
High-Throughput Colorimetric Analysis of Nanoparticle−Protein
Interactions Based on the Enzyme-Mimic Properties of
Nanoparticles
Mengyao Wen, Juanmin Li, Wencheng Zhong, Jie Xu, Shaohua Qu, Hui Wei, and Li Shang*

Cite This: Anal. Chem. 2022, 94, 8783−8791 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: While an in-depth understanding of the biological
behavior of engineered nanoparticles (NPs) is of great importance
for their various applications, it remains challenging to
quantitatively characterize NP−protein interactions in a simple
and high-throughput manner. In the present work, we propose a
new, colorimetric approach capable of quantitatively analyzing the
adsorption of proteins onto the surface of NPs by their distinct
peroxidase-mimic properties. Taking cationic AuNPs as an
example, we demonstrate that this colorimetric method is capable
of evaluating NP−protein interactions in a simple and high-
throughput manner in multiwell plates. Important binding
parameters (e.g., the binding affinity) of three different serum
proteins (bovine serum albumin, transferrin, and lysozyme) as well
as human serum to AuNPs with three different sizes (average diameters of 5, 10, and 15 nm) have been obtained. Based on a
quantitative analysis of NP−protein interactions, we observe that the binding affinity and the inhibition efficiency of the nanozyme
activity of AuNPs are strongly affected by the characteristics of proteins as well as the sizes of NPs. These results illustrate the great
potential of the present colorimetric method as a simple, low-cost, and high-throughput platform for quantitatively investigating
NP−protein interactions.

1. INTRODUCTION

Over the past decades, engineered nanomaterials have been
widely applied in biomedical fields, such as drug delivery,
bioimaging, and disease diagnosis.1−5 However, when nano-
materials enter a biological environment, serum proteins
inevitably adsorb to their surfaces to form a “protein corona”
immediately.6 In most cases, the protein corona alters the
physicochemical properties of nanomaterials,7 determining
their biological behaviors in terms of targeting ability,8 immune
response,9 cellular internalization,10 and cytotoxicity.11 There-
fore, an in-depth understanding of nanomaterial−protein
interactions is of great importance for designing safe and
effective functionalized nanomaterials and advancing their
clinic applications.12,13 Despite the great efforts devoted to
understanding nano−bio interactions in the past years,14,15 a
complete picture depicting the protein adsorption behaviors
onto the surface of nanomaterials has not been achieved yet,
which is mainly due to the versatile types of nanomaterials as
well as the lack of efficient and generable characterization tools.
Until now, researchers have developed different biophysical

techniques to elucidate mechanistic aspects of nanomaterial−
protein interactions. For example, gel electrophoresis,16 mass
spectrometry,17 and synchrotron radiation X-ray absorption
spectroscopy18 can provide ex situ information of protein−

nanoparticle (NP) complexes separated from unbound
proteins, whereas in situ methods such as fluorescence
quenching,19,20 fluorescence correlation spectroscopy,21 iso-
thermal titration calorimetry,22 and nuclear magnetic reso-
nance23 can directly monitor the protein adsorption in the
biological environments. However, these methods are normally
incapable of achieving high-throughput quantitative analysis of
the protein corona due to the complexity of operation or
vulnerability to environmental interference, which greatly
limits the efficiency of extracting important information from
NP−protein interactions and the reliability of experimental
results from different measurements. Therefore, it is necessary
and important to develop new analytical tools to quantitatively
characterize NP−protein interactions in a simple and high-
throughput manner.
Recent studies revealed that a wide variety of engineered

