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size-resolving capability with particle size 
resolution of 3%, it has been utilized to 
identify particles with slightly different 
size in a mixture. For example, dimers, 
trimers, and aggregates of higher order 
could be resolved with high precision.[9] 
The method also enables the charac-
terization of NP–protein composites in a 
quantitative manner in the presence of a 
complex protein mixture.[1a] Accordingly, 
the method has been used to measure 
subtle size difference before and after the 
adsorption of ligands on NPs.[10] Bell et al. 
noted that DCS can provide precise meas-

urements of the thickness of complete protein shells on dense 
NPs, similar to analytical ultracentrifugation.[3b]

In this work, we demonstrate the feasibility of examining 
biomolecule–NP interactions in a mixed nanoparticle system 
by DCS, both for the difference among NPs and that for pro-
tein adsorption. The influence of NP surface curvature on the 
thickness of the shell formed by bovine serum albumin (BSA), 
a model serum carrier protein with 76% sequence identity with 
human serum albumin,[11] was investigated. We also expand 
the method to measure the mixed NPs with different composi-
tion (density).

Aqueous solutions of citrate-stabilized gold nanoparticles 
(GNPs) with six nominal sizes, i.e., 20, 30, 40, 60, 80, and 
100 nm, were prepared. The concentration of these solutions 
was adjusted so that NPs of different sizes had similar total 
surface areas without aggregation. The mixture of GNPs with 
different diameters was added to a BSA solution at various con-
centrations (from 10−15 to 10−3 mol L−1) and incubated at 37 °C 
for 60 min, which is sufficient for BSA adsorption on citrate-
stabilized GNPs.[11] No significant aggregation was observed in 
our samples, simplifying data interpretation.

The mixed GNPs with different diameters were analyzed by 
DCS before and after incubation with BSA respectively. First of 
all, the GNP mixture with six diameters of 18.00, 29.00, 39.00, 
58.67, 86.33, and 111.00 nm, has been measured, as shown 
in Figure S1 in the Supporting Information. The principle of 
this method has been explained in Supporting Information. 
This experimentally determined diameter value is used for 
the subsequent calculations in this work. In CPS centrifuga-
tion experiments, the BSA shell, formed by BSA molecules 
binding on the GNPs, moved with GNPs during sedimenta-
tion. Figure 1 presents the Stokes diameters of the GNPs as 
a function of BSA concentration. Peaks corresponding to the 
six diameters could be clearly resolved, and observed to shift, 
without observable peaks from agglomerated NPs. This feature 

In mixtures of nanoparticles of various sizes or compositions, monitoring 
protein partitioning on their surfaces provides important information about 
particle–protein interactions during competitive adsorption. Utilizing the 
size-resolving capability of differential centrifugal sedimentation, the adsorp-
tion of bovine serum albumin on multisize gold nanoparticles with diameters 
ranging from 20 to 100 nm or gold, silver, and silica nanoparticles with sim-
ilar diameter can be concurrently observed. This method can be used to gain 
insight into nanoparticle–protein interactions based on analyses of curvature 
and relative abundance.

Particle-Protein Interactions

Understanding the interface between nanoparticles (NPs) and 
biomolecules is of profound importance for bio-nanotechnology 
applications.[1] Accordingly, extensive research has focused on 
quantifying protein adsorption on NP surfaces, i.e., the protein 
corona (PC), in a biological medium.[2] Based on analyses using 
dynamic light scattering (DLS), atomic force microscopy, and 
other methods,[3] PC formation is mainly determined by prop-
erties of the NP and protein, with media composition and incu-
bation conditions also playing roles.[4] Substantial progress has 
been made in determining correlations between PC structures 
and nanoparticle properties, e.g., size, shape, surface charge, 
and surface curvature[4b,c,5] owing to the availability of the well-
defined NPs and precise control over their morphologies and 
surface functionalization.

