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ABSTRACT Recent studies have firmly established that cellular uptake of nanoparticles is strongly

affected by the presence and the physicochemical properties of a protein adsorption layer around these

nanoparticles. Here, we have modified human serum albumin (HSA), a serum protein often used in model

studies of protein adsorption onto nanoparticles, to alter its surface charge distribution and investigated the

consequences for protein corona formation around small (radius ~5 nm), dihydrolipoic acid-coated quantum

dots (DHLA-QDs) by using fluorescence correlation spectroscopy. HSA modified by succinic anhydride (HSAsuc)

to generate additional carboxyl groups on the protein surface showed a 3-fold decreased binding affinity

toward the nanoparticles. A 1000-fold enhanced affinity was observed for HSA modified by ethylenediamine
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(HSAam) to increase the number of amino functions on the protein surface. Remarkably, HSAsuc formed a much thicker protein adsorption layer (8.1 nm)

than native HSA (3.3 nm), indicating that it binds in a distinctly different orientation on the nanoparticle, whereas the HSAam corona (4.6 nm) is only

slightly thicker. Notably, protein binding to DHLA-QDs was found to be entirely reversible, independent of the modification. We have also measured the

extent and kinetics of internalization of these nanoparticles without and with adsorbed native and modified HSA by Hela cells. Pronounced variations were

observed, indicating that even small physicochemical changes of the protein corona may affect biological responses.
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anoparticles (NPs), which are of si-
N milar size as typical biomacromole-

cular assembilies, are often seen to
utilize the endocytosis machinery for intrud-
ing cells, where they can give rise to per-
manent cell damage.'~* Wherever NPs en-
counter biological systems, interactions
take place between the NP surfaces and
biological components (e.g., proteins, mem-
branes, phospholipids, DNA etc.). It has now
been well established that proteins from
body fluids bind to NP surfaces upon their
exposure to an organism,*~® forming a so-
called “protein corona” around the NPs.®~°
Consequently, living systems usually inter-
act with protein-coated rather than bare
NPs®' and the structure, dynamics and
stability of the corona can be decisive fac-
tors governing the biological response of an
organism to NP exposure.'’ The notions
“hard” and “soft” protein corona have been
introduced to refer to strongly and weakly
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bound protein adsorption layers on the NP
surface.® It is evident that, upon exposure of
NPs to a mixture of proteins with different
binding properties such as blood serum, the
fastest binders will form the initial corona.
They will, however, subsequently be re-
placed by proteins with the highest affinity
to the surface (Vroman effect). Thus, one
may initially observe a “soft” corona forming
on short time scales (seconds to minutes)
that subsequently evolves into a “hard”
corona over periods of hours.'?

In recent years, a wide variety of different
NPs have been synthesized, with different
surface chemical properties, ranging from
bare inorganic surfaces over organic coat-
ings to intricate polymeric structures. Pro-
teins may interact with these surfaces in
different ways, depending on the detailed
surface chemistry. Proteins are flexible bio-
molecules that are known to fluctuate among
a vast number of different conformations at
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room temperature.'® Because proteins are on the brink
of stability, they may experience interactions with some
types of surfaces that are strong enough to cause
denaturation or significantly change their confor-
mations,"*~'® with concomitant loss of their biological
function.'”'® Structural changes in the protein may
cause exposure of new antigenic sites, "cryptic" pep-
tide epitopes,'®'® potentially triggering an immune
response,?>2! which, if launched against a self-protein,
can promote autoimmune diseases.?

Mechanistic details of protein structural changes at
NP surfaces have still remained elusive.?>~%> Under-
standing the formation and persistence of the protein
corona is a critical issue, however, not only for the
elucidation, interpretation and assessment of biologi-
cal effects of unintended exposure to NPs, but also for
their intended use in nanomedicine. Numerous efforts
have been made to design specific NP surfaces en-
abling targeted transport of drugs or vaccines,?>2¢~>'
but more based on intuition rather than detailed
mechanistic knowledge.' Whereas many studies have
focused on varying NP properties such as hydropho-
bicity, zeta potential, drug release properties and
biological behavior,>3%327 it appears that control-
ling the protein corona formation is a prerequisite of
any strategy aimed at targeted drug delivery.

Our group has introduced fluorescence correlation
spectroscopy (FCS) as a highly precise method to
simultaneously determine binding affinities of proteins
to nanoparticles and the thickness of the protein
corona.®*” This method permits the quantitative ob-
servation of protein adsorption in situ, whereas most
other methods require a separation of NPs and protein-
containing solution after incubation and prior to the
analysis. In vitro studies of important human blood
serum proteins (HSA, transferrin, apolipoprotein A-I
and apolipoprotein E4) adsorbing onto negatively
charged FePt NPs carrying carboxyl groups revealed
that the thickness of the protein corona is a well-
defined quantity, correlated with the molecular dimen-
sions of the protein molecules.®*” The corona always
consisted of a monolayer of protein molecules binding
in a certain orientation to the NP surface, and the
observed specific orientations of the corona proteins
were such that they permit optimal electrostatic inter-
actions between positively charged patches on the
proteins and the negatively charged surfaces of the
NPs.*” Importantly, local charge distributions in the
binding interfaces mediate the interaction rather than
the net charge of the proteins and NPs because, at
typical ionic strengths of biological media (~150 mM),
Debye screening is efficient, so charge interactions are
only short-ranged (~1 nm).

