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The rapid and spontaneous adsorption of proteins on nanoparticle (NP) surfaces in biological fluids such as

blood is an important phenomenon as it possibly determines “what the cells see” and, thus, the fates of NPs in

living organisms. In order to quantitatively understand protein coronas at the molecular level, we investigated

human serum albumin (HSA) coronas that were produced on silica NPs of 20 nm and 50 nm diameters using

conventional gel electrophoresis. Analysis of the concentration dependence of protein adsorption showed that

HSA coronas preferentially formed a monolayer on silica NPs and revealed the presence of hard protein

coronas. HSA adsorption was clearly dependent on NP size, and this might be due to the different surface

curvatures of NPs of different sizes.
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Introduction

As bioclinical applications that use nanoparticles (NPs),

such as contrast media and nanomedicine, have increased

rapidly, the influence of NPs on living organisms has recent-

ly become an important subject, particularly the safety con-

cerns related to their use.

When NPs are exposed in biological media, such as blood,

surfaces of NPs are rapidly coated with biomolecules, such

as blood proteins. This coating is often referred to as the

protein coronas of NPs.1-5 In fact, what the cells actually see

at the initial stage of interactions of NPs with living organisms

is protein coronas rather than the bare surface of NPs.4 Thus,

it has been suggested that protein coronas presumably play a

crucial role in determining the fates of NPs that result in the

biological influence of NPs. In particular, in the field of drug

delivery research, protein coronas have drawn attention as

long as they have been known as they might relate to bio-

distribution and compatibility and, thus, therapeutic efficacy.5

In this regard, extensive research has been performed in

recent years to understand the composition5-8 and time

evolution9-11 of the protein coronas of NPs as well as their

effects on cellular uptake12-14 and blood-brain barrier cross-

ing.15-17

The chemical composition of protein coronas may be

influenced by the physicochemical properties of NP surfaces.

Gel electrophoresis and mass spectrometry have provided

primary tools to analyze the compositions of protein coronas

that are produced on various NPs.5-8 As for the protein

coronas of NPs formed in blood plasmas, human serum

albumin (HSA) and apolipoproteins have been found to be

most pronounced in the coronas, and these were later found

Figure 1. Scanning electron microscopy (SEM) images of silica
NPs with (a) a 20 nm and (b) a 50 nm diameter. The insets display
the respective size distributions measured by SEM.
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to assist cellular intake and the blood-brain barrier crossing

of NPs.15-17

Optical microscopic techniques, such as fluorescence

correlation spectroscopy, have also been applied to inves-

tigate the structure and dynamics of corona proteins. In

studies that have modeled spectroscopic data, the presence

of hard and soft coronas was suggested.9-11 Hard coronas that

may form a first monolayer appear to be strongly bound and

irreversible, while the secondary layer, which is often referr-

ed to as soft coronas, has been found to exhibit dynamic

exchange of proteins.10 Conformational changes of the ad-

sorbing proteins can also occur depending on the particles’

curvature and protein stabilities.18,19

Silica NPs are widely used in nanochemistry, and the

particles’ physicochemical properties are well-known. In

addition, silica surfaces represent the surfaces of various

NPs that are used for bionano applications, as the tetraethyl

orthosilicate (TEOS) coating is popularly employed to make

insoluble NPs water-soluble. The controlled preparation of

silica NPs is also possible, and, thus, silica NPs offer good

model systems of well-characterized NPs with narrow size

distributions.

Despite extensive research efforts, including method

development, to understand the protein coronas of NPs, the

understanding of this subject is still limited due to the

complex nature of the interactions between NPs and bio-

logical systems. In order to address such a complex problem,

an approach from a chemists’ view may be of value, such as

an investigation of the protein adsorption to NPs at the

molecular level. In this study, we quantitatively analyzed

HSA coronas that formed on well-characterized silica NPs

with conventional sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) along with the optimized

analysis method, where a NP size dependence on HSA

adsorption was observed.

Experimental

Synthesis of Silica NPs. Silica NPs were prepared by the

hydrothermal method. In the preparation, TEOS (98%;

ACROS, Thermo Fisher Scientific, Geel, Belgium) was used

as a precursor for silica NPs, L-arginine (Sigma-Aldrich Co.

LLC, St. Louis, MO, USA) was used as a catalyst, and

cyclohexane (99%; Samchun Chemical Co., Ltd., Seoul,

Korea) and deionized water (Millipore-Q water, 18.2 MΩ·cm)

were used as reagents without further purification. 

For the synthesis of silica NPs with a 20 nm diameter, the

mixture of reagents was allowed to polymerize by stir-

heating at 50 oC for 24 h. Silica NPs with a 50 nm diameter

were prepared from silica NPs with a 30 nm diameter as a

seed and by adding TEOS three times (3.3 mL, 5 mL, and 5

mL every 24 h) during the growth reaction at 70 oC for 72 h.

