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ABSTRACT: In this study, we investigated the interaction between five biorelevant
molecules and citrate-capped gold nanoparticles using dynamic light scattering, -
potential analysis, UV—vis absorption spectroscopy, and transmission electron
microscopy. The five biomolecules are bovine serum albumin (BSA), two
immunoglobulin G (IgG) proteins, immunoglobulin M (IgM), and a polysaccharide
molecule, hyaluronan. BSA, IgG, and IgM are high abundance proteins in blood.
Hyaluronan is a major component of the extracellular matrix. An abnormal level of
hyaluronan in blood is associated with a number of medical conditions including
rheumatoid arthritis and malignancy. Five different interaction modes were observed
from these molecules. While BSA and IgM interact with the gold nanoparticles by
forming electrostatic interactions with the citrate ligands, IgG and hyaluronan adsorb
to the nanoparticle metal core by displacing the citrate ligands. BSA, rabbit IgG, and
hyaluronan formed a stable monolayer on the nanoparticle surface. Human IgG and
IgM caused nanoparticle cluster formation upon interacting with the gold

nanoparticles. For the first time, we discovered that hyaluronan, a highly negatively charged polyglycosaminoglycan, exhibits
an exceptionally strong affinity toward the citrate—gold nanoparticles. It can effectively compete with IgG to adsorb to the gold
nanoparticles. This finding has exciting implications for future research: the molecular composition of a protein corona formed
on a nanoparticle surface upon mixing the nanoparticle with blood or other biological fluids may vary according to the
pathological conditions of individuals, and the analysis of these compositions could potentially lead to new biomarker discovery

with diagnostic applications.
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B INTRODUCTION

Citrate-capped gold nanoparticles (ctGNPs), also known as
gold colloids, can be prepared conveniently using Turkevich or
modified Turkevich method in large quantity and high
quality.'~* Because such particles are made in aqueous solution,
they can be readily applied for biological studies and
applications following conjugation with various biomolecules.>®
Like other nanoparticle materials, many proteins readily adsorb
to ctGNPs through noncovalent interactions to form a so-called
“protein corona”.”~** This simple physical adsorption process
has been widely used to prepare gold nanoparticle bioconju-
gates, especially gold immunoprobes for immunohistology
analysis and in vitro diagnostics."*~ '

To further extend the application of gold nanoparticles in
both in vitro and in vivo systems, the study of interactions
between different biomolecules, especially biomolecules exist-
ing in the blood and gold nanoparticles becomes more
important. Such studies are not only necessary to help better
understand the activity and potential toxicity of gold nano-
particles in the biological systems but also may lead to new
diagnostics and personalized medicine. Our blood system
contains thousands to tens of thousands of different proteins
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and other types of biomolecules including polysaccharides,
DNAs, RNAs, lipids, and small molecular metabolites.”*®
Studies reported so far by a number of research groups have
identified more than S50 blood proteins adsorbed to the
ctGNPs.'>"! In addition to proteins, lipids molecules were also
found in the protein corona.” The composition and relative
quantity of biomolecules existing in the blood are affected by
the physiological and medical conditions of each individu-
al."’*! Therefore, it is possible that the types and amounts of
biomolecules adsorbed to the ¢tGNPs could also vary from
person to person, reflecting the medical conditions and status
of individuals. We recently discovered from the study of animal
models and prostate cancer patients that the presence of a
prostate tumor can change how serum proteins interact with
ctGNPs.”>** By studying and analyzing the specific biomole-
cules adsorbed to the c¢tGNPs, new molecular biomarkers may
be identified for diagnostic applications.
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Despite extensive research and studies conducted on ctGNPs,
our understanding on how various biomolecules interact with
ctGNPs remains rather limited. The c¢tGNP has two structural
components that can contribute to the chemical interactions
with biomolecules: the metal core surface and the citrate
ligands. One fundamental question yet to be clarified is during
the interaction, does the biomolecule bind with the metal core
or with the citrate ligands, or through both? Another more
practical question is how to evaluate the relative binding of
various biomolecules with the ¢tGNPs, especially in a mixture
of biomolecules. Such analysis may help predict and determine
the composition of the “biomolecular corona” formed on the
nanoparticle surface in complex biological fluids such as blood
serum. Also, while most studies conducted so far were focused
on proteins, much less attention has been paid on the
interaction of other types of biomolecules, such as poly-
saccharides with the ¢tGNPs. Similar to proteins, polysacchar-
ides represent a major structural and functional component of
the biological system, especially in the extracellular matrix. It is
important to consider polysaccharides in the overall context of
biomolecule—ctGNP interactions.

