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ABSTRACT: Interactions of functionalized nanomaterials with biological membranes are
expected to be governed by not only nanoparticle physiochemical properties, but also coatings or
“coronas” of biomacromolecules acquired after emersion in biological fluids. Here, we prepared
a library of 4-5 nm gold nanoparticles (AuNPs) coated with either w-functionalized thiols or
polyelectrolyte wrappings to examine the influence of surface functional groups on the
assemblage of proteins complexing the nanoparticles and its subsequent impact on attachment to
model biological membranes. We find that the initial nanoparticle surface coating has a
cascading effect on interactions with model cell membranes by determining the assemblage of
complexing proteins which in turn influences subsequent interaction with model biological
membranes. Each type of functionalized AuNP investigated formed complexes with a unique
ensemble of serum proteins that depended on the initial surface coating of the nanoparticles.
Formation of protein-nanoparticle complexes altered the electrokinetic, hydrodynamic, and
plasmonic properties of the AuNPs. Complexation of the nanoparticles with proteins reduced the
attachment of cationic AuNPs and promoted attachment of anionic AuNPs to supported lipid
bilayers; this trend is observed with both lipid bilayers comprised of 100% zwitterionic
phospholipids and those incorporating anionic phosphatidylinositol. Complexation with serum
proteins led to attachment of otherwise non-interacting oligo(ethylene glycol)-functionalized
AuNPs to bilayers containing phosphatidylinositol. These results demonstrate the importance of
considering both facets of the nano-bio interface: functional groups displayed on the nanoparticle
surface and proteins complexing the nanoparticles influence interaction with biological

membranes as does the molecular makeup of the membranes themselves.

Upon introduction into biological fluids (e.g., blood, lymph, cytoplasm, respiratory tract

fluid, cell culture media), nanoparticles (NPs) acquire coatings of biomolecules, of which
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proteins have received the most attention, commonly referred to as “coronas”.'® Acquisition of a

protein corona increases the effective diameter of nanoparticles, alters their surface properties,

1-5,7-10

and can affect nanoparticle aggregation state. The surface properties of nanoparticles in

biological milieux thus diverge from those that the nanoparticle was engineered to possess,

1-5,7-10

impacting their interactions with cellular membranes and receptors. Nanoparticles

surrounded by a biomolecular corona possess a “biological identity” that differs from their initial
“synthetic identity”.11 The amount, composition, and orientation of biomolecules present on the
surface of nanoparticles strongly influence their adsorption, distribution, and elimination in

biological systems and dominate their interactions with cellular membranes and receptors.' >

1012714 Dyegpite the importance of the biomolecular corona in governing nanoparticle interactions
at biological interfaces, the influence of protein corona formation on nanoparticle behavior at
biological membranes has only recently begun to receive detailed study.>* !¢

Protein association with nanoparticles is commonly discussed in terms of a tightly
adsorbed layer (“hard” corona) surrounded by a more loosely bound layer (“soft” corona).”"
This distinction is widely accepted and is useful to differentiate proteins with long residence
times on the particle surface from those that are susceptible to more rapid exchange with the
surrounding solution. The applicability of the protein corona concept has been questioned for
small nanoparticles with diameters similar to the proteins associating with their surface.!” In this
paper, we refer to nanoparticles with surface-associated proteins as protein-nanoparticle
complexes.

To date, the majority of experimental studies on the interactions of nanoparticles with
1-5,7-10,17

biological systems have focused on those with core diameters between 20-400 nm.

Interactions of nanoparticles with core diameters less than 5 nm, on the same length scale of
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many proteins, with biological systems have received less attention.'™® Understanding
biological interactions of these small nanoparticles is crucial because they (i) can passively

penetrate, and in some cases disrupt, cellular membranes;zo_23 (i1) often exhibit higher toxicity in

vitro and in whole organism models relative to larger nanoparticles of the same core material;**
(ii1) are similar in size to many common serum proteins (e.g., the longest dimension of human
serum albumin is ~7.5 nm);'** and (iv) may function more effectively as nanotherapeutics than
larger nanoparticles.4 At present, the influence of the surface functional groups of small
nanoparticles on the selection of complexing proteins has received little study and the subsequent
interaction of such protein-nanoparticle complexes with biological membranes is poorly
understood.

The objectives of this study were (1) to test the hypothesis that the surface charge and
structure of functionalizing molecules on small nanoparticles control the identity of complexed
proteins; and (2) to investigate the influence of complexed proteins on nanoparticle interaction
with models of biological membranes. To accomplish these objectives, we prepared a library of
~4-5 nm AuNPs functionalized with ligands presenting negatively charged, neutral or positively
charged moieties to solution or wrapped with negatively or positively charged polyelectrolytes
(Figure 1). Gold nanoparticles were selected for study because their physicochemical properties
(size, shape, and surface functional groups) can be precisely controlled.”*® The nanoparticle
surface functionalizations chosen for these experiments were previously used in a number of
studies to investigate the effects of surface functionalization of 4 nm AuNP on toxicity to model
organisms (e.g., Daphnia magna, Shewanella oneidensis) as well as on interaction with

22,29-31

supported lipid bilayer binding studies. We exposed these nanoparticles to serum proteins,

isolated protein-AuNP complexes using a procedure previously employed to operationally define
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the hard corona of larger nanoparticles,”> and identified the proteins in complexes with
nanoparticles by liquid chromatography-tandem mass spectrometry (LC-MS/MS). We used
supported lipid bilayers composed of phospholipids bearing zwitterionic phosphatidylcholine
(PC) headgroups or a mixture of PC and phosphatidylinositol (PI) phospholipids as simple
models to examine the influence of complexed proteins on AuNP interaction with biological

membranes.