Most studies on the PC use monodisperse NPs for sim-
plicity. In reality, biological media are likely to contact polydis-
perse NPs, either with varying compositions or aggregation 
states. Hence, the development of new methods to simulta-
neously analyze several aspects of NP–protein interactions is 
necessary.[1b] Comparisons of the competitive capability of var-
ious NPs to attract proteins in the same solution may facilitate 
practical applications of NPs in biological fluids, but cannot be 
achieved using model NPs.[6]

Differential centrifugal sedimentation (DCS) is based on the 
correlation between particle size and sedimentation velocity 
in fluids with a density gradient,[7] and has become a precise 
and powerful method for particle sizing.[8] Owing to its superb 
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is suitable for monitoring protein adsorption in a mixture of 
GNPs simultaneously in a single experiment. Although DLS 
is commonly used to characterize NPs and to analyze protein 
and NP absorption,[3a] it does not have sufficient resolution for 
monitoring differently sized particles in a mixture (Figure S2, 
Supporting Information). Taking the peaks obtained for GNP–
H2O (without BSA) as a benchmark, peaks for all measured 
apparent diameters (dm) shifted systematically toward slightly 
smaller values with increasing BSA concentrations. This is 
because that the average density of GNP–BSA shell was smaller 
than that of the GNPs, and the settling time recorded by DCS 
was longer, which suggested the settling velocity was slower 
than that of GNPs. Therefore, the apparent diameters of GNP–
BSA were smaller than GNPs due to the software calculation 
according to the Equation S2 in the Supporting Information, 
by using the density of GNPs. Moreover, the larger the BSA 
concentration, the smaller the apparent diameters measured 
by DCS. This agrees with the expectation that BSA, binding to 
GNPs increases as the concentration increase, the average den-
sity of GNP–BSA becomes smaller and smaller.

The settling time of GNP–BSA shell was credible which has 
been directly recorded by the detector. The settling time as a 
function of the BSA concentration is shown in Figure S3 in the 
Supporting Information. In general, the settling time increased 
with increasing BSA concentration, indicating that the protein 
coating on GNPs was thicker. This is consistent with previous 
studies showing that protein-coated NPs have a lower average 
density and larger diameter, and result in a net increase in the 
sedimentation time.[12] When the BSA concentration is low, 
the settling time increases gradually, suggesting partial pro-
tein coverage on the GNP and relatively few BSA molecules 
coating on the GNP. Therefore, the settling time is close to 
that of the GNP. Similar results have been described for IgG 
protein adsorption on GNPs.[3b] In high concentration, the 
retarding effect caused by the protein adsorption is significant 
and the settling time increases substantially. Moreover, the BSA 
shell had a greater influence on small GNP (especially 20 nm) 
sedimentation than that of larger NPs; since the hydrodynamic 

size of BSA is comparable to the size of NPs, the average den-
sity is reduced dramatically.

To verify the existence of the BSA shell on GNP surfaces, the 
samples were characterized by transmission electron micro-
scope (TEM). As shown in Figure S4 in the Supporting Infor-
mation, GNPs with different sizes were observed. The BSA 
shell is detected on the external surfaces of GNPs. Moreover, 
it is clear to see the BSA shell capped on the GNPs. However, 
TEM is not able to scrutinize the GNP–BSA samples at high 
BSA concentration; as this method cannot provide reliable 
information to study the protein shell owing to the low contrast 
among organic materials.[13]

A theoretical framework has been established to extract 
thickness of BSA shell information from DCS data. Following 
previous reports and assuming a spherical core/shell model for 
the protein-coated particles,[3b,12b] we define the BSA shell with 
a thickness l as the shell and GNPs with a diameter dc as the 
core, as shown in Scheme S2 in the Supporting Information. 
The thickness of the BSA shell is calculated based on density 
values obtained from the literature.[14] In this work, the sedi-
mentation of spherical core/shell model was analyzed in the 
Supporting Information. Finally, the function including the l 
has been obtained, as shown in Equation S7 in the Supporting 
Information. Therefore the l was calculated by using this Equa-
tion S7 in the Supporting Information. The data of shell thick-
ness have been shown in Figure 2. The thickness of the BSA 
shell on GNPs was small and increased slowly for low protein 
concentrations, i.e., below 10−8 m. The thickness increased 
rapidly for higher protein concentrations. As discussed above, 
protein coverage on GNPs is believed to be partial at low pro-
tein concentrations; accordingly, centrifugal fluid flow redis-
tributes BSA to the unoccupied area of the GNP to reduce 
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Figure 1. The Stokes diameters of mixed GNPs and mixed GNP-BSA for 
a series of concentrations.

