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Adsorption of blood proteins to the surface of nanocarriers is known to be the critical factor influencing
cellular interactions and eventually determining the successful application of nanocarriers as drug carriers
in vivo. There is an increasing number of reports summarizing large data sets of all identified corona pro-
teins. However, to date our knowledge about the multiple mechanisms mediating interactions between
proteins and nanocarriers is still limited. In this study, we investigate the influence of protein structure on
the adsorption process and focus on the effect of heat inactivation of serum and plasma, which is a
common cell culture procedure used to inactivate the complement system. As in general routine lab pro-
cedure, heat inactivation was performed at 56 °C for 30 min in order to denature heat labile proteins.
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by macrophages was significantly affected. These results were then correlated with an altered corona
composition that depended on the treatment of the protein source. In summary, we were able to prove
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Introduction

Considerable progress has been made in the field of nano-
technology towards the development of novel nanocarrier
formulation."” Innovative nanomaterials with varied surface
modifications,® high encapsulation efficiencies,” and controlled
release properties® are promising candidates for use in targeted
drug delivery.® However, to date there are very few studies that
actually prove their successful performance in vivo.” This
implies that there is still a significant gap between the synthetic
design of nanocarriers and their in vivo behavior.*

Over the last decade, scientists have recognized that the
properties of nanocarriers are significantly altered after
coming in contact with biological fluids (e.g. blood
plasma)."™™ It has already been shown that various bio-
molecules rapidly interact with the nanocarrier and immedi-
ately cover its surface (this is termed the ‘biomolecular
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that the protein structure is one of the key parameters determining protein corona formation.

corona’).’® Due to this process, the physico-chemical pro-

perties of the nanocarriers such as size, charge, or aggregation
behavior are altered"® and this further determines cellular
uptake,'® toxicity,"”” and body distribution.'® Several studies
have shown that due to corona formation the intended target-
ing properties can even be completely lost, emphasizing the
crucial influence of the corona formation.'*?° Understanding
and controlling this process has become increasingly
important.>?>

In cell culture fetal bovine or human serum are commonly
used for cell maintenance and in vitro experiments.”?
Mirshafiee et al.>* and Schéttler et al.>® have already reported
that protein sources such as fetal calf serum, human serum,
human heparin plasma or human citrate plasma can signifi-
cantly influence cellular uptake of nanocarriers and their
protein adsorption patterns. Besides using the different poss-
ible cell culture supplements, it is a common procedure to
inactivate the respective protein source prior to use by apply-
ing heat.”®*” During this procedure, serum is typically heated
up to 56 °C for 30 min. This procedure, is aimed at inactivat-
ing heat labile proteins (e.g. complement proteins), which
can interfere in immunological assays.”®> Complement pro-
teins have been identified as components of the biomolecule
corona effective in a great variety of different nanocarrier for-
mulations and they are also known to mediate interactions
with immune cells.>**° First studies regarding the influence

This journal is © The Royal Society of Chemistry 2018
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of temperature on the formation of the protein corona were
conducted by Lesniak et al>' and Mahmoudi et al** In
general, they found that the temperature is a crucial para-
meter, which affects both the protein corona composition
and coverage density.

However, up to now there is still a limited knowledge about
the principal mechanism, which are involved in nanoparticle-
protein interaction. Next to this, the majority of literature
reports do not specify whether native or heat inactivated
serum was used in the experimental setup.>* In order to
bridge this gap, our study specifically focuses on the effect of
heat inactivation on cellular uptake and corona formation of
different nanocarriers. In this study, we have been able to shed
light on the role of protein structure, which critically influ-
ences the protein adsorption process. This basic knowledge is
needed to unravel the process of corona formation, to stream-
line in vitro studies of nanocarriers, and to transfer the knowl-
edge gained from the in vitro studies to further in vivo
experiments.
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Results and discussion

Phagocytic cells such as macrophages (Fig. 1) play an impor-
tant role in the immune system as they engulf foreign material
(e.g. manocarriers).® In this study, we chose non-covalently
PEGylated polystyrene nanocarriers (named as PS-PEGyc,
Table S11) as a model system to investigate the cellular inter-
actions with a macrophage cell line (RAW264.7), as well as to
study the protein adsorption behavior with regard to the heat
treatment of the protein source.

