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Protein association to lipid-coated nanoparticles has been
pursued quantitatively by using fluorescence correlation
spectroscopy. For three important plasma proteins, we found
extremely low binding affinities toward lipid-enwrapped
quantum dots (QDs). The apparent equilibrium dissociation
coefficients were in the range of several hundred micromolar;
orders of magnitude lower than for binding to QDs coated by
dihydrolipoic acid.

The study of engineered nanomaterials interacting with biological
systems is presently a most exciting research topic at the interface
between nanotechnology and the life sciences.'” It is now well
established that nanoparticles (NPs) encountering biological fluids
are swiftly coated by a biomolecular adsorption layer, the so-called
“protein corona”.* > Consequently, the molecular machinery of a
living cell or organism will — at least initially — interact with the
corona rather than the bare NP, making it a key determinant of the
biological response of NP exposure.® Indeed, studies have reported
that protein adsorption onto NPs affects their cellular uptake
efficiency, controls the internalization mechanism,” and modulates
pathobiological effects.® Therefore, a profound knowledge of the
protein corona, including its composition, structure, dynamics and
thermodynamics, is of fundamental importance for the safe and well
controlled application of NPs.

Recent studies have revealed that different factors affect the
interactions between NPs and proteins.” ' Surface properties of NPs,
especially, surface chemical functionality and electrostatic potential,
play an essential role. For example, NP surfaces with neutral charge
have been reported to show a reduced tendency to bind proteins than
their negatively charged (COOH functionalized) or positively
charged (NH, functionalized) counterparts.'' Polyethylene glycol
(PEQG) functionalization can also reduce protein adsorption onto NP
surfaces.'? Other surface modifications such as carboxyl and citrate
induce monolayer corona formation. "

Here we present a quantitative study of protein corona formation
on lipid-coated NPs (lipid-NPs), an important type of nanomaterials
that have been widely used as vehicles for drug delivery, owing to
their good biocompatibility, long retention time in the blood
circulation, and facile controllability."* '* Currently, a quantitative
understanding of protein adsorption onto lipid-coated NP surfaces at
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the molecular level is still largely missing.'® Such knowledge woula
not only be beneficial for the further development of efficient i
based drug vehicles, but would also contribute to our general
understanding of surface effects regulating protein-NP interactions.
Herein, we applied fluorescence correlation spectroscopy (FCS) 1,
simultaneously determine binding affinities of proteins to NPs anc
the thickness of the protein adsorption layer. Unlike the majority ¢
other approaches requiring purification of NP-protein complexc
from unbound protein prior to the analysis, FCS allows 1
quantitative in situ observation of protein adsorption, i.e., while t.e
proteins are present in the fluid."” This unique feature is ver
important since it closely resembles the situation in the biologic~
environment.

