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A
dvances in materials science, engi-
neering, and nanotechnology have
led to the development of nano-

particles with diverse sizes, shapes, and com-
positions.1 The size- and shape-dependent
electronic, optical, and magnetic properties
of nanoparticles have been exploited to
develop faster electronics, brighter displays,
and more sensitive diagnostic agents for
medical imaging.2�7 The biological inter-
actions of a nanoparticle are a function of
its physicochemical properties, such as size,
shape, and surface chemistry. However, es-
tablishing correlations between nanoparticle
properties and biological interactions is chal-
lenging because of the complexity of bio-
logical systems at the molecular, cellular,
and tissue level and because there is a nearly
infinite number of nanomaterial design per-
mutations.8�10 To date, the influence of

nanoparticle properties on in vitro cell uptake
and toxicity and in vivo pharmacokinetics
and biodistribution has only been estab-
lished for a limited number of nanoparticle
types.11,12

Researchers are developing qualitative
and quantitative structure�activity relation-
ships (SARs) that relate nanoparticle pro-
perties to observed biological responses.13�15

SARs can predict the biological behavior of
nanoparticles without explicit experimen-
tation and uncover the fundamental mech-
anisms of nano-bio interactions. Studies
have shown that the biological response
to a nanoparticle is, in general, a complex
function of multiple physicochemical
properties.16,17 While some SARs show re-
latively good performance when predicting
simplebiological interactions and responses,
few are capable of accurately predicting
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ABSTRACT Using quantitative models to predict the

biological interactions of nanoparticles will accelerate the

translation of nanotechnology. Here, we characterized the

serum protein corona 'fingerprint' formed around a library

of 105 surface-modified gold nanoparticles. Applying a

bioinformatics-inspired approach, we developed a multivari-

ate model that uses the protein corona fingerprint to predict

cell association 50% more accurately than a model that uses

parameters describing nanoparticle size, aggregation state,

and surface charge. Our model implicates a set of hyaluronan-binding proteins as mediators of nanoparticle�cell interactions. This study establishes a

framework for developing a comprehensive database of protein corona fingerprints and biological responses for multiple nanoparticle types. Such a

database can be used to develop quantitative relationships that predict the biological responses to nanoparticles and will aid in uncovering the

fundamental mechanisms of nano�bio interactions.

KEYWORDS: protein corona . cell uptake . structure�activity model . liquid chromatography tandem mass spectromery .
quantitative proteomics . nanomedicine . nanobiotechnology
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complex interactions and responses, such as cell asso-
ciation, over large and chemically diverse nanoparticle
libraries.18

To date, published SARs have used nanoparticle
properties that are characterized post-synthesis.19

However, when a nanoparticle enters a biological
environment, it comes into contact with a biofluid that
contains a diverse mixture of proteins and other
biomolecules. Unless the nanoparticle is intentionally
designed to avoid it, a subset of these proteins will
adsorb to its surface, forming a protein 'corona'.20,21

The protein corona establishes a 'biological identity'
for the nanoparticle that is distinct from its 'synthetic
identity'.22 Protein�nanoparticle interactions also
change the size, shape, and aggregation state of the
nanoparticle, which alter the presentation of adsorbed
proteins to their biomolecular targets.23,24 The bio-
logical identity is the form of the nanoparticle that
is 'seen' by the components of the biological system
and influences the downstream biological behavior.25

Indeed, studies have shown that the presence of
serum proteins within in vitro cell culture systems
alters nanoparticle-cell interactions and the cell
response.26,27 The protein corona thus encodes infor-
mation about the interface formed between the nano-
particle and the cell surface within a physiological
environment. Here, we used the composition of the

protein corona 'fingerprint' to predict the cell associa-
tion of a 105-member library of chemically diverse gold
nanoparticles (Figure 1). Cell association was chosen as
a model biological interaction because of its relevance
to inflammatory responses, biodistribution, and toxicity
in vivo.28�30

RESULTS AND DISCUSSION

We used a combinatorial approach to prepare a
library of 105 surface-modified gold nanoparticle for-
mulations with 15, 30, or 60 nm cores (Figure 2A). The
67 organic surface ligands used to create the library
include small molecules, polymers, peptides, surfac-
tants, and lipids, and were chosen tomimic the surface
chemistries of many of the most widely used nanopar-
ticle formulations.31 The surface ligands were classified
as 'neutral', 'anionic', or 'cationic' on the basis of their
chemical structure and net charge at physiological
pH (Table S1). A detailed description of each formula-
tion is provided in Table S2. Transmission electron
microscopy (TEM) confirmed that the nanoparticle
cores were monodisperse and had uniform morphol-
ogy (Figure S1). After surface modification, we used
dynamic light scattering (DLS) to measure the hydro-
dynamic diameter (HD) of each formulation and ab-
sorbance spectrophotometry (AS) to measure the
localized surface plasmon resonance index (LSPRi) and

Figure 1. Schematic illustrating the protein corona fingerprinting strategy. (1) A library of nanoparticles is mixed with
undiluted blood serum, which contains a diverse mixture of proteins. Serum proteins adsorb to the nanoparticle surface,
forming a serum protein 'fingerprint'. (2) Proteins are isolated from the surface of the nanoparticles. (3) The identity and
quantity of each adsorbed protein are characterized using high-resolution shotgun liquid chromatography tandem mass
spectrometry (LC�MS/MS). (4) Nanoparticles are incubated with cells in culture. (5) Net cell association is characterized by
elemental analysis. (6) The serumprotein fingerprint is a quantitative representation of each nanoparticle formulationwithin
themultidimensional parameter space 'X'. The net cell association of each formulation defines its locationwithin the response
space 'Y'. A function 'Y= f(X)' is created that relates the composition of the serumproteinfingerprint to cell association. f(X) can
be used to predict the cell association of a distinct nanoparticle formulation from its serum protein fingerprint.
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LSPR peak wavelength (LSPRpeak) (Figures S2 and S3).
The electrophoretic mobility and zeta potential (ZP)
were characterized using light scattering and agarose
gel electrophoresis (Figures S4 and S5). Statistically
significant changes inHD, LSPRpeak, or ZPwereobserved
during the surfacemodification of the gold nanoparticle
cores by all ligands except phenylalanine (Phe) (Table S3).
Since Phe associates with the gold nanoparticle surface
by forming relatively weak hydrophobic and ionic
interactions, it probably dissociates during purification.
We used the Ellman depletion assay to further quantify
the surface density of a subset of thiolated small
molecules (Figure S6). Assuming a footprint of
0.22 nm2 (the effective footprint of an adsorbed thiol
on a gold substrate), the surface density of the ligands
ranges from submonolayer tomultilayer depending on
gold nanoparticle core size and the chemical structure
of the ligand. The small relative standard deviation of
the HD, ZP, and LSPRi across independent syntheses
confirms the reproducibility of the procedures (see
Supporting Information Excel file).

After synthesis, each formulation was incubated
with undiluted human serum for 1 h at 37 �C and
purified using centrifugation to remove unbound pro-
teins. Blood serum was chosen to simulate the biomo-
lecular environment that a nanoparticle encounters
following intravenous administration and during in vitro
cell culture experiments. It should be noted that serum
is not a perfectmodel for the in vivo environment, since
key blood coagulation factors are absent. The compo-
sition of the protein corona around each formulation
was characterized qualitatively using poly(acrylamide)
gel electrophoresis (PAGE) (Figure S7) and semi-
quantitatively using high-resolution label-free shotgun
tandem mass spectrometry (LC�MS/MS).32�34 The
accuracy and reproducibility of the LC�MS/MS char-
acterization was established using protein mixtures of
known composition and independent experimental
replicates (Figures S9 and S11). The abundance of
several key adsorbed serum proteins was further con-
firmed by western blotting (Figure S12). On average,
each formulation adsorbed 71 ( 22 distinct serum

Figure 2. (A) Schematic illustrating the combinatorial design of the gold nanoparticle library. A total of 105 formulationswere
prepared by grafting 3 quasi-spherical gold nanoparticle cores (15, 30, or 60 nm) with one of 67 surface ligands. Surface
ligands were classified as 'neutral' (green), 'cationic' (blue), or 'anionic' (red). (B) Total adsorbed serumprotein density, and (C)
net A549 cell association for each formulation in the gold nanoparticle library. Cell association was log2-transformed. By
geometric considerations, a complete monolayer of albumin (the most abundant protein in serum) on 15, 30, and 60 nm
nanoparticles would give a density of approximately 0.62, 0.42, and 0.32 μg/cm2, respectively, assuming albumin is a uniform
sphere of radius 3.5 nm, with a packing density of 78.5%.
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proteins. The total number of identified proteins and
the total adsorbed protein density depend on nano-
particle core size and surface ligand chemistry
(Figures 2B and S10). Typically, for a fixed core size,
nanoparticles modifiedwith anionic or cationic ligands
adsorbed more protein than those modified with
neutral ligands, reflecting a greater propensity for
proteins to associate with charged nanoparticles via

electrostatic interactions.32 For a given surface ligand,
formulations with smaller cores typically adsorbed a
higher density of serum protein than those with larger
cores, since the lower surface curvature on larger
nanoparticles creates greater steric hindrance be-
tween adjacent adsorbed proteins.35

Serum incubation led to a statistically significant
change in the HD, LSPRi, and ZP of most formulations
(Figure S2�S4). Biomolecule�nanoparticle interac-
tions in serum that lead to biomolecule adsorption
or loss of colloidal stability increase the HD and
LSPRi, whereas biomolecular interactions that lead
to surface modifier loss or dispersion decrease the
HD and LSPRi relative to the values measured post-
synthesis.23,24,36�43 Serum exposure 'normalized' the
ZP to an average value of�7.8( 2.6mV. As a result, the
change in ZP after serum exposure is a linear function
of the ZP after synthesis (Figure S8). Most serum
proteins have an isoelectric point between pH 6 and
7, and thus carry a net negative charge at pH 7.4. Upon
adsorption, the anionic serum proteins impart a net
negative charge to the nanoparticles.34,44�48