NPs exhibit interesting catalytic characteristics that mimic the
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functions of natural enzymes.24−27 For example, similar to
horseradish peroxidase (HRP), many inorganic NPs, such as
Fe3O4 NPs,28 AuNPs,29 metal nanoclusters,30 and graphene
oxides,31 can oxidize colorless TMB (3,3′,5,5′-tetramethylben-
zidine) to a colored product (oxTMB) in the presence of
H2O2, leading to a remarkable absorbance change. Importantly,
the intrinsic peroxidase-like activity of these NPs is strongly
influenced by their surface environment,32−35 and the
adsorption of additional substances from the solution (e.g.,
small molecules and biomolecules) will likely affect the
catalytic efficiency of the colorimetric reaction. Consequently,
the absorbance of the solution shows changes that can reflect
such adsorption events. Therefore, we envision that the
adsorption of proteins onto the surface of these NPs can be
monitored by the peroxidase-based colorimetric method.
Particularly, the peroxidase-based colorimetric method can be
easily integrated with microplate readers, making it possible to
achieve the high-throughput quantitative measurement, i.e.,
characterizing multiple NP−protein samples simultaneously.
Cationic NPs possess great potential in biomedicine due to
their easy binding to biomolecules and favorable cellular
internalization,36−38 but the study of their interactions with
biological systems (e.g., protein adsorption) remains limited.
As an example, we chose AuNPs, one of the most commonly
studied nanomaterials,39−41 as the model cationic NPs, and
investigated their interactions with serum proteins via the
proposed colorimetric method. Using a microplate reader to
measure the absorbance change of the solution, we
demonstrated the feasibility of in situ evaluating the protein
adsorption process in a simple and high-throughput manner
(Scheme 1). Important binding parameters (e.g., the binding

affinity) of three different serum proteins to AuNPs with three
different sizes can be easily obtained. As a result, the influence
of protein characteristics and particle size on NP−protein
interactions has been elucidated by this colorimetric method.

2. EXPERIMENTAL SECTION
2.1. Preparation of AuNPs. (11-Mercaptoundecyl)-

N,N,N-trimethylammonium bromide (MUTAB) was chosen
as a ligand to synthesize cationic MUTAB−AuNPs via a two-
step phase transfer protocol modified from the previous

report.42 Briefly, citrate−AuNPs with a diameter of 5 nm were
prepared using NaBH4 as a reducing agent,43 while citrate−
AuNPs with diameters of 10 and 15 nm were synthesized using
the Frens method.44 Water-soluble citrate ligands on the
surface of AuNPs were exchanged with octadecylamine (ODA)
ligands, yielding oil-soluble ODA−AuNPs. Then, MUTAB was
added to the solution of ODA−AuNPs, which resulted in
water-soluble MUTAB−AuNPs owing due to strong Au−
thiolate interactions. Details on the synthesis and character-
ization of citrate−AuNPs and MUTAB−AuNPs are provided
in the Supporting Information.

2.2. Absorption Measurement of Bovine Serum
Albumin (BSA)−AuNP Interactions. To minimize the effect
on the structure and function of proteins, phosphate-buffered
saline (PBS, 10 mM, pH 7.0) was used as a medium to study
the peroxidase-like activity of MUTAB−AuNPs in the absence
or the presence of proteins at 37 °C. First, the concentration of
TMB and H2O2 was optimized according to the absorbance of
652 nm (oxidized TMB). MUTAB−AuNPs (50 μM Au
concentration) were incubated with varying bovine serum
albumin (BSA) concentrations (0.0001−2 μM) in PBS (10
mM, pH 7.0) for 60 min, and then optimized concentrations of
TMB (4 mM) and H2O2 (1.2%) were added. After incubation
at 37 °C for 40 min, UV−vis absorption spectra (500−800
nm) were measured, and the binding affinity was assessed by
the quantitative analysis of the BSA concentration dependence
of the absorbance values at 652 nm (A652 nm) with the modified
Hill equation45−47

=
+

E
E K C

1
1 ( ’/ )n

max D protein (1)

= −E A A A( )/0 0 (2)

where A and A0 are the absorbances of the solution at 652 nm
in the presence and the absence of protein, respectively, E is
the suppression efficiency of AuNPs’ peroxidase-like activity,
Emax denotes the maximum value of E, KD′ represents the
apparent equilibrium dissociation coefficient of NP−protein
interactions, Cprotein denotes the protein concentration, and n is
the Hill coefficient.

2.3. Quantitative Analysis of Protein−AuNP Inter-
actions Using a Microplate Reader. Generally, a multiwell
plate was used to analyze the interaction of AuNPs with apo-
transferrin (Tf), lysozyme (Lyz), and serum. MUTAB−AuNPs
(50 μM Au concentration) were incubated with different
concentrations of protein at 37 °C for 60 min in a PBS solution
(10 mM, pH 7.0). Subsequently, 40 μL of a solution
containing 20 mM TMB and 6.0% H2O2 was added and
incubated at 37 °C for 40 min. Then, the absorbance of the
solution at 652 nm was measured with the microplate reader.
Interactions between proteins and AuNPs of different sizes
were studied with similar strategies as described above.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of MUTAB−

