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he binding of proteins to nanoparticles
Tin physiological fluids, such as plasma,
can influence the biological properties
of the nanoparticles.' > Surface-bound pro-
teins can promote cell-specific uptake,*> as
well as activation of intracellular signaling
pathways.® Most nanoparticles bind to an
array of proteins forming both a “soft” corona
of weakly bound proteins and a “hard” corona
of tightly bound proteins.” While surface pro-
teins can influence the physical properties of
the nanoparticles, the nanoparticles can also
influence the structural characteristics of the
protein. Changes in protein conformation and
protein unfolding may expose amino acid
sequences that are normally buried within
the folded protein? These cryptic epitopes
can often interact with cell surface receptors
and influence tissue uptake, biodistribution,
and receptor activation once nanoparticles
enter the circulation.
Fibrinogen has been reported to bind to
a wide range of nanoparticles, including
metal oxides,® carbon black,'® polymeric
nanoparticles,’ and single-walled carbon
nanotubes.'? The heterogeneity of these
particles suggests that fibrinogen contains
a number of different binding domains that
accommodate the different nanoparticles.
Fibrinogen is a large cylindrical molecule
with a length of approximately 45 nm."* It is
a centrosymmetric protein of two halves,
each comprising three polypeptides. Pre-
viously, we reported that poly(acrylic acid)
polymer-coated gold nanoparticles (PAA-
GNP) selectively interact with fibrinogen
in human plasma. The hard corona that
formed when these particles were exposed
to plasma almost exclusively comprised the
three chains of fibrinogen. Upon binding,
protein unfolding exposed a cryptic peptide
located in the C-terminus of the fibrinogen
y-chain that specifically interacted with Mac-1
receptors, resulting in NF-xB-dependent
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The binding of fibrinogen to various nanoparticles can result in protein unfolding and exposure

of cryptic epitopes that subsequently interact with cell surface receptors. This response is

dependent on the size, charge, and concentration of the nanoparticle. Here we examine the

binding kinetics of human fibrinogen to negatively charged poly(acrylic acid)-coated gold

nanoparticles ranging in size from 7 to 22 nm. These particles have previously been shown to

elicit an inflammatory response in human cells. The larger nanoparticles bound fibrinogen

with increasing affinity and a slower dissociation rate. Each fibrinogen molecule could

accommodate two 7 nm nanoparticles but only one when the diameter increased to 10 nm.

Nanoparticles larger than 12 nm bound multiple fibrinogen molecules in a positively

cooperative manner. However, in the presence of excess nanoparticle, fibrinogen induced

aggregation of the larger particles that could bind more than one protein molecule. This is

consistent with interparticle bridging by the fibrinogen. Taken together, these results

demonstrate that subtle changes in nanoparticle size can influence protein binding both

with the surface of the nanoparticle and within the protein corona.
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cytokine release from human monocytic
cells. This pro-inflammatory effect was most
evident with small particles (5—10 nm)
and was only seen with larger particles (ca.
20 nm) when nonsaturating protein bind-
ing was examined. The previous study illu-
strated that relatively small changes in nano-
particle diameter could affect protein binding
in addition to biological responses. How-
ever, the molecular mechanism and binding
kinetics of nanoparticles and fibrinogen
remain to be elucidated.

A major advantage of polymer-coated gold
nanoparticles is their ease of preparation with
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TABLE 1. Characterization of the PAA-GNPs

nanoparticle (PAA-GNP) diameter of gold core (nm) diameter after polymer coating (nm) &-potential (mV) polydispersity index
7nm 5.7 £ 0.07 7.1 £ 0.06 —252 435 0.11
10 nm 85+ 0.09 10.0 £ 0.15 —374+09 0.09
12 nm 10.8 +0.33 19 +£035 —36.9 £ 6.6 0.08
15 nm 134 4+0.18 14.5 £ 0.63 —39.6 0.2 0.06
17 nm 15.6 £+ 0.16 17.6 +0.28 —41.1 £ 49 0.09
19 nm 17.0 £ 0.27 189 4+ 0.20 —451 436 0.08
22 nm 20.8 & 0.40 21.8 + 0.80 —49.9 £ 4.1 0.04
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Figure 1. (a) Concentration-dependent binding of fibrinogen

to different sized PAA-GNPs. Results are mean & SEM, n = 3.