Nanocarriers were incubated with native or heat inactivated
serum and plasma (56 °C, 30 min) prior to cellular uptake
studies. As a reference, cellular interaction of nanocarriers
with macrophages in a protein-free medium were investigated
(‘untreated’). The results corresponded with previous findings:
in the presence of native serum or plasma the cellular uptake
decreased strongly compared to untreated nanocarriers
(Fig. 1A). This points to stealth properties induced by corona
proteins.?® However, when nanocarriers were pre-coated with
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Fig. 1 Heat inactivation of human serum or plasma detrimentally affects cellular uptake and protein corona formation. (A) The macrophage cell line
RAW 264.7 was incubated with nanocarriers (75 pg mL™) for 2 h, 37 °C in a protein free cell culture medium. Non-covalently functionalized
PEGylated polystyrene nanocarriers (PS-PEGyc) were incubated with native or heat inactivated (56 °C, 30 min) human serum/plasma before cellular
uptake experiments. The median fluorescence intensity (MFI) is shown from three biological replicates (n = 3). Values are expressed as mean + SD.
The protein corona composition was visualized by SDS PAGE (B) and quantitatively analyzed by label-free liquid chromatography-mass spectrometry
(LC-MS). (C) The most abundant proteins (TOP 25) are summarized in the heat map highlighting the major protein variations. The clusterin band
(marked with a red star) appears under reducing conditions at a molecular weight of 38 kDa. For statistical analysis, a one-way ANOVA using a
Tukey-post hoc test was performed. *p < 0.05, **p < 0.01, ***p < 0.001.
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heat inactivated serum or plasma; we observed a significant
increase in cellular uptake (***p < 0.001).

Coating the surface of nanocarriers with PEG is up to now
the gold standard to circumvent their rapid clearance from the
blood stream. In general, the adsorption of blood proteins
towards PEGylated surfaces is strongly reduced.*® This effect
was thought to be the decisive factor to avoid a cellular reco-
gnition of nanocarriers by phagocytic cells. However, recently
several research groups reported that protein adsorption is not
completely prevented for PEGylated nanocarriers.”” > In fact,
in our previous studies, we were able to show that distinct pro-
teins preferably adsorb to stealth nanocarriers.”® These so
called ‘stealth’ proteins (e.g. apolipoprotein J known as clus-
terin)*® need to be present in order to reduce non-specific cel-
lular uptake.*!

Based on this, we investigated the protein corona pattern
of the PS-PEGy after incubation with native or heat inacti-
vated human serum or plasma (Fig. 1B and C). As visualized
by SDS PAGE, there was a pronounced change in the corona
pattern when nanocarriers were incubated with heat inacti-
vated serum compared to native serum (Fig. 1B). We carried
out a detailed proteomic investigation and highlighted the
distinct variations in the hard corona pattern. Clusterin was
the major protein identified after incubation with native
serum or plasma (>50%). Second to this, apolipoprotein AI
(Apo AI) contributed to 15% (Fig. 1C and Fig. S31). A list of
all proteins is provided as a supplement in a separate Excel
File (Table S5). These results are in line with the relevant lit-
erature reporting the specific interaction of PEGylated nano-
carriers and clusterin®® and a strong enrichment of lipopro-
teins in the corona.”?

In strong contrast to this, we detected only minor amounts
of clusterin in the corona (~3%) after incubation with heat
inactivated serum or plasma. Interestingly, the amounts of
ApoAI remained high (Fig. 1C). In addition, the corona after
incubation with heat inactivated serum and plasma was
enriched with immunoglobulins (~15%) and acute phase pro-
teins (~12%). Minor amounts of these proteins were identified
after incubation with the native protein source (Fig. S37).

However, there was no significant difference in the absolute
amount of proteins that adsorbed to the nanocarriers after
incubation with native or heat inactivated serum (Table S27).
This indicates that it is actually the protein structure (altered
due to heat inactivation) that controls the distinct protein
corona pattern and leads to the mediation of cellular inter-
action. Therefore, the increased cellular uptake after incu-
bation with heat inactivated serum or plasma is a direct result
of the altered protein corona composition (Fig. 1A).

