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ABSTRACT Upon incorporation of nanoparticles (NPs) into the body, they are exposed to
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temperature upon its formation has received much less attention. In this work, we have probed the effect of temperature on the protein composition on the

biological fluids, and their interaction with the dissolved biomolecules leads to the formation
of the so-called protein corona on the surface of the NPs. The composition of the corona plays a
crucial role in the biological fate of the NPs. While the effects of various physicochemical

free proteins

parameters on the composition of the corona have been explored in depth, the role of

surface of a set of NPs with various surface chemistries and electric charges. Our results indicate that the degree of protein coverage and the composition of
the adsorbed proteins on the NPs' surface depend on the temperature at which the protein corona is formed. Also, the uptake of NPs is affected by the
temperature. Temperature is, thus, an important parameter that needs to be carefully controlled in quantitative studies of bionano interactions.
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anoparticles (NPs) are presently

being employed in a wide variety

of biomedical and biotechnological
applications. In some applications, such as
targeted drug delivery, researchers aim
to develop NPs such that they are selec-
tively incorporated by specific cell types in
living tissue. In other applications, such as
NP-based contrast agents for magnetic res-
onance imaging, NPs should stay in the
bloodstream and subsequently be cleared
by the kidneys, but not be internalized by
cells. It is known that cellular NP uptake is
strongly influenced by the NP size as well as
their surface properties, including decora-
tion by functional groups and biomolecules.
A detailed understanding of the interac-
tions between NPs and different cell types
is key to understanding and controlling
cellular uptake mechanisms.! ~*

NPs entering the human body first come
in contact with a biological fluid, e.g., blood
or lung-lining fluid. They interact with the
dissolved biomacromolecules, in particular
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proteins, and an adsorption layer of proteins,
the so-called “protein corona”, forms around
the NPs.>~” While protein adsorption onto
planar surfaces has been investigated for
decades, detailed studies of NP—protein in-
teractions have only started recently.® '3
Studies have especially focused on the ef-
fects of physicochemical parameters of
NPs (e.g., size, shape, composition, surface
roughness, porosity, surface charge) on the
formation of the protein corona.' The tem-
perature, however, at which the NPs and the
protein are maintained in solution likewise
should be an important factor influencing
the corona composition. For example, it has
been shown that the composition of the
protein corona formed upon NP exposure
to heat-inactivated proteins (preheating
at 56 °C) and non-heat-inactivated proteins
is different.”> As a result, significant differ-
ences were observed in the amounts of
NPs taken up by cells. However, tempera-
ture effects close to physiological tempera-
ture (i.e., not involving denaturation) on the
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protein corona have not yet been studied in detail.
Those effects may be relevant for in vivo applications of
NPs because body temperature can vary significantly.
The mean human body temperature ranges from 35.8
to 37.2 °C and varies for different parts of the body.'® It
decreases during sleep and increases by up to 2 °C
during physical activities and can even climb to 41 °Cin
the case of fever." It is also known that the tempera-
ture in peripheral parts of the body (e.g., skin) during
exposure to cold weather can drop to 28 °C.'® Very
recently, even the intracellular temperature of living
cells was shown to be inhomogeneous.'*%°

If protein adsorption onto the surface of NPs de-
pends on the body temperature, it may also result in a
significant effect on the cellular uptake of NPs in vivo.
Therefore, we have studied the influence of near-
physiological temperature variation on the formation
of the protein corona, using superparamagnetic NPs
synthesized from different materials with different
surface coatings and thus different ¢-potentials as
model NPs. Magnetic NPs enable effective magnetic
washing and separation, which is beneficial for han-
dling of small amounts of NP sample. Precisely defined
and well-characterized polymer-coated FePt NPs were
incubated with human serum albumin (HSA) and apo-
transferrin (apo-Tf) at different concentrations and
temperatures, and the monolayer formation of adsorbed
proteins was quantified by using fluorescence correla-
tion spectroscopy (FCS). Moreover, larger FeO, NPs
(superparamagnetic iron oxide NPs, SPIONs) with positive
and negative charge and also with neutral surfaces were
incubated in fetal bovine serum (FBS) at different tem-
peratures, and the compositions of the resulting coronae
were analyzed as a function of the incubation tempera-
ture. We have also assessed the effect of the temperature-
dependent corona composition on cellular uptake.