(b) Effect of nanoparticle diameter on the equilibrium binding constant (Ky) of fibrinogen. Ky values were estimated by fitting
eq 1 to the data in a. (c) Dissociation of fibrinogen from PAA-GNP in the presence of excess unlabeled fibrinogen. On the basis
of the law of mass action, an exponential curve was fitted to each data set (solid lines) and was used to estimate the
dissociation rate constants for each nanoparticle. For the 10 nm particles, the 4 h time point was omitted from the analysis as it
did not follow an exponential decay. Results are mean + SEM, n = 3. (d) Effect of nanoparticle diameter on the number of
fibrinogen molecules bound. Maximum binding ratio was determined from the data shown in a.

a narrow diameter range."* Moreover, polymers can be
grafted to the gold surface at high densities (ca. 1
chain/nm?). Under these conditions, the polymers
adopt a brush-like configuration and protein interac-
tion occurs primarily with the terminal groups of the
polymer chains. Here, to better understand the size-
dependent binding of nanoparticles to fibrinogen,
a series of PAA-GNP was synthesized, as previously
reported,’ and used to characterize their molecular
interactions with human fibrinogen.

RESULTS AND DISCUSSION

The PAA-GNPs ranged in diameter from 5.7 to
21.8 nm, as determined by dynamic light scattering,
and were monodispersed in solution, as shown by their
low polydispersity indices (Table 1). Moreover, the
C-potential for each PAA-GNP showed that they were
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highly negatively charged. Each of the PAA-GNP bound
to fibrinogen with saturating kinetics (Figure 1a). The
binding curves shifted to the left with an increase in
PAA-GNP size indicative of increased binding affinity.
To determine the binding kinetics for each of the
nanoparticles, the Hill equation was fitted to the data
by nonlinear least-squares regression. The dissociation
constant Ky decreased progressively from approxi-
mately 6 nM for the smallest nanoparticles to less than
1.5 nM for the largest nanoparticles (Figure 1b). The
change in free energy, estimated using the Gibbs
equation, ranged from 48.8 to 52.5 kJ/mol, indicative
of high affinity binding similar to that seen with
antigen—antibody interactions.'® The decrease in Ky
with increasing diameter suggests an increase in the
number of molecular interactions between the protein
and the nanoparticles as surface area increased. Under
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TABLE 2. Kinetic Parameters for Fibrinogen Binding to
PAA-GNPs

nanoparticle (PAA-GNP) ko, (\M~" h ") koit (W) Hill coefficient (h)
7 nm 0.16 0.97 4 0.03 114 £+ 0.28
10 nm 0.09 0.38 4 0.03 1.24 + 042
12 nm ND? ND? 1.61 4= 0.30
15 nm 0.09 0.21 4 0.02 1.73 £ 0.16
17 nm 0.07 0.12 4 0.02 1.79 £+ 0.19
19 nm 0.05 0.08 4 0.01 1.78 £ 0.14
22 nm 0.04 0.06 £ 0.01 1.84 4+ 0.29

*ND = not determined.

these conditions of excess fibrinogen, no aggregation
of the nanoparticles was observed (see below).

The rate of dissociation was measured by incubating
fluorescently labeled fibrinogen bound to each nano-
particle with excess (100-fold) unlabeled fibrinogen.
The appearance of fluorescence in the medium with
time was assessed after centrifugation. Figure 1c illus-
trates the loss of surface-bound fluorescently labeled
protein over 4 h. As the size of the nanoparticles
increased, the rate of dissociation decreased, which
further suggests greater molecular interaction be-
tween the fibrinogen and the larger nanoparticles. In
the absence of excess protein, no desorption of fibri-
nogen from any of the nanoparticles was observed
(Supporting Information). This is most likely due to
rapid reabsorption when no competing protein is
present in the medium. The dissociation rate constant
(ko) was estimated by fitting an exponential decay
curve to the data. As the size of the PAA-GNP increased,
ko decreased from almost 1 h~' to less than 0.1 h™'
(Table 2). The association rate constant (k,,,), calculated
as the ratio of ks to Ky, was essentially independent of
nanoparticle size, except for the 7 nM PAA-GNP where
kon Was approximately 2-fold higher. A possible expla-
nation for this is provided below where the binding
stoichiometry is discussed.