Over the entire library, 785 distinct serum proteins
were identified by LC�MS/MS, of which 129 were
suitable for relative quantification (Table S5). The
relative abundance of each of these proteins on a
nanoparticle formulation defines the serum protein
'fingerprint' for that formulation (Figure 3). Our data
confirms that the relative abundance of proteins in
the corona does not, in general, reflect their relative
abundance in serum because low abundance proteins are
selectively enriched on the nanoparticle surface.32,33,49�51

To provide functional information, identified proteins
were screened for their involvement in coagulation,
complement activation, lipid transport, inflammation,
and cell association using gene ontology (GO) terms
(Table S5).
After characterizing the protein corona, we used

inductively coupled plasma-atomic emission spectros-
copy (ICP-AES) to measure nanoparticle association
with A549 human lung epithelial carcinoma cells in a
monolayer culture. These cells are widely used as a
model to study fundamental nanoparticle�cell inter-
actions. Cell association, which includes internalization
of the nanoparticles and adhesion to the cell mem-
brane, spanned more than 2 orders of magnitude
across the gold nanoparticle library (Figure 2C).
On average, cationic gold nanoparticle formulations
associated with cells to a greater extent than anionic or

neutral formulations, consistent with previous studies.52,53

However, therewas considerable variability within each
group, suggesting that features of the nanoparticle
interface other than the sign of the net charge also
influence cell association.
To determine the extent towhich individual proteins

within the serum protein fingerprint predict cell asso-
ciation, we developed a series of log-linearmodels that
relate the relative abundance of each adsorbed serum
protein to net cell association. Eachmodel has the form

log2(ŷi) ¼ ajxi, j (1)

where ŷi is themodel estimate of the cell association of
formulation 'i', xi,j is the relative abundance of serum
protein 'j' on formulation 'i', and aj is the model
parameter that is fit during training. Neutral formula-
tions were excluded during model training because
they resisted serum protein adsorption. The fitting
accuracy of each model was quantified using the
coefficient of determination (R2), while the prediction
accuracy was quantified using the coefficient of deter-
mination under 'leave-one-out' (LOO) cross-validation
(QLOO

2 ). Values of R2 or QLOO
2 closer to unity indicate

a more accurate model, and imply that a particular
protein encodes more information about the nanopar-
ticle that is relevant to cell association. The QLOO

2 was
0.44 for the most predictive protein, R-1 microglobulin
(AMBP). Values of ai for each protein, along with
parameters characterizing model performance, are
reported in Table S6. Proteins that are more highly
correlated with cell association tend to generate
models that are more accurate.
To determinewhether the predictive accuracy of the

model could be improved by using multiple adsorbed
proteins simultaneously, a new model was developed
that describes net cell association as the sum of the
adsorbed densities of each protein within the serum
protein fingerprint. This model has the form:

log2(ŷi) ¼ ∑
m

j¼ 1
bjx(i, j) (2)

where 'm' is the total number of proteins in the serum
protein fingerprint used in themodel, and bj is a model
parameter that relates the relative abundance of pro-
tein 'j' to the cell association of formulation 'i'. Because
there are 129 proteins in the serum protein fingerprint,
but only 84 formulations available in the data set,
finding a unique solution using multiple least-squares
regression would require at least 45 additional formu-
lations. We made two observations that decreased the
number of parameters being fit in the model. First, the
adsorption of some pairs of serum proteins is highly
correlated (Figure 3). Highly correlated proteins can be
combined using a single effective parameter. Second,
some serum proteins within the fingerprint are
only weakly correlated with cell association (Figure 3).
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These proteins can be de-emphasized or eliminated
from the model. We used a bioinformatics modeling
technique, known as partial least-squares regression
(PLSR), to incorporate both of these operations during
model training.54 PLSR was implemented with an
iterative parameter reduction algorithm that selected
the 64 most predictive proteins for model training
(Figure S14). Over the nanoparticle library used here,
the resulting model predicted cell association with a

QLOO
2 of 0.81 (Figure 4A,B). For a more stringent test, we

calculated the coefficient of determination under 'leave
many out' cross-validation (QLMO25%

2 ), which was 0.61(
0.18 (Table 1). The bi value for each of the proteins used
in the model is reported in Table S7. Analysis of the
applicability domain shows that none of the formula-
tions are outliers (Figure S15 and Table S8). The multi-
variate model that uses the serum protein fingerprint
predicts cells association with 84% higher accuracy

Figure 3. Clustergram showing the serum protein fingerprint formed around each nanoparticle formulation. Rows are
identified serum proteins and columns are formulations. See Table S5 for full protein names. Formulation names are
highlighted based on their classification. Red, anionic gold nanoparticles (GNPs); blue, cationic GNPs; green, neutral GNPs;
and orange, silver nanoparticles. Intensity of yellow color is proportional to relative protein abundance. Relative protein
abundances are normalized to a standard deviation of 1 across formulations. Cell association is highlighted in magenta.
Hierarchical agglomerative clustering with average linkages was performed using Pearson correlation coefficients as a
distance metric.
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than the best performing model that uses only single
serum proteins (eq 1), showing that distinct serum
proteins within the fingerprint encode nonredundant

information about the nanoparticles that can be used
to enhance the accuracy of the prediction. This result
suggests that multiple serum proteins are needed to
adequately describe the complex nature of the nano-
particle interface that a cell encounters within a bio-
logical environment.36 Although the accuracy of the
predictions made by the model are considered accep-
table by conventional standards,55 the accuracy may
be further improved by taking into account distinct
characteristics of the biomolecular corona that are
important for mediating cell association including
the conformation, orientation, and structure of the
adsorbed proteins, as well as the lipid, small molecule,
and polysaccharide fingerprints.56,57

Surface-adsorbed serum proteins may either pro-
mote cell association or inhibit it.26,58 The sign of the bi
coefficients from the model (eq 2) reflects the correla-
tion between each adsorbed serum protein and cell
association. Coefficients with positive signs indicate
that, all other factors being equal, greater adsorption of
that protein on a formulation implies greater cell
association, suggesting that the protein mediates cell
association. In contrast, coefficients with negative
signs indicates that, all other factors being equal,
greater adsorption of that protein implies lower cell
association, suggesting that the protein inhibits cell
association. Thus, the multivariate model provides
implicit information about the function of each protein
within the serum protein fingerprint. Of the 64 serum
proteins used to create the model, 39 are classified as
promoters of cell association and 25 as inhibitors
(Table S7). Each of these proteinswas ranked according
to its importance to the model. Five of the most
influential promoters, inter-alpha trypsin inhibitor hea-
vy chains H1, H2, and H3 (ITIH1, ITIH2, and ITIH3), R-1
microglobulin (AMBP), and hyaluronan-binding pro-
tein 2 (HABP2) are involved in hyaluronan binding.
Since hyaluronan is a major component of cell-surface
glycoproteins and the extracellular matrix, surface-
adsorbed hyaloronan-binding proteins may act as
'bridges' that mediate the interaction of nanoparticles
with the cell surface.59,60 The most influential inhibitor

Figure 4. Modelperformance. (A) Predictive accuracy (QLOO
2 ) vs

fitting accuracy (R2) for models created using different param-
eter sets. Circles show model performance using parameters
describing the full serumproteinfingerprint ('Fingerprint'), total
adsorbed serum protein density (BCA), core size by transmis-
sion electronmicroscopy (TEM), local dielectric environment by
absorbance spectrophotometry (AS), hydrodynamic diameter
by dynamic light scattering (DLS), and zeta potential (ZP).
'Combined' refers to a model that uses TEM, AS, DLS, and ZP
together. During model training and validation, gold nanopar-
ticle formulations modified with neutral surface coatings were
excluded. (B) Measured cell association for each gold nanopar-
ticle formulation vs values predicted from the model that uses
the full serum protein fingerprint. Red circles indicate anionic
formulations, and blue circles indicate cationic formulations.
Dashed line shows perfect correspondence between predicted
and measured values. Points are mean ( SEM from three
independent replicates. (C) Multivariate model performance
using a reducednumber of serumproteins. The least predictive
serumproteinwas sequentially removed and a newmodelwas
trained and validated. Open circles indicate optimalmodel per-
formance. Closed circles indicatemodel performanceusing ran-
domly selected protein sets. Error bars are SD from jackknifing.

TABLE 1. Summary of Model Performance Using Different Parameter Sets

parameter set no. param.a R2 (#PC)b QLOO
2 QLMO25%

2 p-value

Fingerprintc 64 0.93 (6) 0.81 0.61 ( 0.18 ∼0

TEMd 1 0.10 (1) 0.065 0.15 ( 0.13 0.0036

HDe 9 0.28 (1) 0.23 0.19 ( 0.14 1.2 � 10�7

ASf 3 0.29 (3) 0.24 0.23 ( 0.15 3.5 � 10�6

ZPg 6 0.49 (2) 0.43 0.46 ( 0.17 1.5 � 10�11

BCAh 1 0.015 (1) 0.0088 0.053 ( 0.074 0.26

CombinedI 26 0.63 (2) 0.54 0.49 ( 0.18 1.1 � 10�16

Combined þ fingerprint 52 0.95 (7) 0.86 0.63 ( 0.16 ∼0

a Number of parameters used in the model after pruning. b Optimal number of principal components (PCs) determined during model training. c Full serum protein corona
fingerprint. d Transmission electron microscopy. e Hydrodynamic diameter from dynamic light scattering. f Absorbance spectrophotometry. g Zeta potential. h Total adsorbed
serum protein density from the bicinchoninic acid (BCA) assay. I Parameters from TEM, DLS, AS, and ZP combined.