Figure 2. The BSA shell thickness for mixed GNPs of every diameter after 
incubation with various concentrations of BSA.
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the drag force.[3b] BSA experiences partial deformation during 
the sedimentation process. This explains the fluctuation in 
corona thickness around 1–2 nm. These results are consistent 
with those of Jachimska et al.,[14] who showed that the max-
imum height of individual BSA adsorbed on a silica chip was  
1.0 ± 0.2 nm. This suggests that BSA only formed a monomo-
lecular layer on the GNP surface at low concentrations.

For high protein concentrations, as GNPs were coated with 
more BSA molecules, the BSA shell can get stiff and is not 
easily deformable by the fluid flow. A significant increase of 
BSA shell thickness is observed when the number of protein 
molecules relative to the number of GNPs is high. Importantly, 
a difference in protein thickness among GNPs of different sizes 
is observed. For small GNPs, the BSA is immediately adsorbed 
on the NP surfaces and formed a monomolecular BSA shell 
around the GNP surface at the low concentrations; smaller 
GNPs with high curvature induce the formation of a loose 
protein layer and rapidly established sorption equilibrium.[3b] 
Therefore, the BSA shell is almost invariable until the pro-
tein concentration reaches 10−7m. The BSA shell of all GNPs 
is thickened rapidly as the protein concentration increases and 
multilayer adsorption is dominant, which suggests that the 
GNPs with larger diameter are found more favorable to bind 
BSA in mixed GNPs system.

These results reveal that the BSA shell is thicker on large 
GNPs than that on small GNPs on the whole. This point is 
supported by previous results. Forrest and co-workers have 
studied the denaturing kinetics of BSA adsorbed on GNPs and 
found that the BSA surface coverage is much lower on small 
spheres than on large spheres, and attributed this to the loss of 
the BSA tertiary structure.[15] A similar phenomenon has been  
described by Ge and co-workers[16] and Kundu and co-workers.[17]  
Moreover, at the maximum concentration, the shell thickness 
on GNPs of 30 nm was larger than that of 40 nm GNPs, while 
that of GNPs of 80 nm was larger than that of 100 nm GNPs. 
These differences may be attributed to the difference in the 
degree of compliance with the curvature of the particle surface 
and the structure of BSA. In addition, we measured the zeta 
potential of the six sized NP. The values are −32.6, −40.5, −37.2, 
−40.6, −47.5, −42 mV for GNPs with size from 20 to 100 nm, 
respectively. From the perspective of zeta potential, the GNPs 
with more negative charge tend to bind more BSA molecules, 
owing to the positively charged amino acid residues of BSA.[18]

The high size resolution of DCS which has achieved the 
size resolution of 0.2 nm in analyzing Au clusters[19] is able to 
realize to distinguish GNPs of different diameter in the mix-
ture and the tiny difference among the thicknesses of protein 
shell binding to GNPs. However, this method has a unique fea-
ture that all samples have to be subjected to centrifugal force. 
Centrifugation may affect the BSA shell, since the protein mol-
ecules may become denser in order to reduce the drag force 
in the process of centrifugal movement. It is important to note 
that the thickness of the BSA shell is calculated based on set-
tlement, not in the stationary and free state. Therefore, the 
calculated thicknesses may be smaller than values determined 
by other technologies. For example, the protein thickness was 
8–10 nm for GNP size from 12 to 80 nm and increased to 
15–16 nm for GNP size from 100 to 150 nm in which the value 
of hydrodynamic diameter was measured by DLS.[20]