The Hill coefficient (h) measures the degree of
independence for interaction between multiple bind-
ing sites. For the two smallest PAA-GNPs, h was not
different to 1 (Table 2), indicating that the binding of
fibrinogen to these nanoparticles involved a single
binding site or multiple sites that were independent
of one another. By contrast, when the diameter of the
PAA-GNP exceeded 10 nm, h was significantly greater
than 1, indicating the presence of multiple binding
sites that are dependent on one another. Interestingly,
the binding of fibrinogen to citrate-coated gold nano-
particles within the same size range as those used in
the current study showed quite different kinetics.'®
Significant negative cooperativity was observed with
Hill coefficients less than 1 for nanoparticles larger than
5 nm diameter. However, the apparent binding affinity
increased similar to that reported here, which supports
the notion that nanoparticles of different diameters
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Figure 2. (a) Model illustrating the side-on versus end-on
configurations for the binding of fibrinogen to the surface
of a nanoparticle. (b) Plot of the average occupancy of
fibrinogen on the different PAA-GNPs. Average occupancy
was calculated based on the surface area of the nano-
particle and the average number of bound fibrinogen per
nanoparticle.

interact with fibrinogen differently. We have also pre-
viously reported that gold nanoparticles decorated
with positively charged polymers still bind to fibrino-
gen with high affinity but do not unfold the protein to
elicit an inflammatory response as was seen with the
PAA-GNP."” Taken together, these studies suggest that
fibrinogen can interact with an array of nanoparticles
with varying surface characteristics, but the binding
kinetics and biological outcomes may be very different.

At maximum binding capacity, the stoichiometry
between the bound fibrinogen and the nanoparticles
was dependent on particle size (Figure 1d). For the
7 nm PAA-GNP, maximum binding occurred at ap-
proximately 1 fibrinogen per 2 nanoparticles, which is
consistent with the multiple independent binding sites
suggested by h = 1. For the 10 and 12 nm PAA-GNPs,
maximum binding occurred at 1:1 stoichiometry. By
contrast, PAA-GNPs larger than 12 nm bound multiple
fibrinogen molecules, increasing linearly with the size
of the nanoparticle. Nonspheroid or fibrous proteins,
such as fibrinogen, can interact with a surface in a
number of configurations (Figure 2a). Both side-on and
end-on binding of fibrinogen to different substrates
have been described.'®' The side-on cross-sectional
area of fibrinogen is 128 nm?, while the end-on cross-
sectional area is only 35.3 nm2.'® On the basis of the
number of fibrinogen proteins bound to each of the
PAA-GNP, it is possible to calculate the average surface
area occupied by each protein molecule. For the 10
and 12 nm particles, the occupied area was 321 and
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Figure 3. (a) Binding of small (7 nm) PAA-GNPs to fibrinogen showing two nanoparticles bound to each protein molecule.
(b) Larger sized nanoparticles inhibit the binding of two particles to each fibrinogen. As the diameter of the nanoparticle
increases, the second binding site can come into contact with the nanoparticle due to flexibility at the E-domain of the
protein. (c,d) Larger nanoparticles can accommodate multiple fibrinogen molecules due to the larger surface area.

388 nm?, respectively. Because the binding ratio for
these nanoparticles was 1:1, the apparent increase in
occupancy was due to the increase in the nanoparticle
surface area. At greater diameters, the area occupied
by each fibrinogen molecule decreased with size,
indicating a more tightly packed configuration on the
surface of the larger particles (Figure 2b). These data
are in agreement with the side-on binding configura-
tion. Roach et al. found that fibrinogen bound to silica
nanoparticles of 15—60 nm in diameter via a side-on
configuration, in which the protein wraps around the
nanoparticle to minimize the free surface energy.”® The
larger PAA-GNPs also demonstrated positive coopera-
tivity with fibrinogen interaction (h > 1), indicating
that the binding of one protein molecule was able to
facilitate the binding of further protein molecules to
the nanoparticle surface. Both PAA-GNP and fibrino-
gen have a net negative charge, potentially reducing
the overall negative nanoparticle surface charge with
the bound protein providing a shielding effect. This
shielding consequently reduced the nonspecific elec-
trostatic repulsion between the surface and the protein
in solution, enhancing the binding of subsequent
fibrinogen molecules.