RESULTS AND DISCUSSION

Temperature Dependence of HSA and apo-Tf Monolayer
Formation on FePt NPs. For our protein adsorption studies
we used fluorescently labeled, negatively charged
polymer-coated FePt NPs. The inorganic core diameter,
d., was determined by transmission electron micro-
scopy (TEM). The hydrodynamic diameter, d,, was
measured by dynamic light scattering (DLS, cf.
Table 1) and fluorescence correlation spectroscopy
(FCS, cf. Table 2) at room temperature in phosphate-
buffered saline (PBS). Results obtained with the FCS
method (dy, = 12.0 &£ 0.2 nm and 10 £ 0.4 nm for two
different batches at room temperature) are very pre-
cise and reproducible and have been verified in several
independent studies.?' 2% The DLS data on bare NPs
without proteins (d,, = 10 £ 5 nm) are—within experi-
mental error—in agreement with the FCS data but
have larger margins of error.?'?* Furthermore, the FCS
data (cf. Table 2) indicate that temperature variation
between 9 and 43 °C does not affect the hydrodynamic
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TABLE 1. Core (d.) and Hydrodynamic (d}) Diameters of
NPs As Determined with TEM and DLS (at room tempera-
ture in PBS)

NP material charge d, [nm] dy, [nm]
FePt Negative 35406 10+£5
Fe0, Negative 15£5 3+38
Fe0, Neutral 2+7 334+10
FeO0, Positive 17+5 9+7

TABLE 2. Temperature-Dependent Protein Adsorption
onto FePt NPs As Derived from FCS Measurements in PBS?

HSA
T[°q y(0) [nm] y(Nmay) [nm] K'p [uM] n Ninax
13 55+03 92404 1044 0601 31&£5

23 6.0 = 0.1 93+02 63£22 09+02 30£3
3] 6.0 = 0.1 88102 0804 07X£02 23%2

Apo-Tf
TI°C 1,(0) [nm] y(Npmax) [nm] K'p [uM] n Ninax
9 51+02 1514+ 08 1344 0.6 + 0.1 47 +£7

22 50+02 143 £07 16£6 0701 40+£6
LX) 53+ 01 1M +04 5+1 0701 17%2

“1,(0) and ry(Nimgy) are the hydrodynamic radii of NPs without adsorbed proteins
and upon saturation of the NP surface with proteins, respectively; n is the Hill
coefficient, which controls the steepness of the binding curve, N,y is the maximum
number of proteins adsorbing onto a single NP, and K’ represents the concentra-
tion of protein molecules at half coverage. Data for two different proteins are
shown, HSA and apo-Tf.

diameter of the bare FePt NPs. Thus, the polymer
surface of these NPs can be considered to be stable
in this temperature range. In a previous study, we also
demonstrated that the polymer shell of the NPs dis-
solved in PBS remains stable over time.'

Protein adsorption was quantified in terms of
changes in hydrodynamic radius, r, = dn/2, of the
NPs by using FCS. We studied the adsorption of HSA
and apo-Tf, two important serum proteins, onto poly-
mer-coated FePt NPs. Please note that, due to the small
size of the NPs and due to the thin protein shell (which
provides only little contrast), TEM turned out not to be
the method of choice for the analysis of the protein
corona (cf. Supporting Information). FCS analysis was
performed directly on NP solutions with varying pro-
tein concentrations. Because the fluorescent labels
reside in the polymer shell of the FePt NPs and not
on the proteins, there was no need for purification
steps to remove unbound proteins, which may
introduce errors in the quantitative assessment of
protein—NP interactions. Thus, FCS measurements
allow for the direct analysis of the proteins forming
the protein corona in situ. Because the surface of our
polymer-coated FePt NPs is homogeneous, a spherical
shape will be maintained under saturating conditions,
i.e., when the whole NP surface is covered with protein.
In the other limit, i.e., upon binding of only one or two

VOL.7 = NO.8 = 6555-6562 = 2013 F@L@Mi{\)

WWwWW.acsnano.org

6556



2" FePtNPs 11 ) (o Ferinps
14
s i _12
E- 7 T= E; 10 T=
i i L o
;: HaT 4 13°C bre = s 9°C
S oo T 0 o0 doo0 4 076010 T 707700 1000
c(HSA) [uM] (Apo-T) [uM]

Figure 1. Change of the hydrodynamic radius, r,, of nega-
tively charged FePt NPs as a function of (a) HSA and (b) apo-
Tf concentration in the solution due to protein adsorption at
different temperatures T.

protein molecules per NP, the resulting shape is
aspherical. However, FCS is not sensitive to small
deviations from a spherical shape. In fact, in the
analysis, we have made the approximation that the
shape of the NPs remains spherical upon protein
binding.

