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fundamental understanding of the

inorganic nanoparticle—protein co-

rona and its interaction(s) with bio-
logical systems is essential to analyze the
experimental results obtained in nanobio-
technology, nanomedicine, and nanotoxi-
cology. The proteins forming the corona re-
main associated with the particles under
normal conditions of in vivo and in vitro ex-
posure, thereby conferring their biological
identity to the particles. Ultimately, this co-
rona of native-like or unfolded proteins “ex-
pressed” at the surface of the particle is
“read” by cells.

The molecular characteristics of engi-
neered inorganic nanoparticles (NPs) are
the basic parameters in an expanding
research-field that focuses on the use of dif-
ferent NP conjugates for diagnosis and
therapy in medicine.! Despite the rapid de-
velopment of strategies for particle design
and conjugation, relatively little is known
about their in vivo and in vitro behavior in
complex biological systems. In fact, the sur-
face of inorganic NPs changes when ex-
posed to biological fluids, and the forma-
tion of the NP protein corona (NP-PC) is one
of the most significant of these alterations,
and may, in turn, strongly influence the bio-
compatibility and biodistribution of these
particles.?® Previous research on particles
designed for intravenous administration
has shown that NPs can stimulate and/or
suppress immune responses by binding to
proteins in the blood. In fact, NPs that lack
the surface modifications which prevent ad-
sorption of opsonins (blood serum proteins
that signal cells to ingest the particles) were
reported to be removed from the blood-
stream within seconds by monocytes—cells
that remove foreign materials by phagocy-
tosis.” The current literature® 2% shows an

www.acsnano.org

ABSTRACT In this work, we explore the formation of the protein corona after exposure of metallic Au

nanoparticles (NPs), with sizes ranging from 4 to 40 nm, to cell culture media containing 10% of fetal bovine

serum. Under in vitro cell culture conditions, zeta potential measurements, UV —vis spectroscopy, dynamic light

scattering and transmission electron microscope analysis were used to monitor the time evolution of the inorganic

NP —protein corona formation and to characterize the stability of the NPs and their surface state at every stage

of the experiment. As expected, the red-shift of the surface plasmon resonance peak, as well as the drop of surface

charge and the increase of the hydrodynamic diameter indicated the conjugation of proteins to NPs. Remarkably,

an evolution from a loosely attached toward an irreversible attached protein corona over time was observed.

Mass spectrometry of the digested protein corona revealed albumin as the most abundant component which

suggests an improved biocompatibility.

KEYWORDS: protein corona - vroman effect - zeta potential - hydrodynamic

diameter - gold nanoparticles - albuminization

increasing awareness of the importance of
the NP-PC which is reflected in the increas-
ing number of recent publications that
cover different aspects, including the bio-
logical implications of this process. These
studies were mainly driven by the need to
increase circulating times and to control im-
mune response for polymeric (as polysty-
rene, PGLA, PLLA) drug delivery vehicles.>'°
Recently the study of the PC formation has
expanded to FePt and CdSe/ZnS?' and
AuNPs.2 In all these studies the protein ab-
sorption has been measured after 5 to 30
min incubation time, overlooking that al-
ready back in 1962, Leo Vroman showed
that adsorption of blood serum proteins to
an inorganic surface is time dependent: The
highest mobility proteins arrive first and
are later replaced by less motile proteins
that have a higher affinity for the surface,
in a process that may take several hours. 2
As pointed out by Slack and Horbett, this
process is the general phenomenon gov-
erning the competitive adsorption of a
complex mixture of proteins (as serum) for
a finite number of surface sites.?* Thus, a
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Figure 1. UV—vis spectra of 10 nm AuNPs before and after
exposure to DMEM and CCM. (1) AuNPs as synthesized in the
reaction solvent (2.2 mM sodium citrate), (2) AUNPs in CCM
(1:10) and (3) AuNPs in DMEM without phenol red 2 min af-
ter mixing.

similar effect could be expected in the case of inor-
ganic NPs as we observe in the case of AuNPs. Evi-
dently, different NP—biology interactions are expected
to happen at different time scales; thus, while removal
from the bloodstream is a question of minutes, interac-
tion with cells of distant organs may be relevant hours
to days after exposure. Initially, it was suggested that
the adsorption of plasma proteins depends primarily on
NP surface hydrophobicity or charge.