DENG ET AL.

The different binding behaviors of the various PAA-
GNPs can be explained by the increase in their surface
areas. The smallest nanoparticles can bind to the two

fibrinogen sites independent of one another, as illu-

strated in Figure 3a. It has been proposed that these
two sites are located at the C-termini of the a-chains,
which are cationic under physiological conditions®
(Figure 3a). As these are independent events, there is
a higher probability of protein—nanoparticle interac-
tion, which is reflected in the greater association rate
constant. As the size of the PAA-GNPs increased to
10—12 nm, there was a transition from one-site bind-
ing to two-site binding. The increase in diameter will
increase the presence of Coulombic repulsion between
the bound nanoparticles. This results in a maximum 1:1
binding ratio for the 10—12 nm PAA-GNPs (Figure 3b).
Fibrinogen is commonly presented as a linear cylind-
rical molecule.”’** However, several studies have
shown that it is relatively flexible around the central
E-domain.?*?* Using electron microscopy, Beilbom
et al. observed that the average angle of bend (6) at
the E-domain was 22°.2*> While most molecules exhib-
ited a 0 value of 0—5°, some could bend as much as
90°. This flexibility suggests that both binding sites on
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Figure 4. (a) Shift in the 22 nm PAA-GNP absorption spectra following binding of fibrinogen. In the absence of protein (left
panel), absorption maximum is 528 nm. At 30% maximum binding capacity, the absorption peak shifted to 570 nm (middle
panel). At maximum binding capacity, the absorption spectrum was similar to nanoparticles alone (right panel). (b)
Hydrodynamic diameters of the 22 nm PAA-GNP in the presence of fibrinogen at 0, 30, and 100% maximum binding capacity.

the fibrinogen can interact with a single nanoparticle
of sufficient diameter (Figure 3c). As fibrinogen binds
more tightly via the two-site binding, affinity increased
and the rate of dissociation decreased. For PAA-GNPs
larger than 12 nm, multiple protein molecules could
bind, as illustrated in Figure 3d, leading to a highly
packed fibrinogen corona, as indicated by the decrease
in surface occupancies (Figure 2b). It is speculated
that this crowding effect at maximum binding capac-
ity sterically hinders access of the Mac-1 binding
sequence to its receptor, providing a possible explana-
tion for the inability of the 20 nm PAA-GNPs to induce
cytokine release.®

All of the above studies were performed in the
presence of excess fibrinogen. However, when the
binding of the protein to PAA-GNP was examined in
the presence of excess nanoparticle, rapid aggregation
was observed for nanoparticles larger than 12 nm, as
measured by surface plasmon resonance spectroscopy
(Figure 4). For the 22 nm PAA-GNP, the absorption
spectra shifted to longer wavelengths at 30% maximum
binding capacity (Figure 4a), indicating clustering of the
nanoparticles.>> However, at 100% maximum binding
capacity, the absorption spectrum was similar to that for
PAA-GNP in the absence of fibrinogen, suggesting no
aggregation of the nanoparticles under these condi-
tions. Particle aggregation was independently con-
firmed by dynamic light scattering studies (Figure 4b).

DENG ET AL.

The nanoparticles alone exhibited a mean diameter of
approximately 21 nm, which increased to 450 nm at
30% maximum binding capacity. By contrast, at 100%
maximum binding capacity, the particle size was only
38 nm, which represented the PAA-GNP plus the protein
corona of 7—8 nm thickness.®

The red shift of the absorption spectra was only
seen for the PAA-GNP larger than 12 nm in diameter
(Figure 5a). Thus, aggregation was only seen for those
large nanoparticles that were able to bind multiple
fibrinogen molecules. Moreover, this was not seen
when fibrinogen was replaced by albumin (Figure 5b),
which binds poorly to PAA-GNP.° Finally, digestion of
the fibrinogen with plasmin prevented PAA-GNP ag-
gregation, indicating that the intact structure of fibri-
nogen was essential for this effect. The enzymatic
degradation of the fibrinogen was confirmed by SDS-
PAGE (Figure 5c). These results suggest that the in-
traparticle and interparticle binding of fibrinogen is
dependent on both the size and concentration of the
nanoparticles. When PAA-GNPs were in excess, the
interaction favored the binding of one fibrinogen
protein to multiple nanoparticles if the nanoparticle
had the capacity to bind more than one molecule of
the protein. In this case, fibrinogen probably bridges
the nanoparticles via a dumbbell-like configuration
and facilitates the agglomeration process. By contrast,
when fibrinogen was in excess, the rapid formation of
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Figure 5. (a) Change in absorption peak for the different sized nanoparticles with respect to binding saturation. (b) Effect of
fibrinogen (Fib), albumin (Alb), and plasmin-digested fibrinogen (Dig Fib) on the absorption peak for 22 nm PAA-GNPs. (c)
SDS-PAGE gel of fibrinogen (lane 1) and plasmin-digested fibrinogen (lane 2).

