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ABSTRACT: Nanoparticle−protein conjugates are promising probes for biological diagnostics as well as versatile building
blocks for nanotechnology. Here we demonstrate a facile method to prepare nanoparticles bearing discrete numbers of BSA
simply by physical adsorption and electrophoretic isolation, in which the specific amphiphilic properties of BSA play important
roles and the number of adsorbed BSA molecules can also be manipulated by tuning the coating extent of nanoparticles by
amphiphilic polymer.

KEYWORDS: nanoparticle, BSA, discrete conjugate, physical adsorption, hydrophobic interaction

Nowadays, nanoparticles (NPs) like noble metal NPs,
magnetic NPs and quantum dots are widely applied to

life sciences as powerful tools for labeling, sensing, imaging,
manipulating and even medical treatment, which is mainly due
to their unique and excellent physical and chemical properties.1

It is well-known that NPs synthesized in higher boiling-point
solvents possess better qualities in size distribution (mono-
dispersed), superparamagnetism, and fluorescence than those
synthesized in aqueous solution, in that the high temperature
can reduce the surface defects by the so-called annealing
process.2 However, higher-boiling-point solvents are normally
hydrophobic oils and make the synthesized NPs protected by
kinds of hydrophobic surfactants, which cannot be directly used
in bioapplications because life enjoys a water environment.3

To transform these NPs from hydrophobic to water-soluble,
scientists developed many approaches that can be classified into
two kinds of strategies: ligand exchanging4 and amphiphilic
polymer coating.5 Because the ligand exchanging normally
requires a higher affinity between the hydrophilic ligand’s
terminal functional groups and NP’s surface atoms than that
between the original hydrophobic ligand’s functional groups
and NP surface atoms, so these kind of approaches are mainly
limited by the NP’s materials, which eventually depends on
whether the ligand with the right chemically matched functional
groups are easily obtained.6 In addition, ligand exchange usually
involves several steps, in which NPs’ loss cannot be hundred
percent avoided.
Compared with the ligand exchange approach, amphiphilic

polymer coating is a more general method that does not

depend on the material properties of NPs, in that the coating
principle is based on the hydrophobic interaction between the
original protecting hydrophobic ligands and the amphiphilic
polymer.7 This generality has made the polymer coating
approach much more popular than the ligand exchange
method, especially when the same surface properties are
required for different material NPs in one experiment. More
importantly, after polymer coating, the functional groups of the
amphiphilic polymer on the NP surface can be used for further
covalent coupling with interesting molecules.8

With predesigned functional polymer coated NPs, one may
think they will smoothly play their roles as expected inside
either serum or cells. However, because of the proteins-filled
serum and the incredibly crowded cellular environments,9 these
NPs are inevitably to be surrounded by the biomolecules such
as proteins, forming a “corona” as hotly studied recently.10 The
corona formed on the NP surface can completely destroy their
predesigned function because the covered proteins alter the
chemical properties of NPs. Although scientists have already
developed strategies to reduce the nonspecific adsorption of
biomolecules to NPs, such as postmodifying PEG or sugar
molecules to the polymer-coated NPs,11 hundred percent
inhibition never be obtained so far.
Because nature has selected that the adsorption of proteins

on NPs is inevitable, why not to make best use of it? As Paul
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Alivisatos said “because of their unique properties, if NPs could
be used as artificial atoms to expand the element table, a
number of artificial molecules with the remarkable functions
could be obtained by a simply grouping different NPs together
via predesigned routes,”12 which is so-called self-assembly and
involves many fields like life sciences and the recently
fashionable 4D printer.13 Previously, a few literature reported
how to obtain the discrete number of biomolecules conjugated
with single NP,14,15 which is a key issue to further self-assemble
NPs to the artificial molecules. Among these papers, single NP
with discrete number of ssDNA can be obtained by agarose gel
electrophoresis, and later with the complementary properties of
base pairs, NPs can be self-assembled into different predesigned
patterns,16 even elegant crystals.17 More interestingly, with the
help of DNA origami, NPs can be grouped into much more
complicated predesigned structures,18 which could be a very
promising method so far to fully realize the artificial molecule
idea. However, proteins as the other important and potential

molecules in life, are much less studied in the direction to direct
NP assembling. Merely one paper we found that reported how
to get the single NPs conjugated with discrete number of
proteins by a complicated method.19

Here in this paper, we have developed a facile method to get
single NPs conjugated with a discrete number of bovine serum
albumin (BSA) just by physical adsorption and electrophoretic
isolation, and the amazing affinity between polymer-coated NPs
and BSA shows high selectivity among proteins with different
kinds of properties and the possible mechanism is discussed.
We took gold NPs (AuNPs, inorganic 5 nm in diameter, and

the hydrodynamic diameter is 12 nm) for an example. To get
AuNPs with an exact number of BSA molecules, physical
adsorption and chemical coupling as a control were studied,
respectively. For the chemical coupling, EDC chemistry was
employed to form a peptide bond between the carboxylic group
of amphiphilic polymer around AuNPs and the amino group on
the surface of BSA molecules. From Figure 1A, the bands