A
RTIC

LE



WALKEY ET AL. VOL. 8 ’ NO. 3 ’ 2439–2455 ’ 2014

www.acsnano.org

2445

is complement C3. Although C3 has a putative role
as an opsonin when it is adsorbed to the surface of
foreign or pathogenic materials, because of its high
molecular weight (approximately 190 kDa), it may also
act as an inhibitor in the absence of specific cell surface
receptor interactions by blocking the interaction of cell
surface biomolecules with the underlying nanoparticle
surface or other adsorbed proteins.61

Because the model (eq 2) classifies proteins as
promoters or inhibitors of cell association through
correlative relationships, causality is not implied. To
elucidate the role of serum hyaluronan-binding pro-
teins in nanoparticle-cell association, we quantified the
cell association of cationic AUT- and MUTA-modified
15 nm gold nanoparticles in the presence of free
hyaluronic acid (HA). HA inhibited cell association in
a concentration-dependent manner, suggesting that
the interaction of adsorbed hyaluronan-binding pro-
teins with cell-surface hyaluronan mediates nano-
particle�cell association (Figure S16). However, since
even high concentrations of HA only partially inhibit
cell association, it is likely that other hyaluronan-
independent mechanisms also contribute.
To determine the accuracy of models generated

using subsets of the most predictive adsorbed serum
proteins, we iteratively extracted the least influential
protein and fit a new model (using eq 2) that uses the
remaining proteins. Models that use the top 48, 32, 16,
or 6 serum proteins are 99%, 95%, 83%, or 74% as
accurate as the full model (Figure 4C). The identities
of the selected protein subsets are important, since
randomly selected proteins generated models with
significantly lower prediction accuracy (Figure 4C).
The abundances of small subsets of proteins can
be characterized using targeted mass spectrometry,
western blot, and enzyme-linked immunosorbent as-
say (ELISA). These techniques are often simpler and less
resource-intensive than full LC�MS/MS characterization.
It has been suggested that nanoparticle formula-

tions with a higher protein binding capacity associate
with cells more efficiently than those with a lower
protein binding capacity.62,63 To test this assertion,
we developed a linear model that describes cell asso-
ciation as a function of the total adsorbed serum
protein density. The model shows nearly no prediction
accuracy (QLOO

2 = 0.0088) relative to the model that
uses the full protein fingerprint (Figure S17E). This
result suggests that total adsorbed protein density
does not 'encode' the molecular details of the nano-
particle surface that are important for describing how
it will interact with cells. These details are, however,
captured by the identities and abundances of
the proteins within the serum protein fingerprint.
While total serum protein adsorption may predict
cell association over a relatively limited number of
formulations with similar surface functional groups
and charges, it does not accurately predict cell

association over nanoparticle libraries with diverse
interface chemistries.
Since the size, aggregation state, and surface charge

density of a nanoparticle influence its cell association,
we asked how accurately models using parameters
derived from DLS, TEM, AS, and ZP characterization
predict cell association. 24, 8, 5, and 1 parameter(s)
were extracted from DLS, ZP, AS, and TEM measure-
ments (respectively) (Table S9). Using PLSR, we created
a series of multivariatemodels that predict cell associa-
tion with a QLOO

2 of 0.23 (DLS), 0.065 (TEM), 0.24 (AS),
and 0.43 (ZP) (Figures 4A, S17, and S18 and Table 1).
Eachmodel had the same form as in eq 2. Models using
parameters describing the ZP predict cell association
more accurately than parameters derived fromDLS, AS,
or TEM, indicating that surface charge encodes more
information about the nanoparticles that is relevant to
predicting cell association than nanoparticle size and
aggregation state. A combined model that uses all
parameter sets together has slightly higher predictive
accuracy than the model that uses only ZP, indicating
that most of the structural information about the
nanoparticles that is relevant to predicting cell associa-
tion is redundant between these parameter sets. The
model that uses the full serum protein fingerprint
predicts cell associationwith 50%higher accuracy than
the combined model. Since cells recognize nanoparti-
cles through molecular interactions at the interface,
the serum protein fingerprint more accurately reflects
characteristics of the nanoparticles that determine cell
association than DLS, ZP, TEM, and AS measurements.
Interestingly, a combined model that uses DLS, TEM,
AS, and ZP along with the serum protein fingerprint
predicts cell association with a QLOO

2 of 0.86, which is
only marginally more accurate than the model that
uses the serum protein fingerprint alone, suggesting
that the serum protein fingerprint encodes informa-
tion about the size, surface charge, and aggregation
state of the nanoparticles.
To assess how accurately the gold nanoparticle

model predicts the cell association of a different nano-
particle type, we prepared a set of silver nanoparticle
formulations by grafting 39 nm silver nanoparticle
cores with a subset of 16 of the surface ligands used
to prepare the gold nanoparticle library. These formu-
lations were characterized in an identical manner to
the gold nanoparticles. The model developed using
the serum protein fingerprint around gold nanoparti-
cles predicted the cell association of the silver nano-
particle library with an external prediction accuracy
(Qexternal

2 ) of 0.045, indicating that a model derived
using gold nanoparticles cannot be applied to accu-
rately predict the cell association of silver nanoparticles
(Figures 5A and S19). Using a combined model that
includes both gold nanoparticles and silver nanoparti-
cles marginally improved the prediction accuracy
(QLOO

2 of 0.091) (Figure 5B and Figure S19). However,
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a distinct model created using only the silver nanopar-
ticles predicted cell association with a QLOO

2 of 0.79
(Figures 5C and S19). These results show that theway in
which the adsorbed serum protein fingerprint is re-
lated to cell association depends on nanoparticle core
type, suggesting that there are particle-dependent
differences in the orientation, conformation, and struc-
ture of the adsorbed protein layer and themechanisms
of nanoparticle�cell interactions that are not reflected
in the identities and quantities of the adsorbed serum
proteins. We conclude that distinct models may be
required to accurately predict the cell association of
different nanoparticle classes from the serum pro-
tein fingerprint, even though a consistent LC�MS/MS
characterization protocol can be used.
In addition to relating the characteristics of the

protein corona to downstream biological interactions,
there is considerable interest in understanding the
influence of nanoparticle physical and chemical prop-
erties on the formation of the protein corona. Using
the data set collected in this study, we characterized
the extent to which gold nanoparticle core size influ-
ences the composition of the serum protein corona.
On average, 74.7% of the serumprotein corona formed
around 15 nm gold nanoparticles is common to 30 nm
gold nanoparticles modified with the same surface
ligand, while 86.7% of the serum protein corona
formed around 30 nm gold nanoparticles is common
to 60 nm gold nanoparticles (Figure S20A). Since,
on average, 95.0% of the serum protein corona is
common between independent experimental repli-
cates, nanoparticle size has a significant influence on
the composition of the protein corona, consistent
with previous studies.33,47,49 In comparison, 47.2% of
the serum protein corona formed around cationic
amine-functionalized gold nanoparticles is common
to anionic carboxy-functionalized gold nanoparticles,
and 65.9% of the serum protein corona formed around
trimethylammonium-functionalized gold nanoparticles
is common to amine-functionalized gold nanoparticles.
This shows that surface functional group chemistry has
a greater influence than nanoparticle size on protein

corona composition, at least in the range of 15�60 nm.
Nanoparticle size may influence the composition of
the protein corona by changing the deflection angle
between adjacent adsorbed proteins or by altering
the curvature of the interface 'seen' by incoming
proteins.35,64,65 Although it is beyond the scope of this
study, correlating nanoparticle size-dependent changes
in the relative abundance of individual adsorbed serum
proteins to protein molecular weight, structure, and
charge may provide further mechanistic insights.
To study the influence of nanoparticle core material

on protein corona composition, we computed the
global similarity in the serum protein corona formed
around gold and silver nanoparticles. On average, only
36.9% of the serum protein corona formed around
silver nanoparticles is common to gold nanoparticles
modified with the same surface ligand (Figure S20B),
showing that the core material exerts a greater influ-
ence on protein corona composition than core size or
surface functional group. This finding is counterintui-
tive, since the core is 'shrouded' by the surface ligand
layer. However, even if the ligand-protected core does
not make direct contact with proteins in the surround-
ing biological environment, it determines the density,
arrangement, and orientation of the associated ligands.
Detailed study of the nanoparticle surface using X-ray
photoelectron spectroscopy, time-of-flight secondary
ionmass spectrometry, or atomic forcemicroscopymay
provide additional insights.