a tightly packed corona prevented interparticle bind-
ing, and aggregation was not seen.

It has been reported that fibrinogen is able to induce
the aggregation of various nanoparticles including
silica, carbon black, and surface-modified polystyrene
nanoparticles.’® The morphology of the aggregates, as
measured by scanning electron microscopy, indicated
bridging effects of fibrinogen on these nanoparticles.
Other large, elongated molecules, such as polymers or
DNA, can also induce aggregation of the gold nano-
particles.?® Nanoparticle aggregation in vivo is associated
with increased clearance rates,?” which has implications
for determining the accurate doses of surface exposure to
cells and tissues."®

Because proteins in the corona can both enhance
and inhibit biological responses to nanoparticles, it is
important to understand the molecular events that
determine high affinity, long-lived protein—nanoparticle
interactions compared to low affinity, rapidly exchan-
ging interactions. It has been proposed that proteins
bound tightly in the corona might provide a map of the
pathway that a particle travels as it traverses various
biological compartments.?® If this is the case, then the
protein corona, in particular, the most tightly bound
proteins, will provide important information about the
fate of nanoparticles in vivo. As a greater understanding
of protein—nanoparticle interactions emerges, particle
design may be modified to take advantage of protein
binding in order to modulate biodistribution in vivo.
This has previously been demonstrated with apolipo-
protein E-mediated delivery of poly(butyl cyanoacrylate)

METHODS

Nanoparticles. Polymer—gold nanoparticles were synthe-
sized and characterized as reported elsewhere.'

Fibrinogen Labeling. Alexa Fluor 647 succinimidyl ester
(Invitrogen) reconstituted in dimethyl sulfoxide was used to
fluorescently label the fibrinogen protein in 150 mM sodium
bicarbonate, pH 8.5. A far-red fluorescent dye was chosen to
minimize interference from the gold nanoparticles. The con-
centrations of fibrinogen and dye were 2.5 mg/mL and 125 ug/mL,
respectively. After 1 h incubation at room temperature, free dye

DENG ET AL.

nanoparticles across the blood—brain barrier.?® Alterna-
tively, modification of nanoparticles to avoid certain
protein binding that contributes to adverse effects may
eventually add to the safer development of therapeuti-
cally useful nanoparticles for drug delivery, medical
imaging, and diagnosis.

Protein unfolding as a consequence of binding to the
surface of nanoparticles has been widely reported 263"
This can lead to protein aggregation or the unmask-
ing of cryptic epitopes that bind to specific cellular
receptors. Indeed, by studying nanoparticle—protein
interactions, it is feasible that new biological func-
tions for different proteins may be revealed as cryptic
epitopes are identified.

CONCLUSION

We have examined the molecular interaction be-
tween fibrinogen and PAA-GNP of increasing sizes
from 7 to 22 nm in diameter. On the basis of the
experimental data, it is proposed that the nanoparticle—
fibrinogen interaction can have distinct binding con-
figuration and affinities depending on the size of the
nanoparticles. The results also support a two binding
sites model for PAA-GNP interaction with fibrinogen.
Importantly, this study demonstrates how subtle
changes in nanoparticle size can markedly influence
nanoparticle—protein interactions and aggregation.
It also emphasizes the importance of understanding
the dynamics of nanoparticle—protein interactions
because changes in these interactions can affect bio-
logical outcomes.