The intriguing revelation of a close structure-affinity
relation”” opens a promising new perspective for
chemical approaches to change the protein corona
characteristics by altering the charge distribution on
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Figure 1. Space-filling models of human serum albumin
(PDB code: 1TUOR) colored to indicate the surface electro-
statics at pH 7.4 (blue, negative potential; red, positive
potential; range from —5 kgT/e to +5 kgT/e; calculated
online at http://nbcr-222.ucsd.edu/pdb2pqr/*°).

the protein surface. Here, we have modified the surface
charge characteristics of human serum albumin (HSA)
by succinylation or amination and studied the effect
of these modifications on the formation of a protein
corona around CdSe—ZnS core—shell quantum dots
(QDs) (radius ~5 nm) functionalized with dihydrolipoic
acid (DHLA). We have also probed the extent and
kinetics of cellular uptake of QDs enshrouded by native
and modified HSA and compared these data to the
uptake of bare QDs. These data show that even small
physicochemical changes in the corona proteins may
elicit different biological responses.

RESULTS AND DISCUSSION

Charge Modification of HSA. The shape of the folded
polypeptide chain of HSA can be well approximated by
an equilateral triangular prism, with triangle sides of
84 nm and a height of 3.15 nm.*® Qur earlier FCS
studies of the association of HSA to negatively charged,
carboxylic acid functionalized NPs*” revealed a thick-
ness of the protein corona of ~3.3 nm, which is
compatible with binding of the HSA molecules to the
NPs via their triangular sides. The electric surface
potential of native HSA*® shows distinct, positively
charged patches (Figure 1) that mediate the Coulom-
bic interaction.

These positive patches arise from the presence of
the basic lysine and arginine amino acid residues
(Supporting Information, Figure S1), which each carry
a positive charge on their side chains in a solvent-
accessible environment at physiological, ie., near-
neutral pH. Succinic anhydride reacts with the e-amino
group of lysine, turning it into a negatively charged
carboxylate function.>® >3 We used this reaction at pH
7.4 to modify a fraction of lysine residues on the protein
surface to obtain succinylated HSA (HSAsuc). The
negative patches of HSA arise from aspartic and glu-
tamic acid residues, which each carry a carboxyl func-
tion and, thus, a negative charge at physiological pH. In
the presence of 1-ethyl-3-(3-dimethylamino-propyl)-
carbodiimide (EDC) as a catalyst, a fraction of the
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carboxyl groups was reacted with ethylenediamine to
convert them into positively charged amino groups to
obtain aminated HSA (HSAam).

As expected, succinylation significantly lowered
the negative zeta potential from (—10.5 £ 1.3) mV for
native HSA to (—19 £+ 4) mV for HSAsuc, whereas
amination increased it to (—6.1 & 0.4) mV, in phos-
phate buffered saline (PBS), pH 7.4. The hydrodynamic
radius was measured by dynamic light scattering (DLS),
yielding (3.20 & 0.04) nm for native HSA, (3.3 +0.2) nm
for HSAsuc, and (3.1 £ 0.1) nm for HSAam. Thus, the
size remained essentially unchanged within the mea-
surement error, so we can firmly conclude from these
data that the overall protein fold is still maintained
after chemical modification.

Quantitative Analysis of Protein Corona Formation on DHLA-
QDs. To investigate the effect of the altered protein
charge characteristics on protein corona formation, we
have measured the interactions of HSA, HSAsuc and
HSAam with negatively charged, carboxyl-functionalized
CdSe—ZnS core—shell QDs, which were water-solubilized
with a DHLA ligand shell. Their zeta potential in PBS
was (—31.2 £ 0.8) mV.

To quantitatively monitor HSA adsorption onto
DHLA-QDs, we used fluorescence correlation spectros-
copy (FCS), a technique that is based on the analysis of
fluorescence bursts emitted by particles diffusing
through a tiny observation volume (ca. 10~ '° L) formed
by tight focusing of a laser beam.®**~*¢ Autocorrela-
tion analysis of the fluorescence emission time traces
yields a characteristic time scale of diffusion, 7p, from
which the diffusion coefficient, D, and, by means of the
Stokes—Einstein relation, the hydrodynamic radius rj,
can be extracted. This approach permits the direct,
in situ observation of the QD size increase as a con-
sequence of protein binding to its surface.®*” The
resulting data can be quantitatively analyzed by a
simple model, where the shape of the QD with bound
proteins is approximated by a sphere. Then, r;, changes
with the number of proteins, N, bound to the NP
surface according to

3/ 3
mN) = \/4—(V0+N'VP) (1
T

Here, V, is the volume of the bare QD, N is the number
and Vp is the molecular volume of the adsorbed
proteins. Note that this ansatz assumes a dense coating
only by protein molecules. We may, however, envision
that some water molecules may also become arrested
on the NP along with the proteins, which would then
contribute in proportion to the proteins. In this case, Vp
should be replaced by an effective volume that takes
the hydration water into account. Since the typical
protein density equals 1.35 g mL™', the protein volume
is in a good approximation proportional to the mass.
Introducing the radius of the bare QD, r(0), which is
(4.8 £0.2) and (5.6 £ 0.1) nm for the QD preparations

TREUEL ET AL.

used in this work, and the coefficient ¢ = Vp/V,, we
obtain

m(N) = rm(0)y/1+c-N) )

In FCS measurements of protein adsorption onto nano-
particles with a variety of serum proteins, we have always
observed saturation of the radius increase at high protein
concentrations, indicating formation of a protein mono-
layer. Therefore, there is a finite number of binding sites
available on the NP, and the dependence of N on the
concentration of free protein in the solution, [P], can be
modeled in the simplest fashion by the Hill equation,®

1

N = Nmaxm (3)
where the number of binding sites, i.e., the maximum
number of proteins binding to the NPs is represented by
Nmax and K'p denotes the midpoint of the transition, i.e.,
the concentration of protein molecules free in solution
when 50% of the binding sites are filled. This parameter
thus quantifies the strength of the NP—protein interac-
tion. The Hill coefficient, n, controls the steepness of the
curve and contains information about the cooperativity
of binding.