AuNPs. Cationic NPs possess great potential in various fields,
such as drug delivery, antimicrobial, and biosensing,38,48 but
their interactions with biological systems (e.g., protein
adsorption) remain poorly exploited yet compared with their
anionic counterparts. Therefore, we chose cationic AuNPs as
the model systems in the present study. Herein, cationic
AuNPs were synthesized by a two-step ligand exchange

Scheme 1. Schematic Illustration of Quantitative Analysis of
Protein Adsorption on the Surface of AuNPs by the
Colorimetric Method
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strategy modified from the previous report (Figure 1a).42

Citrate−AuNPs with negative surface charges were first
prepared and octadecylamine (ODA) was employed as an
amine-capped intermediate before the ligand exchange with
positively charged ligands (MUTAB) to avoid the occurrence
of irreversible aggregation. As shown in Figure 1b, MUTAB−
AuNPs of different sizes exhibit apparent surface plasmon
resonance (SPR) absorption bands in the range of 518−523
nm. Transmission electron microscopy (TEM) character-
ization (Figure S1) revealed that MUTAB−AuNPs are well
dispersed with a core size of 4.6 ± 0.6 nm (denoted as AuNPs-
5), 10.1 ± 1.2 nm (denoted as AuNPs-10), and 15.0 ± 2.4 nm
(denoted as AuNPs-15), respectively (Figure 1c). As expected,
the hydrodynamic diameter of these MUTAB−AuNPs is
slightly larger than their core size due to the contribution of
surface ligands and hydration layers. ζ-Potential of all three
types of MUTAB−AuNPs was greater than +30 mV, indicating
good colloidal stability of these cationic AuNPs. The above
characterization showed that these MUTAB−AuNPs exhibit
abundant positive surface charges, good size uniformity, and
colloidal stability, which make them promising for the
subsequent protein adsorption studies.
3.2. Quantitative Analysis of AuNP−Protein Inter-

actions by Colorimetry. To evaluate the feasibility of
characterizing NP−protein interactions by the peroxidase-
mimic colorimetric reaction, we first studied interactions of

AuNPs-5 with bovine serum albumin (BSA), the most
commonly adopted protein system. As shown in Figure 2a,
AuNPs-5 (average diameter of 4.6 nm) indeed exhibits
peroxidase-like catalytic features, which can oxidize the
substrate TMB into a blue product with the maximum
absorbance at 652 nm in the presence of H2O2. Control
experiments showed that both AuNPs and H2O2 are necessary
for the oxidation of TMB. The concentration of TMB and
H2O2 was optimized to yield the largest colorimetric changes,
and 4 mM TMB and 1.2% H2O2 were chosen (Figure S2). To
best mimic the physiological condition of NP−protein
interactions, the colorimetric experiments were all performed
in PBS with a pH of 7.0 at 37 °C.
As shown in Figure 2b, with increasing the BSA

concentration in the solution of AuNPs, a gradual decrease
in the absorbance in the absorption spectra was observed. This
fact suggests that the peroxidase-like catalytic activity of
MUTAB−AuNPs was weakened in the presence of BSA, likely
due to the occurrence of protein adsorption that inhibits the
proximity of the substrate to the surface of AuNPs.49,50 We
note that in one previous study, the nanozyme activity of iron
oxide NPs is increased upon protein adsorption,51 which is
different from the present case. It is likely that the features of
the formed protein corona, such as the protein orientation and
the corona composition, may pose a significant role in the
catalytic process. The dependence of the absorbance at 652 nm

Figure 1. (a) Schematic illustration of synthesizing MUTAB−AuNPs via a two-step ligand exchange strategy. Absorption spectra (b) and the size
histogram (c) of MUTAB−AuNPs based on TEM images. (d) Table of physicochemical characterization of MUTAB−AuNPs of different sizes.
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on the protein concentration can be further quantitatively
analyzed via the modified Hill equation (see the Experimental
Section), which can yield parameters characterizing the
binding affinity between AuNPs and protein. As shown in
Figure 2c, upon fitting the results with eq 1, an excellent
agreement could be obtained, which yielded KD′ = (3.5 ± 0.4)
× 10−8 M. The maximum efficiency, Emax = 0.84 ± 0.03,
suggests a high suppression effect of BSA adsorption on the
peroxidase-mimicking activity of AuNPs. It is worth noting that
this KD′ value is much smaller than that of BSA binding to
AuNPs with negative charges, ∼a 100-fold increase in the
binding affinity.47,52,53 Meanwhile, a similar strong affinity was
observed for cationic metal-oxide NPs interacting with HSA54