In accordance with our previous study?' at room
temperature HSA adsorption increases with protein
concentration in the solution up to the formation of a
protein monolayer, as we have observed in situ by
using FCS. In Figure 1a, we show HSA monolayer for-
mation for a set of three temperatures (13, 23,43 °C), as
inferred from (i) the observed saturation behavior, i.e.,
the NP size does not continue to increase beyond a
certain HSA concentration, and (ii) the increase in NP
size due to HSA binding, which corresponds to the
physical size of the HSA molecules. The structure of
HSA can be modeled as a 3 nm thick equilateral
triangle with sides that are 8 nm long. At 13 and
23 °C the thickness of the protein corona is in agree-
ment with our previous results taken at room tempera-
ture, r, ~ 3.3 nm.2"?* The measured protein corona
thickness of 3.3 nm indicates that the HSA molecules
adsorb with their triangular surface facing the NPs,
supposedly via the big, positively charged patch on the
surface of one of the two triangular faces, which binds
to the negatively charged NPs via Coulomb interac-
tions.>* At 43 °C, the radius increase upon HSA binding
is slightly smaller, which may result from an enhanced
flexibility of the polymer shell wrapping the FePt core
of the NPs at higher temperature, so that the adsorbed
HSA proteins may partially penetrate the shell, leading
to an overall radius increase just slightly below 3.3 nm.
Most remarkable, however, is the finding that the
binding affinity displays a marked temperature depen-
dence, as seen from the values of K'p, the concentra-
tion at half coverage (Table 2). Surprisingly, K'p
decreases with temperature, so the highest protein
binding affinity is found at the highest temperature.
Usually, one would expect that a system tends to
dissociate into its individual components at higher
temperature so as to increase the overall translational
entropy. The observed stronger binding of HSA to the
NPs at 43 °C, however, may arise from structural
fluctuations of the proteins and/or the polymer shell
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around the NPs, which will be enhanced at higher
temperature. These could induce structural changes
that lead to a free energy-optimized binding interface.

We also note that the maximum number, N, Of
HSA molecules per NP appears to decrease at 43 °C
(Table 2). The Npmax Values, however, should be taken
with a grain of salt. They are based on a geometrical
model that assumes (1) that the NPs have a smooth
spherical surface and (2) that the added volume due to
protein adsorption, which we infer from the change in
I'n, is homogeneously filled with protein. At 43 °C, Nyjax
will be underestimated if HSA molecules partially
enter the polymer shell, as we expect from the smaller
thickness of the protein corona. At 23 or 13 °C, Npax
may be overestimated if the monolayer formed is not
completely densely packed.