RESULTS AND DISCUSSION

Physiochemical Properties of the Functionalized AulNPs. We synthesized a library of
~4-5 nm AuNPs functionalized with either ligands anchored to the AuNP surface via a thiol
group or wrapped with polyelectrolytes (Figure 1). The ligand-functionalized AuNP displayed
positively charged (mercaptopropylamine, MPNH;), neutral (mercapto undecanethiol-
ethyleneglycol hexamer, EGe),” or negatively charged (mercaptopropionic acid, MPA) o-
functional groups to solution. Polyelectrolytes used to wrap AuNPs included positively charged
(poly(allylamine hydrochloride), PAH) and negatively charged (polyacrylic acid, PAA). The
effect of these ligands and coatings (specifically PAH and MPA) anchored to 4 nm AuNP on
acute and chronic toxicity, as well as on transcriptional responses, has previously been tested in
(and compared between) the planktonic microcrustacean D. magna and the Gram-negative
bacterium S. oneidensis.”® We therefore employed the nanoparticles shown in Figure 1 for the
present studies to enable connection to multiple organism data sets. The 4 nm PAH- and MPA-
AuNPs were also previously used as nanoparticle probes in studies on binding to model

. . 223031
membranes, in the absence of serum proteins.” ™
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Figure 1. Functionalized AuNPs and phospholipids used in this study. Abbreviations: DOPC,
1,2-dioleoyl-sn-glycero-3-phosphocholine; DSPI, 1,2-distearoyl-sn-glycero-3-phosphoinositol;
EGg, mercapto undecanethiol-ethyleneglycol hexamer; MPA, mercaptoproionic acid; MPNH,,
mercaptopropylamine; PAA, polyacrylic acid; PAH, poly(allylamine HCI). DSPI is the most
abundant lipid in bovine liver a-phosphatidylinositol.

We determined the size of the functionalized AuNPs by visible absorbance spectroscopy

and transmission electron microscopy (TEM).** Suspensions of all AuNPs in ultrapure water
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(=18 MQ-cm resistivity) exhibited plasmon absorbance wavelength maxima (Amax) at ~520 nm,
consistent with the presence of 4-5 nm AuNPs (Table S1, Figure S1).* Analysis of TEM images
confirmed that AuNP core diameters (d.or.) Were statistically equivalent, regardless of the
subsequent surface functionalization employed (Figures S2 and S3): MPNH,-AuNPs (4.4 + 1.5
nm, n = 420), EG¢-AuNPs (4.1 £ 1.1 nm, n = 1295), MPA-AuNPs (4.2 = 1.2 nm, n = 451), PAH-
AuNPs (deore = 4.7 £ 1.5 nm, n = 381), and PAA-AuNPs (4.9 £ 1.4 nm, n = 530). Dynamic light
scattering measurements of the AuNPs dispersed in ultrapure water indicated that the number
mean hydrodynamic diameters (dn,) were 5-10 nm for the thiol-functionalized AuNPs (Table
S1), consistent with monodisperse suspensions. The hydrodynamic diameters of the PAH- and
PAA-AuNPs were 17.9 £ 0.9 nm and 56.7 + 1.3 nm, respectively. Considering that the mean
core diameters of the polyelectrolyte-wrapped AuNPs (as determined by TEM) were 4-5 nm, the
relatively large hydrodynamic diameters observed for the polyelectrolyte-wrapped AuNPs
indicates the formation of aggregates during the polyelectrolyte wrapping process as well as the
presence of regions of the polyelectrolyte chain that extend into solution. The visible absorbance
spectra of these AuNPs indicate that their aggregation did not bring the gold cores into sufficient

proximity to impact their plasmonic properties.*>~°

The (apparent) { potentials of the AuNPs in
ultrapure water were consistent with the expected surface charges imparted by their respective
ligands, although the EG¢-functionalized particles had negative { potentials (Figure 2a). Charge
screening caused by the transfer of the AuNPs from ultrapure water to a 0.01 M NaCl solution
buffered to pH 7.4 with 0.01 M Tris resulted in a significant reduction in the magnitude of the
apparent ( potential for EGe-, MPNH;-, and PAH-AuNPs (p < 0.01; Figure 2a, Table S1).

Changes in apparent  potential of the MPA- and PAA-AuNPs were not statistically significant.

Transfer of the functionalized AuNPs from ultrapure water to 0.01 M NacCl resulted in increases
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in the hydrodynamic diameters of MPA-, MPNH,-, and PAH-AuNPs (Figure 2b, Table S1),
indicating homoaggregation. The large standard deviation for the dy, of these nanoparticles
indicates the aggregate sizes were polydisperse. Suspension in the buffer solution had minimal

impact on the dy, of PAA- and EGe-AuNPs (Figure 2a, Table S1).
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Figure 2. (a) apparent ( potentials and (b) number mean hydrodynamic diameters (dnn) of
functionalized gold nanoparticles (AuNPs) and protein-AuNP complexes. Measurements were
made in ultrapure water without proteins or in 0.01 M NaCl buffered to pH 7.4 with 0.01 M Tris
in the absence or presence of complexed proteins. Bars represent mean values; error bars
correspond to one standard deviation for triplicate experiments. Hydrodynamic diameters are not
reported for protein complexes of PAH- and PAA-AuNP because they could not be re-suspended
for characterization. Numerical values for { potential and dy, are given in Table S1. Number
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mean hydrodynamic diameter distributions are provided in Figure S4. In the legends, + and —
indicate the presence or absence of complexed proteins.

Effect of Serum Proteins on the Electrokinetic and Hydrodynamic Properties of
AuNPs. Exposure of functionalized AuNPs to serum proteins led to changes in their
electrokinetic and hydrodynamic properties. We incubated the functionalized AuNPs in fetal
bovine serum (FBS) solution for 60 min to allow protein-AuNP complexes to form and separated
these complexes from free and weakly complexed proteins via a series of centrifugation and
washing steps comparable to those previously used to operationally define the hard corona on
larger nanoparticles.”> The changes in apparent { potential, hydrodynamic diameter, and visible
absorbance spectra of the particles (Figures 2 and S1) induced by this procedure provide direct
evidence of the complexation of AuNPs by serum proteins. Complexation by serum proteins
shifted the apparent { potential of protein-AuNP complexes, isolated from the FBS solution,
closer to that measured for the ensemble of proteins in the FBS solution alone (—16 + 2 mV), as
has been previously reported.” For the MPNH,- and EGg-AuNPs, complexation by serum
proteins reduced their apparent  potentials to values similar to that measured for the ensemble of
FBS proteins (Figure 2a). For the MPNH,-AuNPs this represented a reversal of the sign of the {
potential. The apparent  potential of the MPA-AuNPs became less negative upon protein
complexation, also approaching that measured for the ensemble of FBS proteins. These data
indicate that AuNPs form complexes with proteins in FBS, and that complexation with proteins
occurs regardless of the charge of the nanoparticle. Data for PAA- and PAH-AuNPs following
complexation with proteins in FBS are not shown due to the inability to adequately resuspend the
large protein-nanoparticle complexes that formed.