In this paper we study the time evolution of the
NP-PC in AuNPs. Beyond (and besides) organic carriers,
AuNPs are the basis of a new generation of therapeuti-
cal devices that have to be applied in vivo. For example,
they are used in cell imaging,? targeted drug deliv-
ery,?® and in cancer diagnostics and therapy.?” Thus,
AuNPs of different sizes (4—40 nm) stabilized (i) electro-
statically with citrate ions and with a self-assembled
monolayer (SAM) of (ii) mercaptoundecanoic acid
(negative surface charge) and (iii) aminoundecanethiol
(positive surface charge) have been synthesized and
analyzed.

RESULTS

For these studies, different citrate AUNPs with a nar-
row size distribution (Supporting Information) were in-
cubated with cell culture medium supplemented with
serum (CCM). Serum is a complex fluid that contains
about 3700 different proteins, with concentrations up
to 0.07 g/mL (where albumin is at concentrations of
about 1 mM), and the relative amounts of the proteins
vary within the human population® and also in the
same individual during the day. UV—vis absorption
spectra allows easy monitoring of the AUNP—protein
interaction since the surface plasmon resonance, that
is, the collective oscillation of the metallic surface elec-
trons, is highly sensitive to the NP environment. Figure
1 shows the 10 nm in diameter AuNPs SPR peak before
and after dispersion in CCM. A red shift is observed.
This red-shift of the SPR peak indicates the formation
of a dense dielectric layer onto the NP surface consis-
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tent with the absorption of proteins on the surface of
the particle. The stability of the NPs in CCM, together
with the red-shift, also indicates that a molecular layer
has been created on the NP surface, preventing the in-
organic surfaces of the NPs to enter into contact, what
would lead to irreversible aggregation. In the absence
of serum proteins, the aggregation of the AuNPs was
immediate after mixing NPs solution with DMEM (CCM
without serum) and the SPR peak vanished. AuNPs light
absorption is highly sensitive to the aggregation state
of the NPs, due to strong surface plasmon resonance in-
teractions between close NPs (at distances about their
diameter). Under these circumstances, the high ionic
strength of the salts that are present in DMEM screens
the charges at the surface of the NPs leading to rapid
aggregation and precipitation. Thus, the resonance
peak red-shifts, broadens, and disappears as the NPs
are progressively agglomerated (Figure 1). The stability
of NPs in CCM shows an interesting result: the initial ci-
trate AuNPs, which are stabilized by electrostatic repul-
sive charges, instantaneously aggregate when dis-
persed in protein free CCM, while they are stable if
previously a 10% of serum is added to the solution, in-
dicating that NP protein coating is faster than NP aggre-
gation at these relative concentrations (Figure 1). The
behavior of curve 2 in Figure 1 at low wavelengths is
due to the presence of proteins in the sample with re-
spect to the zero background (pure water). However,
the signal coming from the SPR at wavelengths higher
than 450 nm is not affected.

DLS measurements were also performed to deter-
mine changes in the NP diameter before and after incu-
bation, and after purification (centrifugation, precipita-
tion, and resuspension in pure water). It has been
previously observed that centrifugation is a good strat-
egy to separate NP-PC conjugates from the CCM.'® Mol-
ecules that bind rapidly to the NP surface are in equilib-
rium with the free proteins in solution. After
redissolution it is expected that the loosely bound pro-
teins will detach from the NP surface to reach a new
equilibrium between proteins at the NP surface and
proteins in solution. Therefore, the weakly bound mol-
ecules are detached when the NPs are redispersed in
serum-free solvents (as pure water or 2,2 mM sodium ci-
trate), and the original NP surface state can be recov-
ered. However, when the incubation time increases,
molecules bind strongly to the surface and they are
stable against desorption in the serum free media. It
can be observed that the NP hydrodynamic radius in-
creases as a result of the NP—CCM interaction. This in-
crease can only be attributed to the molecules ad-
sorbed onto the particle surface and not to NP
aggregation (Figure 1 and Supporting Information). Af-
ter mixing 10 nm AuNPs and CCM, the diameter in-
creased to 28 nm, and if the particles were only incu-
bated for a short time (minutes), the original 10 nm
value was recovered after centrifugation and resuspen-
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Figure 2. Surface charge evolution after different incubation times. (A) Schema of the purification process is depicted: (1)
incubation of NPs with CCM, (2) separation of the NPs and the CCM after incubation, (3) resuspension of the separated NPs
in their original solvent. (B) The Z-potential of the 10 nm AuNPs before and after exposure, measured in the CCM and after
purification, at times 0, 12, 24, and 48 h. Gray bars correspond to the pure NPs and CCM solutions, striped bars correspond to
the signal of the AuNPs in CCM and black bars correspond to the Z-potential values after centrifugation and resuspension
in their original solvent. (C) Surface plasmon resonance peak and (D) UV—vis absorption spectra evolution as a function of in-
cubation time and purification process: (a) as-synthesized, (b) 0 h in CCM not purified, (c) 0 h purified, (d) 24 h CCM not pu-
rified, (e) 24 h purified, (f) 48 h CCM not purified, (g) 48 h purified. As the purification process consists of the precipitation of
the NPs and their redispersion in water, in this situation, the loosely attached proteins detach.