FCS autocorrelation curves were measured to de-
termine the affinities of HSA, HSAsuc and HSAam
toward DHLA QDs, using protein concentrations rang-
ing from 0.2 nM to 1.05 mM. The autocorrelation
functions at each concentration were fitted with a
model function to extract the correlation time 7p. The
diffusion coefficients were then calculated based on
the known extension of the focal spot so that, finally,
radii of hydration were determined as a function of
concentration.? For native HSA (Figure 2a), we found an
overall increase of the hydrodynamic radius from
rm(0) = (4.8 &= 0.2) nm for bare QDs t0 rp(Nmax) =
(8.1 &+ 0.4) nm at a protein concentration of 200 uM,
where there is saturation, indicating that the QDs are
fully covered by a protein monolayer. The radius
increase, Ary, = (3.3 £ 0.6) nm, is compatible with
complete surface coverage by HSA molecules adsorb-
ing with their triangular faces to the QD (Figures 1 and 2b),
as was shown earlier for different types of negatively
charged, carboxyl-functionalized NPs of similar size.®
Quantitative analysis of these data with the Hill equa-
tion revealed a maximum number of surface bound
proteins of Nyax =18 =2 and a K'p = (6.4 + 3.6) uM. The
Hill coefficient of n = 0.7 + 0.2 indicates an antic-
ooperative binding behavior, which is also in line with
previous experiments investigating HSA adsorption
onto polymer-coated FePt NPs®**” and QDs.® These
results indicate that HSA molecules bind in such
orientations on the NP surfaces, for which there are
optimal attractive interactions between the positively
charged patches on the proteins and the negatively
charged QD surfaces, supporting the interpretation by
Maffre et al.*’
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Figure 2. Adsorption of (a and b) HSA, (c and d) HSAsuc and
(e and f) HSAam onto DHLA-QDs. Filled symbols: Hydro-
dynamic radii of DHLA-QDs plotted as a function of the
concentration of (a) HSA, (c) HSAsuc and (e) HSAam free in
solution. Solid lines represent fits of eqs 2 and 3 to the data.
Open symbols: Hydrodynamic radii measured at 90 uM (a)
HSA and (b) HSAsuc and 0.9 uM (e) HSAam and after two
successive dilution steps as shown in the graphs. (b, d, and f)
Schematic depictions of the hydrodynamic radii increasing
as a result of protein adsorption, with (b) native HSA and
(f) HSAam shown adsorbing with their triangular faces, leading
to a radius increase of 3.3 and 4.6 nm, respectively, and
(d) HSAsuc adsorbing with the edge of the prism, causing a
radius increase of 8.1 nm.

The protein adsorption data using charge-modified
HSAsuc (Figure 2c) show a distinctly different behavior,
with the QD radius increasing from r,(0) = (4.8 +
0.2) nm for bare QDs t0 rn(Nmax) = (12.9 = 0.4) nm for
QDs with a fully formed corona. Therefore, the thick-
ness increase, Ar, = (8.1 & 0.6) nm, is much greater
than for native HSA, which can be explained by binding
of HSAsuc molecules to the QD surface in such an
orientation that the triangular sides are perpendicular
to the surface. Such an orientation yields 7.3 nm for
binding with one of the rectangular faces and 8.4 nm
for a perpendicular arrangement of one of the sides of
the triangle (Figures 1 and 2d). We note that HSAsuc is
also slightly larger than the native form due to the
succinylated lysine side chains. Quantitative evaluation
using the Hill equation revealed a maximum number of
surface bound HSAsuc molecules of N, = 89 £ §,
K'p = (19 £ 8) uM, and n = 0.52 £ 0.04 suggests an
enhanced anticooperativity. We note that the Ny
parameter appears inflated because the analysis
rests on the assumption that the additional volume

occupied by HSAsuc molecules is densely filled. A side-
on orientation, as depicted in Figure 2b, may not
accommodate such an arrangement. The estimation
assuming that the HSAsuc molecules bind with their
rectangular sides yields a lower bound of ~11 mol-
ecules, which appears too small because HSA mol-
ecules can also bind with their triangular tips. In this
case, they have a much smaller footprint. Because the
precise protein:NP stoichiometry is not relevant for this
work, we have not dwelled on this issue further.