The effect of protein complexation on AuNP aggregation depended on both the charge

and structure of the initial surface coating. The positions of the Ay« in the visible absorbance
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spectra of the ligand-functionalized AuNPs were minimally perturbed following complexation
with serum proteins, regardless of the surface charge of the functionalized AuNPs (Figure S1).
The small shift in the A, observed for the MPNH,-AuNPs (Figure S1) was likely attributable to
changes in the local dielectric environment.'”?” The hydrodynamic diameters of ligand-
functionalized AuNPs with complexed proteins were larger than those of the corresponding
nanoparticles in ultrapure water. Formation of protein-AuNP complexes limited aggregation of
MPNH,-AuNPs relative to that observed in 0.01 M NaCl in the absence of proteins (Figure 2b).
This suggests that complex formation with serum proteins stabilized these nanoparticles against
the more extensive homoaggregation observed in buffer alone, a behavior previously reported for
larger citrate-stabilized and PAH-wrapped AuNPs (dcore ~15 nm).10 The other thiol-
functionalized AuNPs (MPA- and EG¢-AuNPs) show an approximate three-fold increase in their
hydrodynamic diameters following complexation with serum proteins relative to the same
particles in 0.01 M NaCl (Figure 2b, Table S1). The aggregation of the MPA- and EGs-AuNP
upon complexation with proteins evidenced by the increase in hydrodynamic diameter did not
bring the AuNP cores into sufficient proximity to impact their plasmonic prope:1*‘ties.35’36 This
could be consistent with the thiol-stabilized AuNPs acquiring a coating of serum proteins that
prevents further aggregation. Several structures have been proposed for protein-nanoparticle
complexes, including a single nanoparticle surrounded by layers of proteins as well as those
composed of several nanoparticles and proteins.'” The current investigation did not elucidate the
structure of the protein-NP complexes. Absorption spectroscopy indicated that the
polyelectrolyte-wrapped PAH- and PAA-AuNPs aggregate substantially upon incubation in the
FBS solution, as evidenced by a red-shift and substantial broadening of their surface plasmon

absorbances (Figure S1). We also noted visible aggregation and sedimentation of these particles
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in solution with FBS. In contrast to the MPA- and EGe-AuNPs, the polyelectrolyte-wrapped
AuNPs formed much more extensive aggregates, ultimately leading to the sedimentation of large
protein-nanoparticle complexes. We note that the aggregation behavior observed for the AuNPs
used in this study appears to be surface chemistry- and media-specific. The 4 nm PAH-AuNPs
were previously observed to resist aggregation in D. magna and S. oneidensis media® (both of
which have appreciable ionic strength), while the MPA-AuNPs were susceptible to aggregation
in both. Taking these data together, we ascribe the aggregation of the PAH-AuNPs and PAA-
AuNPs in FBS to specific interactions between the layer-by-layer coated AuNPs and serum
proteins, rather than a loss of particle stability due to the ionic strength of the medium. Taken
together, these findings suggest that the structure of the nanoparticle coating in addition to its
charge influences the interaction of nanoparticles with proteins. The conformation, packing, and
charge density of the ligands or polymer wrapping on the particle surface may affect how the
AuNPs interact with the FBS proteins.

Identification of Proteins in Complexes with AuNPs. We determined the identity and
relative abundance of serum proteins forming complexes with each type of functionalized AuNP
by LC-MS/MS. We exposed each type of AuNP (Figure 1) to FBS proteins, separated the
protein-AuNP complexes by centrifugation and washing, and digested the associated proteins
with trypsin prior to LC-MS/MS analysis. At least 100 different serum proteins were associated
with AuNPs bearing each type of surface functionalization. We conducted a semi-quantitative
analysis to determine the relative abundance of each protein complexed with the AuNPs on a
mass:mass (m:m) basis using the exponentially modified protein abundance index (emPAI).*®
We identified 24 proteins at an abundance > 0.02 m:m in FBS alone or as part of isolated

protein-AuNP complexes (Table 1; these data are organized by mol:mol abundance in the
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Supporting Information Table S2). These data indicate that although certain serum proteins
complex all of the functionalized AuNPs tested, a unique set of proteins was present in the
complexes formed with each type of functionalized AuNP, even those AuNPs with similar
potentials (PAA- and MPA-AuNPs, PAH- and MPNH,-AuNPs; Table 1, Figure 2a).

The most abundant proteins in the FBS were APOA1 (apolipoprotein A-I), A2MG (0-2-
macroglobulin), TRFE (serotransferrin), CO3 (complement C3), ALBU (serum albumin), and
AI1AT (a-1-antiproteinase). Although many of the proteins that form complexes with the AuNPs
are abundant in FBS, the most common proteins in FBS were not necessarily the most abundant
proteins in complexes with the AuNPs. For example, while serotranferrin ranked among the most
abundant proteins in FBS (~0.06 m:m), this protein was not detected in abundance (> 0.02 m:m)
in complexes with any of the AuNPs investigated. Furthermore, many proteins that were not
particularly abundant in FBS (e.g., APOE (apolipoprotein E), TSP1 (thrombospondin), PEDF
(pigment epithelium-derived factor), and GELS (gelsolin) < 0.02 m:m protein content) were
found in relatively high abundance in complexes with several of the AuNPs. Interestingly, a
number of proteins in complexes with the AuNPs are involved in binding phospholipids or
glycans (based on Gene Ontology annotations;”’40 viz. APOA1, CO3, ALBU, A1AT, FETUA,
APOA2, APOE).