In this study, we investigated the interactions between five
different biomolecules and ctGNPs: bovine serum albumin
(BSA), two immunoglobulin G (IgG) proteins, human
immunoglobulin M (hIgM), and a negatively charged
polysaccharide, hyaluronan (HA). Serum albumin is one of
the most abundant blood proteins. BSA has been used as a
model protein in several studies to examine the protein-ctGNP
interactions.”* "> We include BSA in the study for comparison
purpose. IgG and IgM are also abundant blood proteins.
Although a typical IgG is an immunoglobulin monomer, IgM is
a pentamer of immunoglobulin protein. Among the two IgG
proteins included in this study, one is a rabbit IgG (rblgG) and
one is human IgG (hIgG). Although rblgG is a monomer,
human IgG purified from pooled human blood donors is
known to contain a certain percentage (up to ~40%) of dimers
and oligomers.>* > We shall demonstrate in our study that
even the same type of protein could interact with nanoparticles
quite differently. Hyaluronan (HA) is a major component of
the extracellular matrix (ECM). Extensive research and
evidence have shown that HA is associated with various cancer
development including prostate and bladder cancer.**™*” In
reference to our recent finding of prostate tumor-induced
changes in the blood serum—ctGNP interaction products,”>*®
we asked a question if HA is a tumor-associated molecule that
could have caused these changes. Studies have been reported
on covalently conjugating HA to c¢tGNP as a drug delivery
system or for in vivo diagnosis and imaging purposes.*®”*’
However, to our best knowledge, no study has been reported
on the noncovalent interaction between HA and ¢tGNP, and
more importantly, if and how the presence of HA may affect
the adsorption of other serum proteins with the ctGNP.

From this study, we discovered that different biomolecules
can have different interaction modes with the ctGNP. In
particular, with regard to BSA, rbIgG, hIgG, hIgM, and HA, we
found the following interaction modes, as illustrated in Figure
1: (1) BSA forms a highly stable, monolayer-like protein corona
on the GNP surface through electrostatic interaction with the
negatively charged ligands on the nanoparticle surface, (2) IgG
(both rbIgG and hlgG) interacts with ctGNPs by displacing the
citrate ligands and binding with the nanoparticle metal core, (3)
while monomeric rbIgG forms a monolayer-like protein corona
on the GNP surface, hIgG causes an irreversible coalescence of

Figure 1. Illustration of five different interaction models between BSA,
rabbit IgG (rblgG), human IgG (hIgG), human IgM (hIgM), and
hyaluronan (HA) with ctGNP.

the GNPs into large aggregates, (4) hIgM interacts with the
ctGNPs through the citrate ligands and cross-links ctGNPs into
nanoparticle clusters but not aggregates, and finally (5) HA
binds directly to the GNP metal core by displacing the citrate
ligands, forming a polysaccharide coating on the GNP surface.
The interaction of HA with ctGNP was found to be dependent
on the molecular weight of HA. Furthermore, from the
competitive adsorption studies, we discovered that HA has a
high affinity with the ctGNPs. HA, especially the high molecular
weight HA, can compete with IgG to bind with the ctGNPs at a
significantly lower concentration than IgG.

Our study reveals that biomolecular interaction with ctGNPs
is a rather complicated process controlled by many factors.
Multiple experimental approaches need to be used to
understand the different interaction modes. For the first time,
we demonstrate that tumor-associated molecules could
compete with blood proteins and biomolecules to bind with
ctGNPs, therefore, changing the composition profile of the
protein corona formed on the nanoparticle surface. This finding
pointed out an interesting new opportunity in nanoparticle
research: by analyzing the molecular composition of protein
coronas formed on the nanoparticle surface, new molecular
biomarkers specific to certain diseases and medical conditions
may be discovered.

B RESULTS AND DISCUSSION

Particle Size and {-Potential Analysis. Dynamic light
scattering (DLS) was used here as the primary tool to study the
biomolecule—GNP interaction. Most biomolecules are large
molecules with a hydrodynamic diameter varying from a few
nanometers to 100s of nanometers. As many studies have
shown previously, when a layer of biomolecules is adsorbed to
the nanoparticles, the average particle size is expected to
increase and this size increase is readily measurable by
DLS.'"”**"'~% The typical molecular weight of BSA, IgG,
and IgM is around 60, 150, and ~750 kDa. HA as a
polysaccharide and can have different molecular weights. Four
molecular weights of HA were chosen for this study: a high
molecular weight of 1.5 million Da (HAH), a medium size of
289 kDa (HAM), a low molecular weight of 29 kDa (HAL),
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and an ultralow molecular weight of 7 kDa (HAU). A ctGNP
product from Ted Pella with an average hydrodynamic
diameter of 92—95 nm at a concentration of 10 pM was used
throughout the whole study.