Luminescent semiconductor quantum dots (QDs) are among tt »
most widely used engineered NPs, therefore, we adopted them as
model particles. Lipid-coated QDs were prepared via a simple lip’ 1
wrapping approach using myristoyl-hydroxyl-phosphatidylcholine
(MHPC) lipids and stearic acid (molar ratio 3.2:1; for details, s¢
Experimental Section in ESI)."® The obtained lipid-QDs displayed -
good dispersity in aqueous solution, with a C-potential of
—(9.3£0.5) mV, attributed to zwitterionic head group of lif ..
These lipid-QDs feature a strong fluorescence with the emission
maximum at 606 nm (Figure 1A). High-resolution transmission
electron microscopy (HRTEM) revealed an average core diameter of
(5.2 £ 0.8) nm (Figure 1B), whereas the hydrodynamic diameter w: 3
(13.6 + 1.8) nm, as measured by dynamic light scattering (DLS) in
aqueous solvent. The lipid layer around the QD surfaces was aisu
visualized by HRTEM using osmium staining, yielding an increas .
in diameter in the expected range, i.e., ~1.0 nm (Figure S1).
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Figure 1. (A) Absorption (dashed line) and fluorescence emission (solid lin
spectra of lipid-QDs in PBS; (B) typical TEM image of lipid-QDs.
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We chose three important plasma proteins for our study: human
plasma albumin (HSA), apolipoprotein E3 (ApoE3) and complement
component 3 (C3). HSA is the most abundant protein in human
blood plasma and a carrier of many poorly water-soluble small
molecules. ApoE3 is an important transporter of lipids in blood by
forming water-soluble lipoproteins. C3 is the central component of
the complement system which is central in innate immunity, and
which is responsible for inflammatory response.'” * An increase of
the hydrodynamic radius of lipid-QDs, was observed when mixing
with increasing concentrations of all three proteins in PBS,
indicating clearly the formation of a protein corona (Figure 2).
Interestingly, in contrast to our previous studies of NP-protein
interactions,'® 2" # saturation was not reached for the three proteins
adsorbing onto lipid-QDs within the accessible concentration range
(for ApoE3 and C3, we note that the highest possible concentrations
were ca. 30 uM due to solubility limitations), indicating a very low
binding affinity. Especially for ApoE3, the size increase was only
noticeable for protein concentrations above 10 uM. In support of the
very weak binding, the photophysical properties (i.e., fluorescence
intensity and lifetime) of the lipid-QDs also did not show any
measurable changes at low ApoE3 concentration (data not shown),
which would be expected upon protein association.”***
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Figure 2. Hydrodynamic radius of DHLA-QDs (red curves, red axis on the
left) and lipid-QDs (blue curves, blue axis on the right) measured by 2fFCS
(dots) and fitted as described (lines), as a function of the concentration of
HSA, ApoE3 and C3. The black vertical lines in the graphs indicate their
typical concentrations in blood. On the right hand side of the graphs, lipid
QDs with bound protein are depicted as they may look like at the highest
protein concentrations employed.
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Figure 3. Molecular depictions of HSA, ApoE3 and C3, showing thejr
tertiary structures (cartoons) with their overall dimensions as measured wi 1
Pymol based on the corresponding PDB files (1lour for HSA, 2kc3 for the N-
terminal domain of ApoE3, 2a73 for C3), as well as their electrostat’
potential. The potentials of HSA and ApoE3 were calculated online by usir >
the PDB2PQR server (http://nber-222.ucsd.edu/pdb2pqr _1.9.0/) at a pH ot
7.4. The red (blue) areas correspond to a negative (positive) potential. Thc
display range is from —5 KkgT/e to 5 kgT/e. For C3, the electrostatic potenti~'
image (display range —12 kT/e to 12 ksT/e) was taken from the literature.”

For comparison, we studied protein binding to QDs coated wit’
dihydrolipoic acid (DHLA-QDs). Their spectroscop.
characterization is shown in Figure S2.%° These NPs had identical
cores as the lipid-QDs but different surface functionalization, ...
carboxylic acid surface ligands, leading to a lower (-potentia!
(=25 £ 2) mV. In comparison with lipid-QDs, the radius increasc u:
DHLA-QDs upon protein adsorption happened at much lower
protein concentrations; complete saturation was achieved in all tl
cases, clearly revealing a much higher affinity of these proteins fi -
DHLA-QDs than for lipid-QDs. By quantitative analysis of the NP
radius increase as a function of the protein concentration,'® w :
obtained much smaller dissociation coefficients (K'p) for DHLA-
QDs than lipid-QDs (results are summarized in Table 1). For HT
K’p for DHLA-QDs (6.4 + 3.6 uM) is ~100 fold lower than that fo~
lipid-QDs (400 £ 70 uM). Our quantitative analysis also gives tk.»
Hill coefficient, n, a measure of NP-protein binding cooperativity.
For the binding of HSA, n was below 1 (anti-cooperativity), ¢,
observed before, whereas for ApoE3 and C3, n was above .
(cooperativity).