In addition to the corona composition, the structure of pro-
teins surrounding the nanocarrier is also known to influence
cellular uptake.** The interaction of proteins with nanocarriers
can cause conformational changes in the protein structure,
leading to unfolding and subsequently causing surface
exposure of unknown epitopes.””> Additionally, temperature
changes induce unfolding and denaturation of -certain
proteins.*®

21098 | Nanoscale, 2018, 10, 2109621105
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By wusing label-free differential scanning fluorimetry
(nanoDSF) we were able to study the unfolding process of pro-
teins upon heating.*” The fluorescence intensity of tryptophan
or tyrosine residues in a protein strongly depends on the sur-
roundings of these amino acids and therefore changes
through temperature-induced denaturation.*® In these experi-
ments, the characteristic melting point of a protein Ty is
defined at a specific temperature, which is needed to unfold
50% of the protein. To explore the difference in protein corona
composition when exposed to heat, the unfolding and refold-
ing behavior of ApoAl and clusterin was investigated with
nanoDSF (Fig. 2). Here, we found that clusterin had a signifi-
cantly lower Ty; ~ 46 °C (Fig. 2B) compared to ApoAl Ty ~
58 °C (Fig. 2C). In addition, ApoAl was able to refold upon
cooling in contrast to clusterin.

For comparison, both proteins were incubated at 56 °C as
well as 90 °C prior to taking measurements. This was done in
order to determine the effect of the heat inactivation pro-
cedure and complete denaturation for reference purposes.
During heat inactivation at a temperature of 56 °C for 30 min,
we found that about 40% of clusterin had already unfolded,
whereas the structure of ApoAI had not yet been affected. Heat
inactivation at 90 °C denatured both proteins completely and
irreversibly. The influence of the temperature on the protein
structure was additionally analyzed by circular dichroism
measurements and confirmed the results obtained from the
nanoDSF measurements (Fig. S1 and S27).

To investigate the structural involvement in protein-nano-
carrier interactions still further, PS-PEGy¢ were incubated with
the native single proteins - clusterin and ApoAl. Additionally,
proteins were heated up to 56 °C or 90 °C prior to incubation
in order to investigate whether temperature induced denatura-
tion affects the binding efficiency to the nanocarriers and
whether it influences cellular interaction (Fig. 3). The absolute
amount of clusterin and ApoAl adsorbed to PS-PEGyc was
quantified via a Pierce Assay. Here, we found that heat inacti-
vation of the single proteins did not affect the total amount of
adsorbed proteins (Fig. 3A). In addition to this, we carried out
isothermal calorimetry measurements. Native or heat inacti-
vated (90 °C) and therefore completely denatured clusterin was
titrated to PS-PEGyc. Interestingly, we determined no signifi-
cant differences in the binding affinity and all other binding
parameters of heat inactivated clusterin compared to native
clusterin with PS-PEGyc (Fig. 3B and ESI Table 47).

In order to investigate whether the stealth properties of
clusterin and ApoAI (meaning the ability to prevent interaction
with phagocytic cells) are affected by structural alterations, we
subsequently analyzed the cellular uptake with macrophages
of PS-PEGyc pre-incubated with native and heat inactivated
ApoAI and clusterin. We found that pre-incubation with both
proteins effectively reduced cellular uptake compared to
uncoated nanocarriers. Significantly, there was no difference
as to whether proteins were heat inactivated or native (Fig. 3C).