Figure 2A is the average particle size of the nanoparticle
solution upon mixing with the five different biomolecules,
respectively. HA used in this study is the medium molecular
weight HAM. In general procedure, 2 uL of biomolecule
solution at a concentration of 1 mg/mL was mixed with 40 uL
ctGNP solution. The final molar concentration of BSA, rblgG,
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Figure 2. Size and (-potential of biomolecule—ctGNP interaction
products. (A) Dynamic light scattering analysis. Mixed biomolecule—
ctGNP solution was prepared by adding 2 uL of biomolecule solution
at a weight concentration of 1 mg/mL with 40 yL of ctGNP solution
(95 nm, 10 pM). The average particle size of the mixed solution was
measured following a 6 min of incubation. (B) Time-dependent
adsorption study of rbIgG, hIgG, and hIgM with ctGNP. The relative
amount of protein and ctGNP in the study is the same as used in panel
A). (C) ¢-Potential analysis. Mixed biomolecule—ctGNP solution was
prepared by adding 2 uL of biomolecule solution at a weight
concentration of 1 mg/mL with 600 yL of ctGNP solution. {-Potential
was measured following a 6 min of incubation time. HA used in this
study is a medium molecular weight HAM.

hIgG, higM, and HA in the nanoparticle mixture solution is
approximately 18.0, 6.0, 6.0, 1.2, and 3.0 uM, respectively. The
lowest protein concentration, which is hIgM solution, is 120
000 times in excess over the gold nanoparticle concentration
(10 pM). Therefore, it can be considered that all the
nanoparticle adsorption studies were performed under
saturated biomolecular concentration. Following a 6 min of
incubation time at room temperature, the particle size was
measured. For BSA and rbIgG, the average particle size
increased by about 10 and 20 nm, respectively. These numbers
are in line with previous reports by us and other groups,***'~*
and also agree with the hydrodynamic diameter of BSA and L%G
monomer of $ and 10 nm as determined by other methods.****
The determined “protein corona” thickness corresponds to the
size of BSA and monomer IgG adsorbed to the GNPs. This also
suggests that BSA and rbIgG formed a monomolecular layer on
the GNP surface.

Different from BSA and rblgG, the average particle size for
hIgG and IgM is much more substantial. hIgG leads to a
particle size increase from 95 nm to ~300 nm, while IgM
causes a particle size increase to ~800 nm following the same
incubation time. Such large particle size increase signals the
presence of protein oligomer/aggregates in the protein
solution.* Indeed, hIgM is a pentamer of immunoglobulin.
hlgG purified from pooled human blood donors is known to
form a so-called idiotype-anti-idiotype dimers and
oligomers.***" The presence of hIgG oligomers was confirmed
using size exclusion chromatography (Figure S1, Supporting
Information). The hIgM pentamer and hIgG oligomer can thus
cross-link GNPs together, leading to a substantial particle size
increase.

A time-dependent kinetic adsorption study also confirmed
the monomer and oligomer state of rbIgG, hIlgG and hIgM
antibodies (Figure 2B). The interaction of hlgG and hIgM
oligomers with ctGNP caused a continuous and large particle
size increase of the mixed protein-ctGNP solution over time,
while the average particle size of the mixed rbIgG-ctGNP
solution quickly increased by 20 nm and remained constant,
indicating the formation of a completely covered, stable
antibody monolayer on the nanoparticle surface.

The interaction of HA with GNP is rather unique. Despite
the relatively large molecular weight of HA used in this study,
289 kDa, which is almost 2 times the molecular weight of an
IgG monomer (150 kDa), the adsorption of HA to ctGNP only
led to a particle size increase of ~10 nm (Figure 2A). HA is a
linear polyglycosammoglycan (GAG) with one carboxylate
group per monomer unit.>> Therefore, HA is highly negatively
charged under physiological pH conditions. Literature reports
suggest that HA adopts a linear, semiflexible conformation.*’
Because HA is also highly negatively charged, it can be assumed
that HA does not adsorb to the ctGNPs by interacting with the
citrate ligands. The only possible mode for HA to interact with
ctGNP is to displace the citrate ligands and “wrap around” the
gold nanoparticles with an extended chain conformation as
illustrated in Figure 1. In other words, HA must interact with
the ctGNP through the metal core.