For HSAam, the QD radius was observed to increase
from r,(0) = (5.6 & 0.1) nm for the bare QDs to r,(Nmax)
=(10.2 & 0.1) nm for the fully loaded NP. The change in
radius, Ar, = (4.6 £ 0.1) nm, is larger than for native
HSA. This difference appears quite reasonable because
native HSA adsorbs in a specific orientation, i.e., via one
of the triangular faces. Modification of the protein with
additional amine functions is expected to randomly
enhance already present positive patches or generate
entirely new ones. Protein adsorption via other positive
patches sites may lead to a variety of HSAam orienta-
tions and thus an increased corona thickness. Interest-
ingly, the midpoint concentration, K'p = (22 + 3) nM,
indicates that the amino modification gives rise to an
enormous, ~1000-fold increase in binding affinity. This
finding supports our view that the affinity is largely
governed by electrostatic interactions. The interactions
between DHLA-QDs and HSAam are apparently much
stronger because of a higher density of positively
charged groups on the protein surface. The Hill coeffi-
cient, n = 1.2 £ 0.1, is greater than for native HSA
(enhanced cooperativity), and the maximum number
of proteins bound is Ny, = 31 & 1. (Note that we did
not account for a possible slight volume increase of the
protein due to its chemical modification, which would
lower Npmax.)

The observed differences in the coronae formed by
adsorption of native HSA, HSAsuc and HSAam are
intriguing. The absolute change of NP size by ~8 nm
upon HSAsuc adsorption is compatible with binding in
a distinctly different orientation than native HSA, with
the ~8 nm side of the trilateral prism extending radially
rather than the 3.15 nm side (Figure 2d). Presumably,
succinylation reduces the stabilizing Coulombic inter-
action via the positive patch on the triangular face to
such an extent that other epitopes located on the
edges of the prism provide stronger binding. In fact,
the decreased binding affinity by a factor of 3 for
HSAsuc indicates an overall weakening of the interac-
tion by ~3 kJ/mol. In contrast, the radius increase by
Ar, = (46 £ 0.1) nm with HSAam suggests that the
aminated proteins adsorb differently from native HSA,
likely in heterogeneous orientations because of differ-
ent positions of the positive patches generated by
chemical modification. The affinity of HSAam toward
the negatively charged QDs was increased by a factor
of ~1000, which corresponds to a strengthening of the
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interaction by ~17 kJ/mol. This stabilization is striking,
considering that the net charge of the protein is still
negative. Nevertheless, the increased density of the
positively charged groups on the protein surface ap-
parently gave rise to a drastic increase the binding
affinity. We have also observed very strong protein
adsorption when using HSAam preparations with a
higher degree of amination and thus an overall posi-
tive zeta potential of the protein-bound DHLA-QDs
(data not shown). However, we were unable to mea-
sure complete binding isotherms due to lacking col-
loidal stability at intermediate degrees of NP loading
with proteins, for which the overall zeta potential was
close to zero.

We stress that an explanation of the variation in
corona thickness as a consequence of denaturation
of our modified proteins appears unrealistic because
the DLS measurements confirmed that HSAsuc and
HSAam are compact and properly folded, as expected
from the rather mild succinylation and amination
procedures. Moreover, the experiments on the rever-
sibility of protein corona formation discussed below
further strengthen our claim that HSAsuc and HSAam
retain their overall native fold in solution and upon
adsorption onto the NPs.

Reversibility of Protein Adsorption. In many studies aimed
at the characterization of the protein corona, NPs are
exposed to biological liquids and, subsequently, the NPs
are separated from those liquids by harsh and lengthy
treatments such as centrifugation, chromatography and
repeated washing steps to study their adsorption layer.
Such analyses can only reveal those proteins that are
tightly, preferentially covalently, bound to the NPs, e.g.,
proteins bound to gold NPs via multiple thiol groups
from cysteine residues. Usually, proteins have to unfold
and form a “hard” corona to establish these strong,
persistent interactions. However, many engineered NPs
are enshrouded by tailor-made, often polymeric surfaces
that only weakly interact with proteins. In biological
fluids, these NPs will also be coated with proteins,*>’
but such a “soft” corona would quickly decompose when
attempting to separate the NPs from the liquids. There-
fore, such a soft corona can only be measured in situ,
while the NPs are exposed to the biofluid, as we have
done here by using the FCS method.

Still, a key question is if binding isotherms as those
in Figure 2 reflect true equilibrium, i.e., are the kinetics
of protein adsorption and desorption sufficiently fast
so that equilibrium is established prior to the measure-
ment? To test reversibility of protein binding and,
hence, the validity of an equilibrium treatment, we
prepared QDs in a PBS solution containing free HSA ata
concentration of 90 #M to ensure that the corona was
essentially fully formed (Figure 2a). We then diluted the
solution down to 3 uM (1:30) and, in a second step
(1:300), down to 10 nM HSA. Hydrodynamic radii of the
suspensions were measured by using FCS after 90 min
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of equilibration, yielding r, = (7.8 £ 0.6), (6.4 - 0.2) and
(4.6 + 0.2) nm for 30 uM, 3 uM and 10 nM HSA free in
solution, respectively. All three points of this controlled
desorption experiment lie on the HSA binding curve
within the experimental error (Figure 2a). The same
procedure was applied to a solution of QDs carrying a
HSAsuc corona, with dilution steps from 90 to 3 uM
(1:30) and further to 30 nM (1:100), yielding r, = (11.2 =
0.2), (7.6 £ 0.1) and (5.2 & 0.3) nm, respectively, for the
three HSAsuc concentrations. Likewise, for HSAam at
0.9 uM, 30 nM and 1 nM, we obtained r, = (10.1 = 0.4),
(8.5 + 0.2), and (5.7 + 0.3) nm, respectively. Again,
these points lie on the original binding curve within the
error (Figure 2c.e).