Nanocarrier behavior after incubation with single proteins
contrasts strongly to incubation with the complex protein
mixture (Fig. 1A). We were able to show that the interactions

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Clusterin is a heat sensitive protein and readily unfolds. Differential scanning fluorimetry (nanoDSF) was used to monitor protein folding
upon heating. (A) Schematic illustration of the unfolding process and exposure of tryptophan residues (here shown for human serum albumin PDB
structure 1A06). The melting temperature Ty is defined as the point where 50% of the protein is unfolded. (B) Unfolding and refolding curves of clus-
terin in PBS (0.5 mg mL™Y). The fluorescence intensity at 330 nm and the corresponding first derivative are shown. The melting temperature Ty is
determined from the minimum of the first derivative. One representative measurement is shown. The experiment was repeated three independent
times yielding similar results. (C) Monitoring the unfolding and refolding of ApoAl in PBS (0.5 mg mL™). One representative measurement is shown.
The experiment was repeated three independent times yielding similar results. (D) Protein structure properties of clusterin and ApoAl as determined
by nanoDSF. The melting point Ty is given mean + SD from three independent measurements (n = 3). The amount of unfolded protein was calcu-
lated based on the distance between the native and the denatured protein sample (90 °C) at the Ty point. The denatured protein sample (90 °C) was
defined as 100% unfolded.

with native or heat inactivated serum and PEGylated nano-
carriers differed strongly. We found that the abundance of
clusterin within the heat inactivated serum mixture decreased
dramatically in comparison to native serum.

To understand the structural involvement responsible for
mediating the corona composition, serum was heat inactivated
and native clusterin was re-added to the protein mixture. The

This journal is © The Royal Society of Chemistry 2018

protein pattern was visualized by SDS PAGE (Fig. 3D) and
quantitatively analyzed by LC-MS (Fig. 3E). We found that
native clusterin, which was re-added to heat inactivated serum,
adsorbed to PS-PEGy (clusterin band marked with a red star).
This proves that in a complex protein mixture it is the protein
structure that critically determines the adsorption behavior,
which eventually affects the cellular outcome.

Nanoscale, 2018, 10, 21096-21105 | 21099
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shown. Values are expressed as mean + SD. (D + E) Human serum was heated to 56 °C for 30 min. Native clusterin was further added to heat inacti-

vated serum and the protein composition was analyzed via SDS PAGE (D) and LC-MS (E).

To further reveal the influence of the protein structure on
corona formation, additional experiments were performed
using a broad range of different nanocarrier systems. Here, we
chose covalently PEGylated PS-NPs (PS-PEG¢; Fig. S57),
carboxy- or amino-functionalized PS-NPs (PS-COOH and
PS-NH,; Fig. S61) as well as biodegradable hydroxyethyl starch
nanocapsules (HES; Fig. 4 and Table S37). All nanocarriers
were incubated with native or heat inactivated serum and
plasma. As in the case of PS-PEGyc there was a significant
difference when particles were incubated with native serum/
plasma in comparison to the heat inactivated protein source
(Fig. 4A).

Proteomic analysis highlighted the major differences in the
corona composition for HES nanocapsules incubated with the
respective protein source (Fig. 4B). As shown above, the
adsorption of clusterin was prevented when HES nanocapsules
were incubated with heat inactivated serum or plasma.

21100 | Nanoscale, 2018, 10, 21096-21105

Additionally, we found that the corona of HES nanocapsules
incubated with native serum nanocapsules was enriched with
complement C3 (~6.8%). After heat inactivation of the serum,
the amount of complement C3 was strongly decreased
(~0.8%).

As widely reported, complement proteins are heat labile
and undergo structural changes at 56 °C.*®*° This indicates
that interactions with the nanocarriers are prevented due to
the structural alterations of complement proteins (Fig. 4B).

In addition, we found major differences in the corona
pattern for serum compared to plasma (Fig. 4B). As already
reported in the literature, the protein source can influence
corona formation.”** In the case of the HES nanocapsules
investigated here, we detected a strong enrichment of comp-
lement proteins in the corona after serum incubation (~15%).
In contrast, significantly lower amounts of complement pro-
teins were identified in the corona after plasma incubation

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Heat inactivation affects the adsorption behavior of complement proteins to HES nanocapsules. (A) The protein corona composition of HES
nanocapsules was analyzed via SDS PAGE and LC-MS (B). Enrichment of complement proteins was detected after incubation with human serum.
Due to heat inactivation, the adsorption of complement proteins was strongly diminished (C) cellular uptake of HES nanocapsules (75 pg mL™%, 2 h)
by RAW264.7 cells after incubation with human serum or plasma. The amount of fluorescent positive cells (%) is shown for three biological replicates
(n = 3). Values are expressed as mean + SD. For statistical analysis a one-way ANOVA using a Tukey-post hoc test was performed. p < 0.05*%, **p <

0.01, ***p < 0.001.