The {-potential analysis revealed different surface charges of
the GNPs treated with the five biomolecules (Figure 2C). To
perform the study, 2 uL of biomolecule solution was mixed
with 600 uL of ctGNP. After a few minutes of incubation time,
the {-potential was measured. The {-potential of ctGNP is
about —36 mV. Following the adsorption of BSA, rbIgG, higG,
hIgM, and HA, the {-potential of the nanoparticle became —40,
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—20, —4, —11, and —40 mV, respectively. The ctGNP is
suspended in pure water with a pH of 5—6. In a control
experiment, a same amount of biomolecule solution was added
to 600 uL pure water. {-Potential measurement on these
control solutions cannot be performed because the scattering
intensity of the solution is too weak. The photon count rate of
pure biomolecule solutions is less than 1—2 kcps and the count
rate of ctGNP and mixed biomolecule—ctGNP solutions is a
few hundreds kcps (kilo-counts per second). This control
experiment confirmed that the {-potential measured from the
biomolecule—ctGNP mixed solution is from the biomolecule-
modified ctGNP, not a sum effect of ctGNP plus the
biomolecule. The (-potential data alone does not provide
direct information on the interaction modes between the five
biomolecules and the ¢tGNP. However, in combination with
the results as discussed in the following sections, {-potential
measurement provides additional supporting evidence on
certain interaction modes and mechanisms.

UV-Vis Absorption Spectroscopy and Transmission
Electron Microscopy (TEM) Analysis. The UV-—vis
absorption spectra revealed several differences between the
five biomolecule-treated ctGNPs (Figure 3A). The interaction
of c¢tGNP with BSA, HA, and rbIgG led to only a few
nanometers of red shift in the surface plasmon resonance
(SPR) wavelength. The interaction with hIlgM caused an
approximately 15 nm red shift and slight broadening of the SPR
band. In contrast, the interaction of hIgG led to significant
broadening of the SPR band and a red shift of Amax by more
than 40 nm. It is interesting to note that despite the larger
particle size of the hIgM—ctGNP mixture as detected by DLS,
hIgG—ctGNP exhibits a more significant level of nanoparticle
cluster or aggregate formation according to the SPR band shift.
This is further confirmed by TEM analysis. Representative
TEM images show that the nanoparticles following hIgG
treatment are severely coalesced together into large aggregates
(Figure 3B,C), while the nanoparticles in the hIgM—ctGNP
mixture are clustered together, but with a well-defined gap
between the nanoparticles (Figure 3D,E). The average
particle—particle distance of the nanoparticle clusters found in
the hIgM—ctGNP mixture is about 20 nm, close to the
estimated diameter of hIgM. Additional low magnification
TEM images of ctGNP, hIgG—ctGNP, and hIgM—ctGNP
interaction products are included in the Supporting Informa-
tion (Figure S2).

To explain the difference between hIgG and hIgM, we
propose the following reasoning. During the interaction
between hIgG and ctGNP, the citrate ligand layer is destroyed
or partially destroyed, leading to the exposure of the gold
nanoparticle metal core. Before a complete hIgG monolayer is
formed on the nanoparticle surface, the hIgG dimer/oligomer
brings the “naked” gold nanoparticles together and strong van
der Waals interactions between such nanoparticles cause an
irreversible coalescence of the nanoparticles into large
aggregates. In contrast, hIgM cross-links ctGNPs through
electrostatic interactions with the citrate ligands. The gold
nanoparticles remain covered by the citrate ligand layer during
the interaction; therefore, no coalescence would occur.

Competitive Binding of Hyaluronan (HA) over higG
with ctGNP. Through competitive adsorption study, we
discovered that hyaluronan can effectively compete with hlgG
to bind with ctGNP. Several lines of experimental evidence are
presented here. In a first experiment, HA with a low molecular
weight of 29 kDa (HAL) was mixed with hlgG or hIgM
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Figure 3. (A) UV—vis absorption spectra of ctGNP upon adsorption
of various biomolecules. The mixture solution was prepared by adding
20 uL of biomolecule solution at a fixed weight concentration of 1 mg/
mL to 400 uL of ctGNP solution. (B—E): Representative TEM images
of hIgG (B and C) and hIgM (D and E) interaction products with
ctGNP.

solution at different concentrations. The concentration of hIgG
and hIgM was 1 mg/mL. The final concentration of HAL in the
mixed solutions was 0, 0.005, 0.05, and 0.5 mg/mL,
respectively. The presence of HAL in hIgG solution led to a
substantially reduced average nanoparticle size compared to the
pure hIgG solution (Figure 4A). Even at 0.005 mg/mL (0.5%
of the hIgG concentration), HAL still caused a visible
nanoparticle size reduction. In contrast, no significant difference
was observed from the pure hIgM and mixed HAL/hIgM
solutions, even at a weight concentration as high as 0.5 mg/mL
(Figure 4B).