The reversibility of the NP size change observed
here is strong evidence that we measure protein
adsorption in true equilibrium and is a most interest-
ing case study in the ongoing discussion within the
field regarding the validity of equilibrium approaches
to describe protein adsorption onto NP surfaces.””
The thin solubilization layer surrounding the inorganic
core—shell structure of DHLA-QDs may support rever-
sibility of protein binding. Other NP systems, however,
may be markedly different in this respect. For example,
on NPs with long-chain polymer coatings, entangle-
ment of polymer chains and protein moieties may
induce protein denaturation and hamper protein
desorption.

Influence of Protein Adsorption on Cellular Uptake. To
investigate the biological implications of the changed
protein corona due to charge modification, we studied
internalization of DHLA-QDs with native and modified
HSA coronae by Hel a cells and compared the results to
the uptake behavior of DHLA-QDs without a protein
corona. Representative cell images are shown in
Figure 3a—d. Upon QD internalization, clusters of
QDs were observed in the perinuclear region of the
cell. Earlier, quantitative studies of cellular uptake with
D-penicillamine coated QDs (DPA-QDs) of similar size
(~10 nm diameter) as the DHLA-QDs used here,*®
and also with much larger polymeric nanoparticles
(~100 nm diameter),>®%° revealed that the NPs are
predominantly internalized by the cells via active,
pinocytic (mainly clathrin-mediated) pathways and
end up in endosomes and lysosomes. Passive transport
may also occur, but with a much lower yield so that
it remains unnoticed as long as active transport is
present.®’

We quantified the fluorescence intensities of the
membrane associated and intracellular fractions of
QDs (Figure 3e). Incubation with bare QDs resulted in
the largest amount of QDs on the membrane and in the
cells. Binding to the plasma membrane is a crucial first
step mediated by cell surface receptors that recognize
the NP surface and activate the endocytosis machinery.
For small NPs (~10 nm diameter), we typically observe
them coating the plasma membrane upon exposure,®?
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Figure 3. Uptake of DHLA-QDs by Hela cells. Cells were
incubated for 2 h with 10 nM QDs in PBS (a) without protein,
(b) with 100 M HSAsuc, (c) with 100 M native HSA and
(d) with 100 uM HSAam. The cell membrane is shown
stained in red, nucleus in blue, and QDs in green. Scale
bar, 10 um. (e) Quantification of NP uptake after 2 h using ca.
10 cells from two independent measurements. Error bars
represent standard deviations due to cell-to-cell variations.

whereas larger NPs (~100 nm) were not noticeably
present at the membrane but, nevertheless, appeared
inside the cell.®° Therefore, it has been suggested that a
small NP may not be able to trigger endocytosis by
itself because it interacts with an insufficient number of
receptors. Instead, a critical local density of QDs on the
cell membrane is required to initiate the active inter-
nalization process.>”>®

From the data in Figure 3e, it is evident that the
presence of a protein corona markedly suppresses
membrane binding and uptake of DHLA-QDs by the
cells, as was observed earlier for other adsorbed pro-
teins and polymer-coated NPs.527%” Compared with
native HSA, uptake suppression is less pronounced for
NPs coated with HSAsuc. In view of the decreased
affinity of HSAsuc toward DHLA-QDs, such an effect
would be expected if shedding of the adsorption layer
were to happen prior to NP binding to the cell mem-
brane, e.g., to scavenger receptors.%¥%° For DHLA-QDs
with bound HSAam, we have observed slightly en-
hanced binding to the cell membrane compared to
native HSA, which may be due to the less repulsive
electrostatic interactions between the NPs and the
negatively charged cell surface. Notably, internaliza-
tion of HSAam-coated NPs by the cells was suppressed
to a level below the detection threshold. One could
speculate that, if corona shedding is required to acti-
vate endocytosis, the tight binding of HSAam to the
NP surface can prevent this process. However, in gen-
eral, the distinctly different structures of the protein
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Figure 4. Kinetics of DHLA-QD uptake by Hela cells from
quantitative analysis of spinning disk confocal fluorescence
images (examplary cells are shown on the right; red, mem-
brane stain; green, QDs; yellow, colocalization, scale bar,
10 um). Time evolution of the membrane associated and
internalized fractions are shown for incubation with
(a) DHLA-QDs in PBS only, (b) DHLA-QDs in PBS plus 100 «M
HSAsuc and (c) DHLA-QDs in PBS plus 100 xM native HSA.
Error bars represent standard deviations from the mean.

coronae reported here, which expose different epi-
topes to the cell receptors, will give rise to the
different extent of uptake. Studies to monitor the
fate of the protein corona during internalization
and within the cell are currently ongoing in our
laboratory.

NP Uptake Kinetics. We further investigated the time
dependence of NP uptake by Hela cells for 2 h by using
spinning disk confocal microscopy. Confocal images
were acquired every 5 min for up to ten cells in a single
field of view, and at least two independent measure-
ments were carried out for incubation of cells with NPs
in PBS and PBS supplemented with 100 uM HSA or
HSAsuc. Kinetics of HSAam-coated NPs are not pre-
sented because of their negligible internalization
(Figure 3d,e). In the image analysis, we again separated
the data into membrane associated and intracellular
fractions.”® In Figure 4 a—c, the time-dependent aver-
aged intensities of the two fractions are plotted as a
function of time for all four particle types. Close-up
views of individual cells after 2, 60, and 120 min of NP
incubation are also shown as examples to the right of
the kinetics. The kinetics of NP uptake, N(t), can be
fitted with an exponential function, which we adapted
from a previously described model,?® by adding a time
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TABLE 1. Fit parameters of Cellular Uptake Kinetics

membrane associated intracellular
Tm to Nm,sat, T tO Ni,sat
(min)  (min) (au) (min) (min) (au)
DHLA-QD 29+2 <1 151+3 50+3 324+08 681
QD + HSAsuc  10+2 <2 146+03 26+3 <2 96403