To obtain a converging fit for the data of lipid-QDs in the absenc
of saturation, we had to keep the radius increase identical for »
particular protein binding to DHLA- as well as lipid-QDs. This ce 1
be done in the analysis by holding N, the maximum number ot
proteins binding at saturation, fixed. The rationale behind this w~
that both types of QDs carry charged ligands and are ove..'
negatively charged. In such cases, we have found that the specific
orientation of the protein molecules on the QD surface is mainly
governed by charge interactions,” 2?7 so that we expect a similar ¢
even identical corona thickness for both NPs. We note that th
absolute number of N,,,, must be taken with caution. In our stan¢ -~
analysis, we assume that the volume of the protein corona (i.e., the
volume of the spherical shell with radius Ry, (0) and thickness AR;) s
completely taken up by proteins. However, dense packing of
proteins may be difficult to achieve, depending on the size or shay :
of the protein forming the monolayer, and free space between the
proteins may be taken up by solvent molecules. Alternatively, w
may estimate N, by dividing the surface area of the bare QD by tt.»
footprint of the protein, i.e., the face with which the protein molecule
presumably attaches to the QDs (Table 1).

Furthermore, the maximum radius increase (AR,) gives us
important clues about the orientation of the proteins relative to tt .
NP surfaces. For HSA, AR, = (3.3 £ 0.6) nm, indicating that HS~
molecules form a monolayer around the QDs. The structure of HSA
can be approximated as a 3.2 nm thick triangular prism with sides o

1
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Table 1. Binding parameters obtained from fitting the data shown in Figure 2 using the Hill equation. AR}, is the maximum hydrodynamic radius increase of
the QDs observed due to protein adsorption, K'p is the midpoint concentration of the transition and n is the Hill coefficient. Ny is the maximum number of
protein molecules bound, assuming that the entire added volume is taken up by proteins (volume model) or, alternatively, that proteins adsorb with specific

footprints on the surface (surface model).

HSA ApoE3 C3
DHLA-QDs  Lipid-QDs DHLA-QDs  Lipid-QDs DHLA-QDs Lipid-QDs
AR, (nm) 33406 339 82403 829 14.6+0.2 14.6?
K’p (uM) 6.4+3.6 400 + 70 0.06+0.01  430+120  0.015+£0.001 21030
n 0.8+0.1 0.7+0.2 1.7£0.2 15+0.2 2.1+02 1.3+0.1
Ninax” 18+2 262 72 +4 90? 60+2 718
Ny © 9.5+0.8 15+2 19+1 28+ 1 8.9+0.4 14+2

2 parameters fixed in the fit by choosing Npax to yield the same ARy, as for DHLA-QDs in the fit.

® calculated by the volume model
9 calculated by the surface model

8.4 nm (Figure 3), thus, the HSA molecules are likely to bind to the
QD surface with one of their triangular faces.'* ** This view is
further supported by the fact that a big patch with positive
electrostatic potential is present on one of these faces (Figure 3),
which then favors binding to the negatively charged groups on both
DHLA-QDs and lipid-QDs via electrostatic interactions.

For ApoE3, a fairly large radius increase of (8.2 = 0.3) nm was
obtained upon adsorption onto our QD surfaces, which is slightly
larger than the radius increase we observed for a similar
apolipoprotein, ApoE4, on polymer-coated FePt NP surfaces where
we measured (5.7 + 0.2) nm.?? The structure of ApoE4 consists of a
four-helix bundle resembling a cylinder of 6 — 7 nm in height and 2 —
3 nm in width. Two more helices are connected at the C-terminal
part; their crystal structure is still not resolved.”® There is a large
patch with a positive electrostatic potential along the four-helix
bundle, through which the interaction with the negatively charged
surface likely occurs. ApoE3 possesses a similar positive patch
(Figure 3), through which the interaction with the DHLA-QDs
probably occurs. It was shown that the presence of an arginine at
position 112 in ApoE4 helps stabilizing one of the two helices at the
C-terminus, resulting in a more compact structure, whereas in
ApoE3, the two helices may move more freely in solution, thus
yielding a larger radius increase.”’ Note that the higher affinity of
ApoE3 for DHLA-QDs with respect to HSA (Table 1) may be a
consequence of the larger positive patch on the surface of ApoE3
than HSA, as we had proposed earlier for HSA and ApoE4 binding
to polymer-coated NPs.?