Figure 1. AuNPs with discrete BSA obtained by agarose gel electrophoresis. (A) AuNPs with discrete BSA obtained by EDC coupling. From left to
right, the 1st lane is the AuNPs without EDC or BSA as a control, and the rest lanes from left to right are AuNPs mixed BSA with fixed molar ratio
(BSA/AuNPs: 500/1) and regularly increased EDC amount, and the molar ratios of EDC to AuNPs are 31.25/1, 62.5/1, 125/1, 250/1, 500/1,
1000/1, 2000/1, 4000/1, 8000/1, 16000/1, 32000/1, and 64000/1, respectively. (B) AuNPs with discrete BSA obtained by physical adsorption.
From left to right, the 1st lane is also a control of AuNPs without BSA, and the rest of the lanes are AuNPs mixed with BSA with regularly increased
molar ratios (BSA/AuNPs): 50/1, 100/1, 150/1, 200/1, 250/1, 300/1, 350/1, 400/1, 450/1, and 500/1. All the gel electrophoresis was conducted
under 4 V/cm, 2% agarose gel was run in TBE (1 × ) buffer for 60 min.

Figure 2. Fluorescence quenching studies on BSA physically adsorbing to AuNPs at 298 K. A) The corrected steady-state fluorescence spectra of
BSA (0.6 μM) with various amounts of AuNPs whose concentrations varied (a−i): 0, 18, 24, 30, 36, 42, 48, 54, and 60 μM, respectively, as
represented by an arrow, at 298 K (λex = 280 nm). The fluorescence intensity of the peaks decreased from a to i. (B) Stern−Volmer plot (black dots)
and the corresponding linear fit (red line). (C) Modified Stern−Volmer plot (black dots) and the corresponding linear fit (red line). (D) Van’t Hoff
plot (black dots) at three different temperature (298, 304, and 310 K) and the corresponding linear fit (red line). For all the plots, F and F0 denote
the corrected fluorescence intensities of BSA in the presence and absence of quencher (AuNPs), respectively. And the [Q], Ka, and T represent the
concentration of AuNPs, the binding constant of the physical adsorption system, and the absolute temperature, respectively. The error bars were
obtained from 3 replicates.
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retarded more and more with the EDC increasing (see the
Supporting Information, Table S1), indicating more and more
BSA molecules were linked to the AuNPs. For the physical
adsorption, AuNPs mixed BSA with different molar ratios (see
the Supporting Information, Table S2) showed the similar
discrete bands on agarose gel (Figure 1B), and there were
AuNPs with exact 0, 1 BSA molecules can be clearly separated,
indicating there formed a very strong attractive interaction
between BSA molecules and AuNPs. The strong affinity was
further proved by an additional experiment in which the
purified AuNP-BSA complex can resist the second-time gel
electrophoresis (see the Supporting Information, Figure S1).
Because gel electrophoresis has been believed as a very reliable
separation method that normally the weak/nonspecific
interactions can be easily broken during the electrophoresis
processes. For instance, AuNPs protected by citrate cannot run
in agarose gel, because the interaction between citrate and gold
cannot resist the strong separation effects caused by both
electric fields and the size exclusion, so scientists generally have
to make a ligand exchange with phosphines before running
these AuNPs in agarose gel.20 However, because the pKa of
carboxylic group is generally less than 5, so both BSA and
AuNPs should be negatively charged in basic buffers (such as
sodium borate (SB) buffer with a pH of 9.0 and tris borate
EDTA (TBE) buffer with a pH of 8.3) which will produce a
relatively strong repelling interaction between each other. Then
a question naturally comes out: why these two repelling matters
can self-assemble together and how the complex can resist the
strong electrophoretic isolation.
To this end, fluorescence quenching method (see the

Supporting Information) was employed to study both kinetics
and thermodynamics of the physical adsorption procedure.21