QD -+ HSA 17£08 <1 304£005 4+4 1MNE1 34£01

delay, ty, which has also been observed in similar data
before.”®

N(t) = Neat(1 —exp( —(t — to)/7)) for t=t,,
N({t) = Ofort <ty 4)

Here, Ny, is the number of NPs at saturation and 7 is the
lifetime parameter of the exponential. In our experi-
ments, N, cannot be quantified in terms of the real
number of NPs and serves as an amplitude scaling
factor here. The parameters obtained from the fits of
the data with eq 4 are compiled in Table 1.

All QDs started to accumulate at the plasma mem-
brane of Hela cells within minutes after exposure. The
quantitative analysis of this behavior revealed that the
characteristic times for QD association to the mem-
brane, 7., varied from <2 (HSA) over 10 (HSAsuc) to
~30 min (bare QDs). The marked acceleration by a
factor of ~15 from bare to HSA-coated NP uptake goes
hand in hand with a drastic decrease in the membrane
deposition level in equilibrium by a factor of ~50.
Within a simple two-state kinetic model governed by
an on- and an off-rate coefficient, these two observa-
tions taken together indicate that the off-rate coeffi-
cient is much larger for HSA-coated NPs, which
indicates weaker binding to the membrane. As a
consequence, we observed faster kinetics with con-
comitant saturation at a smaller amplitude. The data
for HSAsuc-coated NPs are in-between bare and HSA-
coated NPs, which would imply a tighter binding to the
membrane than for HSA, either mediated by the
modified protein itself or its dissociation prior to NP
adsorption to the plasma membrane.

Unlike the characteristic times for membrane asso-
ciation, 7, the rate coefficients for internalization, t;,
vary only within less than a factor of 2 (Table 1),
suggesting that this parameter is largely controlled
by the cellular endocytosis machinery. Even for NPs
enshrouded by HSA, where membrane association is in
steady state within a few minutes, the subsequent
internalization occurs on the hour time scale. These
well-separated time scales imply that the overall up-
take yield is controlled by the availability of NPs on the
plasma membrane and thus by the varying membrane
affinities of the different QD types.

It is interesting that a clearly noticeable lag time
in the uptake is only observed for the HSA-coated
QDs, which showed the smallest membrane associa-
tion. Intriguingly, this behavior again fits well to the
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previous studies of Jiang et al.,*® who argued for the

necessity of a critical threshold density of QDs on the
cell membrane to trigger active internalization. The low
equilibrium membrane binding of the HSA-coated QDs
should lead to a longer delay time until a threshold
density is exceeded. For the kinetic traces of bare QDs
and HSAsuc-coated QDs, the lag time is expected to be
shorter. For bare QDs, the fit still yields a lag time, but it
is barely above the noise level, and for HSAsuc-coated
QDs, none is noticeable, presumably due to the limited
accuracy of our data.

CONCLUSIONS

In this study, we found that simple chemical mod-
ifications of the surface charge distribution of HSA
significantly change the nature of protein adsorption
onto DHLA-QDs. These results emphasize the impor-
tant role of Coulomb interactions in shaping the
protein corona.*” A dependence of the overall protein
charge on the adsorption behavior had been proposed
earlier,”" 73 but a recent comprehensive study of full
serum protein adsorption to negatively charged silica
nanoparticles did not find enhanced binding of pro-
teins that were overall positively charged at pH 7.3.7*
This conundrum may, at least partially, be resolved by
considering the Debye length at the typical ionic
strengths of biological fluids and PBS buffer, which is
<1 nm and thus smaller than the size of a protein (a few
nanometers). Therefore, Coulomb interactions are es-
sentially only effective between charges located on the
NP and protein surfaces that are in close contact.

The modified charge distributions of HSAsuc and
HSAam gave rise to significant changes of the binding
affinity as well as the orientation in which the proteins
adsorb onto the NP. These observations underscore
the importance of localized charge clusters governing
protein binding onto NP surfaces. Detailed analysis of
the electrostatics at the NP-protein interface by com-
putational methods can contribute significantly to-
ward a better understanding of the structure and
composition of the protein corona that forms under
physiological conditions.”*

Protein adsorption to DHLA-QDs was observed to be
completely reversible and thus can be modeled by using
an equilibrium approach. This issue has been debated
before,®*>” and we emphasize that it is not a forgone
conclusion universally true for every nanoparticle—
protein system. With some NP surfaces, protein adsorp-
tion leads to tight binding accompanied by a substantial
loss of protein structure.>”®”” Desorption may be impos-
sible or lead to a denatured protein with modified pro-
perties. In any case, the elucidation of general mechan-
istic details governing the reversibility of protein adsorption
onto NP (and other) surfaces remains a challenging issue.