or cationic protein adsorption onto anionic AuNPs55 that were
measured by surface plasmon resonance or second harmonic
light scattering techniques, indicating that the high NP−
protein affinity is largely governed by electrostatic interactions.
To evaluate the reliability of the present colorimetric

method for characterizing NP−protein interactions, we next

investigated whether the presence of TMB and H2O2 in the
solution affects the conformation of the protein and their
adsorption behaviors with NPs. Our results showed that the
circular dichroism spectra of BSA remain almost unchanged in
the presence of either TMB or H2O2 (Figure S3), indicating
that the secondary conformation of BSA was not affected by
TMB or H2O2 in the measurement solution. Moreover, the
absorption spectra of the BSA−AuNP solution also remained
unaltered upon further adding TMB or H2O2 (Figure S4),
suggesting that TMB and H2O2 had negligible influence on
interactions between AuNPs and BSA. Previously, researchers
reported a few cases of nanozyme inactivation due to NP
aggregation, competitive binding to NPs’ surfaces, and
inhibition of the generation of reactive oxygen species
(ROS) during the catalytic process.32,56−58 Herein, no
aggregation of AuNPs was observed in the measurement, as
supported by the excellent colloidal stability in the mixture
solution (Figure S4). On the other hand, using terephthalic
acid as a fluorescence probe of a hydroxyl radical (•OH), we

Figure 2. (a) Peroxidase-like activity of AuNPs-5. (b) UV−vis absorption spectra of AuNPs-5 with BSA in the TMB−H2O2 system. Fitting of the
absorbance data that were obtained by the spectrophotometer (c) and the microplate reader (d) with the Hill equation (red line). (e) Schematic
diagram of interactions between AuNPs-5 and BSA. A and A0 are the absorbances of the solution at 652 nm in the presence and the absence of
protein, respectively.
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found that the level of generated •OH for AuNPs-5 was not
affected upon the BSA adsorption (Figure S5).
Based on the above facts, we infer that the adsorption of

protein molecules on the surface of AuNPs will form a
“corona” layer, which then effectively shields the surface of
AuNPs from the substrate (Figure 2e). As a result, the
peroxidase-like catalytic activity of AuNPs was largely sup-
pressed, and the extent of suppression is sensitively reflected by
the amount of the colored product, oxTMB. The more
proteins adsorbed to the surface of AuNPs, the less oxTMB
formed. Therefore, based on these protein adsorption-caused
absorbance changes, one can monitor protein−NP interactions
in a highly simple and quantitative manner. Furthermore, we
also performed the AuNP−BSA binding experiments in the
multiwell plates and recorded the absorbance at 652 nm by a
microplate reader, from which a similar binding curve was also
obtained (Figure 2d). The yielded KD′, (3.1 ± 0.3) × 10−8 M,
is similar to that obtained with a spectrophotometer, which
suggests the feasibility of colorimetric measurement of NP−
protein interactions by the microplate reader.
3.3. Microplate Reader-Based Colorimetric Analysis

of Protein−AuNP Interactions. The above results encour-
aged us to further exploit interactions between AuNPs and
other serum proteins by the microplate reader-based approach.
As shown in Figure 3a, similar to BSA, the peroxidase-like
activity of AuNPs-5 was significantly decreased in the presence
of transferrin (Tf), an important iron-transport protein in the
serum. Further quantitative analysis also showed a good fit of
the absorbance with the modified Hill equation, which reveals
that the binding affinity of Tf to cationic AuNPs-5 (KD′ = (1.2