was removed using a PD-10 desalting column (GE health) in
phosphate buffered saline (PBS, 150 mM NaCl, 10 mM phos-
phate, pH 7.4). The concentrations of labeled fibrinogen were
determined by the absorbance at 280 nm using a spectro-
photometer (NanoDrop, Thermo Scientific). The ratio of dye to
fibrinogen was approximately 7:1. This represented a molar
ratio of 1:60 for dye/positively charged amino acid in fibrinogen.
The samples were stored in aliquots at —20 °C until used.
Binding Studies. For the protein pull-down studies, 1 ug of
fluorescently labeled fibrinogen in 100 uL of PBS was incubated
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with increasing amount of the nanoparticles. The incubation
was carried out at 37 °C for 5 min followed by centrifugation at
50 000g for 30 min. The amount of fibrinogen in the supernatant
was then determined by fluorescent spectroscopy (POLARstar,
BMG Labtech). Protein-only controls showed that no fibrinogen
pelleted under the centrifugation conditions. All experiments
were performed in triplicate.

A trace level of background fluorescence in the super-
natants was seen during the pull-down experiments, which
was due to residual dye after desalting the samples. This back-
ground signal was subtracted from all of the fluorescence
measurements when calculating the fibrinogen amounts.
Nonspecific adsorption of fibrinogen to the tubes during the
incubation was determined using a fibrinogen-only control.
On the basis of the control experiments, the free fibrinogen
was approximately 0.7 ug (i.e., 7 ug/mL), which was taken
into account to calculate the total amount of avail-
able fibrinogen. After centrifugation, the amount of nano-
particle-bound fibrinogen was calculated by subtracting the
amount of fibrinogen measured in the supernatant from the
total fibrinogen.

The amount of bound fibrinogen (pmol) was plotted
against the concentration of the PAA-GNPs (nM). The molarity
of the PAA-GNPs and fibrinogen was determined using the
nanoparticle density of 19.3 g/cm® and fibrinogen molecular
weight of 340 kDa. A binding saturation curve was fitted to the
protein pull-down data. The binding affinities and maximal
binding capacity were determined by nonlinear least-squares
regression analysis (Prism 5, GraphPad Software) using the
equation

BrmafNPI"

= 1
K4 4 [NPI? M

where B is bound fibrinogen, Bayx is the maximum binding
capacity, [NP] is the concentration of PAA-GNP, Ky is equilib-
rium binding constant, and h is the Hill coefficient.

For the competition assay, a slight excess amount of each
nanoparticle (7 nm = 17.7 nM; 10 nm = 16 nM; 15 nm = 8.2 nM;
17 nm = 5.2 nM; 19 nm = 4 nM; 22 nm = 3.3 nM) was incubated
with 1 ug of fluorescently labeled fibrinogen at 37 °C for 5 min.
After the initial incubation, 100-fold excess unlabeled fibrino-
gen was added and incubated at 37 °C for up to 240 min. At
different time points, individual samples were centrifuged, and
the amount of the labeled fibrinogen in the supernatants was
determined as described above. Separate samples were used at
each time point. A one-phase exponential decay curve was used
to model the dissociation of the fibrinogen from the nano-
particle surface. The dissociation rate constants, K. of the
protein—nanoparticle complexes were determined by fitting
the equation to the data:

Y = 100e fort (2)

where Y'is the bound fibrinogen (% total), t is time (min), and Ky
is the dissociation rate constant (min~"). All of the experiments
were performed in triplicate.

Spectroscopic Study of PAA-GNP Aggregation. To examine the
aggregation of the PAA-GNPs in the presence of fibrinogen,
the nanoparticles (35 ug/mL) were incubated with fibrinogen at
37 °C for 5 min. The amount of fibrinogen used was equivalent
to 0, 30, 60, and 100% of the maximum binding capacity. After
incubation, 100 uL of each sample was used to determine the
absorption spectra (POLARstar, BMG Labtech). The surface
plasmon resonance (SPR) peaks of the PAA-GNP colloid were
determined by the position of the maximal absorbance peak
between 520 and 600 nm.>* The experiments were performed
in triplicate.

To prepare plasmin-digested fibrinogen, fibrinogen at a
concentration of 0.4 mg/mL was incubated with 0.006 mg/mL
(=0.012 units/mL) plasmin (Sigma-Aldrich) at 37 °C for 60 min.#
After the incubation, the digestion was stopped by heating the
sample at 56 °C for 5 min. The digested fibrinogen samples were
stored in aliquots at —20 °C until used.
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