We have further shown that NP uptake by Hela
cells was affected by the details of the protein corona.
Our live cell imaging data suggest that the uptake yield
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depends on the affinity of the NP toward the plasma
membrane. An important issue that has remained
elusive, though, is if the proteins dissociate from the
NP prior to docking. The enhanced membrane binding
of HSAsuc may argue for protein shedding, but another
possibility would also be the changed interactions
between the modified corona and membrane proteins.
Whereas the kinetics of membrane binding depended
strongly on the presence and nature of the protein
corona, the kinetics of the endocytosis process, once
triggered, was not affected by the protein corona. QDs

MATERIALS AND METHODS

QD Synthesis and Characterization. CdSe/ZnS core/shell QDs
were synthesized in chloroform as previously reported.”® Water-
soluble, negatively charged nanoparticles were obtained via
ligand exchange with DHLA.”® Fluorescence excitation and
emission spectra of the DHLA-QDs (Supporting Information,
Figure S2) were measured on a Fluorolog-3 FL3-22 (HORIBA
Jobin Yvon, Edison, NJ); the emission band had a peak at
605 nm. For relative scaling of fluorescence images, the fluo-
rescence emission from DHLA-QDs in PBS, in PBS with 100 M
HSA, in PBS with 100 uM HSAsuc, and in PBS with 100 uM
HSAam was measured as shown in Supporting Information
(Figure S3).

Preparation of Modified HSA. Succinylation of serum albumin
(purity: =98%, SigmaAldrich, Milwaukee, WI) was carried out
basically as described by Aitken and Learmonth,>® with
slight modifications. Succinic acid anhydride (purity: >99%,
SigmaAldrich), dissolved at a concentration of 0.8 M in
1,4-dioxane (p.a., Merck, Darmstadt, Germany), was added in
small portions to 100 L of a 250 uM HSA solution in PBS buffer
over a period of 15 min, so that a 50-fold molar excess of
succinic acid anhydride was reached. Amination of HSA was
performed according to a published procedure (with slight
modifications).&° Briefly, 1 mg of 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide (EDC, SigmaAldrich) was added to a mix-
ture of 1 mL HSA (10 mg/mL) and 1 mL of ethylenediamine (1 M,
Thermo Scientific, Rockford, IL) in PBS. The reaction solution was
stirred for 2 h at room temperature. Modified proteins (HSAsuc
and HSAam) were purified on a G25 gel column (GE-Healthcare,
Munich, Germany).

Dynamic Light Scattering and Zeta Potential Measurements. The
experiments were performed on a Zetasizer Nano ZS (Malvern,
Herrenberg, Germany). To analyze the results from multiple DLS
(zeta potential) measurements, the number (zeta potential)
distributions were individually fitted with Gaussian functions
to determine the hydrodynamic diameters (zeta potentials). In
this work, we present averages of these parameters together
with standard deviations from the mean.

FCS Experiments. FCS measurements were performed on a
homemade confocal microscope based on an Axiovert 135 TV
frame (Zeiss, Gottingen, Germany),sL82 with slight modifica-
tions as follows: 532-nm excitation light (5 to 6 uW power at the
focal plane) from a diode-pumped solid state laser (Excelsior
532-100-SLM-CDRH, Newport, Spectra-Physics Laser Division,
Irvine, CA) was coupled into the microscope by a single mode
fiber and focused into the sample using a water immersion
objective (UPLAPO 60x%/1.2w, Olympus, Hamburg, Germany).
The fluorescence light was collected by the same objective,
passed through a homemade acousto-optic beam splitter
(AOBS) and focused into a 50 um-diameter confocal pinhole.
After passing through a 532 nm notch filter and a 50/50 beam
splitter cube, the light was detected in two separate channels by
using avalanche photodiodes (SPCM-AQR 14, Perkin-Elmer,
Waltham, MA). The events in the two channels were cross-
correlated by a hardware correlator (model 5000/E, ALV, Lan-
gen, Germany) to yield the diffusional autocorrelation function.
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coated with HSAam showed slightly more binding to
the plasma membrane than HSA, possibly due to
enhanced electrostatic interactions, but the level of
internalization was very low.

While this study gives a vivid example of rather small
protein modifications affecting their adsorption onto
NPs and interactions between NPs and cells, there is
still a long way ahead of us to reach a detailed mecha-
nistic understanding of protein corona-mediated na-
noparticle interactions with the plasma membrane and
the overall NP uptake process.

Alternatively, FCS measurements were also performed on a
time-resolved confocal microscope (Microtime 200, PicoQuant,
Berlin, Germany). The QDs were excited by a continuous-wave
485-nm diode laser (LDH-D-C-485, Picoquant, Berlin, Germany)
focused by an objective (UPLSAPO 60XW, Olympus, Hamburg,
Germany). Fluorescent light was collected by the same objec-
tive, passed through the dichroic mirror and a 585/65 nm filter,
before being focused into a 75 um pinhole. The light was then
collimated, split by a 50/50 beam splitter cube and focused onto
two avalanche photodiode detectors (SPCM-AQR-13, Perkin-
Elmer, Rodgau, Germany). Cross-correlation of the fluorescence
time traces recorded by the two detectors was subsequently
performed by commercial software (Sympho Time, Picoquant).
All measurements were performed at 23 °C. Particle solutions
were diluted to ~2 nM with PBS; HSA was diluted to the desired
concentrations with PBS and mixed in equal volumes with the
diluted particle solutions. The samples were incubated for
10 min prior to the measurements. Rhodamine 6G or Atto488
was used as a reference sample (diffusion coefficients D =
(414 £ 005 x 10°°cm?s 'and D= (40 + 0.1) x 10 ®cm?s ™"
at 25 °C, respectively) for calibrating the detection volume.®*

Due to the high affinity of HSAam toward the QDs, it was
necessary to work with very small protein concentrations, and,
thus, the proteins were not in excess in solution compared to
the QDs. Consequently, the concentration of free protein in
solution had to be calculated from the known total concentra-
tion of protein mixed with the QDs. This was achieved by using
the concentration of QDs measured by FCS and by estimating
the number of proteins bound based on the measured size of
the QDs. The number of proteins bound was estimated by the
volume model described in this paper (maximal estimation), as
well as by a surface model (minimal estimation) and the average
was taken for further analysis of the data.