By assuming the fully covered BSA shell, hence, the mass 
of BSA shell could be obtained by a straightforward calcula-
tion in case of knowing the thickness of BSA shell capped on 
GNP. Therefore, the number of BSA molecules adsorbed on 
GNPs can be calculated according to that the mass of BSA shell 
divided by the molar mass of BSA molecule and multiplied by 
Avogadro’s constant. By comparing the number of BSA mol-
ecules per unit surface area on GNPs (Figure S5, Supporting 
Information), the GNP adsorbed more protein molecules for 
high protein concentrations, and larger GNPs always adsorbed 
more molecules, that was consistent with the above discus-
sion. We have observed that the partition coefficients of BSA 
molecules adsorbed on GNPs of sizes 20, 30, and 40 nm were 
smaller than that on GNPs of 80and 100 nm as shown in 
Figure 3. People were interested in the size-dependent protein 
adsorption on NPs for a long time. Piella et al.[20] have reported 
that the first proteins binding on NPs served as nucleation 
center to deposit and stabilize more proteins. Most assump-
tions and explanations about the formation of PC referred 
that the initial adsorbed proteins have experienced rearrange-
ments to make the adsorption stable and then form irrevers-
ible adsorption. However, the small NPs with limited surface 
restricted this process of protein rearrangement. Moreover, 
the higher surface curvature of smaller GNPs leads to proteins 
separate from each other, and makes the adsorption of further 
BSA more difficult.[21] Based on our experiment result and the 
discussion from literature, we speculated that the smaller NP 
was more capable in resisting nonspecific adsorption.

The ability to monitor protein partitioning simultaneously 
on GNP surfaces provides direct information about competi-
tive adsorption. The protein partition coefficient was calculated 
according to that the number of BSA molecule on GNP with 
one size divided by the sum of number of BSA on GNP with 
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Figure 3. Partition coefficients of BSA molecules adsorbed on GNPs after 
incubation with BSA at a series of concentrations.
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six size. Hence, the partition coefficient of BSA molecules 
adsorbed on GNPs of different size is described in Figure 3. 
The partition coefficient of BSA is small and unchanging for 
small GNPs. However, the partition coefficient is larger and 
subject to change for large GNPs. This reveals that protein 
molecules tend to be adsorbed on large NPs. The trend on the 
interaction of NPs with proteins are still worth examining, but 
the estimates will be greater than the actual values owing to the 
assumptions of the analysis.

In addition, we speculated that this method can distinguish 
different kinds of NP mixtures based on its high sensitivity. 
Therefore, we used a mixture of three kinds of NPs with similar 
size but different density to measure the settling time before 
and after incubation with BSA, as shown in Figures S6–S9 in 
the Supporting Information. The settling time of the mixture 
with the BSA shell is slower than that of each category of NPs 
in the mixture. Additionally, the smaller the nanoparticle den-
sity, the slower the settling velocity, i.e., NPs with smaller den-
sity are more affected by coated protein shells in the sedimenta-
tion. Combined with the results presented in Figure S3 in the 
Supporting Information, sedimentation of NPs with relatively 
small size or density is more severely affected by the formation 
of the BSA shell.

We demonstrated the potential application of DCS in 
simultaneously detection of protein adsorbed NPs in a mix-
ture. Under identical conditions, protein molecules tend to be 
adsorbed on large NPs. Resistance to nonspecific adsorption 
may explain, at least in part, why small NPs are more suitable 
for biomedical applications. Furthermore, the fluid dynamics of 
NPs with smaller size or density is more severely affected by 
the BSA shell. These findings provide insight into the interac-
tions of proteins and multisize NPs of different size and den-
sity. This opens a door for direct observations of BSA shell for-
mation under competitive environment, and can be applied to a 
wide range of NPs and protein systems.

Experimental Section
Reagents and Chemicals: Citrate-stabilized GNPs with nominal 

diameters of 20, 30, 40, 60, 80, and 100 nm were purchased from BBI 
International Ltd. (Cardiff, UK). Sucrose was purchased from Alfa Aesar 
Co., Ltd. (Tianjin, China). BSA was purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Standard NPs of silicon dioxide (SiO2, 150 nm) 
for calibration were provided by the China University of Petroleum.

Apparatus: All nanoparticle images were obtained using an FEI 
Tecnai G2 20 S-TWIN transmission electron microscope operated at 
an accelerating voltage of 200 kV. The measurement of hydrodynamic 
diameter and zeta potential of GNPs were performed using a Zetasizer 
Nano ZS (Malvern Instruments).

DCS was performed using a DC24000 UHR Disc Centrifuge nanoparticle 
size analyzer (CPS Instruments, Inc., Prairieville, LA, USA). The instrument 
was operated at 24 000 rpm with 14.4 mL of sucrose solution in a gradient 
of 8–24% (average gradient density between the point of injection and 
detection was 1.06 g cm−3). In all cases, DI water was prepared using the 
D-Q5 Pure/Ultrapure System (Merck Millipore, Darmstadt, Germany).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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