± 0.3) × 10−8 M) is stronger than that of BSA. In contrast,
lysozyme (Lyz) showed an insignificant effect on the enzyme-
like activity of AuNPs (Figure 3b), and a much weaker color
change was observed in the solution. Consequently, the
obtained dissociation coefficient (KD′ = (131 ± 17) × 10−8 M)
is two orders of magnitude higher than that of BSA, suggesting
a rather weak binding affinity of Lyz to cationic AuNPs. These
results indicate that the peroxidase-like catalytic activity of
AuNPs will be suppressed upon the occurrence of protein
adsorption, and the physicochemical property of proteins
seems to affect the extent of suppression (Figure 3c).
Particularly, the binding affinity between proteins and
MUTAB−AuNPs is affected by their molecular weight, and
the protein with the largest molecular weight (Tf) displays the
strongest affinity.
The surface charge also plays a significant role in nano−bio

interactions, and previous reports showed that surface net
charges of proteins are closely related to their affinity with
NPs.59,60 In a PBS solution with physiological pH (7.0), both
BSA and Tf possess the net negative charge, whereas Lyz
exhibits the net positive charge (Figure 3c). In the presence of
MUTAB−NPs with abundant positive charges, these proteins
could adsorb to their surfaces through the anionic patches via
electrostatic interactions, and more anionic patches resulted in
greater inhibition of the nanozyme activity. BSA and Tf possess
more anionic patches and decrease the enzyme-like activity of
AuNPs by up to 80%, while Lyz with fewer anionic patches
reduced only by 30%.
While these above results demonstrated the feasibility of

investigating interactions of AuNPs with the individual protein

Figure 3. Peroxidase-like activity of AuNPs-5 at different protein concentrations in the TMB−H2O2 system: Tf (a), Lyz (b), and serum (d). Red
lines represent the fitting results to the Hill equation. (c) Structure and properties of three serum proteins in the present study. A and A0 are the
absorbances of the solution at 652 nm in the presence and the absence of protein, respectively. Red and blue colors in the protein structure
correspond to negatively and positively charged patches, respectively, calculated by PyMOL software.
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via the proposed approach, it would be more important to
testify its suitability in a more biologically relevant medium,
plasma serum, which contains hundreds of different proteins
and other small molecules. Therefore, we next investigated
interactions between these cationic MUTAB−AuNPs and the
serum by the present microplate reader-based colorimetric
method. As shown in Figure 3d, with increasing the serum
concentration, the color of the assay solution gradually faded as
in the case of an individual protein, suggesting the inhibition of
nanozyme activity owing to the adsorption of serum proteins.
Further quantitative analysis could also give the parameter of
NP−serum interactions, KD′ = (260 ± 10) × 10−8 g/mL
(Table 1). Importantly, these results could all be achieved in a

multiwell plate simply and rapidly (within 2 h), demonstrating
the feasibility and universality of the present colorimetric
method for high-throughput quantifying NP−protein inter-
actions.
3.4. Colorimetric Analysis of the Size Effect on

Protein−AuNP Interactions. Due to the surface curvature
effect, NPs’ size has been considered an essential parameter
affecting the formation of the protein corona.61,62 Despite
previous studies on NP−bio interactions, the size effect on the
protein interactions of cationic NPs remains poorly exploited.
Herein, by employing the colorimetry-based approach, we
further investigated the influence of NP size on the protein
adsorption of MUTAB−AuNPs. We note that for all three
MUTAB−AuNPs, their surface charge turned from positive to
negative upon incubation with BSA, confirming the occurrence
of protein adsorption (Figure S6). We then studied the
peroxidase-like activity of MUTAB−AuNPs-10 and MUTAB−
AuNPs-15 and optimized the concentration of TMB and H2O2
(Figure S7). Interactions between BSA and MUTAB−AuNPs
with both sizes were then carried out in microwell plates and
compared with the data of AuNPs-5 (Figure 2d). As shown in
Figure 4a, it is apparent that the binding of AuNPs to BSA
exhibits a strong size-dependent behavior. The obtained
parameters such as KD′ (the dissociation constant) and Emax
(the maximum suppression efficiency) are summarized in
Table 1. The results showed that MUTAB−AuNPs with
smaller size exhibit larger KD′, suggesting a weaker binding
affinity to the surface of BSA (Figure 4b). Similarly,
interactions between Tf and MUTAB−AuNPs also exhibit
size-dependent behaviors, as shown in Figure 4c,d. Actually,
previous studies on the protein adsorption of citrate−AuNPs
showed that the binding affinity increases progressively in a
particle size range from 5 to 60 nm,19 and the decrease in KD′
for NPs with enlarged size was also observed in the molecular

interaction of poly(acrylic acid)−AuNPs and fibrinogen.63 On
the one hand, the protein packing density on a relatively flat
surface of large particles is typically higher than that on the
curved surface of small particles.55 On the other hand, proteins
on the surface of NPs with different surface curvatures tend to
adopt different conformations, leading to differences in the
binding mode and affinity.64,65