Measurement of Protein Binding Isotherms. HSA and HSAsuc
stock solutions (1.8 mM) were prepared by mixing lyophilized
HSA with PBS buffer or, for HSAsuc, by increasing the protein
concentration after succinylation and purification using a cen-
trifugation size exclusion filter (Vivaspin 500, cutoff 5 kDa,
Sartorius, Gottingen, Germany). For HSAam, the stock solution
(186 M) was used as obtained from its preparation. These stock
solutions were used to prepare protein concentration series in
PBS. These samples were stored at 4 °C until use. They were
mixed with the QDs in a 1:1 volume ratio. The mixtures were
kept for 10 min at room temperature before measurements
were carried out in a 1 mm wide channel between two cover-
slips, formed by using 200 um thick double-sided adhesive tape
as spacer. From autocorrelation analysis of the recorded fluo-
rescence emission time traces, the hydrodynamic radii, ry,, of the
NPs were obtained as a function of protein concentration. The
resulting binding curves were fitted with the model presented
in section Quantitative Analysis of Protein Corona Formation on
DHLA-QDs, egs 2 and 3; the hydrodynamic radius of the bare
NPs, ry(0), was treated as a global parameter for the measure-
ments performed with HSA and HSAsuc because the QDs used
were from the same batch. For the fit, the volume of HSA was
taken to be the volume of an equilateral triangular prism with
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sides of 8.4 nm and thickness 3.15 nm.*® To test the reversibility
of protein binding, proteins and QDs were mixed and diluted
after the typical incubation time (10 min). After further equili-
bration for 90 min, FCS measurements were carried out as
described above.

Cell Sample Preparations. HelLa cells were incubated with
Dulbecco's modified Eagle's medium (DMEM, Invitrogen,
Munich, Germany) with 10% fetal bovine serum and antibiotics
(60 1g/mL penicillin, 100 xg/mL streptomycin) in an incubation
chamber (Thermo Fischer Scientific, Hanau, Germany) at 37 °C,
5% CO,. Cells were seeded on 8-well chamber slides (Nunc,
Langenselbold, Germany) one day prior to the experiments,
with ~15 000 cells per chamber. Before the kinetics experiment,
cells were washed twice with PBS, and the membrane was
stained for 5 min with 300 uL of 0.25 ug mL™" CellMask DeepRed
(Invitrogen, Munich, Germany). NPs were added after renewed
washing (three times) with PBS and acquisition of images for
background correction. For single images of the cells, cells
were washed twice with PBS, and the nucleus was stained for
20 min with 300 uL of 0.25 ug mL™" Hoechst (Hoechst 33342,
Invitrogen). NPs were added after renewed washing (three
times) with PBS and the cells were further incubated at 37 °C,
5% CO, for 2 h. Afterward, the cells were washed, the mem-
brane was stained as described above and single images of the
cells were recorded.

Live Cell Confocal Imaging. Cellular NP uptake was imaged with
an Andor Revolution XD spinning disk confocal microscope (BFi
OPTILAS, Munich, Germany) as described.®* For excitation, solid
state lasers emitting at 532 nm (Sapphire 532LP, Coherent,
Santa Clara, CA) and 640 nm (Cube 640-40C, Coherent) with 50
and 40 mW power, respectively, were used. QDs were illumi-
nated for 100 ms with the 532 nm laser and a power of 60 uW,
using a 607/36 nm detection filter. CellMask DeepRed was
illuminated for 80 ms at 640 nm with a power of 60 W and a
685/40 nm detection filter. For the quantitative analysis of QD
uptake by Hela cells, we acquired dual-color images of confocal
cross sections at about half cell height.

Image Analysis. Custom-written software in MATLAB (The
MathWorks, Natick, NY) was used to generate binary masks
for both the membrane-associated regions as well as the
intracellular space.”®®? An adaptive Sobel filter was applied to
the image of the stained membrane in the red channel to detect
the cellular contour, which was further refined using gradient
vector flow fields.®> Finally, binary masks of the membrane-
associated region and the intracellular space were applied to
the nanoparticle image in the green channel to reveal the
associated intensities.

To quantify the QD uptake kinetics, the fluorescence in-
tensities in the two regions were determined as a function of
time. To account for variations in cell size, the fluorescence was
normalized with respect to the cross-sectional area of the cell.
An average background fluorescence was determined outside
the cells and subtracted. For each cell, the fluorescence inten-
sities inside the cell and at the membrane were set to zero at
t=0, and the intensities at t > 0 were scaled by their maximal
values, so that they represent relaxation curves ranging
between 0 and 1. This treatment removes cell-to-cell varia-
tions of the uptake yield. Subsequently, the normalized
kinetic traces were averaged over the entire ensemble of
cells to determine the uptake rate. To enable a comparison of
the absolute uptake of bare QDs and QDs coated with a
protein corona, the kinetic traces were scaled by the average
over all the maximum fluorescence intensity values observed,
and a brightness scaling was applied as described in Support-
ing Information (Figure S3).
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