sion. However, when the particles were left longer in
the CCM, that is, for 48 h or more, the diameter ob-
tained with DLS after centrifugation and resuspension
attained a constant value of 16 nm. The larger diameter
of the NPs in serum and the obtained stable coating af-
ter 48 h of incubation and purification suggest that
the corona is composed of persistent (hard) and tran-
sient (soft) phases. The hard corona needs time to form
and it is in direct contact with the NP surface, whereas
the external corona, the soft corona, is loosely bound
and in rapid equilibrium with free serum proteins and
therefore rapidly stripped off when the serum concen-
tration decreases. Interestingly, both the soft and the
hard corona can avoid the agglomeration of the par-
ticles in serum.

Similar to UV—vis and DLS, the Z-potential measure-
ments also showed an evolution of the NP coating. Con-
sistent with the red-shift and the increase of the hydro-
dynamic radius, a drop in surface charge (from —44.6
to —10.5 mV) toward the average value of proteins was
also observed. Since this charge itself is not high
enough to prevent NPs from aggregation (it should be
at least —30 mV), it further verifies that the stability of
the NPs is now mediated by the steric repulsions be-
tween the absorbed molecules rather than via electro-
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static repulsion as before incubation. Interestingly, simi-
lar to the particle size, the initial surface charge of the
NPs was recovered when they were extracted from the
CCM after a short incubation time and redispersed in
their original media, confirming that the formed corona
was loosely bonded to the NP surface (soft corona). In
contrast, longer incubation times of NPs in CCM caused
the initial surface charge not to be fully recovered. The
reversibility progressively decreased with increased in-
cubation times (Figure 2), finally reaching the
Z-potential value of the CCM, which indicates a full cov-
erage of NPs by the accumulation of serum proteins
onto their surface. The observed evolution of the NP
surface with Z-potential was similar in the DLS analysis
and also with UV—vis, where as incubation time in-
creases the red-shift also increases (Figure 2). Similarly,
purified samples show a lower absorption peak wave-
length with respect to the unpurified ones showing the
protein desorption when the conjugates are dispersed
in pure water. Once the hard protein corona is formed,
at about 48 h, the purification process has no longer
any observable effect on the AUNP—PC conjugate.

It is assumed that competitive adsorption of pro-
teins from complex mixtures such as blood plasma will
be influenced by the curvature radius of the relative
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Figure 3. Z-Potential study of the time evolution of the
NP-PC for different sizes of citrate-capped AuNPs. AuNPs
with sizes ranging from 4 to 40 where the three different
PC forming regimes are observed: the very small particle
that gets poorly coated, the next regime (10, 13, 16 nm)
where a hard corona is formed conferring a CCM-like charge
to the NPs after 48 h, and the upper regime above 24 where
the coating is not so dense and CCM-like.