CONCLUSIONS

In this study, we developed a quantitative model
that uses the serum protein corona fingerprint to
predict the cell association of a compositionally diverse
gold nanoparticle library. This model is 50% more
accurate than a model that uses nanoparticle size,
aggregate state, and surface charge, suggesting that
the protein corona encodes more biologically relevant
information about a nanoparticle than its physical
properties. This study includes the most comprehen-
sive quantitative characterization of the blood protein
corona published to date and establishes a framework

Figure 5. Measured vs predicted silver nanoparticle (SNP) cell association. Models were trained using the serum protein
corona fingerprint from (A) gold nanoparticles (GNPs) only, (B) GNPs and SNPs, or (C) SNPs only. Cell association values are
log2-transformed. Data points are mean ( SEM from 3 independent replicates.
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for a database of protein coronae and corresponding
biological responses for nanoparticle formulations with
well-defined properties. Measurements of core size,
hydrodynamic diameter, zeta potential, LSPR index, total
adsorbed protein density, cell association, and spectral
counts for each identified serum protein aremade freely
available in the Supporting Information Excel file.
The protein corona fingerprinting strategy can be

extended to predict the association of nanoparticles
with other physiologically relevant cell types, such as
endothelial cells, macrophages, and hepatocytes.
Since nanoparticle�cell interactions determine down-
stream cellular responses, the protein corona finger-
print may also predict the activation of intracellular
signaling cascades, cytokine secretion, gene expression,
toxicity, and, by extension, in vivo pharmacokinetics,
biodistribution, and organ response. Provided the ap-
propriate models have been established, it is theoreti-
cally possible to predict multiple biological interactions
and responses from a single characterization of the
protein corona fingerprint. Moreover, since a protein
corona forms around silica, metal oxide, lipid, and
polymer nanoparticles, protein corona fingerprinting
is applicable across nanoparticle classes, although

distinct models may be required. The results pre-
sented in this study suggest that protein corona
fingerprinting may be developed into a general strat-
egy to predict the interaction of nanoparticles with
biological systems.
To maximize the use of large data sets, a database

systemmust be established that includes nanoparticle
properties, protein corona characterization, and corre-
sponding biological interactions. Such a database
will be valuable to the broader research community,
as it will allow biological interactions to be modeled
without the need for extensive experiments. With the
recently proposed alphanumeric nomenclature system,
it is now possible to index nanomaterials according
to their physical and chemical properties.66 This will
allow the database to be searched for biological data
associated with nanoparticles possessing specific pro-
perties. Strategies to model nano�bio interactions will
converge with developments in the fields of bioinfor-
matics and systems biology. Ultimately, developing a
database of nanoparticle properties and their corre-
sponding biological interactions will lead to the estab-
lishment of predictivemodels thatwill guide the design
of nanoparticles for diverse applications (Figure 6).

MATERIALS AND METHODS

Preparation of Gold Nanoparticle Cores. The 15 nm gold nano-
particles (GNPs) were prepared by citrate reduction of an
aqueous ionic gold precursor as described before.67 Briefly,
100 mL of 0.25 mM aqueous gold(III) chloride (Sigma, cat#:
520918) was brought to boil in a 250 mL Erlenmeyer flask
containing a 1.5 in. Teflon-coated magnetic stir-bar. Under
vigorous stirring, 1 mL of 3.3% (w/v) aqueous sodium citrate
dibasic trihydrate (Sigma, cat#: S4641) was rapidly added.
Boiling and stirring were continued for 10 min, producing a
red-colored solution. The solution was cooled in an ice bath and
diluted to 100 mL with water.

The 30 nm and 60 nm gold nanoparticles were prepared
using an adaptation of the seed-mediated growth procedure
described by Perrault and Chan.68 Briefly, 888 μL (30 nm), or
985 μL (60 nm) 0.25 mM aqueous gold(III) chloride was added
to a 250 mL Erlenmeyer flask containing 86.1 mL (30 nm) or
95.6 mL (60 nm) of water and cooled to 4 �C. Then, 888 μL
(30 nm) or 985 μL (60 nm) of 15 mM aqueous sodium citrate
tribasic dihydrate was added. Under stirring, 11.3 mL (30 nm) or
1.64 mL (60 nm) of 15 nm gold nanoparticles, prepared as
described above, was added. Growth was initiated by adding
888 μL (30 nm) or 985 μL (60 nm) of 25 mM aqueous hydro-
quinone (Sigma, cat#: H17902). The flask was returned to room

Figure 6. Establishing a predictive modeling framework. Nanoparticles possess design-dependent physical and chemical
properties that determine biological interactions, responses, and outcomes upon exposure to a biological system. Establish-
ingquantitativemodels that relate biological outcomes to nanoparticle properties enables in silicopredictionwithout explicit
experimentation. Data sets from large-scale experiments can be collected in a central database to facilitate the modeling
process. The protein corona fingerprinting strategy developed in this study can be expanded from gold and silver
nanoparticles to diverse nanoparticle classes.
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temperature and stirring was continued overnight to complete
growth.

After synthesis, gold nanoparticles were concentrated to
∼25 times the synthesized concentration and washed to re-
move reaction byproducts by centrifugation at 7000g (15 nm),
3500g (30 nm), or 1000g (60 nm) for 45 min at room tempera-
ture. Stock solutions were stored at 4 �C in the dark until surface
modification.

Preparation of Silver Nanoparticle Cores. The∼40 nm silver nano-
particles (SNPs) were synthesized using a modification of a
procedure described before.69 After synthesis, silver nanoparti-
cles were centrifuged and washed to remove reaction bypro-
ducts. Particles were stored at 4 �C in the dark until surface
modification.

Transmission Electron Microscopy (TEM). The average diameter
and morphology of each batch of gold and silver nanoparticle
cores was characterized by TEM. Carbon-coated copper grids
(Ted Pella) were cleaned using a glow discharge lamp. A 5 μL
aliquot of the nanoparticle stock solution was drop cast onto
the grid. Grids were visualized with an accelerating voltage of
200 kV on a Tecnai 20 (FEI) microscope. An average of 10 images
per sample was collected using an AMT 16000 camera (Advanced
Microscopy Techniques). Images were imported into ImageJ (NIH)
and converted to binary. The area and circularity of the 2D
projection of at least 50 distinct nanoparticles per sample were
collected. To estimate the effective diameter of each nanoparticle,
the total area of the nanoparticle projection was equated to the
surface area of a circle and solved for the diameter. Representa-
tive TEM images of each sample are shown in Figure S1. The
average diameter of each batch of nanoparticles is reported in
the Supporting Information Excel file.

Surface Modification of Gold and Silver Nanoparticle Cores. Depend-
ing on the surface ligand, one of 10 distinct procedures (see
below) was used to surface-modify gold and silver nanoparticle
cores. Table S1 lists the procedure for each surface ligand. Each
procedure describes the surface modification of nanoparticle
cores with a total surface area of 40 cm2. For larger quantities,
each procedurewas scaled accordingly. Surface-modified nano-
particle cores were stored at 4 �C in the dark until use.

Surface ligands were classified according to their chemical
structure (Supporting Information Table S1). 'Neutral' surface
ligands possess chemical motifs that do not carry at net charge
at physiological pH, resist biomolecule interactions, and stabi-
lize nanoparticle formulations by steric repulsion. Charged
ligands possess at least one chemical functional group that
carries a net charge at physiological pH (pH 7.4), and stabilize
nanoparticles by charge�charge repulsion. Charged ligands
were classified as either 'cationic' or 'anionic', depending on
whether their overall charge is positive or negative (respectively)
at physiological pH.

Procedure 1. A 100 μL aliquot of 3 mM aqueous sodium
citrate dibasic trihydrate (Sigma, cat#: S4641) or 3 mM aqueous
L-phenylalanine (Sigma, cat#: P2126) was transferred to a
microcentrifuge tube. A 40 cm2 aliquot of the appropriate gold
or silver nanoparticle core stockwas centrifuged to concentrate.
The supernatant was discarded and the pellet was resuspended
to 900 μL with water and added to the ligand aliquot. The
sample was mixed thoroughly and incubated at room tempera-
ture overnight. The mixture was centrifuged at 7000g (15 nm
GNP), 2500g (30 nm GNP), 1000g (60 nm GNP), or 3000g (40 nm
SNP) for 60 min at room temperature to pellet the surface-
modified nanoparticles. The supernatant was discarded and the
pellet was resuspended in 40 μL of water.

Procedure 2. A 100 μL aliquot of 3 mM N-acetyl-L-cysteine
(Sigma, cat#: A7250) in ethanol, 1.5 mM 5,50-dithiobis(2-nitro-
benzoic acid) (Sigma, cat#: D8130) in ethanol, 3 mM R-lipoic
acid (Sigma, cat#: 62320) in ethanol containing 3 mM sodium
hydroxide, 3 mM mercaptoacetic acid (Sigma, cat#: T3758) in
ethanol, 3 mM 4-mercaptobenzoic acid (Sigma, cat#: 706329) in
ethanol, 3 mM aqueous sodium 2-mercaptoethanesulfonate
(Sigma, cat#: 63705), 3 mM 6-mercaptohexanoic acid (Sigma,
cat#: 674974) in ethanol, 3 mM 16-mercaptohexadecanoic acid
(Sigma, cat#: 448303) in ethanol, 3mM3-mercaptopropionic acid
(Sigma, cat#: M5801) in ethanol, 3 mM mercaptosuccinic acid
(Sigma, cat#: 88460) in ethanol, 3 mM 11-mercaptoundecanoic

acid (Sigma, cat#: 450561) in ethanol, or 3 mM N-(2-
mercaptopropionyl)glycine (Sigma, cat#: M6635) in ethanol
was transferred to a microcentrifuge tube. A 40 cm2 aliquot of
the appropriate nanoparticle core stock was centrifuged to
concentrate and resuspended to 900 μL with water, added to
the ligand aliquot, and mixed thoroughly. The sample was
incubated at 60 �C for 1 h to complete ligand exchange, and
then cooled to room temperature. The nanoparticle suspension
was stabilized by adding 10 μL of 300 mM aqueous tetramethy-
lammoniumhydroxide (TMAH) (Sigma, cat #: T7505) andwashed
once into 1 mL of 3 mM aqueous TMAH by centrifugation at
7000g (15 nm GNP), 2500g (30 nm GNP), 1000g (60 nm GNP), or
3000g (40 nm SNP) for 60 min at room temperature. Nano-
particles were pelleted by centrifugation. The supernatant was
removed and the nanoparticle pellet was resuspended in 40 μL
of water.