The prepared silica NPs were carefully characterized by

ultraviolet-visible spectrophotometry, dynamic light scattering

(DLS), and scanning electron microscopy (SEM). For the

prepared NPs with a nominal diameter of 20 nm, DLS at

2.6 mg/mL and SEM gave measured diameters of 19.2 nm

and 23.06 ± 0.68 nm, respectively. For NPs with a 50 nm

diameter, DLS at 3.3 mg/mL and SEM gave diameters of

49.8 nm and 49.04 ± 1.79 nm, respectively. As shown in

Figure 1, the prepared silica NPs displayed narrow size

distributions, and this was suitable for studying the size

dependence of protein corona formation.

Quantification of HSA Corona with Gel Electrophoresis.

The experimental protocol that was utilized in this study for

the quantification of protein coronas is outlined in Figure 2.

Each step of the protocol was carefully optimized and

examined to confirm the reproducibility that is required for

quantification.

Silica NPs of 20 nm and 50 nm diameters were incubated

in HSA solutions (molecular weight = 66.5 kDa; A9511;

Sigma-Aldrich Co. LLC) covering a broad range of concen-

trations (30 ng/μL, 110 ng/μL, 220 ng/μL, 440 ng/μL, 890 ng/μL,

1.8 μg/μL, 3.6 μg/μL, 5.6 μg/μL, 11.1 μg/μL, 16.7 μg/μL, and

22.2 μg/μL) at 25oC for 1 h. The incubation was performed

in a buffer solution that included 10 mM Tris-Cl and 150 mM

NaCl (pH 7.5). 

After incubation, a washing process to remove unbound

free proteins from the solution was conducted by repeating

the centrifugation and resuspension of protein-coated silica

NPs three times. The incubated mixture possessing protein-

coated silica NPs and unbound proteins was subject to

centrifugation at 16,870 × g for 30 min. With this centrifu-

gation condition, the precipitation of free proteins was rarely

observed. The supernatant was removed with a micropipette

Figure 2. Experimental procedure for the quantification of protein
coronas with sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE).
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and stored separately in a 1.5-mL centrifuge tube at 4 oC.

The pellet, including the protein-coated silica NPs, was then

resuspended with the same buffer solution that was used in

the incubation step. Washing was performed by repeating

the above steps three times. Separate analysis of the super-

natant with SDS-PAGE gel electrophoresis showed that

three washes effectively removed most of the free proteins

from the solution. 

The washed pellet was treated with the SDS-containing

buffer solution (100 mM Tris; pH 7.5). Adsorbed proteins

were released with the surfactant (SDS) into the solution

during the shaking incubation that was performed at 25 oC

for 60 min. The solution was subjected to centrifugation for

60 min. The supernatant was taken and mixed with the

Laemmli SDS sample buffer (2×, nonreducing). The solu-

tion was heated for 5 min at 95 oC to denature the proteins

before the SDS-PAGE.

Conventional SDS-PAGE was performed, and it typically

took 45 min at 180 V. In the gel, a known amount of HSA

molecules was also loaded, and it provided a quantity refer-

ence (R) to quantify the HSA that was adsorbed on silica

NPs by comparison. After a gel electrophoresis run, the gel

was silver-stained. When the development for the silver-

staining was completed, the gel was stored in 1% acetic acid

until analysis. Quantification of the bands that appeared in

the gel was conducted with a densitometer (GS-800, Bio-

Rad Laboratories, Inc., Hercules, CA, USA) and an imaging

program (Quantity-1, Bio-Rad Laboratories, Inc.) (Figure

3). The linear response of the SDS-PAGE was carefully

examined by obtaining a linear calibration curve using a set

of known concentrations of HSA covering the present experi-

mental range. To avoid possible saturation of the densito-

meter, the loading amounts of samples were controlled to be

in the linear response range of the densitometer as well.

Results and Discussion

As shown in Figure 3, the experiments on protein corona

formation (i.e., HSA adsorption) were conducted with a

wide range of HSA incubation concentrations (0.03 μg/μL-

25 μg/μL). Using the protocol described in the experimental

section, the amounts of HSA molecules in the protein

coronas were quantified by gel electrophoresis (SDS-PAGE),

in which free HSA of a known amount provided the internal

reference (R) for quantification. Although the isolated protein

(HSA) was employed in this study, unavoidable protein

fragmentations occurred during the experiments, and this

gave a series of bands in a lane. However, the fragmentation

patterns were reproducible in terms of the ratio between the

fragments and the main HSA band (66.5 kDa) so that the

main protein bands were taken for the analysis.