sizes of the incubated particles. Thus, the formation of
the corona around NPs should be size-dependent, and
different biological impacts can therefore be expected
that are not only due to the NP size, but also to the kind
and quantity of the absorbed proteins to their surface.
Related to that, it has been shown that particle size
plays an important role in the in vivo reticuloendothe-
lial system (RES) activity. The universal trend is that
smaller particles have a substantially longer lifetime in
the bloodstream compared to larger particles, in such a
way that particles as small as 10 nm would not signifi-
cantly activate the immune system.?*3° The corona for-
mation of AuNPs on different sizes (4, 10, 13, 16, 24, and
40 nm) prepared in 2,2 mM sodium citrate were com-
pared using the same number of NPs/mL in each ex-
periment. The 4 nm NPs are significantly smaller com-
pared to the most abundant serum proteins, and
therefore these particles will accommodate fewer pro-
teins at their surface, at the same time they will have
better access to encumbered reactive sites of the pro-
teins. The 10 nm NPs have a similar size compared to
the most abundant proteins and they may assemble a
proper PC, whereas the 40 nm NPs are above the larger
serum proteins size limit (ca. 20—30 nm) and therefore
more prone to opsonization by IgGs, complement fac-
tors, and apolipoproteins.'® In Figure 3, Z-potential
analysis of the different NPs after incubation and purifi-
cation showed that the smaller particles (4 nm) do not
obtain a stable NP-PC, and the original value of surface
charge is almost recovered after all the studied incuba-
tion times. In the case of the 40 nm NPs, the NP-PC ap-
pears to form similar to the 10 nm AuNPs at the initial
times, but the final degree of coating after long incuba-
tion times is smaller (UV—vis data in Supporting Infor-
mation). Despite the smaller degree of coating, the NPs
show long-term colloidal stability. This would be consis-
tent with the formation of a corona which is less packed
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Figure 4. Time evolution of the Z-potential after purification
of different amounts of CCM—AuNPs (10 nm) solutions ex-
pressed as [serum proteins]/[NPs] assuming that concentra-
tion of proteins in serum is about 1 mM. The data show that
the lower is the serum concentration, the slower is the coat-
ing process.

than in the case of 10 nm. This could be most likely
due to the absorption of other proteins, for example,
more specific opsonins, as antibodies, that interfere
with the formation of an ordered and dense self-
assembled monolayer (SAM) of proteins at the surface
of the NP. This point will be discussed in more detail
below.

Nanoparticles that have entered the body are ex-
pected to be rather dilute. Thus, under realistic condi-
tions, the concentrations of NPs and the available sur-
face will most likely be much smaller than the protein
concentrations in serum. Therefore, the limiting factor
in the formation of a PC should be the available NP sur-
face and not the depletion of a specific serum protein.
Roughly, even the less concentrated serum proteins will
be present in serum at concentrations that are high
enough to coat all possible available NPs, even more,
taking into account the Moore and Van Slyke relation-
ship.3! This relationship states that proteins with larger
specific gravity (the ones that will occupy larger areas)
are the less abundant (because of gravity). Thus, we per-
formed a series of experiments modifying the serum
to AuNPs ratio by diluting the NPs solution in different
amounts of CCM. The same pattern was observed in all
cases but the formation rates differed depending on
the CCM concentration used (Supporting Information).
The data showed that the lower the serum concentra-
tion the slower the coating process (Figure 4) despite
that the amount of available proteins is orders of mag-
nitude that of the available surface in our experiments
(mM proteins in serum together with nM AuNP concen-
tration). This data underlays the existence of an equilib-
rium between proteins in solution and proteins in the
protein corona at the NP surface and confirms that an
excess of the conjugating molecule is suitable for rapid
conjugation.?3?

In addition, we have also studied the formation of
the protein corona using functionalized NPs, in order
to determine whether an already established coating
of NPs can interfere with the formation of the protein
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Figure 5. Size distribution measured with DLS (A), Z-potential measurements (B), and UV —visible spectra (C) of conjugates
of 10 nm AuNPs with MUA (left) and AUT (right). (A) The hydrodynamic diameters do not show relevant changes when
AuNPs—MUA are incubated and purified in CCM, but an increase is observed when AuNPs—AUT are incubated in CCM and
purified. (B) Z-Potential measurements do not experience significant modifications for AuNPs—MUA after being in CCM and,
on the contrary, a negative charge is observed when positively charged AuNPs—AUT are in CCM. (C) Again, any relevant
change can be observed in the UV—vis spectra when AuNPs—MUA are incubated in CCM, and a red-shift is observed as soon

as AuNPs—AUT are incubated in CCM.