Procedure 3. A100 μL of 30mM (11-mercaptoundecyl)tetra-
(ethylene glycol) (Sigma, cat#: 733385) in ethanol, 3 mM
(11-mercaptoundecyl)-N,N,N-trimethylammonium (Sigma, cat#:
674508) in ethanol, or 3 mM aqueous bis(p-sulfonatophenyl)-
phenylphosphine (Strem, cat#: 15�0463) was transferred to a
microcentrifuge tube. A 40 cm2 aliquot of the appropriate gold
or silver nanoparticle core stock was centrifuged to concentrate.
The supernatant was removed and the pellet was resuspended
to 900 μL with water and added to the ligand stock. The sample
was incubated for 1 h at 60 �C and then cooled to room
temperature. Surface-modified nanoparticles werewashed once
in 1 mL of water by centrifugation at 7000g (15 nm GNP), 3500g
(30 nm GNP), 1000g (60 nm GNP), or 3000g (40 nm SNP) for
60 min at room temperature. The mixture was centrifuged to
concentrate the nanoparticles. The supernatant was removed,
and the pellet was resuspended in 40 μL of water.

Procedure 4. The 0.25 mg/mL stock solutions of peptide
sequences 'CALNN' (BioBasic), 'CVVIT' (BioBasic), or 'CFGAILS'
(BioBasic) were prepared in 3 mM aqueous sodium hydroxide.
A 100 μL aliquot of the appropriate peptide stock was trans-
ferred to a new microcentrifuge tube, followed by 10 μL of
300 mM aqueous sodium hydroxide and 290 μL of water.
A 40 cm2 aliquot of the appropriate gold or silver nanoparticle
core stock was centrifuged to concentrate. The supernatant was
discarded and the pellet was resuspended in 600 μL water and
added to the peptide aliquot. The samplewasmixed thoroughly
and incubated at 60 �C for 1 h to complete ligand exchange,
before being cooled to room temperature. Surface-modified
nanoparticles were washed twice in 1 mL of 3 mM aqueous
sodium hydroxide by centrifugation at 8000g (15 nm GNP),
2000g (30 nm GNP), 1000g (60 nm GNP), or 2500g (40 nm SNP)
for 60min at 4 �C to remove reaction byproducts. Nanoparticles
were concentrated by centrifugation. The supernatant was
removed and the pellet was resuspended in 40 μL of water.

Procedure 5. To produce nanoparticles grafted with poly-
(ethylene glycol) (PEG) at high density, a 1 mM stock solution of
cPEG5K-SH (Laysan, cat#: 115-78), mPEG1K-SH (Laysan, cat#:
102-174), mPEG20K-SH (Laysan, cat#: 110-34), mPEG2K-SH
(Laysan, cat#: 103-56), mPEG5K-SH (Laysan, cat#: 115-30), or
nPEG5K-SH (RAPP Polymere, cat#: 135000-40-20) was prepared
in water. To produce nanoparticles grafted with PEG at low
density, a 16.8 μM stock solution of cPEG5K-SH, mPEG20K-SH,
or nPEG5K-SH was prepared in water. A 100 μL aliquot of the
appropriate PEG stock was transferred to a microcentrifuge
tube. For low density PEG grafting, 10 μL of 3% (w/v) aqueous
sodium citrate dibasic trihydrate was added to act as a stabilizer.
A 40 cm2 aliquot of the appropriate gold or silver nanoparticle
core stock was centrifuged to concentrate. The supernatant was
discarded and the pellet was resuspended in 900 μL of water,
added to the PEG, and mixed quickly with a pipet. The sample
was incubated at 60 �C for 1 h to complete the ligand exchange.
Nanoparticles were washed once in 1 mL of 0.03% (w/v)
aqueous sodium citrate tribasic dihydrate (for low density
grafting) or 1 mL of water (for high density grafting) by
centrifugation at 12 000g (15 nm GNP), 3000g (30 nm GNP),
1000g (60 nm GNP), or 4000g (40 nm SNP) for 60 min at 4 �C.
Surface-modified nanoparticles were concentrated by centrifu-
gation. The supernatant was removed and the pellet was
resuspended in 40 μL of water.
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Procedure 6. Poly(styrene-co-maleic-anhydride) (PSMA)
(Sigma, cat#: 442402) was modified by a panel of aminated
molecules. A total of 6.5 mg of ethanolamine (Sigma, cat#:
398136), 6.5 mg of ethylenediamine (Sigma, cat#: E26266),
8.0 mg of aminopropanol (Acros, cat#: 104450010), 6.3 mg of
urea (Bioshop, cat#: URE001.1), 14.3 mg of aminoacetophenone
(Aldrich, cat#: A38002), 20 mg of amino-PEG3K (Sigma, cat#:
07969), or 30 mg of amine-modified mPEG5K (Laysan, cat#:
110-130) was dissolved in 500 μL of N,N-dimethylformamide
(DMF) (Sigma, cat#: 227056) and mixed with 10 mg of PSMA
dissolved in 500 μL of DMF. The mixture was incubated over-
night at room temperature. 6.5mg of ethanolamine in DMFwas
added and the mixture was incubated for 1 h at room tempera-
ture to complete the ring-opening reaction. Modified PSMAwas
stored in DMF at �30 �C for up to 2 weeks following synthesis.
To prepare surface-modified gold or silver nanoparticles, 1 mg
of modified PSMA was transferred to a microcentrifuge tube
and diluted with 1 mL of 3 mM aqueous sodium hydroxide.
A 40 cm2 aliquot of the appropriate gold or silver nanoparticle
core stock was centrifuged to concentrate. The supernatant was
discarded and the pellet was resuspended in 250 μL of DMF.
Then, 20 μL of 2.29 mM 2-napthalenethiol (Sigma, cat#: 270849)
in DMF was added. The mixture was incubated for 1 h at 60 �C,
cooled to room temperature, and added to the modified PSMA.
The mixture was incubated at 60 �C for 1 h to allow polymer
association to the nanoparticle and then left overnight at room
temperature with end-over-end rotation. The surface-modified
nanoparticles were washed into 1 mL of 3 mM aqueous sodium
hydroxide by centrifugation at 15 000g (15 nm GNP), 3500g
(30 nm GNP), 1500g (60 nm GNP), or 4000g (40 nm SNP) for
60 min at room temperature. Nanoparticles were washed a
second time into 1 mL of 3 mM aqueous sodium hydroxide by
centrifugation at 10 000g (15 nm GNP), 2500g (30 nm GNP),
1000g (60 nm GNP), or 3000g (40 nm SNP) for 60 min at room
temperature to remove remaining byproducts. The supernatant
was discarded and the pellet was resuspended in 40 μL water.

Procedure 7. A50μL aliquot of 30mM L-glycine (Sigma, cat#:
G8898), 30 mM L-tryptophan (Sigma, cat#: T0254), 15 mM
L-asparagine (Sigma, cat#: A0884), 30 mM L-serine (Sigma,
cat#: S2600), 30 mM L-alanine (Sigma, cat#: A26802), 30 mM
L-phenylalanine (Sigma, cat#: P2126), 30 mM L-methionine
(Sigma, cat#: M9625), 30 mM L-threonine (Sigma, cat#: T8625),
30 mM mPEG5K-NH2 (Laysan, cat#: 110�130), or 30 mM NH2-
PEG3K-OH (Sigma, cat#: 07969) in 100 mM aqueous HEPES
buffer (pH 7.4) (BioShop, cat#: HEP001.500) was mixed with
50 μL of 7.5 mM 3,30-dithiobis(sulfosuccinimidylpropionate)
(DTSSP) (Pierce, cat#: 21578) in dimethyl sulfoxide (DMSO)
(Sigma, cat#: 276855). Solutions were incubated for 1 h at room
temperature and then stored at �30 �C until use. To prepare
surface-modified nanoparticles, a 20 μL aliquot of the appro-
priate DTSSP-modified molecule was transferred to a micro-
centrifuge tube and diluted to 100 μL with water. A 40 cm2

aliquot of the appropriate gold or silver nanoparticle core stock
was concentrated by centrifugation. The supernatant was dis-
carded and the pellet was resuspended in 900 μL of water
before being added to the ligand aliquot. Mixtures were
incubated for 1 h at 60 �C, and then cooled to room tempera-
ture. A total of 10 μL of 300 mM aqueous TMAH was added to
each mixture to stabilize the nanoparticle suspension. Nano-
particles were washed twice into 1 mL of 3 mM aqueous TMAH
by centrifugation at 8000g (15 nm GNP), 2500g (30 nm GNP),
1000g (60 nm GNP), or 2500g (40 nm SNP) for 60 min at room
temperature to remove reaction byproducts. The supernatant
was discarded and the pellet was resuspended in 40 μL water.

Procedure 8. A 500 μL aliquot of 10 mg/mL aqueous poly-L-
lysine (PLL) (Sigma, cat#: 81332), 10 mg/mL aqueous poly-
(ethyleneimine) (PEI) (Sigma, cat#: 482595), or 10 mg/mL
aqueous poly(allylamine hydrochloride) (PAH) (Sigma, cat#:
283215) was transferred to a new tube and diluted with
350 μL of water. Then, 100 μL of 1 M phosphate buffer
(pH 7.5) was added to the PLL or PEI aliquot. Subsequently,
100 μL of 1 M borate buffer (pH 7.5) was added to the PAH
aliquot. Then, 50 μL of 36.3 mM aqueous 2-iminothiolane
hydrochloride (Pierce, cat#: 26101) was added to the mixture.
The mixture was incubated for 1 h at room temperature.

