� was present in the lipid head of DMPG (Fig. 1(a)). Such

net negative charge of the vesicle, afforded by the 10%

DMPG lipids, conformed to the natural composition of

weakly negative charge of cell membranes. In addition, the

consideration of protein corona, instead of bare nanoparticle

“core” alone, provided a more realistic system for examining

the physical interactions between nanoparticles and the cell.

Silver nanoparticles (AgNPs, coated with citrate) were

purchased from NanoComposix and used in our experiments.

Human serum albumin (HSA, MW: 66 478) proteins were

obtained from Sigma. Silver nanoparticles were selected due

to their increasing mass production and domestic use,27

while the selection of HSA was based on its high abundance

among plasma proteins. The zeta-potentials of AgNPs and

HSA in Milli-Q water (pH¼ 6.5) were determined to be

�31 mV and �17 mV, respectively (ZetaSizer Nano, Mal-

vern). The stronger surface charge provided a stable suspen-

sion for AgNPs, while HSA molecules could be multimeric

due to their weaker charge. AgNPs and HSA of molar ratios

from 1:6 to 1:392 were incubated at room temperature for

1 h, and the hydrodynamic sizes of their mixtures were deter-

mined by dynamic light scattering (DLS) (Nanosizer S90,

Malvern). Figure 1(b) shows the increased size with the

increased ratio of HSA to AgNPs. Multi-layer coating of

HSA onto AgNPs was evident at the molar ratio of 1:122a)Electronic mail: pcke11@clemson.edu.
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and above, considering the size of an HSA monomer is

�8 nm.28 The formation of AgNP-HSA corona was con-

firmed by transmission electron microscopy (TEM, Hitachi

H7600), where AgNPs (4.92� 10�4 lM) were incubated

with HSA (7.16 lM) at 4 �C overnight and negatively stained

with phosphotungstic acid for 45 min prior to imaging. The

average diameter of bare AgNPs was �30 nm, in agreement

with that provided by the vendor (Fig. 1(c), left panel). With

incubation, a thick layer of optically less dense material,

believed to be HSA, was clearly visible on the AgNP surfa-

ces (Fig. 1(c), right panel). The size of the AgNP-HSA co-

rona determined by TEM was �80 nm, in agreement with

the DLS measurement. Since both the AgNPs and the HSA

were net negatively charged, the formation of AgNP-HSA

corona could result from the hydrogen bonding between the

hydroxyls/oxygens of the citrate coating on the AgNPs and

the nitrogen/sulfur electron acceptors/donors on the HSA,

and from the hydrophobic interaction between exposed silver

atoms (due to incomplete citrate coating29) of the AgNPs

and the hydrophobic domains of the HSA.

The formation of AgNP-HSA corona was further con-

firmed by measuring the absorption spectra of AgNPs

(9.8� 10�5 lM), HSA (1.42 lM), and their mixture AgNP-

HSA using a UV-vis spectrophotometer (Cary 300 BIO,

Varian). As shown in Fig. 2 inset, a characteristic peak of

surface plasmon resonance (SPR) was identified for AgNPs

at 404 nm. After incubation with HSA, the absorption peak

was red-shifted to 412 nm. This phenomenon can be under-

stood by the following analysis. Assume the dielectric con-

stant of a AgNP relative to its surrounding medium is

e ¼ es

em
¼ e0 þ ie00, where es and em are the dielectric constants

of the AgNP and the medium, respectively. Here, e0 is nega-

tive and decreases with the increasing wavelength of light,

while e00 is approximately constant for wavelength longer

than 300 nm. According to the Clausius-Mossotti relation,30

the extinction cross-section of the AgNP can be expressed as

Cext / 1

ð2þe0Þ2þe}2
, and its extinction peak occurs at e0 ¼�2 or

ReðesÞ ¼ �2em. Thus, when em was increased due to the

binding of (dielectric) HSA molecules onto the AgNP, a red-

shift in wavelength occurred for the extinction to reach its

new peak value.