From Figure 2, one can see the fluorescence of BSA was more
and more quenched with the increasing addition of AuNPs.
The Stern−Volmer quenching constant (which is a measure of
the quenching efficiency) was calculated to 2.20 × 107 M−1.
Normally, τ0 of biopolymers is taken as 1 × 10−8 s,22 so the kq is

determined to 2.20 × 1015 M−1 s−1. This kq is much larger than
the diffusion-controlled limit (normally near 1 × 1010 M−1 s−1),
which indicated that a static quenching procedure involved in
the physical adsorption. Therefore, a modified Stern−Volmer
equation (Supporting Information, eq 3) should be used to
analyze the quenching data. With the resultant adsorption data
at three different temperatures (298, 304, and 310 K) shown in
Table S4 in the Supporting Information, it is clear that the Ka is
inversely correlated with temperature, which further confirmed
that the AuNP-BSA adsorption is initiated by the conjugate
formation (static quenching). In addition, the sign and
magnitude of the thermodynamic parameters for protein
reactions are usually used to identify the kind of main forces
contributing to the ligand-protein stability.23 By using van’t
Hoff equation (see the Supporting Information, eq 4) and
Gibbs−Helmholtz equation (Supporting Information, eq 5),
the interaction processes of the current study were found to be
spontaneous as evident from negative ΔG0 values (see the
Supporting Information, Table S4). On the other hand, both
the negative ΔH0 (−29.43 kJ/mol/K) and the positive ΔS0
(45.17 J/mol/K) values indicate that the AuNP-BSA
interaction can be spontaneous because the physical adsorption
of AuNP-BSA releases heat to environments/surroundings and
in fact the ΔS0 of the whole system including surroundings and
AuNP-BSA reaction system should be positive, which is
consistent with the second law of thermodynamics.
Some scientists proposed that BSA has positively charged

residues (such as lysine, arginine and histidine) on the surface,
and which can attract the negatively charged AuNPs, generating
the driving force of physical adsorption.24 However, if look at
the crystal structure of BSA, one will find that the negatively
charged residues (such as glutamine and aspartic acid) and
positively charged residues nearly evenly distributed around the
surface (Figure 3), and in such basic buffers we believe the
negatively charged groups should be completely dissociated, so
that the repelling force will be bigger than the attracting force.

Figure 3. Charge distribution of BSA 3-D molecular structure. The picture is obtained from NBCI database by Cn3D. (A) is the front side of BSA,
(B) is the back side of BSA. In this picture, the red color indicates negatively charged residues, the blue color indicates positively charged residues,
and the gray color indicates uncharged residues.

Figure 4. AuNPs with 1 BSA treated by SDS. (A) AuNPs with 1 BSA coupled by EDC chemistry. (B) AuNPs with 1 BSA by physical adsorption.
For these 2 gels, from left to right, both the 1st lanes are AuNPs without BSA as controls, and the rest lanes are AuNPs with 1 BSA washed by SDS
solution of regularly increased concentrations: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10%, respectively.
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Hence, we think the other reason could be the local
hydrophobic interaction.
To figure out whether the hydrophobic interaction

dominated the adsorption driving force, we employed sodium
dodecyl sulfonate (SDS) to cover/reduce those exposed
hydrophobic regions (defect sites) on the surface of
amphiphilic polymer coated AuNPs. This control experiment
was designed by two reasons. First, SDS has a negatively
charged hydrophilic “head” which possesses equivalent effects
as the carboxylic groups of amphiphilic polymer, so it will still
keep the original surface chemical state; Second, SDS is so
small that its hydrophobic tails can easily insert into the local
hydrophobic sites on both BSA and AuNPs thus can eliminate
the driving force. In practice, SDS solutions with different
concentrations were added into the both chemically coupled
and physically adsorbed complex samples. From Figure 4, we
can see that with the increasing of SDS concentration,
physically adsorbed BSA molecules completely departed away
from the AuNPs. In contrast, chemically coupled BSA
molecules only departed nearly 50% away from AuNPs,
which indicates the left are covalently coupled, and the
intermediate bands in Figure 4B also indicated some of BSA
molecules were exchanged by SDS molecules. Some studies
claimed that BSA has a free thiol group (-SH) which can form a
gold−thiol bond when the BSA adsorbed to the AuNPs,25

however the current control experiments proved that gold−
thiol bond was not formed since SDS cannot exchange the
gold−thiol bond, this may be due to the amphiphilic polymer
contribute a too thick shell (about 3.5 nm determined by
dynamic light scattering method, see the Supporting
Information, Figure S5A) for BSA to readily touch the real
gold material surface.
BSA is believed as an amphiphilic protein, we also took other

proteins with different properties (see the Supporting
Information, Table S3) to do the adsorption experiments,
and the results (see the Supporting Information, Figure S2)
showed only human serum albumin (HSA) showed the similar
phenomena as BSA did. The reason was believed that HSA has
the similar structure and amphiphilic property as BSA’s, which
indicates the strong affinity caused by physical adsorption has
high selectivity of protein structure, and further proves the local
hydrophobic interaction is the driving force. Because the PI of
protein in a certain buffer can determine the extent of surface
charge, and the results showed that neither the more negatively
charged proteins (chymotrpsin and pepsin) nor the more
positively charged proteins (insulin, hemoglobin, myoglobin,
and HRP) showed the similar adsorption phenomena as BSA
did, which further proves the local hydrophobic interaction
dominates the driving force rather than the electrostatic
interaction. In addition, the molecular weight of the protein
is also a necessary factor to form the discrete AuNP-protein
conjugates. In the Supporting Information, Figure S3, discrete
conjugates only formed by bigger proteins such as hemoglobin
(64 kDa), HSA (66 kDa), and BSA (66 kDa), but not by the
small proteins like insulin (5.8 kDa), chymotrpsin (13 kDa),
myoglobin (17 kDa), pepsin (35 kDa), and HRP (34 kDa),
which showed the similar molecular weight effect with PEG or
DNA experiments reported previously.14,15