The surface chemistry of the AuNPs clearly influenced the identity of the complexed
proteins. No trends were discernable in the size, biological processes and molecular functions (as
determined by Gene Ontology annotations;>** Figures S5 and S6), and isoelectric point (Figure
S7) of the proteins in the protein-AuNP complexes (see the Supporting Information for further
discussion). The lack of trend with protein isoelectric point may indicate that any

electrostatically driven interactions between nanoparticles and proteins are guided by distinct
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regions of charge on the protein surface and cannot be predicted by bulk isoelectric point.
Intriguingly, AuNPs of similar size and surface charge, but prepared using distinct ligands or
polyelectrolyte wrappings, selected distinct profiles of complexing proteins. For example, a total
of 16 proteins formed complexes with the two positively-charged AuNPs (MPNH, and PAH) at
an abundance > 0.02 m:m. Of these 16 proteins, only six were found to form complexes with
both AuNPs. Overlap between the proteins complexing cationic MPNH,-AuNPs and anionic
MPA-AuNPs was more extensive; of the 15 proteins found with m:m > 0.02 complexes of these
oppositely charged AuNPs had eight proteins in common. Despite the unique composition of
proteins forming complexes with MPA-, EG¢-, and MPNH,-AuNPs (Table 1), the apparent {
potential of the protein-AuNP complexes was very similar (Figure 2a).

Selective protein complexation is consistent with previous reports that factors such as
nanoparticle size, nanoparticle surface functionalization, and protein-nanoparticle incubation
conditions can influence which proteins adsorb to their surfaces from serum solution;
nanoparticles do not simply adsorb the most prevalent proteins in serum.””*' Of the most
abundant proteins complexed with the AuNPs investigated here, several have previously been
reported in the coronas of other AuNPs incubated in FBS solutions. For example, the protein
corona of CTAB-functionalized gold nanorods (aspect ratio ~4.5) incubated in FBS contained a-
2-HS-glycoprotein, serum albumin, o-1-antiproteinase, and hemoglobin fetal subunit-p,** and the
FBS protein coronas of 15 nm AuNPs with widely varying surface chemistries included a-2-HS-

glycoprotein, hemoglobin fetal subunit B, and apolipoprotein A-II.'**%*

We note that a variety
of factors can influence the composition of the hard protein corona including nanoparticle

concentration, nanoparticle size,43 incubation ‘[ime,44 incubation ‘[emperature,45 protein source

(e.g., FBS vs. human serum or plasma, organ-derived fluids, cytosol), protein concentration,'"
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and the ionic strength and composition of the medium. The proteins listed in Table 1 should
therefore be regarded as the dominant proteins complexing with the AuNPs tested here under the
specific solution conditions used in this study. We expect that differences in protein composition
would influence outcomes for the interactions with model cell membranes discussed below.
Interaction of Protein-AuNP Complexes with Supported Lipid Bilayers. Having
established that the initial coating of the AuNPs dictates the assemblage of proteins in the hard
corona and that ensembles of protein-AuNP complexes differing in protein composition can have
the same apparent ( potential, we investigated the potential cascading effect of initial particle
surface coating on interaction with model cell membranes. We constructed supported lipid
bilayers on SiO,-coated QCM-D sensors from small unilamellar vesicles composed of either 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) or a 9:1 mass ratio of DOPC and bovine liver a-
phosphatidylinositol (PI) via the vesicle fusion method.*® The changes in frequency and energy
dissipation observed for both types of bilayer were consistent with those of stable bilayers
formed on silica substrates: DOPC, Af = —24.8 = 0.2, AD = 0.04 = 0.01; 9:1 DOPC:PI, Af =
—24.9 + 0.2, AD = —0.02 + 0.01).***" In previous work we have shown that supported lipid
bilayers formed in this manner have the expected smoothness and fluidity as determined by
atomic force microscopy and fluorescence recovery after photobleaching.***” Lipids bearing a
zwitterionic phosphatidylcholine headgroup comprise a large fraction of the lipid components in
many eukaryotic cytoplasmic and intracellular membranes.*® Anionic phosphatidylinositol is a
minor component in eukaryotic membranes, its abundance varying among species and types of
membranes, but generally comprising <10% of the total phospholipid in mammalian plasma
membranes.*® Phosphatidylinositols are present in both the inner and outer leaflets of the plasma

membrane, but are enriched in the inner leaflet.*’ Their involvement in cell signaling processes
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as a membrane binding site for proteins® suggests they may influence the interaction of protein-
nanoparticle complexes with cellular membranes. Literature exists on the interaction of some
types of nanoparticles with supported lipid bilayers composed of phospholipids with
phosphotidylcholine headgroups,*>**'%* but the impact of PI on nanoparticle interaction with
model membranes has not been previously explored. Prior studies employing nanoparticles much
larger than most serum proteins demonstrated that acquisition of a protein corona reduced

. . . 15,53
interaction with model membranes. ™

We therefore hypothesized that complexation of the
small nanoparticles studied here by serum proteins would diminish their attachment to model
membranes composed of DOPC alone due to the reduction in nanoparticle surface free energy'
and increase in steric repulsion between nanoparticles and supported lipid bilayers.” Due to the
role of PI in in protein binding we hypothesized that complexation of nanoparticles by proteins
would increase attachment to supported lipid bilayers containing this anionic phospholipid
relative to bilayers composed solely of DOPC.

We employed QCM-D to measure the interaction of AuNPs (with and without complexed
proteins) with supported lipid bilayers. This technique measures changes in both the resonance
frequency (Af) and energy dissipation of a coated piezoelectric quartz crystal upon interaction
with an analyte. The frequency change is related to the mass of analyte adsorbed to the sensor
surface plus any dynamically coupled solvent.’* Negative values of Af indicate an increase in
mass attached to the sensor surface. The { potential above DOPC bilayers on SiO, is negative
(—17.5+ 0.7 mV at pH 7.5 in 0.01 M KCI) as determined by streaming current measurements.”

The incorporation of anionic PI into the 9:1 DOPC:PI bilayer is expected to produce a more

negative  potential than DOPC. The  potentials of the small unilamellar vesicles used to form
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the bilayers support this expectation. The { potential for DOPC vesicles was —1.2 = 0.8 mV,

while that for the 9:1 DOPC:PI vesicles was —29.4 + 2.8 mV.

.

o,
(%]
(=]

oy (H:
N
[}

--A frequen:
-
(=]

'I
L

4

H:

Y
T

[

- frequency (

Figure 3. Attachment of (a) functionalized AuNPs or (b) protein-AuNP complexes to
bilayers comprised of DOPC and a 9:1 ratio of DOPC and liver a-phosphatidylinositol.
Experiments were conducted at pH 7.4 (0.01 M Tris) and 0.01 M NaCl. Reported frequency
shifts represent stable values obtained after rinsing. Bars represent mean values, and error
bars correspond to one standard deviation for triplicate experiments. Significance of
differences between bilayers: **, p <0.01; *** p <0.001).