The size reduction caused by HA in the hIgG adsorption
assay could be due to two reasons: (1) competition between
HA with hIgG to bind with the c¢tGNPs, or (2) interaction
between HA and hIgG, preventing hIgG from binding with
ctGNPs. To identify which possibility is the case, we first mixed
25 uL of HAL at a concentration of 1 mg/mL with 500 uL of
ctGNP, and then purified the conjugation product by centrifuge
and washing with water. The average diameter of the HA-
modified GNP increased by about 10 nm compared to the

dx.doi.org/10.1021/am506112u | ACS Appl. Mater. Interfaces 2014, 6, 21184—21192



ACS Applied Materials & Interfaces

Research Article

A 300 B 900
. 250 __ 800 -
E £
o
] 200 - ‘g 700 -
@ &
<@ 2
2 150 mhigG 2 600 ® higM
© ©
o . ' o
50 400
0 0.005 0.05 0.5 0 0.005 0.05 0.5
HA Concentration (mg/mL) HA Concentration (mg/mL)
C 900 D 1000
800 - 900 |
700 jl 800
‘g 600 - g 700 I m PB Buffer
v o 600 -
500 H HAH
& B ctGNP & 500
© 400 o uHAM
L HA Modified GNP L 400
£ 300 - L 300 = HAL
a a
100 - 100 -
0 0

higG higM

higG higM

Figure 4. Effect of hyaluronan (HA) on hIgG and hIgM interaction with ctGNP. (A) GNP adsorption assay of hlgG treated with low molecular
weight HAL (M.W. 29 kDa) at different concentrations. One microliter of HAL solution at a concentration of 0, 0.1, 1, or 10 mg/mL was mixed with
20 uL of hlgG solution (1 mg/mL). A same amount of phosphate buffer (PB) was added into hIgG as a negative control. The final concentration of
HAL in hIgG solution is 0, 0.005, 0.0S, or 0.5 mg/mL, respectively. The mixture solution was incubated at room temperature for 30 min before
average particle size was measured. (B) Same study conducted on hIgM. (C) Interaction of hlgG and hIgM with HA-modified GNPs. Twenty-five
microliters of HAL solution at 1 mg/mL was first mixed with 500 uL of ctGNP solution. After incubation for 30 min, the conjugate solution was
centrifuged at 5000 rpm for 3 min and the clear supernatant was discarded. The GNP residue was washed with pure water once, centrifuged, and
then redispersed in S00 uL of nanopure deionized water. Two microliters of hIgG or hIgM at 1 mg/mL was added into 40 uL of the HA-modified
GNP solution. Average particle size was measured following a 6 min of incubation time. (D) Effect of molecular weight of HA on hIgG and hIgM
interaction with ctGNP. To conduct the assay, 1 uL of HA solution of different molecular weights at a weight concentration of 1 mg/mL was mixed
with 20 pL of hIgG or hlgM solution (1 mg/mL). Same amount of PB buffer was added into hIgG or hIgM as a negative control. Following a 30 min

of incubation time, particle size analysis was conducted.

ctGNP, same as observed without centrifuge. After being
redispersed in solution, hIgG or hIgM was added to the HA-
modified GNP. With the addition of hlgG, the particle size
increased only by ~20—30 nm, a substantially smaller size
increase compared to the pure hIgG-ctGNP adsorption assay,
which is typically ~250 nm. With the addition of hIgM, the
particle size increased to about 700 nm, which is comparable to
the adsorption of pure hIgM with ctGNP (Figure 4C). The
centrifuge of HA-modified GNP eliminated the potential
interaction of HA with hIgG or hIgM in solution. This leaves
competitive adsorption of HA with hIgG as the only possible
mechanism for the reduced average particle size in the
nanoparticle adsorption assay.

In a third experiment, we compared the molecular weight
effect of HA on hIgG and hIgM—ctGNP adsorption. One
microliter of HA of different molecular weights at the same
weight concentration of 1 mg/mL was added to 20 uL of hIgG
or hIgM solution (1 mg/mL). The molar concentration of HA
increases from HAH to HAU accordingly. Size measurement
reveals that higher molecular weight HA exhibited more
profound effect on the adsorption of hIgG to ctGNP. There is
almost no effect observed from the ultralow molecular weight
HAU, despite the fact that this HA has the highest molar
concentration in the mixture solution (Figure 4D). As for the
hIgM—ctGNP adsorption, low and ultralow molecular weight
HAL and HAU had no effect on the average particle size, but

high and medium molecular weight HAH and HAM resulted in
a visible size reduction.