Thiolated polymers were stored at�30 �C until use. To prepare
nanoparticles, a 50 μL aliquot of the appropriate thiolated
polymer stock was thawed and transferred to a microcentrifuge
tube. Then, 10 μL of 300 mM aqueous hydrochloric acid and
40 μL of water were added. A 40 cm2 aliquot of the appropriate
gold or silver nanoparticle core stock was concentrated by
centrifugation. The supernatant was discarded and the pellet
was resuspended in 800 μL water before being added to the
polymer aliquot. The solution was mixed thoroughly and in-
cubated at 60 �C for 1 h before being cooled to room tempera-
ture. The mixture was centrifuged at room temperature for
60min at 9000g (15 nmGNP), 3000g (30 nmGNP), 1500g (60 nm
GNP), or 4000g (40 nm SNP) to pellet the surface-modified
nanoparticles. The supernatant was discarded and the pellet
was resuspended in 1 mL of 3 mM aqueous hydrochloric acid.
Nanoparticles were pelleted by centrifugation. The supernatant
was discarded, and the pellet was resuspended in 40 μL of
water.

Procedure 9. A 100 μL aliquot of 1% (w/v) benzyldimethyl-
hexadecylammonium bromide (BDHDA) (Sigma, cat#: B4136)
in ethanol, 1% (w/v) hexadecyltrimethylammonium bromide
(CTAB) (Sigma, cat#: 855820) in ethanol, 0.5% (w/v) 1,2-dioleoyl-
3-trimethylammonium-propane (Avanti Polar Lipids, cat#:
890890E) in ethanol, 0.1% (w/v) hexadecylamine (HDA) (Sigma,
cat#: 445312) in ethanol (stoichiometrically neutralized with 1 M
aqueous hydrochloric acid), 0.02% (w/v) octadecylamine (ODA)
(Sigma, cat#: 305391) in ethanol containing 3 mM hydrochloric
acid, 0.02% (w/v) stearic acid (SA) (Sigma, cat#: 26,838�0) in
ethanol containing 3 mM sodium hydroxide, 1% (w/v) aqueous
sodium dodecyl sulfate (Sigma, cat#: L3771), 1% (w/v) aqueous
Pluronic F127 (Sigma, cat#: P2443), 1% (w/v) sodium deoxycho-
late (DC) (Sigma, cat#: 30970) in ethanol containing 3 mM
sodium hydroxide, 1% (w/v) aqueous poly(vinyl alcohol)
(Sigma, cat#: 360627), 1% (w/v) aqueous poly(vinylpyrrolidone)
(Sigma, cat#: 856568), or 1% (w/v) aqueous TWEEN20 (Sigma,
cat#: P9416) was transferred to a microcentrifuge tube. A 40 cm2

aliquot of the appropriate gold or silver nanoparticle core stock
was concentrated by centrifugation. The supernatant was dis-
carded and the pellet was resuspended in 800 μL water before
being added to the surfactant aliquot andmixed thoroughly. For
modification with 1-dodecanethiol (DDT), 10 μL of 3 mM DDT
(Sigma, cat#: 471354) in ethanolwas added to the nanoparticle�
surfactantmixture. Formodificationwith 2-napthalenethiol (NT),
10 μL of 3 mM NT (Sigma, cat#: 270849) in ethanol was added
to the nanoparticle�surfactant mixture. The sample was mixed
thoroughly and heated to 60 �C for 1 h, cooled to room
temperature, and left overnight to ripen. To stabilize SA- or
DC-modified nanoparticles, 10 μL of 300 mM aqueous sodium
hydroxide was added. To stabilize ODA- or HDA-modified nano-
particles, 10μL of 300mMaqueoushydrochloric acidwas added.
The sample was mixed and centrifuged at 9000g (15 nm GNP),
2500g (30 nmGNP), 1000g (60 nmGNP), or 3500g (40 nmSNP) at
room temperature for 60 min to pellet the surface-modified
nanoparticles. The supernatant was discarded. CTAB-, ODA-,
or BDHDA-modified nanoparticles were resuspended in 1 mL
of water. All other surface-modified nanoparticles were resus-
pended in 750 μL of 0.01% (w/v) aqueous sodium citrate tribasic
dihydrate. Then, 10 μL of 300 mM aqueous sodium hydroxide
was added to SA- or DC-modified nanoparticles, and 10 μL of
300 mM aqueous hydrochloric acid was added to ODA- or HDA-
modified nanoparticles. The sample was centrifuged at 7000g
(15 nm GNP), 2000g (30 nm GNP), 1000g (60 nm GNP), or 2500g
(40 nm SNP) for 60 min at room temperature to pellet the
surface-modified nanoparticles. The supernatant was removed
and the pellet was resuspended in 40 μL of water.

Procedure 10. A 100 μL aliquot of 0.1% (w/v) dodecylamine
(DDA) in ethanol was transferred to amicrocentrifuge tube, and
10 μL of 300 mM aqueous hydrochloric acid was added to the
DDA aliquot. A 40 cm2 aliquot of the appropriate gold or silver
nanoparticle core stock was concentrated by centrifugation.
The supernatant was discarded, and the pellet was resuspended
in 900 μL water, added to the DDA aliquot, and mixed rapidly.
Samples were incubated at room temperature for 30 min to
allow DDA association to the nanoparticle core. Then, 100 μL of
30 mM 6-amino-1-hexanethiol (Sigma, cat#: 733679) in ethanol
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or 30 mM 11-amino-1-undecanethiol (Dojindo, cat#: A423) in
ethanol was rapidly added to the nanoparticle�DDA mixture.
The mixture was vortexed and heated to 60 �C for 1 h and then
cooled to room temperature. Samples were centrifuged at
8500g (15 nm GNP), 2500g (30 nm GNP), 1000g (60 nm GNP),
or 3500g (40 nm SNP) for 60 min at room temperature to pellet
the surface-modified nanoparticles. The supernatant was dis-
carded and the pellet was resuspended in 1 mL of 3 mM
aqueous hydrochloric acid. The sample was centrifuged to
pellet the surface-modified nanoparticles. The supernatant
was discarded and the pellet was resuspended in 40 μL water.

Serum Incubation, Washing, and Protein Isolation. Human serum
(HS) (Sigma, cat#: H4522) was pooled over multiple donors to
minimize interindividual variability. Aliquots of HS were pre-
served at �30 �C until use. Prior to use, aliquots of HS were
thawed and filtered using 0.22 μm polyethersulfone syringe
filters (Millipore, cat#: SLGP033RS). Filtered HS was transferred
to a microcentrifuge tube. Nanoparticles were added to the HS
and mixed rapidly. Volumes of nanoparticles and HS were
chosen to give 10 μL HS per cm2 of nanoparticle surface area.
Nanoparticles were incubated with HS for 1 h at 37 �C to allow
protein association. One hour was chosen to allow the compo-
sition of the protein corona to reach a quasi-equilibrium state
and to simulate the composition of the protein corona likely to
be encountered by cells in vivo.70 Each experiment included a
'washing control' consisting of an aliquot of HS without nano-
particles. The washing control accounts for the carry-over of
unbound proteins that may interfere with subsequent analyses.
Following incubation, nanoparticle�HSmixtures and the wash-
ing control were centrifuged at 15 000g (15 nm GNP), 4500g
(30 nm GNP), 1500g (60 nm GNP), or 5000g (40 nm SNP) for
45 min at 4 �C. Centrifugation was performed at 4 �C to
minimize protein desorption. The supernatant containing un-
bound proteinwas discarded and the pellet was resuspended in
10 mM phosphate buffered saline (PBS) (pH 7.5) (Wisent, cat#:
311-420-CL) supplemented with 0.05% (w/v) TWEEN20 (Sigma,
cat#: P9416). Aliquots were drawn and analyzed by dynamic
light scattering and absorbance spectrophotometry (see below).
The remaining nanoparticles were washed once in PBS supple-
mented with TWEEN20 and once in PBS without TWEEN20 to
remove remaining unbound serum proteins. Following the last
washing step, nanoparticles were concentrated by centrifuga-
tion and the supernatant was discarded. Then, 8 μL of 4� LDS
sample buffer (Invitrogen, cat#: NP0008) and 4 μL of 500 mM
aqueous DL-dithiothreitol (DTT) (BioShop, cat#: DTT001.5) were
added to each sample. Samples were incubated at 70 �C for
60 min to strip bound serum protein. Samples were centrifuged
at room temperature for 15 min at 15 000g to pellet aggregated
nanoparticles. Supernatants containing isolated proteins were
collected and stored at �30 �C for further analysis.

Dynamic Light Scattering (DLS). A 5 μL aliquot of each surface-
modified gold or silver nanoparticle stock was diluted to 400 μL
with water in a 1.5 mL polystyrene cuvette (BioMart, cat#:
B1022-PS). A 5 μL aliquot of each nanoparticle exposed to
human serum (HS) was diluted to 400 μL with PBS (Wisent,
cat#: 311-420-CL). PBS was chosen as a diluent to avoid chan-
ging the ionic strength of the solution, which can lead to
changes in protein conformation, desorption, and nanoparticle
aggregation. Each samplewas characterized using the ZetaSizer
Nano ZS (Malvern Instruments). The attenuator position was
set to 4.65mm and the attenuation was set automatically based
on the size and concentration of the nanoparticle sample. The
z-average hydrodynamic diameter (HD), intensity mean HD,
number mean HD, volume mean HD, and polydiserpsity index
(PDI) of each sample was computed using the manufacturer's
software. To characterize zeta potential of each nanoparticle
sample, aliquots of surface-modified gold or silver nanoparticle
stocks were diluted in 1 mL of 10 mM aqueous HEPES (pH 7.4)
containing 1 mM sodium chloride and transferred to a 4.5 mL
polystyrene cuvette (BioMart, B1021-PS). Nanoparticles ex-
posed to HS (1 h at 37 �C) were diluted in PBS and transferred
to a polystyrene cuvette. A dip cell was inserted into the cuvette
andmeasurements were collected using the ZetaSizer Nano ZS.
The mean zeta potential for each formulation was computed
using the manufacturer's software.