Similar as with ApoE3, no saturation could be reached with C3
on lipid-QDs in our experiments for concentrations up to 30 uM. By
contrast, for DHLA-QDs, complete saturation was obtained, yielding
a radius increase of (14.6+0.2) nm. This value can again be
rationalized with the dimensions and the charge distribution of C3:
the C3 protein molecule folds into an elongated structure, with
dimensions of about 4.0nm x85nm x 15nm (Figure 3). The
electrostatic potential map of C3 also reveals a positive patch at the
4.0 nm x 8.5 nm edge. Thus, one should expect binding of the C3
molecule to the negatively charged QD through this big positive
patch, leading to a radius increase of about 15 nm. The fitted
apparent dissociation coefficient was 0.015+0.001 uM and
210 + 30 uM for the DHLA-QDs and lipid-QDs, respectively. This
difference of a factor ~10 000 reveals, as for HSA and ApoE3, a
much weaker interaction of the C3 protein with the lipid-QDs.

In Figure 2, the black vertical lines indicate the typical protein
concentration in plasma for healthy individuals (HSA: ~40 g/1.* i.e.,
~600 utM, ApoE3: ~0.045 g/1,* i.e., 1.3 uM, C3: ~1.2 g/1,” ie.,

This journal is © The Royal Society of Chemistry 2012

~6.4 uM). Thus, if DHLA-QDs were present in the blood flow in a
small concentration, HSA, ApoE3 or C3 would all have the tendenc /
to complete overcoat them. By contrast, only HSA would partiall,
adhere to the surface of lipid-QDs. The extremely low tendenc:
lipid-QDs to adsorb plasma proteins is likely a consequence of the
zwitterionic nature of their lipid coating. Previous studies -
already shown that zwitterionic monolayers® as well as neutral
surfaces (e.g., PEG functionalization)®® can efficiently resist non-
specific protein adsorption. Both kinds of surfaces are well hydrate .
and have low net charge, which together result in only wea.
interactions with dissolved species such as proteins.*® In the lipid
wrapped QD constructs, the heads of the lipid molecules endo -
lipid-QD surfaces with less charges in physiological environmert
(pH 7.4), but still sufficient for good dispersity. Lipid-QDs indeca
possess less surface charge than carboxylate-coated QDs in PBS, 7 .
inferred from the (-potential measurements. Moreover, for lipt'
nano-emulsions, it is known that lipid particle-protein interactions
may give rise to significant conformational changes of both proteit 3
and emulsion particles (i.e., formation of a protein-particle complex
with its own structure) .** The fact that the lipid molecules in ot ¢
QDs are grafted as a monolayer to a rigid core may prevent such «
structural rearrangement and thus suppress interactions between th
hydrophobic lipid tails and the proteins.

In summary, we have presented a first quantitative investigation of
the adsorption of blood plasma proteins onto lipid-coated QDs ~,
using FCS. This method allows us to measure protein binding in s,
i.e., in a protein-containing solution in equilibrium, by determining
the average hydrodynamic radius of the NP-protein complexes; if
thus directly reveals the thickness of the protein layer. Strikingly, tl
plasma proteins studied here all exhibited extremely low binding
affinities toward lipid-coated QDs, orders of magnitude lower tuau
toward DHLA-coated QDs. Also in comparison with other NPs (i.€
polymer-coated FePt NPs,> D-penicillamine-coated QDs>), th
binding affinity of lipid-QDs was much reduced. The weak protei~
adhesion tendency makes lipid-coated NPs attractive fc -
biotechnology applications, €.9., as drug nanocarriers, for which the
suppression of non-specific protein adsorption is important )
achieve highly efficient targeted delivery. Furthermore, the absolutc
size increase was found to be correlated with the moleculr
dimensions of adsorbed proteins, in agreement with previol
reports.”2?*% The findings presented here underscore the importance
of NP surface properties for defining their biological interactions ar. 1
complement our knowledge about protein adsorption onto NPs in o
significant way. Finally, we note that interactions of plasma proteir
with lipid coatings are likely to vary with the nature of the lipi'

J. Name., 2012, 00, 1-3 | 5
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molecules as well as with the curvature of NP core. Therefore, more
research will be desirable to further advance our understanding of
interactions between lipidic NP surfaces and proteins at the
nanoscale.
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Extremely low binding affinities of plasma proteins to MHPC
lipid-enwrapped quantum dots have been revealed by
fluorescence correlation spectroscopy measurements.
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