Upon the protein adsorption, the hydrodynamic sizes of
MUTAB−AuNPs were significantly increased as expected. The
maximum size increase of both AuNPs-10 and AuNPs-15 upon
BSA adsorption is 7.6 and 7.9 nm, respectively, which is
approximately the thickness of the monolayer protein corona
expected for BSA (Figure S8). This observation is in good
agreement with previous studies that the monolayer protein
corona will form on the surface of large NPs.66,67 In stark
contrast, the maximum size increase of AuNPs-5 with the
smallest size is 26.1 nm, which is much larger than the
thickness of the monolayer protein layer expected for BSA.
Such a large size increase indicates the occurrence of forming
AuNP−protein aggregates, which has also been observed
previously for other small NPs.63,68 The hydrodynamic
diameters of ultrasmall NPs are commensurate with those of
small- or medium-sized globular proteins, which give rise to
protein binding through a more restricted contacting interface
compared with that of larger NPs. Consequently, this limited
binding interface leads to the formation of small NP−protein
complexes with relatively low thermodynamic stability.69,70

Particularly for cationic NPs, their abundant positive charges
easily trigger the assembly of serum proteins that are mostly
negatively charged in the physiological pH via strong
electrostatic interactions, as seen in the present study. Taken
together, the size of these cationic NPs can significantly
influence their interactions with proteins, as evidenced by both
colorimetric analysis and hydrodynamic size measurement.
While MUTAB−AuNPs with the smallest size possess the
weakest binding affinity to serum proteins, they tend to form
NP−protein complexes owing to their ultrahigh surface
curvature (Figure 4e). In contrast, MUTAB−AuNPs with a
larger size will form a stable corona layer on their surfaces.
These findings provide important implications for the
development of these cationic NPs for their potential
biomedical applications.

4. CONCLUSIONS
In summary, we presented a colorimetric-based platform for
studying protein adsorption onto NPs with enzyme-like
activity. Utilizing the peroxidase-like activity of cationic
MUTAB−AuNPs, we demonstrated that the colorimetric
method is capable of evaluating NP−protein interactions in a
simple and high-throughput manner in multiwell plates. Based
on quantitative analysis of colorimetric data, we observed that
the binding affinity and nanozyme activity inhibition efficiency
of MUTAB−AuNPs are strongly influenced by the features of
proteins. The inhibition of the nanozyme activity can be
considered akin to natural enzymes where proteins bind to
their active site and lead to the distinct loss of their catalytic
activity. Moreover, the investigation of proteins interacting
with MUTAB−AuNPs of different sizes by this colorimetric
method underlies the distinct role of particle size in defining
the characteristics of the protein adsorption process. Although
we focus on the case of cationic AuNPs in this work, one can
envision that the protein adsorption onto a variety of other
NPs could be investigated by colorimetry similarly. Moreover,

Table 1. Parameters of Proteins Binding to MUTAB−
AuNPs Upon Fitting with the Modified Hill Equation, as
Measured by the Microplate Reader

protein AuNPs KD′ (10−8 M) Emax n

BSA AuNPs-5 3.1 ± 0.3 0.87 ± 0.01 0.96 ± 0.08
AuNPs-10 1.6 ± 0.2 0.87 ± 0.02 0.86 ± 0.04
AuNPs-15 0.8 ± 0.1 0.72 ± 0.01 0.86 ± 0.10

Tf AuNPs-5 1.2 ± 0.3 0.79 ± 0.05 0.82 ± 0.12
AuNPs-10 0.8 ± 0.1 0.86 ± 0.02 0.94 ± 0.10
AuNPs-15 0.6 ± 0.1 0.73 ± 0.02 0.87 ± 0.01

Lyz AuNPs-5 131 ± 17 0.34 ± 0.01 0.99 ± 0.11
serum AuNPs-5 260 ± 10a 0.76 ± 0.01 1.05 ± 0.06

aAsterisk indicates that the unit is 10−8 g/mL.
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these findings on the protein adsorption on cationic AuNPs
would deepen our understanding of their distinct biological
behaviors, which will help researchers to design efficient and
biocompatible NPs for various biomedical applications.
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