Absorbance Spectrophotometry (AS). Samples prepared for DLS
(see above) were diluted to 1 mL with either water (for
synthesized) or phosphate buffered saline (PBS) (for serum-
exposed). Absorbance spectra were collected from 450 to
950 nm using the UV-1601PC absorbance spectrophotometer
(Shimadzu). The localized surface plasmon resonance index
(LSPRi) for each formulation was computed in Excel
(Microscoft). LSPRi is an empirical measure of the local dielectric
environment surrounding plasmonic nanoparticles.71,72 The
LSPRi for gold nanoparticles is defined as follows:

LSPRi ¼
∑

λ¼ 900

λ¼ 580

OD(λ)

∑
λ¼ 900

λ¼ 450

OD(λ)

(15 nm GNP)

LSPRi ¼
∑

λ¼ 900

λ¼ 590

OD(λ)

∑
λ¼ 900

λ¼ 450

OD(λ)

(30 nm GNP)

LSPRi ¼
∑

λ¼ 900

λ¼ 600

OD(λ)

∑
λ¼ 900

λ¼ 450

OD(λ)

(60 nm GNP)

whereOD(λ) is the optical density of the nanoparticle solution at
wavelength 'λ'. The LSPR peak position (LSPRpeak) was deter-
mined by fitting a three-parameter Gaussian function to the
absorbance spectrum.

Ellman Depletion Assay. The Ellman depletion assay was per-
formed as described previously,32 with minor modifications.
Briefly, stock solutions of MUA, MBA, MHA, MAA, MSA, MPA,
MUTA,MES, AC, TP, AHT, glutathione (GSH) (Sigma, cat#: G4251),
penicillamine (PCA) (Sigma, cat#: P4875), and cysteine (Sigma,
cat#: C7352) were prepared at 9 mM in ethanol or water. For
each ligand, 4.7 pmol of 15 nmGNPs, 1.175 pmol of 30 nmGNPs,
and 0.31 pmol of 60 nm GNPs were washed into 90 μL of water
by centrifugation. Then, 10 μL aliquots of ligand stock were
added to microcentrifuge tubes. GNPs or an equal volume of
water (control) was added to the ligand aliquots and incubated
at 60 �C for 1 h. Samples were centrifuged at 12 000g for 1 h to
pellet nanoparticles. Supernatants were mixed with aliquots of
a 10 mM aqueous solution of Ellman's reagent (5,50-dithiobis-
(2-nitrobenzoic acid)) (Pierce, cat#: 22582) and incubated for
10min at room temperature. Reduction of Ellman's reagent was
quantified bymeasuring the absorbance at 412 nmand normal-
ized to a glutathione standard. The surface density of each
ligand was calculated by subtracting the concentration of un-
bound thiols in the sample supernatant from the control super-
natant and dividing by the total nanoparticle surface area.

Poly(acrylamide) Gel Electrophoresis (PAGE). PAGE was performed
as described previously,22 without modification.

Protein Precipitation and Cleanup. A multistep precipitation
procedurewas developed to eliminate detergents and reducing
agents from the serum protein isolates. Protein isolates in LDS
and DTT (see above) were mixed with 10% (w/v) trichloroacetic
acid (TCA) (Sigma, cat#: T9159) in acetone (Sigma, cat#: 650501)
and incubated overnight at�80 �C. Samples were centrifuged at
4 �C for 35 min at 15000g to pellet precipitates. The supernatant
was discarded and the pelletwas resuspended in 500μL of 0.03%
(w/v) aqueous sodium deoxycholate (Sigma, cat#: 30970). Then,
100 μL 72%(w/v) aqueous TCA was added. The solution was
vortexed tomix, and incubated on ice for 1 h to reprecipitate the
protein. The samplewas centrifuged at 4 �C for 15min at 18000g
to pellet precipitates. The supernatant was carefully removed to
avoid disturbing thepellet. Thepelletwas resuspended in1mLof
cold acetone and incubated at �80 �C for 1 h. The solution was
centrifuged at 4 �C for 15 min at 18000g to concentrate. The
supernatantwas discarded and the pelletwas air-dried for 15min
to remove excess acetone. Pellets were stored at �30 �C.

Bicinchoninic Acid (BCA) Assay. After precipitation, protein pel-
lets were dissolved in 25 μL of 2% (w/v) sodium dodecyl sulfate
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(SDS) in PBS. In parallel, a bovine serum albumin (BSA) standard
was prepared in 2% (w/v) SDS in PBS. Both the samples and
standards were incubated at 70 �C for 30 min to solubilize and
denature the protein. Then, 600 μL of BCA working reagent
(Pierce, cat#: 23225) was added to each sample. Samples were
incubated at 60 �C for 60 min, or until color development was
sufficient. The samples were cooled to room temperature,
transferred to a 96-well plate, and characterized using an
absorbance plate reader (Tecan Sunrise). Protein content in
each sample was estimated by comparison to the BSA standard.

Liquid Chromatography Tandem Mass Spectrometry (LC�MS/MS).
Sample Preparation. We developed a solution-based digestion
protocol for serum protein isolates. As opposed to conventional
strategies that rely on fractionation by PAGE, followed by band
excision and in-gel digestion, the solution-based digestion pro-
tocol allowed us to characterize the composition of the serum
protein corona in a single LC�MS/MS run. Protein pellets
following precipitation and cleanup were solubilized in 45 μL
of 100 mM aqueous ammonium bicarbonate (Sigma, cat#:
A6141) and 5 μL of acetonitrile. Then, 5 μL of 100 mM DTT in
100 mM ammonium bicarbonate was added to each sample.
Samples were incubated at 37 �C for 60 min to reduce disulfide
bonds, and5μL of 500mM iodoacetamide (Sigma, cat#: I6125) in
100 mM ammonium bicarbonate was added. Samples were
incubated for 60 min in the dark to alkylate reduced disulfides,
and 2 μg of proteomics grade trypsin (Sigma, cat#: T6567),
dissolved in 1 mM aqueous hydrochloric acid, was added.
Samples were incubated overnight at room temperature to
complete proteolytic digestion. Digestion was halted by adding
5 μL of 20% (v/v) formic acid (Sigma, cat#: F0507). Protein digests
were stored at �30 �C until characterization by LC�MS/MS.

LC�MS/MS and Database Searching. LC�MS/MS data ac-
quisition and subsequent database searching were performed
on a hybrid Orbitrap-Velos mass spectrometer (Thermo) as
described previously22 with the following modifications: a 5 μL
sample injection volume, a 60 min elution gradient, 16 data-
dependent MS/MS scans per full scan mass spectrum, and dupli-
cate wash steps between samples. To validate the relative quanti-
fication of proteinswithin a complexmixture, trypsin digests of the
Universal Protein Standard 2 (UPS2) mixture (Sigma, cat#: UPS2-
1SET) were run using the same protocol (Figure S9).

Postprocessing. In total, 785 unique proteinswere identified
across all nanoparticle formulations. Observed spectral count
data for each of these proteins for each formulation are
reported in the Supporting Information Excel file. On average,
1709( 703 spectral counts were recorded for each formulation.
Identified serumproteinswith fewer than10 spectral counts on at
least one formulationwere eliminated, as were proteins thatwere
identified on only a single formulation. Using spectral counting to
estimate the relative abundance of low-abundance proteins
within complex mixtures is inaccurate. The pruning procedure
eliminated 656 low-abundance proteins. Together, the 129 re-
mainingproteins defined the serumprotein fingerprint. The% (w/
w) relative abundance of each of these proteins on a given
formulation was estimated using the following formula:

RA(n)%(w=w) ¼ SpC(n)

∑
129

i¼ 1
SpC(i)

where RA(n)%(w/w) is the relative abundance of protein 'n'. SpC(i) is
the total number of spectral counts recorded for protein 'i'. The
sum of the relative abundances of all proteins over a given
nanoparticle formulation is 1.

The overall similarity in two protein coronas formed around
two distinct nanoparticle formulations: 'a' and 'b', was calculated
using the '% overlap' parameter defined as

% overlap ¼
∑
129

i¼ 1
(2�min(RAa(i), RAb(i)))

∑
129

i¼ 1
(RAa(i)þ RAb(i))

Global variation in the serum protein corona across inde-
pendent experimental replicates was estimated using the

'% overlap' between LC�MS/MS characterizations of the serum
protein corona formed around independently prepared 15 nm
citrate-stabilized gold nanoparticle samples (Figure S11).

Gene Ontology Term Screening. Identified proteins were
screened for their involvement in five major biological pro-
cesses in serum: coagulation, complement activation, lipid
transport, inflammation, and cell association. Parent gene
ontology (GO) terms were defined for each biological process
(Table S4). GO terms assigned to each identified protein within
the GOdatabasewere screened against the parent GO terms for
each biological process or any of their child terms. If a match is
found, the identified protein is considered to participate in that
biological process. The screening algorithm was implemented
in Matlab (Mathworks).