corona. First, carboxylic-terminated molecules, when
deprotonated, render the NPs biocompatible and with
a net negative surface charge (note that that depronto-
nated carboxylated PEG molecules are an excellent ma-
terial to render drug delivery capsules biocompatible
and increase their blood circulating times).3*~3> A SAM
of MUA was formed on the surface of the gold NPs by
mixing both (the organic molecule readily attaches to
the AuNP via the thiol group). We observed that, al-
though a transient (soft) PC was formed on the surface
of the AUNP—MUA conjugates, this corona immediately
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detached upon washing of the NPs, also after pro-
longed incubation times with CCM (Figure 5). These
data imply that the formed PC is loosely bound, and
no evolution toward a hard corona could be observed.
Besides, aminoundecanethiol, a similar molecule with a
positive terminal end at the experimental pH (7.2) was
also conjugated to AuNPs. When AuNP—AUT conju-
gates were exposed to the CCM, very different results
were observed. First a rapid growth was observed in the
DLS (up to 60 nm after 1 min incubation) while the

UV —vis peak red-shifts, as in the previous cases, not
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AUNP-MUA: 10 +(2*)x 2 14 nm
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Figure 6. DLS measured diameters for the different AuNPs studied. Estimated particles size as determined by DLS analysis
and the expected diameter values for the different AuNPs. The soft corona does not form properly on top of the MUA and
a large variability of results was observed. This is consistent with the high negative surface charge of the AuNP—MUA con-
jugate (—57 mV). The estimated diameter coincides with the calculated diameter: (calculated diameter = NP diameter + (co-
rona thickness based on the molecule size) X 2). (x) MUA size, (+:*) albumin short size, () soft PC size.

showing any sign of AuNPs aggregation, indicating
the formation of AUNP—protein unspecific aggregates
driven by electrostatic interaction between the posi-
tively charged NPs and the negatively charged serum
proteins. This protein mediated/electrostatic aggrega-
tion is not observed in the UV—vis spectra, since the
AuNPs stay away from each other in the aggregate, not
interacting with their surface plasmons. Second, after
purification, the transient protein corona formation
could be observed after any incubation time. In detail,
absorption of proteins to AUNP—AUT conjugates ap-
pears faster (driven by electrostatic interactions), and
the stability of the final hard PC is lower, indicating that
the binding by coordinating bonds to the inorganic sur-
face is stronger than the binding by electrostatic forces
between organic molecules, mainly in a media with a
rather high salt concentration.

DISCUSSION

In the present study, we observed a time evolution
toward a denser dielectric coating of the NP when ex-
posed to CCM. In the case of 10 nm AuNPs the wave-
length of the maximum SPR signal goes from 518 nm in
the as-synthesized NPs to 524 nm at short CCM incuba-
tion times and 526 nm at longer CCM incubation times.
A similar trend is observed when the size is analyzed
with DLS, as it increases from 10 nm in the as-
synthesized NPs to 12 nm at short incubation times
and 16 nm at longer incubation times. Similarly, the sur-
face charge evolved from the AuNP original solution
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(—45 mV) to the serum average value (—10 mV). Be-
tween resolution limits, the DLS measured diameters
in the purified samples stop increasing at some point,
while the Z-potential and the SPR of the purified
samples further shifts (Supporting Information). These
facts support the idea that the Hard corona is denser
than the Soft corona, likely because after prolonged in-
cubation times the removal of one protein would im-
ply moving many others?' what confers an extra stabil-
ity to this coating. Regarding the Hard corona, DLS
shows an increase of 6 nm in diameter compared with
the as synthesized NPs. This indicates that the Hard co-
rona has a thickness of 3 nm, which would correspond
to a single layer of BSA molecules laying on the side (al-
bumin can be considered as a 3 nm by 3 nm by 8 nm
object). Based on these results, we can now classify the
different types of coating using DLS measurements,
from the naked NPs to the NP-hard—soft corona in
CCM. Using such analysis, we observed that, with the
exception of the secondary transient corona, the NP-PC
sizes are highly predictable (Figure 6).