Interaction of functionalized AuNPs with supported lipid bilayers. We first investigated
the attachment of the functionalized AuNPs to supported lipid bilayers composed of DOPC or

9:1 DOPC:PI in 0.01 M NaCl buffered to pH 7.4 with 0.01 M Tris (Figure 3a). No attachment
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was observed to either type of bilayer for AuNPs with negative apparent { potentials (viz. MPA-,
EGg-, and PAA-AuNPs). Coulombic repulsion explains the lack of observable attachment of the
negatively charged PAA-, MPA-, and EG¢-AuNPs (Figure 2a) to bilayers with a negative {
potential. We note that we have previously demonstrated the attachment of MPA-AuNPs to pure
DOPC bilayers at amounts below the limit of QCM-D detection.”

In contrast, both types of cationic AuNPs (those functionalized with the MPNH, ligand
and those wrapped in the PAH polymer) attached to both types of bilayers. Attachment of
MPNH,-AuNPs was higher to DOPC:PI bilayers than to DOPC bilayers, while the opposite was
true for the PAH-AuNPs. The higher attachment of MPNH,-AuNPs to 9:1 DOPC:PI relative to
DOPC bilayers (—Af'= 5.1+ 0.8 Hz and 0.75 + 0.13 Hz, respectively) is consistent with increased
electrostatic attraction due to incorporation of the anionic lipid. The attachment of PAH-AuNPs
to 9:1 DOPC:PI bilayers was less than that to pure DOPC bilayer (—Af=7.1 £ 1.0 Hz and 34.4 +
1.0 Hz, respectively). This result is the subject of ongoing work, but may relate to the ability of
primary amines in PAH to access the phosphate groups of phosphatidylcholine headgroups;
similar decreases in attachment relative to pure DOPC bilayers have been observed upon
incorporation of other anionic phospholipids into the bilayers (viz. the corresponding
phosphatidylglycerol and phosphatidylserine lipids).56 Comparing PAH- and MPNH,-AuNP
attachment to DOPC (—Af'=34.4 £ 1.0 Hz and 0.8 £ 0.1 Hz, respectively), differences are likely
influenced by PAH-AuNPs exhibiting a larger positive apparent { potential than the MPNH,-
AuNPs (+40.1 + 4.0 mV and +26.9 + 1.5 mV, respectively) as well as large differences in
aggregate sizes (50.6 + 20.3 nm for PAH-AuNPs and 655 + 360 nm for MPNH,-AuNPs). We
expect the larger MPNH,-AuNP aggregates to diffuse more slowly to the bilayer surface,

ultimately reducing nanoparticle attachment to the bilayer.
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Figure 4. Attachment of functionalized AuNPs without and with complexed proteins to
supported lipid bilayers composed of (a) DOPC and (b) a 9:1 mixture of DOPC and liver a-
phosphatidylinositol. Experiments were conducted at pH 7.4 (0.01 M Tris) and 0.01 M NaCl.
Reported frequency shifts represent stable values obtained after rinsing with nanoparticle-
and protein-free solution of otherwise identical composition. Bars represent mean values, and
error bars correspond to one standard deviation for triplicate experiments. Letters indicate
significant differences in nanoparticle attachment (p < 0.05).

Interaction of protein-AuNP complexes with supported lipid bilayers. We next examined
attachment of the protein-AuNP complexes to supported lipid bilayers composed of DOPC or a
9:1 mixture of DOPC and PI to determine the effect of complexed proteins on their interaction

with lipid bilayers. For these experiments, we prepared protein-AuNP complexes in the same
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manner as we did for characterizing protein-AuNP complexes and identifying proteins
complexed with the particles (vide supra). As mentioned previously, we were unable to re-
suspend protein complexes of PAA- and PAH-AuNPs after isolation, and therefore did not
conduct QCM-D experiments for these particles with complexed proteins. For nearly all AuNP-
bilayer combinations, complexation by serum proteins significantly influenced the extent of
attachment to the model membranes (Figure 4, some data from Figure 3 has been replotted to
facilitate comparisons for each bilayer type).

For DOPC bilayers, protein complexation increased attachment of MPA-AuNPs (from
—Af= 0 to 2.3 £ 0.2 Hz; p < 0.05), had no effect on attachment of EG¢-AuNPs, and reduced
attachment of the initially cationic MPNH,-AuNPs (from —Af'= 0.76 = 0.13 to 0.20 = 0.09 Hz; p
< 0.05) (Figure 4a). The reduction in attachment to DOPC observed after formation of protein
complexes with MPNH,-AuNPs can be attributed, at least in part, to electrostatic repulsion as the
apparent { potential shifted from a positive (+27 & 2 mV) to a negative (—21 = 2 mV) value upon
complexation with serum proteins (Figure 2a). We note that despite differences in the
composition of their protein coronas (Table 1), protein complexes of MPA- and MPNH,-AuNPs
possess statistically indistinguishable apparent { potentials (p = 0.32). Despite identical apparent
C potentials, attachment of protein complexes of MPA-AuNPs to DOPC layers was higher than
those of MPNH,-AuNPs by a factor of approximately ten (Figure 3b). This indicates that the
identity, orientation, and/or conformation of the proteins complexing these AuNPs influenced
their interaction with the purely zwitterionic bilayer. The increase in attachment of MPA-AuNPs
with complexed proteins, as compared to the same nanoparticles without complexed proteins
(Figure 4a), was unexpected given our hypothesis that proteins would reduce the nanoparticle

surface free energy and increase steric repulsion. This hypothesis was based on results from
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previous studies that indicated reduction in binding of larger anionic nanoparticles to supported
phosphatidylcholine lipid bilayers upon adsorption of proteins to nanoparticle surfaces.">> We
note, however, that complexation of ZnO nanoparticles with bovine serum albumin has been
reported to increase interaction with giant unilamellar vesicles composed of DOPC.>’ Our results
demonstrate that, at least for nanoparticles similar in size to serum proteins, the formation of
complexes with proteins does not always diminish adhesion to zwitterionic biomembranes.