These competitive adsorption studies revealed several
important mechanistic aspects not only on how HA but also
on how hIgG and hIgM interact with ¢tGNP. When hIgG was
added to the HA-modified ctGNP, hlgG could no longer cross-
link ctGNP into aggregates. This fact suggests that hIgG must
interact directly with the metal core during its interaction with
ctGNP. The interaction between hIgG and c¢tGNP is not based
on electrostatic interaction between the positive charge from
hIgG and the citrate ligands. HA-modified GNP has a similar {-
potential as c¢tGNP (Figure 3C). If hlgG interacts with the
citrate ligands by electrostatic interaction, it would interact with
the HA-modified GNPs as well.

The effect of HA on hIgM-ctGNP adsorption assay is rather
interesting. From the second experiment, the adsorption study
of hIgG with HA-modified GNP, it is confirmed that HA is
adsorbed to the ctGNP. However, the formation of a new HA
layer on the GNP does not change the interaction of hIgM with
the GNP. Only one possible mechanism can explain this result:
hIgM interacts with the c¢tGNP or HA-modified GNP by
forming electrostatic interaction with the negative charged
citrate ligands or HA on the gold nanoparticle surface. hIgM
does not displace the citrate ligands during the interaction.
Because the gold nanoparticle maintains its citrate protection
layer during the interaction with hIgM, the nanoparticles
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remain stable, and no coalescence occurs as a result of
interaction with hIgM. This interaction mode is also supported
by the previously discussed UV—vis absorption and TEM
study.

The different molecular weight effects of HA on hIgG-ctGNP
adsorption suggest that the strong binding affinity of HA with
the ctGNP is associated with its linear polymer chain length:
the longer polymer chain of HA can form more “interaction
points” with the nanoparticle, and as a result, forms a stronger
binding with the ¢tGNP. The ultralow molecular weight HAU
cannot form sufficient contact points with the ctGNP,
therefore, lacks the ability to bind with ctGNPs tightly.
According to recent studies by Iosin et al.”® and Maleki et
al,” protein binding to ctGNP is a spontaneous process with a
negative Gibbs free energy change, AG. The enthalpy change
AH of the reaction is negative, and the entropy of the system
AS is decreased. During the interaction, the adsorption of
protein to the nanoparticle leads to an entropy decrease, while
the release of citrate ions to solution leads to an entropy
increase. The net result is a slight decrease of the entropy.
Enthalpy change AH is the main contributor to the negative
AG. A longer HA polymer chain should be able to form more
interaction points with the ctGNPs, leading to a more negative
enthalpy change of the interaction, thus favoring the binding
product formation. With medium and high molecular weight
HAH and HAM, we also see a particle size reduction effect on
the hIgM—ctGNP adsorption assay; however, the relative effect
of this size reduction is much lesser than the hIgG—ctGNP
adsorption. Even with HAH, the average particle size of the
hIgM—ctGNP adsorption product remains around 500—600
nm, indicating the presence of a substantial amount of
nanoparticle clusters. Although HA is highly negatively charged
like citrate, there are some major structural differences between
HA and citrate ligands. After the coating of ctGNP by HA layer,
it is possible that the binding affinity of hIigM with HA-
modified GNPs is slightly lower than ¢GNP, leading to a slight
particle size reduction.

Stability Study of ctGNP Treated with BSA, HA, and
rblgG at Increased Salt Conditions. ctGNPs are not stable
in high salt conditions because the electrolytes can lead to the
disruption of electrostatic interactions between the citrate
ligands and the nanoparticle core, causing irreversible nano-
particle aggregation to occur. However, if the nanoparticle
surface is covered by a closely packed protein corona, the
modified gold nanoparticle becomes stabilized in high salt
solutions. This phenomenon has often been used as a practical
method to confirm if a protein is successfully conjugated with
the ctGNPs by adsorption.'® To use the gold nanoparticle
bioconjugate in biological fluids and specimens, it is required
that the nanoparticle conjugate remains to be stable at
physiological condition which usually has a salt concentration
of 100—200 mM. Here we examined the salt effect on BSA,
HA, and rbIgG-treated GNPs. Because hIgG and hIgM are
causing continuous particle size increase when mixed with
ctGNPs, this study was not conducted on hIgG or hIgM-treated
GNP.