To examine the physical interaction between AgNP-HSA

and cell membranes, artificial vesicles were generated by lipid

extrusion. Specifically, 10 mg of DMPC lipids, doped with

10% DMPG, were first dissolved in 1 mL of chloroform in a

flask, and then dried under airflow to form thin lipid sheets on

the flask bottom. After that 1 mL of Milli-Q water (at 30 �C)

was added to the flask to hydrate the lipid sheets, and the mix-

ture of lipids and water was agitated for �2 min to form large

multilamellar vesicles (LMVs). This process was performed

in a warm water bath to avoid gel-liquid crystal transition. A

water-bath sonication was then applied to the mixture for

5–10 min to form large unilamellar vesicles (LUVs). After

sonication, the vesicle suspension was extruded through a po-

rous polycarbonate membrane (pore size: 100 nm) to yield

uniformly sized LUVs (100 nm). In particular, for the detec-

tion of vesicle phase transition, Laurdan (6-dodecanoyl-2-

dimethylaminonaphthalene, AnaSpec) was added to the

chloroform solution to partition into the vesicle bilayers.

To investigate the effect of AgNP binding on the confor-

mation of HSA, circular dichroism (CD) spectroscopy was

performed. AgNPs and HSA were incubated for 8 h prior to

FIG. 1. (Color online) (a) Chemical struc-

tures of DMPC and DMPG. (b) Hydrody-

namic sizes of AgNP-HSA at molar ratios

of 1:6–1:392. Incubation: 1 h. (c) TEM

images of bare AgNPs (left panel) and

AgNP-HSA corona (right panel). (d) Sche-

matic (not to scale) of AgNP-HSA corona

interacting with a Laurdan-labeled,

DMPG-doped DMPC vesicle.

FIG. 2. (Color online) Percent of secondary HSA structures inferred from

the CD spectra for native HSA, HSA pre-incubated with AgNPs, HSA in the

presence of vesicles, and HSA pre-incubated with AgNPs in the presence of

vesicles. Inset: UV-vis spectra showing a red-shift of the extinction peak of

AgNPs pre-incubated with HSA. Pre-incubation time: 8 h.
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the measurement, using the same molar ratio but diluted 16�
as in the UV-vis measurement to comply with the sensitivity

of the spectropolarimeter (Jasco J-810). The vesicle-HSA

sample was prepared by mixing the DMPC vesicles (10%

DMPG-doped) and HSA immediately before the CD mea-

surement. The vesicle-AgNP-HSA sample was obtained

from the mixture of DMPC vesicles (10% DMPG-doped)

and pre-formed AgNP-HSA corona. The CD spectra were

acquired at room temperature over a wavelength range of

200-300 nm using quartz cuvettes and were averaged over

three scans taken at a speed of 50 nm/min. The backgrounds

of the AgNPs and vesicles were subtracted accordingly.

The readout values of the HSA ellipticity (h, in mdeg)

were converted to a standard unit of deg�cm2/dmol ([h])

using equation ½h� ¼ ðh�M0Þ=ð10000� Csoln � LÞ, where

M0 is the mean residue molecular weight (118 g/mol), Csoln

is the protein concentration in solution (in g/mL), and L is

the path length through the buffer (1 cm). As shown in Fig.

2, the a-helix content in HSA decreased by 15.7% after incu-

bation with AgNPs, compared to that for the native state of

HSA, and decreased by 18.4% after incubation with the

vesicles. However, incubating vesicles with the pre-formed

AgNP-HSA corona reversed the conformational change of

HSA induced by AgNPs, causing a decrease of only 3.2% in

the a-helix content of the HSA. For b-sheets, increases of

5.8% and 15.9% were observed for the samples of AgNP-

HSA and vesicle-HSA, respectively, and a decrease of 7.3%

was measured for the sample of vesicle-AgNP-HSA,

compared to that for the sample of HSA alone. These results

suggest that, in the presence of either vesicles or AgNPs,

HSA could undergo significant conformational changes to al-

ter its a-helices into b-sheets and other secondary structures.

Such changes can be attributed to the interaction between the

hydrophobic domains in the HSA and the hydrophobic

surface areas of the AgNPs, and electrostatic attraction

between the negatively charged surface domains of HSA and

the positively charged DMPC lipid head groups. In contrast,

the net negative charge of the vesicles further compromised

the relatively weak affinity of the negatively charged AgNPs

for the HSA, leading to the partial recovery of protein

conformation.