We next examined attachment of protein-AuNP complexes to bilayers formed from 9:1
DOPC:PI (Figure 4b). As was the case for DOPC bilayers, complexation by serum proteins
promoted attachment of MPA-AuNPs (attachment increased from —Af'=—0.43 + 0.89 Hz to 1.5
+ 0.4 Hz) and decreased attachment of MPNH,-AuNP (from —Af=5.1 + 0.8 Hz to 1.5 + 0.1 Hz).
Interestingly, EG¢-AuNPs, which did not interact to a detectable extent with either DOPC (with
or without complexed proteins — Figure 4a) or 9:1 DOPC:PI (without complexed proteins —
Figure 4b) bilayers, attached to the DOPC:PI bilayer when complexed with serum proteins (—Af
= 2.6 £ 0.6 Hz; Figure 4b). All protein-AuNP complexes possessed negative apparent {
potentials (Figure 2a). The surface potential of the PI-containing bilayers was more negative than
that of the DOPC bilayers (vide supra). If the extent of protein-AuNP complex attachment to the
bilayers was governed by global electrostatics, attachment would be expected to be lower to
bilayers containing anionic PL. In contrast, the attachment of protein complexes of EGs- and
MPNH,;-AuNPs to 9:1 DOPC:PI bilayers exceeded that to DOPC bilayers, and the extent of
attachment of these protein-nanoparticle complexes to 9:1 DOPC:PI bilayers did not differ from
that of the protein complexes of MPA-AuNPs (Figure 3b). These results support our initial

hypothesis. Phosphatidylinositol influenced the interaction of protein-AuNP complexes with
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model membranes in a manner suggesting the recognition of and interaction with this anionic
phospholipid by specific complexed proteins.

Taking the results from all of the experiments probing the interaction of AuNPs with
bilayers in the absence and presence of complexed proteins, we were unable to identify
correlations between bulk (protein-)nanoparticle properties (viz. dp, apparent { potential) and
several metrics characterizing attachment to DOPC and 9:1 DOPC:PI bilayers (viz. Af, initial
deposition rate, and attachment efficiency’*). This suggests that the initial coating of the AuNPs

59-61

drives the identity, orientation, and/or conformation (which may expose hidden epitopes),”*

65 of complexed proteins which in turn strongly influences nanoparticle interaction with lipid
bilayers. Considering only those proteins found in protein-AuNP complexes abundances > 0.02
on a mass:mass basis, five were identified that function in lipid binding (APOAI1, ALBU,
FETUA, APOA2, and APOE). The presense of lipid-binding proteins in the coronas of
nanoparticles suspended in plasma has been previously reported.®® Over 100 proteins were
identified in complexes with each AuNP; we cannot rule out that favorable attachment is
governed by lower abundance proteins. We note that biomolecules in addition to proteins are
present in FBS (e.g., lipids),®’ and that these molecules may also associate with nanoparticles®®
and impact membrane binding. The results presented here provide motivation for future studies

employing small numbers of proteins to better elucidate the mechanisms of protein-nanoparticle

interaction and its cascading effect on nanoparticle-membrane interaction.

CONCLUSIONS

We have demonstrated that for nanoparticles similar in size to serum proteins, the initial
nanoparticle surface coating has a cascading effect on interactions with model cell membranes

by determining the assemblage of proteins complexing the nanoparticles which in turn influences
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subsequent interaction with model biological membranes. We found that the initial nanoparticle
surface chemistry leads to stark differences in the collection of proteins complexing the AuNPs.
Gold nanoparticles of similar core diameters and presenting the same functional group to
solution, yet differing in coating structure (short ligand vs. polymer wrapping), were complexed
by distinct sets of serum proteins. A similar result was reported for quaternary amine-containing
ligand varying in head-group hydrophobicity.”® The composition of hard corona proteins is
sensitive to both nanoparticle coating charge, hydrophobicity, and structure. The surface defined
by the proteins complexed to nanoparticles dominates the interaction of the protein-nanoparticle
complexes with model biological membranes. We have investigated the effect of complexation
by proteins on the initial step of nanoparticle-membrane interaction and found that the effect on
membrane affinity can be large. We expect that changes to nanoparticle properties due to
acquisition of a protein corona also impacts deformation, alteration in membrane structure, and
translocation. Future studies will be directed at understanding how complexed proteins impact
these downstream interactions. Protein complexes with the same apparent { potentials did not
interact with model membranes to the same extent. Rather, the initial surface coating dictated the

assemblage of proteins complexing the nanoparticles and likely also impacted their

59,60,69 62-64,70

orientation and conformation. This in turn governed interaction with the model
membranes. Future studies will employ nanoparticles with more complex surface chemistries,
such as zwitterionic ligands, mixed monolayers, and silica coatings. In addition to conferring
increased resistance with respect to aggregation, such particles may lead to the identification of
more specific protein-nanoparticle interactions. We also found that the composition of the model

membrane strongly influenced nanoparticle attachment. Gold nanoparticles functionalized with

mercapto-undecanethiol-ethyleneglycol hexamer (EGg-AuNPs) did not interact with either
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membrane studied in the absence of complexed serum proteins; protein complexes of these
nanoparticles attached only to lipid bilayers containing the anionic phospholipid
phosphatidylinositol. Phosphatidylinositol comprises a relatively small proportion of mammalian
cytoplasmic membranes, but is present in higher proportions in the membranes of intracellular
organelles.*® Protein complex-mediated interaction with phosphatidylinositol may lead to
preferential accumulation in specific organelles. In summary, we found that the charge and
structure of the initial coating of small gold nanoparticles organized the assemblages of serum
proteins associated with them in a manner that impacted binding to model cell membranes. In
addition, the composition of phospholipids in the membrane affected protein-nanoparticle
30,31

binding suggesting that the influence of other cell surface structures (e.g., proteins, glycans)

warrants investigation to more fully understand the nano-bio interface.