The binding of apo-Tf onto the FePt NPs was
studied at 9, 22, and 43 °C (cf. Figure 1b). The data
indicate formation of a monolayer of apo-Tf around
each NP under saturating conditions.?? As for HSA, the
affinity of apo-Tf toward the FePt NPs is greater at 43 °C
than at room temperature, as indicated by the smaller
ligand concentration producing half occupation K'p at
43 °C (cf. Table 2). The affinities of Apo-Tf toward the
NPs are identical within experimental error at 22 °Cand
at 9 °C. The measured protein corona thickness is
also very similar at 22 and 9 °C, i.e, 9.3 and 10 nm.
The overall size of apo-Tf protein is around 4.2 x 10 x
7 nm?>. It consists of two identical subunits each having
dimensions of 4.2 x 5 x 7 nm>.2° Because the thickness
of the protein corona correlates with one dimension
of the protein, Apo-Tf presumably binds to the NPs
with the 42 x 7 nm? face. We note that, in earlier
experiments,”> we had observed an apo-Tf corona of
7 nm, which suggests that apo-Tf binds to the NP
surface with the 4.2 x 10 nm? face. Considering the
surface charge and the structure of apo-Tf (cf. the
Supporting Information) and assuming that apo-Tf
binds to the negatively charged NPs via positive
patches on its surface, apo-Tf may be able to adsorb
to the NPs with the 4.2 x 7 nm? as well as with the 4.2 x
10 nm? face. In fact, we have observed different corona
thicknesses on apo-Tf with different protein batches
purchased from the same supplier. For the same batch
of apo-Tf, however, the results were always reproduci-
ble. At 43 °C, the experiments revealed a 3 to 4 nm
reduced thickness of the protein corona as compared
with 22 or 9 °C. Therefore, the added volume due to
apo-Tf adsorption is significantly smaller, which results
in only 17 apo-Tf molecules attached per NP under
saturation conditions in our analysis (cf. Table 2). As for
HSA, this may be due to conformational changes of the
proteins upon binding, which could involve changes in
how the positive patches on the surface of the proteins
are exposed to the solvent. Consequently, the overall
orientation of the proteins on the surface may also
change. Another possible scenario is that the proteins
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Figure 2. (a) SDS-PAGE gel of proteins adsorbed onto the surfaces of negatively charged FeO, NPs after 1 h incubation in FBS
at different temperatures. The molecular weights M,, of the proteins in the marker lane on the left are reported for reference.
(b) Quantification of the amount of adsorbed proteins on negatively charged (—), neutral (0), and positively charged (+) NPs
as derived from the total band intensities of proteins on the SDS-PAGE gels.

partially penetrate the polymer shell, which may be
more flexible at this temperature.

Compound-Specific Adsorption of FBS onto FeO, NPs. Be-
cause magnetic separation of the small, colloidally
stable, and highly defined FePt NPs was not feasible
due to their small size, data involving removal of
unbound protein were carried out with the bigger
FeO, NPs. Structural and colloidal properties of dextran-
coated FeO, NPs were investigated with TEM and DLS.
The diameter d. of the inorganic FeO, core and the
hydrodynamic diameter d,, (as determined in PBS),
respectively, are included in Table 1. Due to their larger
size, these NPs allow for convenient magnetic separa-
tion and, thus, removal of unbound proteins. However,
the NP cores have a relatively large size distribution
and were partly agglomerated (especially the posi-
tively charged NPs), as indicated by hydrodynamic
diameters much bigger than the diameters of the
inorganic cores (cf. the Supporting Information). After
incubation of the NPs in protein solution (10% FBS +
90% PBS) for 1 h at different temperatures, unbound or
loosely bound proteins were removed by two washing
steps in succession, during which the magnetic NPs
were trapped in a strong magnetic field, while the
eluted washing solutions were discarded. All washing
steps were performed using prewarmed/-cooled
washing solutions of the same temperature as during
incubation. Only strongly attached proteins are re-
tained on the NP surface after washing.

The proteins were afterward extracted from the NPs
and then run on SDS-PAGE. The amount of protein was
inferred from the integrated intensities along each line
in the gel. An example of a gel with proteins that had
adsorbed onto negatively charged NPs (incubated
at different temperatures) is shown in Figure 2a
(further data and details are included in the Supporting
Information). The temperature dependence of the total
amount of adsorbed proteins is reported in Figure 2b
for the three types of FeO, NPs. Our data indicate that
even a slight temperature increase can already cause
remarkable changes in the band intensities and, con-
sequently, the composition of the protein adsorption
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layer. In order to challenge these findings, control
experiments were performed to study the influence
of possible sources of error. (i) As FeO, NPs were found
to be partly agglomerated, batch-to-batch variations
were probed. (ii) During the washing steps, some NPs
might get lost and the amount of the detached
proteins might also vary. Thus, variations among dif-
ferent purification runs were probed. (iii) SDS-PAGE
and the subsequent quantification of protein may
introduce errors: therefore, also these variations were
also examined. The observed peak variations were
below 10%, which in addition to the smooth connec-
tion between the data points indicates that the peaks
in the amount of detected corona proteins (Figure 2b)
are real. The amount of adsorbed proteins was highest
around 40 °C. Also, for neutral and negatively charged
NPs, less pronounced maxima exist around 43 and
37 °C, respectively.