Nanoparticle�Cell Association. A549 human lung epithelial car-
cinoma cells (ATCC) weremaintained in RPMI1640 (Wisent, cat#:
350-000-CL) supplementwith 10% (v/v) fetal bovine serum (FBS)
(Gibco, cat#: 12483-020) and 1% (v/v) penicillin-streptomycin
(P-S) (Gibco, cat#: 15140-122) in a sterile 5% CO2 atm in 175 cm2

tissue culture flasks (NEST, cat#: 709003). When cells reached
∼90% confluence, they were detached using 0.25% trypsin-
EDTA (Gibco, cat#: 25200-114) and collected in fresh culture
media supplemented with FBS. For cell association studies,
harvested A549 cells were plated onto 24-well plates at
∼200000 cells/well and incubated overnight at 37 �C to reach
∼80% confluence. Cells were handled using aseptic techniques
at all stages to avoid contamination. Then, 20 cm2 aliquots of the
appropriate surface-modified gold or silver nanoparticle formu-
lation were rapidly added to 200 μL of 100% human serum (HS).
As a nanoparticle-free control, 20μL of sterilewaterwas added to
200 μL of 100%HS. Samples were incubated for 1 h at 37 �C, and
diluted with 800 μL of RPMI1640 (without additives). A 100 μL
aliquot of the nanoparticles was reserved to assess total gold
concentration in the incubation media. The growth media was
then aspirated from wells containing cells. Wells were washed
once with RPMI-1640 (without additives), and 750 μL of RPMI-
1640 (without additives) was added to each well followed by
750 μL of the nanoparticle suspension or the control. Nano-
particles were incubated with cells for 4 h at 37 �C. Following
incubation, cells in eachwell were washed four timeswith sterile
PBS (Wisent, cat#: 311-425-CL) supplemented with 0.133 g/L
calciumchloride dihydrate (BioShop, cat#: CCL302.500) and0.1%
(w/v) bovine serum albumin (Sigma, cat#: A9418) to remove
particles thatwere free in solution and/or not strongly associated
with the cell surface. The remaining PBS buffer was aspirated,
and 200 μL of 70%nitric acid and 20 μL of hydrochloric acidwere
added to each well. Cells were digested for 1 h at room
temperature. Solutions were diluted in water (1:19) containing
100 μL of 100 μg/mL yttrium as an internal control. Total gold
(or silver), magnesium, and yttrium content in each sample was
quantified by inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES) (Perkin-Elmer). Total cell number was calcu-
lated by comparing total magnesium content to a standard
containing a known number of cells.73 Total cell association (y)
was calculated using the following pseudopartition coefficient:

y ¼ mcell=mwell

mcells

wheremcell is the total atomic gold (or silver) content associated
with cells, mwell is the total atomic gold (or silver) content in
well (associated with cells and free in solution), andmcells is the
total mass of magnesium per sample. mwell was standardized
between all treatment conditions to facilitate comparison. Cell
association results for each formulation are reported in the
Supporting Information Excel file. Cell association was log2-
transformed prior to model fitting.

Hyaluronan Inhibition. A549 cells were plated on 12-well
tissue-culture plates and grown to approximately 90% conflu-
ence in RPMI1640 containing FBS and P-S. MUA-, MUTA-, and
AUT-modified 15 nm gold nanoparticles were incubated with
100% human serum, washed in PBS to remove unbound
protein, and transferred to RPMI1640media (without additives).
Free hyaluronic acid (Sigma, cat#: H5388) in PBS wasmixedwith
the nanoparticles and incubated for 30 min at room tempera-
ture. The nanoparticle�hyaluronic acid mixtures in serum-free

A
RTIC

LE



WALKEY ET AL. VOL. 8 ’ NO. 3 ’ 2439–2455 ’ 2014

www.acsnano.org

2452

RPMI1640 were added to A549 cells and incubated at 37 �C
for 4 h. Net cell association was quantified using ICP-AES, as
described above.

Model Training and Validation. Model creation is divided into
two phases: 'training' and 'validation'. During the training phase,
the relevant parameters of each model are fit using a set of
nanoparticles with measured cell association. During the vali-
dation phase, the capacity of each model to predict the cell
association of nanoparticle formulations that were not included
in the training phase is assessed.

Single Parameter Models. A series of 129 single-parameter
linear models were created that describe net A549 cell associa-
tion of the gold nanoparticle library as a function of the relative
abundance of each protein within the serum protein finger-
print. Each model has the form described in eq 1 (see text). The
model was fit using simple linear regression, meaning that aj
was chosen to minimize the sum of squared residuals (RSS):

RSS ¼ ∑
84

(i¼ 1)
(log2(yi) � log2(ŷi))

2

where yi is the measured value of cell association for formula-
tion 'i', and log2(y) and xj were mean-centered and variance
scaled prior to model fitting.

The statistical significance of each model was determined
using the 'CV-ANOVA' technique.74 This technique uses an
F-test to determine whether the model has prediction residuals
(from cross-validation) that are significantly smaller than the
variation of each yi around the mean value of yi. Models were
considered statistically significant if p < 0.05.

Multiparametric Models. Multiparametric linearmodels were
created that express cell association as a functionofmparameters
describing each of n nanoparticle formulations. Each model
has the form described in eq 2. In matrix notation, eq 2 can be
expressed as

^
Y ¼ Xb

where Ŷ ∈ Rn�1, X ∈ Rn�m, and b ∈ Rm�1. Ŷ is a vector of cell
association values for each formulation within the nanoparticle
library, b is a vector of model coefficients, and X is a matrix of
parameter values for each formulation. The parameter n is the
total number of nanoparticle formulations within the library. The
form of X depends on the parameter set used to describe each
formulation within the nanoparticle library. For models that use
the serum protein fingerprint to describe the gold nanoparticle
library, X ∈ R84�129, where each row of X is a 129-element vector
of the relative abundances of each protein within the serum
protein fingerprint on that formulation. For models that use
parameter sets derived from DLS, ZP, AS, TEM, and BCA mea-
surements to describe the gold nanoparticles, X ∈ R84�11,
X ∈ R84�14, X ∈ R84�11, X ∈ R84�1, and X ∈ R84�1, respectively.
Parameters within each of these sets represent primary mea-
surements and/or combinations of primary measurements.
A description of each parameter is provided in Table S9.

During model training, partial least-squares regression
(PLSR) was used to compute 'b' for each model. In the PLSR
procedure, the dependent cell response vector (Y) is expressed
as a linear combination of the independent parameter matrix
(X) within an orthonormal latent variable space known as the
'principal component' (PC) space. The PLSR projections onto the
PC space are computed to maximize the covariance between X
and Y within the PC space. PCs are computed and extracted
iteratively as described elsewhere.75 Lower order PCs contain
most of the information in the original data set that is useful for
explaining the variance in Y. As a result, higher order PCs can be
ignored without a significant loss of model accuracy. For each
parameter set, the optimal number of PCs included during
model training was determined by cross-validation. Values of
bj were transformed from the PC space into the parameter
space. Prior to model training, X and Y were mean subtracted
and variance scaled.

During the PLSR modeling procedure, a parameter reduc-
tion procedure was used to iteratively remove parameters with
low relevance to the model. The optimal number of parameters

was chosen by jackknifing.54 Briefly, a model was fit by PLSR
using the full parameter set. Then, the parameter with the
lowest relevance to the model, as determined by the variable
importance to the projection (VIP), was iteratively removed and
a newmodel was created using the reduced parameter set. The
optimal parameter subset was determined by cross-validation.
This procedure was also used to estimate model accuracy using
a predefined number of parameters.

To predict the cell association of silver nanoparticle formu-
lations, three distinct models were created. The first was trained
using gold nanoparticle formulations only. The cell association
of the silver nanoparticles was predicted as a 'external' set of
nanoparticles. The second was trained using both gold nano-
particles and silver nanoparticles together. The third model was
trained using only silver nanoparticles. For the second and third
model, the cell association of the silver nanoparticles was
predicted using leave-one-out cross validation.

The statistical significance of each model was assessed
using CV-ANOVA (see above).

Model Validation. The accuracy of eachmodel was assessed
using the coefficient of determination (R2) between the mea-
sured value of cell association for each nanoparticle formula-
tion and the value that is estimated from the model. R2 is
defined as

R2 ¼ 1 �
∑
n

i¼ 1
(yi � ŷi)

2

∑
n

i¼ 1
(yi � ~y)2

where ~y is the mean measured cell association.
The predictive capacity of each model was assessed using

'leave-one-out' cross validation. For this procedure, each for-
mulation is iteratively removed from the data set and a new
model is trained using the reduced data set. The resulting
model is then used to predict the cell association of the
formulation that was withheld. The coefficient of determination
under leave-one-out cross validation (QLOO

2 ) is defined as

Q2
LOO ¼ 1 �

∑
n

i¼ 1
(yi � ŷ(LOO)i)

2

∑
n

i¼ 1
(yi � ~y)2

where ŷ(LOO)i is the cell association value of formulation 'i'
estimated during cross-validation. Models with QLOO

2 > 0.7 are
considered good.55

We performed 'leave-many-out' cross validation as a more
stringent test of predictive capacity. In this procedure, 25% of
the formulations within the data set are randomly and repeatedly
withheld from the data set. A new model is trained using the
remaining 75% of the formulations. This new model is used to
predict the cell association of the withheld formulations. The
coefficient of determination between themeasured and predicted
values of cell association (QLMO25%

2 ) was computed for each itera-
tion. This procedurewas repeated100 times for eachmodel. Values
of QLMO25%

2 are reported as the mean( SD over all iterations.
Applicability Domain. The applicability domain, also known

as the optimum prediction space, of each model was assessed
using the standardized cross-validated residual (ε) and 'lever-
age' (h).14,76,77 The standardized cross-validated residual is
defined for formulation 'i' as

εi ¼
ŷ(LOO)i � yi

S2
where S2 is the sample variance of εi across all formulations. εi
characterizes the accuracy of themodel estimate of cell associa-
tion for formulation 'i' relative to the model estimates for all
other formulations. A formulation is considered an outlier if the
absolute value of εi is greater than 3.

The leverage value measures the distance of each formula-
tion to the center of mass of the distribution within the
parameter space. The value of h for formulation i is defined as

h ¼ xTi (X
TX)�1xi
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where xi is a vector of parameter values for formulation 'i' (in the
PC space), and X is a matrix of parameter values for all formula-
tions. A formulation has a disproportionately large influence
on the resulting model, and is thus considered an outlier, if its
leverage value is above the warning level, defined as

h� ¼ 3(pþ 1)
n

where p is the number of principal components used during
model training, and n is the number of formulations. εi and h for
each formulation are visually represented using a Williams plot.
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