In Figure 3(c), the quantities of the adsorbed proteins (i.e.,

the HSA corona) are plotted as a function of the HSA

concentration used in the incubation. The plots show that, as

the HSA concentration increases, the adsorbed protein

amount also increases until saturation of the adsorption

occurs. Saturation occurs earlier at a concentration less than

2.5 μg/μL. After saturation, the amount of HSA in the

protein corona remained essentially the same. As the experi-

ment was carried out in the range of linear response of the

densitometer, the observed saturations were not instrumental

artifacts at all. These findings suggested that a certain stable

shell of adsorbed proteins was established. In addition,

considering that the typical concentration of albumin in the

Figure 3. Gel electrophoresis (SDS-PAGE) of human serum
albumin (HSA) coronas obtained from the surfaces of silica NPs
with (a) a 20 nm and (b) 50 nm diameter, respectively. The (S) and
(R) lanes show the size markers and an internal reference of a
known amount of HSA molecules, respectively. The L1 to L11
lanes differ in the HSA concentrations employed in the incubation:
L1 to L11 correspond to 30 ng/µL, 110 ng/µL, 220 ng/µL, 440 ng/
µL, 890 ng/µL, 1.8 µg/µL, 3.6 µg/µL, 5.6 µg/µL, 11.1 µg/µL, 16.7
µg/µL, and 22.2 µg/µL of HSA, respectively. (c) Plots of the
evaluated numbers of adsorbed HSA molecules per NP surface
area for silica NPs with a 20 nm ( ) and 50 nm ( ) diameter. The
error bars indicate the standard deviations obtained from 4
independent measurements.
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serum is about 35-50  μg/μL, the surfaces of the silica NPs

would be fully coated with serum albumin when exposed in

blood. It was also observed that the adsorption equilibrium

was completed rather rapidly on a time scale less than

minutes. 

The adsorbed quantities at saturation can be used to

estimate the maximum number of adsorbed molecules per

silica NP. With a concentration of silica NPs of 10 μg/mL

and a literature density of silica of 2.65 g/cm³, the average

numbers of HSA adsorbed on the silica NPs of a 20 nm and

50 nm diameter were calculated to be about 3 and 43

molecules, respectively. A rough estimate for the area of a

single HSA molecule from crystallographic data (a dimension

of 8 nm × 4 nm) was about 2 × 10−12 cm−2. Considering that

the surface areas for spheres with a 20 nm and 50 nm

diameter were 12.6 × 10−12 cm2 and 78.5 × 10−12 cm2, respec-

tively (V = 4πr3), this yielded an estimate for the theoretical

numbers of HSA molecules in a single adsorbed layer to be

6.5 and 39 molecules per NP with a 20 nm and 50 nm

diameter, respectively. Compared to the electrophoresis

results of 3 and 43 HSAs on silica NPs with a 20 nm and 50 nm

diameter, respectively, these findings indicated that adsorbed

proteins most likely form a monolayer on silica NPs, which

was in good accordance with previous observations that

used optical methods, which supported the formation of

“hard protein coronas” on silica NP surfaces. As found in

this study, the hard protein coronas are indeed stable, which

survived through three times of washing steps. However, the

soft coronas, the secondary layer of protein adsorption,

might be washed away during the washing process.10

The features of HSA corona formation become more

interesting when they are considered in terms of the numbers

of adsorbed molecules in a unit area. As shown in Figure

3(c), the maximum number of adsorbed molecules per area

displays a clear size dependence, in which smaller silica NPs

of a 20 nm diameter cannot accommodate HSA molecules in

full coverage for a monolayer, while NPs of a 50 nm dia-

meter can. As the surface chemical properties of the two

silica NPs might not be very different, the effects of different

surface curvatures might play an important role in the

observed size dependence. As the primary nature of the

interaction between HSA molecules and silica NPs might be

electrostatic, the curvature may exert an effect on adsorption

in this size range as is coincidently reflected in different ζ-

potentials for the two silica NPs, −61.95 mV and −24.06 mV

for the 20 nm and 50 nm silica NPs, respectively. 

Conclusion

In order to examine the formation of protein coronas at the

molecular level, HSA adsorption on 20 nm and 50 nm silica

NPs was investigated with gel electrophoresis. The results

showed that the adsorption of HSA to silica NPs prefer-

entially formed a monolayer, which appeared to be strongly

bound as it survived through the washing procedure. Interest-

ingly, protein adsorption was found to be NP size-depen-

dent, and it became less favorable to NP surfaces with a

higher curvature. This study showed the presence of a

strongly bound monolayer in a protein corona, and this was

in good agreement with the concept of a hard corona that has

been previously suggested in optical measurements. Thereby,

the present approach provided a good model system for

further study of the stability and protein exchange of the

protein corona in a quantitative way.
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