The contribution of individual proteins to the co-
rona under conditions of varying NP functionalization
and incubation temperature was investigated with
liquid chromatography/mass spectrometry (LC-MS/MS)
(Figure 3). Significant differences were found between
the protein profiles at various temperatures. In parti-
cular, we focused on the adsorption of three important
serum proteins, for which association to FePt NPs has
been previously investigated by using FCS: serum
albumin (M,, = 66 kDa)?'* serotransferrin (M,, =
76 kDa),?* and apolipoprotein A-l (M,, = 28 kDa).** In
addition, we also studied alpha-2-HS-glycoprotein
(M,, = 49 kDa). The contributions of serum albumin,
serotransferrin, apolipoprotein A-l, and alpha-2-HS-
glycoprotein demonstrate a temperature-dependent
corona. Noticeably, increased protein adsorption
can be seen around 40 °C, in particular for positively
charged NPs and for alpha-2-HS-glycoprotein. The
significance of this peak, which also appears in the
SDS-PAGE data (Figure 2), is further strengthened
by the fact that it extends consistently over several
data points. However, due to the large error bars (cf.
the Supporting Information) and also due to limited
quality of the FeO, NPs concerning size distribution
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Figure 3. Temperature-dependent amounts of specific proteins in the protein corona of negatively charged (—), positively
(+), charged, and neutral (0) FeO, NPs, as obtained from LC-MS/MS data. Mean values over three independent measurements

are shown with their corresponding standard deviations.

and colloidal dispersion, the data presented here
rather have to be interpreted in a qualitative than in
a quantitative way. Also, in the FCS data on FePt NPs, a
noticeable difference in the protein corona was ob-
served between room temperature and 43 °C. Thus,
our data indicate that the composition of the corona
strongly depends on the temperature at which the
corona is formed (i.e., the incubation temperature).

NP Interaction with Cells. Cellular endocytotic pro-
cesses are intrinsically temperature-dependent.?®~22
For example, below 4 °C, active internalization is
suppressed. Also the protein layers formed on the NP
surface affect their uptake and trafficking inside cells.>°
We have demonstrated above that the formation of the
protein corona is temperature-dependent. Thus one
may ask how much of this temperature-dependent for-
mation of the protein corona is reflected in temperature-
dependent internalization of NPs by cells. In order to
investigate this, uptake of fluorescence-labeled FePt NPs
under serum-free and serum-containing conditions was
analyzed with confocal microscopy at different incuba-
tion temperatures. Active cellular uptake of NPs involves
the transfer of NPs into endosomes and subsequently
lysosomes.' Thus we quantified uptake in terms of the
amount of NPs found inside cells and of the amount of
NPs found inside lysosomes.

In accordance with previous studies, we
noticed that NP uptake was reduced by protein corona
formation compared to bare NPs, as inferred from

14,22,30,31

measurements with incubation in serum-containing
versus serum-free medium (cf. Figure 4c,f). We also
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observed a clear enhancement of NP uptake (in terms
of mean NP intensity inside cells) with increasing
temperatures, as well as with serum-free (Figure 4a)
and serum-containing media (cf. Figure 4b). This trend
was not as clear in the case where only NPs inside
lysosomes were considered (cf. Figure 4c,d). In order to
infer whether the protein corona plays a role in the
temperature-dependent uptake of NPs, we analyzed
the temperature dependence of the ratio of the uptake
of NPs under serum-free and serum-containing condi-
tions. Within our experimental errors we at best can
speculate that the amount of NPs internalized by cells
may rise faster with temperature under serum-free
than under serum-containing conditions (cf. Figure 4c).
In the case where NP uptake is quantified only by NPs
localized inside lysosomes a different tendency was
observed (cf. Figure 4f). Thus, even without considering
that the impact of identical NPs on various cells can be
significantly different**>33 our data do not allow for
deriving a sharp conclusion about the correlation
between the temperature-dependence of protein co-
rona formation and NP uptake. Taking into account the
different methods of quantification we applied, neither
can we prove that the temperature-dependent forma-
tion of the protein corona around NPs may have some
influence on the temperature-dependence of NPs
uptake by cells, nor can we claim the opposite. Other
temperature-dependent effects, such as active NP
transport, are likely to play important roles in the
temperature dependence in NP uptake, and thus the
importance of the temperature dependence of protein
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Figure 4. Uptake of fluorescently labeled FePt(—) NPs by Hela cells after 3 h of incubation. Mean fluorescence intensities / of NPs
upon using serum-free (lp) and serum-containing (/rgs) culture media are plotted. (a, b, c) Mean fluorescence intensities / of NPs that
are localized inside cells. Each data point corresponds to the mean value of at least 2000 analyzed cells and the corresponding
standard deviation. Exponential curves are added in order to serve as guide to the eyes. Also the ratio Iy/lggs is plotted for the
different incubation temperatures T. (d, e, f) Mean fluorescence intensities / of NPs that are localized inside lysosomes. Each data
point corresponds to the mean value of at least 30 analyzed cells and the corresponding standard deviation.