These results support previous findings where se-
rum albumin was found to be one of the main pro-
teins forming the protein corona.” In fact, bovine se-
rum albumin (BSA) has been observed to bind
spontaneously to the surface of citrate-coated gold
nanoparticles.” Regarding electrostatic interactions
between amino acids and NPs, there are three amino
acids with positive charges in their side chain: lysine,
arginine, and histidine. Besides, the aspartic acid

www.acsnano.org



30

A B
S0l S
» » 20
Z Z
N Y
o o
ém- ém_
= S
P4 z
\
0 0 Tt = ot
1 1000 1 100 1000

Diameter (nm)

Diameter (nm)

Figure 7. Analysis of the hard PC coating (A) and BSA conjugates (B) with BSA specific antibody and anti-IgG antibody. (A)
Mean diameter measured by DLS of (1) AuNPs (10 nm); (2) AuNPs-hard PC (16 nm); (3) AuNPs-hard PC + IgG antibody (16
nm); (4) AuNPs-hard PC + BSA-antibody (26 nm). Inset: bovine serum albumin with the free cysteine cys-34 circled. (B) Mean
diameter measured by DLS of (1) AuNPs (10 nm); (2) AuNPs—BSA (21 nm); (3) AuNPs—BSA + IgG antibody (22 nm); (4)
AuNPs—BSA + BSA-antibody (37 nm). Increase of the hydrodynamic diameter is observed when anti-BSA is incubated with

the conjugates.

and the glutamic acid residues are known to be
negative; the rest are neutral. Albumin possesses 60
lysine groups that can have electrostatic interactions
with other negatively charged structures at physi-
ological pH. Of special importance is cysteine, which
is highly reactive toward cations and metallic sur-
faces. In fact, metal-binding proteins act primarily
through SH— groups in the cysteine residues in
proximity to OH— groups.>® Regarding the cys—Au
interaction, cys-34, the only available SH group in
BSA, is placed on the flat surface of the protein.’”
However, if the SH—Au bond was the leading force
for the formation of the BSA protein corona, then the
smaller NPs should have better access to it, and
therefore they will build up the corona more rap-
idly, but this does not occur. In fact, it is possible that
the cys-34 is not accessible even for the smallest
NPs here tested. Besides, in the case of the large par-
ticles, opsonins may recognize them and interfere
with the formation of an ordered SAM, leading to a
less dense packing and a less hard persistent PC, as
observed. Previous studies showed that the main ab-
sorbed proteins associated with larger particles (and
hydrophobic surfaces) were, in addition to albumin,
opsonins, such as IgG and antibodies, complement
proteins, and apolipoproteins.~'% In between,
10—20 nm is the size that shows the fastest forma-
tion of the hard PC. Further evidence of the coating
and structure of the coating by albumin forming the
hard corona can be obtained from mass spectros-
copy after tryptic digestion, and by observing the in-
teraction between AuNP-hard-PC and antibodies
against albumin. Mass spectroscopy of the digested
NP-PC confirmed the dominant presence of albumin
on the NP surface (Supporting Information). To-
gether with albumin, another small carrier protein
named a-2-HS-glycoprotein, could also be identified,
though much less abundant. In the case of antibod-
ies against albumin, we incubated the AuNP-hard-PC
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with antibodies against BSA and with control anti-
bodies (IgG against goat SA —GSA—). An increase of
the DLS was observed (Figure 7) after the mixing
the NP-hard corona with BSA-specific antibodies,
whereas no effect was seen for the control antibody
(IgG), indicating not only that aloumin at the NP sur-
face is present but also that it is presenting its na-
tive epitopes. Thus, denaturation of this protein can
be ruled out even more by taking into account that
denaturation of proteins leads to aggregation and
multiple-layered coatings through the interaction of
hydrophobic groups (which yield coating thick-
nesses significantly larger than 3 nm). Finally, it is
worth noting that the conjugation of AuNPs with
pure BSA at the reported concentrations yields indis-
tinguishable results as the incubation with serum
(Figure 7B).