Among BSA, rbIgG, and HA, only BSA-treated GNP showed
almost no particle size change upon addition of NaCl, whereas
the other two exhibit significant size increases over time (Figure
SA). This result could be interpreted as that the ctGNP is fully
covered by a tightly enclosed BSA monolayer, whereas the
coverage of the ctGNP by IgG or HA is only partial. The tightly
enclosed BSA monolayer formation should be associated with a
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Figure S. Stability study of ctGNP, biomolecule-coated GNP and HA
modified GNP at increased salt concentrations. (A) Salt effect on BSA,
rblgG, and HA-coated GNP. BSA, rbIgG, and HA coated GNP was
prepared by adding 2 uL of corresponding biomolecule solution at a
concentration of 1 mg/mL to 40 L of ctGNP solution. The average
particle size of these mixed solutions remained stable for days. To
examine the salt effect, 2 yL of a 5X concentrated PBS solution was
added to the above mixed biomolecule—GNP solutions, followed by
particle size detection over a 12 min period. The final concentration of
NaCl in the mixed biomolecule—GNP solutions is 40 mM. (B)
Stability study of HA-modified GNP followed by additional BSA
adsorption. HA modified GNP was prepared according to the same
protocol as described in Figure 4C. Two microliters of BSA at a
concentration of 1 mg/mL was then added to 40 uL of HA-modified
GNP solution. The particle size was determined following a 3 min of
incubation. Then, 2 uL of a 5X concentrated PBS solution was added,
followed by particle size measurement over a 12 min period. The final
concentration of NaCl in the mixture solution is 40 mM.

strong interaction between the BSA molecules. Although rbIgG
and HA also formed an adsorbed layer on the nanoparticle
surface, the biomolecular layer is not fully enclosed and the
interaction is largely based on electrostatic interactions between
the biomolecule and the nanoparticle surface. The diffusion of
Na* ions through the biomolecular layer destroys the IgG or
HA—ctGNP interaction, leading to irreversible nanoparticle
aggregate formation. Another result to be noted here is that the
stability of IgG or HA coated GNP appears to be even worse
than the ¢tGNP. This indicates that HA or rblgG interacts with
ctGNP and breaks the citrate layer, likely by displacing the
citrate and direct interacting with the metal core.

An additional salt-stability study performed on HA-modified
GNP followed by adsorption of BSA revealed further insights
on the binding mode between BSA and c¢tGNP. In this
experiment, ctGNP was first modified with a layer of HAM as
discussed earlier in Figure 4C. When BSA was added to this
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HAM-modified GNP, the average particle size was increased by
about 10 nm. This size increase corresponds approximately to
twice of the diameter of BSA. Following the addition of NaCl
solution, the nanoparticle exhibited a high stability very similar
to BSA directly coated GNPs (Figure SB). This result suggests
that BSA is adsorbed to the HA-modified GNP, leading to the
formation of a “double layer” corona on the GNP surface. It is
to be recalled that the {-potential of HA-treated GNP is —40
mV, confirming that the nanoparticle is highly negatively
charged (Figure 2C). The fact that BSA can readily adsorb to
either citrate or HA-coated GNP suggests that the interaction
between BSA and ctGNP or HA—GNP is primarily electrostatic
interaction between BSA and the negatively charged ligands on
the nanoparticle surface. Study reported by Brewer et al. using
quartz crystal microbalance and {-potential measurements also
concludes that BSA interacts with the citrate ligands on c¢tGNP
through electrostatic interactions.”® Furthermore, the fact that
such interactions between BSA and the nanoparticles are not
destroyed by the addition of high concentration salt suggests
that the exceptional stability of BSA-modified GNP must arise
from the strong interactions between BSA molecules within the
protein layer, not between the BSA and the nanoparticle.

The measured {-potential of BSA in pure water is about —20
mV; therefore, BSA is overall negatively charged. The
interaction between negatively charged BSA and negatively
charged GNP appears to be counterintuitive in the first sight.
However, extensive literature reports have confirmed that BSA
can interact with polyanions such as poly(acrylic acid) or
negatively charged proteins through the positively charged
“patches” on BSA.>>*** The uneven distribution of surface
charge on proteins adds extra complexity to the interaction
between a protein and nanoparticle materials. It is completely
possible that a protein, regardless what its isoelectric point is,
and the pH condition of the solution, could interact with both
positively or negatively charged nanoparticles.

B CONCLUSIONS

From this study, we identified at least five possible interaction
modes from different biomolecules and citrate-capped gold
nanoparticles. Four proteins and one negatively charged
polysaccharide were investigated in this study. There are two
findings made from this study that are particularly noteworthy.
First, contrary to a popular belief that during the protein—
ctGNP interaction, the citrate ligands are displaced by the
protein, this assumption is not always true. Our study finds that
both BSA and IgM interact directly with the negatively charged
ligands on the gold nanoparticles. On the other hand, IgG type
protein appears to displace the citrate ligands to bind with the
metal core during its interaction with the ctGNP. Second, HA, a
highly negatively charged polysaccharide, has an exceptionally
high affinity with the ctGNP and it can effectively compete with
other serum proteins to bind with ¢tGNPs. An elevated HA
level is closely associated with tumor progression and
metastasis. Our finding leads to an exciting implication that
the composition of the biomolecular corona formed on the
ctGNPs placed in blood serum or other biological fluids could
reflect some pathological conditions of an individual, and the
analysis of these compositions could potentially lead to new
biomarker discovery. It has been suggested or demonstrated
that the composition of the biomolecular corona may be used
to “fingerprint” biological processes and molecular mechanisms
with diagnostic and therapeutic significance.”>**%%!