corona formation on the temperature dependence in
NP uptake can be fully elucidated with more sophisti-
cated assays. Also entanglement of size and protein
corona formation needed to be considered, as NP
uptake is also size-dependent.* In Figure 1 we demon-
strated that at the same protein concentration the
effective NP radius can be significantly different due
to different corona formation, and a detailed analysis
also would need to take size effects into account.

CONCLUSIONS

In this study, we have investigated the influence of
the exposure temperature, ranging from 5 to 45 °C, on
the formation and composition of the protein corona
on magnetic NPs. The influence of temperature on

MATERIALS AND METHODS

Synthesis of FePt NPs and Investigation of Adsorbed HSA with FCS.
Synthesis of polymer-coated FePt NPs with a fluorophore
(DY-636) in the polymer shell has been reported previously.?'
Our two-focus fluorescence correlation spectroscopy setup has
recently been described.?* For incubation with proteins, FePt
NPs and proteins were mixed and incubated at a controlled
temperature, T, for 10 min. HSA and apo-Tf were purchased
from Sigma Aldrich as lyophilized powders (A8763 and T4382,
respectively). The proteins were suspended in PBS without Ca>"
and Mg2+ ions (PAA Laboratories) at room temperature at a
concentration of 1 mM or less. Subsequently, FCS measure-
ments were carried out for 4 min at the same temperature, 7. A
40 uL amount of solution was filled into a sample chamber
consisting of a small borosilicate glass cylinder glued to a
coverslip with epoxy. The sample chamber was kept in a small
water bath within an aluminum block heated or cooled to the
desired temperature with a Peltier element. Thermal expansion
effects due to temperature changes in the objective led to small
variations in the focusing properties and, thus, to slight changes of
the confocal volume, as was observed by measuring the point
spread function (PSF) using laser light reflected off 100 nm gold NPs.

MAHMOUDI ET AL.

NP—cell interactions was also investigated. We have
shown that changes in the incubation temperature can
cause significant effects in protein corona formation
and composition, although this is not necessarily al-
ways the case. Temperature effects for the NPs inves-
tigated by us were especially pronounced in the
physiologically highly relevant temperature window
of 37—41 °C. Thus, our findings suggest that studies on
the formation of a protein corona on NPs should be
carried out at well-controlled temperatures to enable
comparison and reproduction of results from different
laboratories. The results presented are expected to
apply to other classes of NPs, such as fluorescent or
plasmonic NPs, with similar surface functionalization,
although we did not prove this yet experimentally.

We compensated the temperature effect by changing the
position of the correction collar normally used to correct for
different coverslip thicknesses. The position of the correction
collar was adjusted so as to achieve maximum fluorescence
intensity, which also correlates with the smallest dimensions
of the measured confocal volume. Furthermore, we measured
deviations in the interfoci distance resulting from temperature
changes with a reference sample, Atto655 in buffer solution.
The measured size of the NPs was corrected according to the
calibration obtained with the reference sample. Temperature
was directly measured in the sample solution. Hydrodynamic
radii, r,, were determined by FCS and plotted versus the HSA
concentration in solution, c(HSA), as shown in Figure 1. At
saturation, the hydrodynamic radius of one NP was calculated
according to?'

h(Nmax) = rn(0) \3/ 1+ cNmax Q)]

where ¢ = V,/V; is the volume ratio of protein molecules to NP.
For the NPs, the volume was simply calculated by using V, =
(471/3)(r(0))3. For apo-Tf, the volume was estimated from the
physical dimensions, i.e., Vo =10 x 7 x 4.2 =294 nm?3. Likewise,
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for HSA, the volume of a triangular prism with 8 nm side length
and 3 nm thickness was computed, ie, V, = 3 x (8/2) x
(8% — 49)"2 = 83 nm?>. Note that, for HSA, which is a compact
globular protein, V,, can equally well be calculated by using V, =
(Mw/Na)/pp, with the molecular weight, M,,, of HSA, Avogadro's
constant, N, and the protein density, p, = 1.35 g/cm3. Niax is
the maximum number of adsorbed molecules. Concentration-
dependent adsorption was described by the Hill equation,

1

N = Nmax 1 v roonn
1+ (K'p/[Pr])

@)
where N is the number of adsorbed protein molecules per NP,
K'p represents the concentration of protein molecules for half
coverage, and n is the Hill coefficient, which determines the
steepness of the binding curve.’