CONCLUSIONS

The results presented in this manuscript indicate
that many proteins form transient complexes with
AuNPs with differents sizes and surface states, and
the outcome is determined by competitive binding
toward the resulting PC, which constitutes a major
element of the biological identity of the NP. In all
cases, except for the small 4 nm NPs where the ami-
noacid sequence could not be associated with any
known protein, the PC is aloumin rich. There are in-
dications that the biocompatibility of a material is
improved when the surface favors albumin
adsorption,®3° that is, NPs will be less aggressive
and may reside more time in contact with biologi-
cal entities enhancing their possible therapeutic or
diagnostic use. For example, albumin has recently
been employed to render the anticancer drug pacli-
taxel less toxic and improve its biocompatibility and
solubility.*® However, making NPs invisible to the im-
mune system and more penetrating may also alter
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their toxicity profile, and this has to be considered
carefully before using engineered nanoparticles for
medical applications. There remains, of course, the
fundamental question as to the format of presenta-
tion of these proteins, and to what degree they are
still able to present native epitopes and preserve
functionality when embedded in the corona. Inter-
estingly, antibody experiments show that anti-BSA
recognizes BSA at the NP surface. It should be noted

METHODS

Synthetic Procedures. We have prepared 4, 10, 13, 16, 24, and
40 nm AuNPs. Particle preparation was performed following the
most common synthesis recipes in water*'*? with some modifi-
cations to achieve the desired characteristics regarding size and
surface charge. In this NP-synthesis using ions as stabilizers, a
double ionic solvation layer keeps the NPs far enough from each
other to resist their tendency of agglomeration. All reagents
were purchased from Sigma-Aldrich (St. Quentin Fallavier,
France) and used as received. All glass material was sterilized
and depyrogenated in an oven prior to use. The particles were
stabilized with weakly interacting citrate ions, which are known
to be biocompatible** and which can be easily exchanged with
stronger binding molecules such as proteins.*?° Taking the op-
portunity of this ion—molecule replacement exchange, mercap-
toundecanoic acid-capped and aminoundecanethiol AuNPs
have been also obtained. In all cases, concentrations were ho-
mogenized at 10" NP/mL since the stability of colloids starts to
be compromised at higher concentrations and precipitation can
occur. At the working concentrations, NPs were stable through-
out the whole experiments, even after centrifugation and
resuspension.

Exposure to Cell Culture Media. AUNPs and cell culture medium
(CCM) were mixed (1:10 by volume) and placed in an incubator
at 37 °C for different incubation times. Previous experiments
have shown that this concentration ratio was optimal for cell sur-
vival, whereas higher amounts of NP solution in the samples
lead to decreased cell viability.3°** Three different kinds of CCM
were used to determine a possible influence of CCM composition
on the formation of the protein corona, since different cells or
cell lines require differently composed CCM. The CCMs used
were (i) DMEM with 1000 mg/L glucose, and sodium bicarbon-
ate, sodium pyruvate, and phenol red (all from Sigma-Aldrich),
and sterile-filtered after supplementing with 10% FBS [CCMO01],
(i) DMEM (as above) supplemented with 10% FBS, penicillin/
streptomycin, HEPES, L-glutamine [CCMO02], and (iii) IMDM
(Sigma) supplemented with 10% FCS, 1% BSA, penicillin/strepto-
mycin, HEPES, L-glutamine (dendritic cell medium) [CCMO3]. All
results shown in this paper are from [CCMO1] unless indicated
otherwise. The use of the different CCMs did not show any sig-
nificant differences (Supporting Information).

Characterization Techniques. Different techniques were used to
characterize the NPs and to monitor the time evolution of their
coating by the proteins present in the CCM. All experiments were
conducted at least three times.

TEM. TEM images were acquired with a JEOL 1010 electron mi-
croscope operated at low accelerating voltage (80 kV) to in-
crease contrast. Samples for TEM were prepared by drop cast-
ing onto carbon-coated TEM grids. The grids were left to dry at
room temperature. Observations were made on different parts of
the grid and with different magnifications. More than 500 par-
ticles were computer-analyzed and measured to calculate the
size distribution of each kind of NP used.