The effect of AgNP-HSA protein corona on the fluidity

of DMPG-doped DMPC vesicles was evaluated based on the

fluorescence emission of the Laurdan dyes partitioned within

the vesicle bilayers (Fig. 1(d)). First, the samples of AgNP-

HSA mixtures were prepared at different concentrations

(6.15� 10�7–492� 10�7 lM for AgNPs and, accordingly,

8.95� 10�3–716� 10�3 lM for HSA) and incubated at 4 �C
overnight to ensure the equilibrium of their binding. Then

the samples were separately added to the vesicle suspensions

of 0.05 mg/mL. A spectrofluorometer (Cary Eclipse, Varian)

was used to excite the Laurdan at 340 nm, and the fluores-

cence intensities of the dyes were collected at both 416 nm

and 473 nm to derive the generalized polarization (GP) val-

ues for the vesicles:13,19 GP ¼ I416�I473

I416þI473
. An increasing GP

value indicates a phase transition toward gelatin, while a

decreasing GP value represents fluidization. The spectro-

fluorometer chamber was operated at 25 �C, above the lipid

phase transition temperature. Measurements were repeated

for AgNPs and HSA, respectively.

Compared with the control vesicles, HSA showed little

impact while both AgNPs and AgNP-HSA gave rise to

decreased GP values in the vesicles (Fig. 3). This indicates

an enhanced fluidization of the vesicle bilayers, which may

be attributed to the structural reorganizations of the vesicles

in response to the nanoparticle adsorption. In addition to the

prevalent weak forces of hydrogen bonding and van der
Waals interaction, strong and long range electrostatic inter-

actions between the charged domains of the lipids (Nþ in the

DMPC and O� in the DMPG, Fig. 1(a)) and that of the

AgNPs (e.g., citrate coating) or AgNP-HSA also took place

to alter the vesicle fluidity. As shown in Fig. 3, at low nano-

particle/protein concentrations, the effect of AgNPs on vesi-

cle fluidity was similar to that induced by AgNP-HSA,

implying that both AgNPs and HSA in the corona interacted

with the lipid vesicles. In contrast, at high nanoparticle/pro-

tein concentrations, due to the presence of excess unbound

HSA molecules, the vesicles experienced less perturbation

from the AgNPs in the corona than from bare AgNPs.

Taken together the results from the UV-vis, TEM, and

CD measurements, it is evident that the binding of AgNP-

HSA was mediated by the physical forces of hydrogen bond-

ing, electrostatic interaction, and hydrophobic interaction.

Upon the formation of AgNP-HSA corona, the percent of

a-helices was reduced while that of b-sheets was increased

in the HSA secondary structures, possibly resulting from

breakage of the hydrogen bonds between neighboring a-

helices and configuration of new, sterically less ordered

hydrogen bonds between the a-helices and the citrate coating

of the AgNPs, similarly to that observed for tubulins exposed

to a fullerene derivative.31 As shown in the CD measure-

ment, the presence of lipid vesicles alleviated the conforma-

tional changes of the proteins induced by the nanoparticles,

likely due to the electrostatic repulsion between the vesicles

and the nanoparticles. Conversely, the GP measurement

demonstrated that both nanoparticles and protein corona

interacted with lipid vesicles to enhance fluidity of the latter,

FIG. 3. (Color online) Percent change of GP values for vesicles incubated

with different concentrations of AgNPs, HSA, or AgNP-HSA. The concen-

tration of the (DMPC þ 10% DMPG) lipids was 0.05 mg/mL for all cases.

The percent changes were calculated by comparing the actual GP values of

the samples with that of the vesicle suspension (control). Since the GP

values of the control were negative, a positive percent change corresponds

to a decreasing GP value.
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although free proteins did not exert much effect on the vesi-

cle conformation. Overall, our study suggests that the forma-

tion of nanoparticle-protein corona may negate, to certain

extent, the physical interactions between the nanoparticle

core and cell membranes. Such physical perspective, when

combined with the biological and biochemical mechanisms

of endocytosis, lipid peroxidation, and enzymatic activity,32

may prove essential for our understanding and prediction of

the behavior of nanomaterials in biological systems for the

advancement of nanomedicine and nanotoxicology.
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