The adsorption interaction between proteins and NPs could
also influence the EDC coupling efficiency. One can imagine if
the repelling force is too big that the particles and proteins will
never touch each other, thus how can the coupling reagents
such as EDC link them together? To make a test, we took these

eight kinds of proteins to do the EDC coupling with AuNPs.
And the results showed BSA still showed the best coupling
effect (see the Supporting Information, Figure S3), which
indicates the strong affinity between NPs and proteins can
highly improve the efficacy of chemical coupling, too.
We have also characterized the conjugates by dynamic light

scattering (DLS). The results showed that the AuNP-BSA
conjugates are a little bigger than the AuNPs without BSA
adsorption in diameter in solution (see the Supporting
Information, Figure S5A).There are several papers reported
after the adsorption to nanoparticles, the protein’s conforma-
tion and its secondary structure will be changed.10,26 Here in
this paper, we have also checked the structural changing by
employing circular dichroism (CD). However, the CD results
showed that the BSA still kept intact in secondary structure
level after adsorbed to AuNPs (see the Supporting Information,
Figure S5B). We speculate that the thick polymer shell may act
as a “matrix/mattress” to prevent BSA from touching the gold
surface, which might be also an advantage for the further
nanofabrication to keep the original conformation of the
conjugated proteins.
By a simply stoichiometric calculation, we can get the average

number of amphiphilic polymer coated on a single AuNPs is
25.27 Because the steric hindrance effect, the amphiphilic
polymer has to fold itself to fit for the surface of AuNPs.
However, there inevitably exists such a situation: theoretically
calculation needs 25.5 polymer to completely cover the surface
of AuNPs. In this case, AuNPs surface cannot accommodate
such 0.5 polymer. As a compromising result, only 25 polymers
can stay on the AuNPs surface, so there are about 20
hydrophobic sites (one amphiphilic polymer has 40 hydro-
phobic monomer units in average27−29) still exposed on the
polymer-coated AuNPs. And because BSA is also an
amphiphilic molecule, when they collide with each other, the
hydrophobic interaction between their local hydrophobic sites
generates a strong affinity. To further prove this hypothesis, we
deliberately reduced the amount of amphiphilic polymer during
the coating procedure, and got a batch of polymer-coated
AuNPs with more defects exposed in solution. Then the
physical adsorption experimental results showed AuNPs
adsorbed with 2 BSA molecules can be isolated (see the
Supporting Information, Figure S4), which further proved the
hydrophobic interaction play a significant role for this strong
affinity and the discrete number of BSA can be manipulated by
tuning the polymer coating extent. We concluded the
mechanism to a hypothesis that the main driving force to
self-assemble BSA and AuNPs together is the strong hydro-
phobic interaction between the local hydrophobic parts on their
surface, since both BSA and the coating polymer have been
considered amphiphilic (Figure 5).
To the best of our knowledge, this could be the first paper to

show that the NPs with discrete proteins can be obtained by
simply physical adsorption. Compared with the chemical
coupling, the physically adsorption shows not only the strong
affinity to resist gel electrophoresis, but also shows the easily
departing properties by SDS, which might be useful to some
specific instances like reversible self-assembly. The reason for
the strong affinity proposed in this paper can be also a new
mechanism to enrich the NP-Protein interaction theories. From
the high selectivity point of view, this strong attraction can be
somehow comparable to the “catching bond″30 or the specific
interaction between pairs like antibody and antigen, ligand and
receptor, aptamer and its substrate, and so on. This specificity
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might need further studying the hydrophobic sequence of BSA/
HSA, which may help us to design the de novo peptides or
fusion proteins for the predesigned nanofabrication. Because
the amphiphilic polymer coating does not depend on the NP’s
material properties, so we believe this facile physical adsorption
can be applied to all other polymer coated nanoparticles with
different chemical properties as well. Finally, although NP/
protein conjugates hold important promises for being the next
generation of nanobiosensors or versatile building blocks for
nanofabrication, to work in nanoscale biological environments,
the amphiphilic polymer coating could never be perfect at
avoiding the exposed hydrophobic defects; thus, further
techniques still need developing.
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