Z-Potential Measurement and Dynamic Light Scattering (DLS). Measure-
ments were made with a Malvern ZetaSizer Nano ZS instrument
operating with a light source wavelength of 532 nm and a fixed
scattering angle of 173° for DLS measure. A volume of 0.8 mL
of the colloidal solution of NPs was placed into a specific cuvette
and the software was arranged with the specific parameters of

AN N 7 . .
A‘“ﬁ%\@) VOL. 4 = NO.7 = CASALS ET AL.

that advantages could be taken from this biomolec-
ular coating. Finally, it is important to note that
AuNP—MUA conjugates do not show the hard PC
formation likely due to the high negative charge of
the surfactant layer, showing that the formation of
the PC can be avoided in functionalized NPs, while
its opposite, AUNP—AUT, with positive surface
charge, shows the immediate formation of a type of
hard corona which is electrostatically bound.

refractive index and absorption coefficient of the material and
the viscosity of the solvent. Z-Potential (surface charge) measure-
ments are a commonly used tool to determine the stability of a
colloidal suspension of electrostatically stabilized NPs. Whereas
DLS allows the determination of the hydrodynamic diameter of
colloidal particles and conjugates, that is the diameter of the
sphere with the same Brownian motion as the analyzed par-
ticle. It is worth noting that before the centrifugation step the in-
terference with the plasma proteins led to multiple peaks be-
cause the DLS signal is sensitive to d, that is, a particle 10 times
larger will give a million times stronger signal.

UV—Visible Spectrophotometry. UV —visible spectra were acquired
with a Shimadzu UV-2400 spectrophotometer. One mL of the
NP solution was placed in a cuvette, and spectral analysis was
performed in the 300—800 nm range. UV —visible spectroscopy
is a very common and well-known analytical technique. Several
metallic NPs, such as gold and silver, exhibit a characteristic ab-
sorbance maximum in the visible range (the surface plasmon
resonance, SPR). This characteristic wavelength changes de-
pending on the size and surface alterations. The SPR is sensitive
to the surroundings of the NPs at the molecular level, and there-
fore the changes in the close environment of the NPs (such as
the protein corona) can be investigated using this technique. For
particles in different solvents to be comparable, the baseline
must be the same in the peak resonant frequencies, therefore
water has been taken as the baseline for all samples. The signal
in the low wavelength range is due to the presence of biomole-
cules in serum. Comparable measurements should share the
same background, and removal of proteins from serum after
conjugation alters the protein coating as we show in this paper.
Phenol red, a typical CCM pH witness, is not present in our CCMs
to avoid interference with the AuNPs.

Purification: Separation of NPs with Strongly Bound Proteins from the
Weakly Interacting Proteins. Centrifugation was performed with the
aim of separating strongly particle-bound proteins from weakly
interacting or unbound proteins. After incubation of NPs in CCM,
solutions were centrifuged for 10 to 20 min at 8000g—16000g,
followed by pellet resuspension in the synthesis solvent. Cen-
trifugation is an efficient and reliable way to segregate particle-
associated proteins from nonassociated proteins when per-
formed with care and along with adequate controls.” The pellet
resuspension yielded a stable colloidal solution of NPs. In the
case of polymeric particles, centrifugation times as long as 11 h
were reported.” However, due to the higher density of the inor-
ganic materials, even the smallest particles could be precipitated
in a relatively short centrifugation time. Once the NPs were re-
suspended in their original solvent, weakly attached proteins de-
tached from the surface of the NPs.

Protein Identification by Tryptic Digestion and Mass Spectrometry. The
enzymatic digestion of the proteins on the nanoparticles sur-
face was performed according to the following protocol:
Samples were reduced with 10 mM dithiotreitol (DTT) at 37 °C
for 1 h and alkylated with 25 mM iodoacetamide (IAA) at room
temperature for 50 min. For the digestion, porcine trypsin
(Promega) was used for 8 h at 37 °C. Tryptically digested pep-
tides were concentrated and purified in reverse phase microcol-
umn C18 and directly eluted over the MALDI plate with 1 pL of
the acid matrix a-ciane-4-hydroxicinamic (HCCA) 99% (Aldrich)
(10 mg/mL in 50% acetonitrile/Milli-Q water (v/v), 0.1% trifluora-
cetic acid (TFA)). Mass spectrometry analysis was performed us-
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ing MALDI-TOF-TOF 4700 proteomics analyzer (Applied Biosys-
tems). Mass spectrometry data were used to identify proteins
from the NCBI primary sequence database using the MASCOT
search engine. Identification was performed comparing tryptic
peptide fragmentation spectra (MS/MS). Search parameters were
2 missed-cleavage; fixed and variable modifications were, re-
spectively, carbamide-methylation of cysteine and oxidation of
methionine. Tolerance in the molecular weight was 70 ppm and
0.25 Da, for MS and MS/MS spectra, respectively.
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