In summary, due to the complex and flexible structures of
biomolecules, especially proteins, the interaction between
biomolecules and nanoparticle materials could be very
complicated. Further studies are needed to understand various
biomolecular-nanoparticle interactions at a more extensive
level. These studies will not only provide guidance to prepare
better nanoparticle bioconjugates and lead to better under-
standing on the in vivo behavior of nanoparticle materials but
also will potentially bring new advancements in molecular
diagnostics.

B MATERIALS AND METHODS

Chemical and Biochemical Reagents. Citrate-protected gold
nanoparticle (GNP) (15708-9) was purchased from Ted Pella Inc.
(Redding, CA). The average diameter of the citrate GNP is about 95
nm and the concentration of the nanoparticle is 10 pM. Human IgG
(ab91102), human IgM (ab91117), and rabbit polyclonal antihuman
IgG (ab6715) were purchased from Abcam (Cambridge, MA).
Hyaluronan of four different molecular weights (GLR003, M.W. 7
kDa; GLR0O01, M\W. 29 kDa; GLR004, M.W. 289 kDa; GLRO002,
MW. 1.5 MDa) were purchased from R&D Systems (Minneapolis,
MN). Bovine serum albumin (A7030) and all other chemicals were
purchased from Sigma (Saint Louis, MO).

Sample Preparation and Assay Procedures. In general, to
conduct the nanoparticle adsorption assay, 2 uL of prepared sample
solution was mixed with 40 uL of GNP solution. The average particle
size of the assay solution was measured after 6 min of incubation, or as
specified in the figure captions. All assays were conducted at least in
duplicate and the error bars in each plot represent the standard
deviation of the assay results. Specific sample preparation protocols
can be found in the corresponding figure captions.

Dynamic Light Scattering (DLS) Analysis. All particle size
analysis in this study was conducted using an automatic NDS1200
DLS instrument from Nano Discovery Inc. (Orlando, FL). This
system is equipped with a 633 nm He—Ne laser (0.5 mW) and a 12-
sample holder, which allows the measurement of 12 samples within 6
min. All DLS measurements were conducted at an ambient
temperature of 25 °C.

¢-Potential Analysis. {-Potential analysis was conducted using a
Zetasizer Nano ZS90 instrument from Malvern Instruments Ltd.
(Westborough, MA). It is equipped with laser doppler micro-
electrophoresis that can be used to measure {-potential. To measure
the {-potential of biomolecule-treated GNPs, 2 uL of sample solution
was mixed with 600 yL of ctGNPs, followed by 3 measurements. Each
measurement result was calculated from the average of 12 runs and
each run takes up to 30 s to complete. The error bars in each plot
represent the standard deviation of each 3 measurements.

UV-Vis Absorption Spectra. UV—vis absorption analysis was
conducted using a Cary Win UV spectrometer from Agilent
Technologies (Santa Clara, CA). This spectrometer measures the
transmission/absorbance spectra using double beam principle. To
analyze the UV—vis absorption spectra of biomolecule-treated GNP,
20 uL of biomolecule solution was mixed with 400 uL of GNPs.
Following 6 min of incubation, spectra were measured.

Transmission Electron Microscope (TEM) Analysis. The TEM
analysis was conducted using a TEM-1011 microscope from JEOL
Ltd., which is equipped with 0.2 nm line resolution and 0.4 nm point
resolution. The ctGNPs used for TEM analysis was first concentrated
10 times before mixing with protein solutions. 400 square mesh gold
grids (FF400-Au) from Electron Microscopy Sciences (Hatfield, PA)
were used for the experiments. To prepare sample on the grids, 2 uL
of prepared protein—ctGNP solution was placed on the grid and
allowed to dry completely at room temperature before being analyzed
by TEM.
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© Supporting Information

Size exclusion chromatography analysis of human IgG (Figure
S1). Lower magnification TEM images of ctGNP, hlgG—
ctGNP, and hIgM—ctGNP interaction products (Figure S2).
This material is available free of charge via the Internet at
http://pubs.acs.org/.
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