MATERIALS AND METHODS

Materials. All materials were used as received, unless otherwise noted. Hydrogen
tetrachloroaurate trihydrate (HAuCls-3H,0), sodium borohydride, mercaptopropionic acid, 3-
amino propanethiol hydrochloride, sodium polyacrylate (M; = 15 000 Da, 35 wt % in water),
polyallylamine HCI (M; = 15 000 Da), and fetal bovine serum were purchased from Sigma
Aldrich. Trisodium citrate dihydrate was obtained from Flinn Scientific. The EGg-undecanethiol
ligand  (HSC,;EG¢) was  synthesized following a  published  procedure.”
Tris(hydroxymethyl)aminomethane (Tris) was purchased from Fisher Scientific. The
phospholipids  1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and bovine liver o-
phosphatidylinositol (PI) were purchased from Avanti Polar Lipids. PI is a mixture of

phosphatidylinositol lipids that vary in acyl chain length, the degree of saturation, and the
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position of double bonds (the most abundant species in this mixture has two saturated 18-carbon
acyl chains).

Ultrapure water (>18 MQ-cm) was prepared using a Barnstead Diamond Nanopure or
GenPure Pro water filtration system. PALL tangential flow filtration capsules (50 kDa pore size)
and 5.0 mL volume Spectra/Por cellulose ester dialysis membranes (50 kDa pore size) were
purchased from VWR.

Synthesis and Functionalization of AulNPs. Gold nanoparticles (4 nm core diameter)
were prepared by borohydride reduction of HAuCly in the presence of MPNH,, MPA, hydroxy-
EGg-undecanethiol, or citrate, as previously described.”" " The resulting MPNH,-, MPA-, and
EGg-AuNP solutions were then purified by diafiltration.”' Citrate-AuNPs were wrapped with
PAH and purified by dialysis, followed by centrifugation and washing. PAA-wrapped AuNPs
were prepared from the PAH-AuNPs and purified by dialysis, followed by centrifugation.
Further details on AuNP synthesis and purification are provided in the Supporting Information.

Characterization of AuNPs. The core diameters of the purified AuNPs were determined
by visible absorbance spectroscopy and TEM analysis. Visible absorption spectra were obtained
using a Cary 500 scanning UV-vis spectrophotometer. For TEM studies, purified AuNP
solutions were dropcast onto TedPella SiO-Cu mesh TEM grids. TEM images were obtained
using a JEOL 2100 Cryo TEM. Size distributions for the dropcast AuNP samples were
determined using ImageJ].”* Hydrodynamic diameters and ¢ potentials for the AuNPs were
derived from dynamic light scattering (DLS) and electrophoretic light scattering measurements
(ELS) obtained using a Malvern Zetasizer Nano ZS.

Formation of Protein-AuNP Complexes Preparation of the protein-AuNP complexes

was the same for all experiments, except that a final bath sonication step to aid re-dispersion of
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protein-AuNP complexes was included for QCM-D, DLS, and ELS experiments (described
below). A sufficient volume of purified AuNP solutions were added to 1.5 mL microcentrifuge
tubes to attain a final AuNP number concentration of 12.8 nM. Cold FBS (0 °C, 100 pL) was
added to the microcentrifuge tubes, and the tubes were incubated at 37 °C for 20 min. After 20
min, 1.0 mL of Tris buffer solution (0.01 M NaCl, 0.01 M Tris, pH 7.4) was added. The tubes
were incubated at 37 °C for 40 min (AuNPs in 10% serum for QCM-D experiments were used
immediately following this incubation step). Then, the tubes were centrifuged three times (14
000g, 10 min) with a 4 °C Tris buffer solution wash between each centrifugation step. Finally,
the sedimented AuNPs were re-dispersed in Tris buffer to isolate the AuNPs and associated
complexed proteins. We note that the reduction in ionic strength may have altered the interaction
of the proteins with the AuNPs. For the QCM-D, DLS, and ELS experiments, bath sonication (1
min) was used to aid re-dispersion. We were unable to re-disperse the PAH- and PAA-AuNPs
after complexation with serum proteins and centrifugation, and therefore did not investigate
these particles in DLS, ELS, and QCM-D experiments.

Identification of Proteins Complexed with AuNPs. Protein-NP complexes were
purified by centrifugation and washing, then prepared for LC-MS/MS analysis using a method
described previously.*® Briefly, following incubation in FBS, protein-NP complexes were
centrifuged (14 500g, 30 min) and the pellet was re-suspended in 4 °C Tris buffer solution. This
procedure was repeated twice. Next, 25 pL of Sequencing Grade Trypsin (12.5 ng'mL™" in 0.025
M ammonium bicarbonate, G-Biosciences St. Louis, MO) was added to the protein-AuNP
complexes, which were then digested using a CEM Discover Microwave Digester (Mathews,
NC) for 15 min at 55 °C (70 W). Digestion was halted by addition of 200 pL of 50% acetonitrile

+ 5% formic acid, and the digestate was dried using a Thermo SpeedVac and re-suspended in 13
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puL of 5% acetonitrile + 0.1% formic acid. An aliquot (10 pL) was then injected for mass
spectroscopy analysis.

The LC-MS/MS analysis was conducted on a Waters quadrupole time-of-flight mass
spectrometer (Q-ToF) connected to a Waters nanoAcquity UPLC. The column used was Waters
Atlantis C-18 (0.03 mm particle, 0.075 mm x 150 mm). Flow rate was 250 nL-min”". Peptides
were eluted using a linear gradient of water/acetonitrile containing 0.1% formic acid and 0-60%
acetonitrile in 240 min. The mass spectrometer was set for data dependent acquisition, and
MS/MS was performed on the four most-abundant peaks at any given time. Data were analyzed
using Waters Protein Lynx Global Server 2.2.5, Mascot (Matrix Sciences) and the identity of
proteins was determined from the peptide fragments using the NCBI NR database specific for
Bos taurus.

We semi-quantitatively assessed the abundance of proteins complexing AuNPs bearing
each type of functionalization using the Exponentially Modified Protein Abundance Index
(emPAI).”® The relative abundance of each protein identified by MS study was calculated as:

emPAIil. X Mr’i

protein content (mm) =—
> (emPATi, x M, )
M

where emPAl, is a relative measure of the abundance of protein i within the sample (provided by
the Mascot software), and M, ; is the molecular mass (Da) of protein i. Using this approach, the
relative contribution of each protein (normalized for protein mass) to the total complexed protein
content on the AuNPs can be determined.