Synthesis of Fe0, NPs and Investigation of Adsorbed FBS with PAGE and
MS. Syntheses of dextran-coated FeO, NPs (SPIONs, inorganic
core diameter) with negative, neutral, and positive surface
charges were performed according to our previously published
protocols (hydrodynamic radii together with their characteriza-
tion are presented in the Supporting Information).3> To study
the interactions of the NPs with FBS, 100 uL of NP solution (with
a concentration of 100 ug/mL) was mixed with 900 uL of FBS
and incubated at T = 5, 15, 25, 35, 37, 39, 41, 43, and 45 °C.
The protein/NP mixtures were run through a strong magnetic
field using a magnetic-activated cell sorting system. NPs were
trapped inside the magnetic column, and the flow-through
fraction (two washing steps with 500 uL of PBS buffer) was
removed. We ensured that all washing solutions were at the
same temperature as the media used during incubation. Finally,
the column was removed from the magnetic field, and the
released NPs were collected. The protein/NP mixtures were
immediately resuspended in protein loading buffer containing
10% dithiothreitol, followed by boiling for 5 min at 100 °C to
remove the proteins from the NPs. To quantify the amount of
proteins on the surface of the various NPs, equal sample
volumes of the solution were loaded into sodium dodecyl
sulfate polyacrylamide gel electrophoresis (1D SDS-PAGE). Gel
electrophoresis was carried out at 120 V, 400 mA, for about
60 min each, until the proteins approached the end of the gel.
While the NPs stick in the wells of the gels, the desorbed
proteins migrate in the applied electric field. The gels were
stained by silver nitrate in order to visualize the proteins and
scanned using a Biorad GS-800 calibrated densitometer scan-
ner, and gel densitometry was performed using Image J (1.410
version). Intensity profiles of the stained proteins along the
migration direction of the proteins were recorded to quantify
the total amount of protein in each lane and the contribution of
the proteins of different molecular weight to the total amount.
An example of a gel after SDS-PAGE is shown in Figure 2a. To
determine the relative amounts of proteins adsorbed onto
different NPs, the collected proteins were digested with trypsin
and analyzed by LC-MS/MS. A semiquantitative evaluation of
the data was done by using the peptide spectrum matches
(i.e, “spectral counts”) assigned to a distinct protein by Pro-
teome Discoverer software.

Uptake of FePt NPs by Cells. Hela cells were incubated with
polymer-coated FePt NPs with integrated fluorophore (DY-636)
at different temperatures for 3 h with and without serum (FBS)
in the culture medium. Nuclei, membranes, and lysosomes of
the cells were stained, and fluorescence images of these cellular
compartments together with images of the NP distribution
were recorded with confocal microscopy (for details refer to
the Supporting Information). Cellular compartments were iden-
tified with the open source software CellProfiler. NPs located in
the specific compartments (here either inside cells or inside
lysosomes) were identified by overlay of a mask corresponding
to the locations of the compartments with the image of the NP
distribution.>® As well, the total amount of NPs incorporated per
cell (as quantified by the mean fluorescence intensity / inside
cells), as the amount of NPs that co-localized with the lysosome
(as quantified by the mean fluorescence intensity / inside
Iysosomes),37 was determined. Please note the limited depth
resolution of confocal microscopy, which makes it complicated
to distinguish between NPs only adherent to the outer cell
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surface and internalized NPs. One could clearly distinguish
between both cases using pH-sensitive fluorophores attached
to the NPs*®3° In our case we also stained the cell membrane.
We did not observe a significant amount of NPs at positions
close to the cell membrane, and thus the error in the quantifica-
tion of internalized NPs by wrongfully counting also NPs
attached to the outer membrane is very small.
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