Preparation of Small Unilamellar Vesicles. Small unilamellar phospholipid vesicles
(~75 nm) were prepared as described previously.'” Briefly, phospholipids dissolved in

chloroform were mixed to the appropriate ratio, dried under an ultrapure N, stream, and held
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under vacuum for at least 1 h. Lipid films were rehydrated with 0.001 M NaCl, pH 7.4 (0.01 M
Tris) buffer, subjected to three freeze-thaw cycles (liquid nitrogen followed by bath sonication),
and extruded 11 times (Avanti Polar Lipids mini-extruder, 610000) through 50 nm polycarbonate
membranes. Vesicle hydrodynamic diameter (d;, nm) and { potential (mV) were determined for
all vesicle preparations to ensure uniformity and incorporation of the anionic PI lipids. Stock
lipid solutions (2.5 mg-mL™) were stored at 4 °C and used within one week of preparation.
Nanoparticle Attachment to Supported Lipid Bilayers. We investigated the
attachment of the AuNPs and the serum protein-AuNP complexes to supported lipid bilayers
using a Biolin Scientific Q-Sense E4 QCM-D instrument. Quartz crystal sensors coated with
Si0, (QSX 303, Biolin Scientific) were used for all experiments. The flow rate (100 uL-min’l)
and temperature (25 °C) were held constant throughout the experiment. The general procedure
for each QCM-D experiment was as follows: 0.1 M NaCl, 0.005 M CaCl,, pH 7.4 (0.01 M Tris)
solution was flown until stable values for frequency and dissipation were achieved, lipid vesicles
(diluted to 0.125 mg'mL™" with the CaCl,-containing buffer) were introduced until a supported
lipid bilayer was formed," the bilayer was rinsed subsequently with the solution described
above, calcium-free solution, and finally with 0.01 M NaCl, pH 7.4 (0.01 M Tris) solution. We
then flowed AuNPs (12.8 nM in 0.01 M NaCl, pH 7.4 (0.01 M Tris) — before or after forming
complexes with serum proteins) over the bilayer for 20 min, followed by rinsing with 0.01 M
NaCl, pH 7.4 (0.01 M Tris) solution. Experiments were conducted in 0.01 M NaCl because
nanoparticle suspensions were not stable at high ionic strength. Data are reported for the 5t
harmonic. Data comparisons were made by two-way ANOVA with a Tukey multiple

comparisons test at the p < 0.05 level of significance.
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1
2
2 Table 1. Most Abundant Proteins in Fetal Bovine Serum (FBS) and in Complexes with AuNPs.
5
? Protein Content (m:m)
8 AuNP functionalization
?O Swiss-Prot entry name (protein)® M (Da)  pl FBS PAH MPNH; HS-Cy;- MPA PAA
11 EGg
12 APOALT (apolipoprotein A-I) 28432 55  0.11£0.04 0.03 = 0.05 + 0.04 + 0.04 +
13 7 0.03 0.00 0.03 0.02
]g A2MG (a-2-macroglobulin) 165052 5.6  0.08+0.01 0.04 + 0.04 + 0.04 +
16 8 0.01 0.00 0.03
17 TRFE (serotransferrin) 75830 6.5  0.06+0.01
18 0
19 CO3 (complement C3) 185047 6.3  0.06+0.00 0.02 + 0.04 + 0.05 + 0.03 £
20 7 0.02 0.00 0.01 0.01
- ALBU (serum albumin) 66433 5.6 0.06£0.01  0.11= 0.03 + 0.11 + 0.03 + 0.09 +
23 0 0.08 0.00 0.03 0.01 0.00
24 A1AT (o-1-antiproteinase) 43694 59 0.05+0.02 0.03 + 0.03 + 0.11 £ 0.05 +
25 8 0.03 0.00 0.02 0.03
g? SPA31 (serpin A3-1) 43641 54 0.04+0.01

1
gg HBBF (hemoglobin fetal subunit 15859 6.5 0.03+0.01 0.04 £ 0.05 + 0.05 + 0.04 + 0.06 +
30 5) 1 0.04 0.01 0.02 0.00 0.03
31 ITIH4 (inter-a-trypsin inhibitor 98686 5.9 0.02+0.01 0.02 +
32 heavy chain) 9 0.00
32 A5D7R6 (n/a) 104118 7.7 0.02+0.01  0.03+ 0.02 +
o 5 0.01 0.00
36 TTHY (transthyretin) 13 557 Si9 0.02 £0.01
37
38 A1AG (a-1-acid glycoprotein) 21253 5.6 0.02+0.01
39 7
40 FETUA (0-2-HS-glycoprotein) 36353 5.1 0.02+0.00  0.04+ 0.02 + 0.03 +
41
42 0.01 0.01 0.01
43
44
45
46 ACS Paragon F%Zs Environment
47
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FETUB (fetuin B) 40846 5.5 0.02+0.00 0.02 £
9 0.00
APOA2 (apololipoprotein A-II) 9319 82 0.02+0.01 0.04 +
1 0.04
FETA (o-fetoprotein) 66412 59 0.02+0.01 0.02 + 0.02 +
2 0.01 0.02
E1BHO6 (n/a) 190527 7.1 0.01+£0.01 0.04 + 0.07 = 0.05 =
1 0.01 0.00 0.02
GELS (gelsolin) 80731 55 0.01+0.00 0.02 + 0.06 + 0.04 +
4 0.00 0.01 0.01
PEDF (pigment epithelium- 44056 6.3 0.01+0.00 0.02 + 0.05 + 0.02 £ 0.02 £
derived factor) 1 0.00 0.01 0.00 0.01
APOE (apolipoprotein E) 34126 54 0.004 + 0.03 + 0.04 + 0.07 £ 0.03 + 0.05 =
4 0.002 0.02 0.01 0.02 0.00 0.02
TSP1 (thrombospondin-1) 127741 4.7 0.003 + 0.04 + 0.06 + 0.09 + 0.04 +
3 0.001 0.01 0.01 0.02 0.03
FIMDH3 (n/a) 270815 5.8 0.00+0.00 0.02 £
1 0.00
CFAH (complement factor H) 138259 6.3 0.001 + 0.03 + 0.02 +
3 0.001 0.01 0.01
PLMN (plasminogen) 88393 73 0.001 + 0.03 +
9 0.000 0.01

* Proteins listed in order of abundance in FBS. Proteins in FBS or complexed to AuNPs with protein content > 0.02 on a mass:mass
basis. Those with protein content values > 0.05 in bold. See experimental section for details on protein quantification.
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