(~7%). This can be explained by the fact that complement pro-
teins require calcium to maintain their native structure and
function.’® Citrate, which was used as an anticoagulant for
plasma generation in this study, specifically binds calcium.>
This suggests that the structure of the complement proteins in
human plasma is different compared to that of human serum,
which eventually affects the interactions of protein-
nanocarriers.

Additionally, cellular uptake studies of HES nanocapsules
coated with serum or plasma (native vs. heat inactivated) were
able to link the distinct role of the corona composition and
cellular interactions. Serum incubation strongly enhanced cel-
lular uptake, which is mainly attributed to the involvement of
complement proteins. Due to heat inactivation of serum or
plasma the overall amount of complement proteins was
decreased strongly, which resulted in decreased cellular inter-
action. Heat inactivation of plasma slightly increased cellular
uptake compared to native plasma (*p < 0.05). This can prob-

This journal is © The Royal Society of Chemistry 2018

ably be attributed to the lower amount of clusterin in the
corona after heat inactivation, which is comparable to the
results presented for PS-PEGyc.

Conclusion

In this study we were able to show that heat inactivation of
serum or plasma critically affects cellular uptake and protein
corona formation. We determined that the protein structure is,
in fact, a key factor, which mediates the adsorption process.
Clusterin and complement proteins were identified as heat
labile proteins, which readily undergo temperature induced
structural changes. Therefore, in a complex protein environ-
ment, the binding affinity of the denatured proteins to the
nanocarriers was significantly decreased. In summary, the
present study reveals the major role played by the protein
structure and this process needs to be considered in order to

Nanoscale, 2018, 10, 21096-21105 | 21101
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unravel protein corona formation and to understand cellular
interactions.

Experimental
Polystyrene nanoparticles

Polystyrene nanoparticles stabilized with the surfactant
Lutensol-AT50 (BASF) were synthesized in accordance to pre-
vious reports using free-radical miniemulsion polymeriz-
ation.>>** BOPIPY was in cooperated in to the nanoparticles

for cell uptake studies.”*

Hydroxyethyl starch (HES) nanocapsules

HES nanocapsules were obtained by the inverse mini emulsion
process.” The fluorescent dye sulforhodamine 101 (SR101)
was in cooperated into the nanocapsules.

Cell culture

RAW264.7 were bought from DSMZ (Deutsche Sammlung fiir
Mikroorganismen und Zellen, Braunschweig, Germany). The
supplier provides an authentication testing. To ensure no
cross-contamination, the original cells were expanded and
frozen down in roughly 30 vials. Old cells were discarded every
2-3 month or after passage 25 and a new starting vial was
used. Cells were maintained in Dulbecco’s modified eagle
medium (DMEM) supplemented with 10% FBS, 100 U ml™"
penicillin, 100 mg ml™" streptomycin and 2 mM glutamine
(Thermo Fisher) and passaged 2-3 times per week.

Cell uptake experiments by flow cytometry

Cells (150 000 per well) were seeded out in 24-well plates over-
night. The medium was changed to serum-free cell culture
conditions for 2 h. Further nanoparticles (75 pg mL™") were
added to cells for 2 h, 37 °C. Cells were washed with PBS,
detached with 0.25% Trypsin-EDTA (Gibco) and resuspended
with PBS. Flow cytometry measurements were performed on a
CyFlow ML cytometer (Partec). Data was analyzed by FCS
Express V4 software (DeNovo Software).

Pre-coating experiments for cellular uptake

Nanoparticles (0.05 m?) were incubated with 100 pg clusterin
(Biozol) or apolipoprotein AI (EMD Millipore) for 1 h at 37 °C,
centrifuged and further used in cell uptake experiments.
Proteins were either directly used (‘native’) or heat inactivated
(56 °C or 90 °C for 30 min) as indicated in the figure legend.

Human plasma and serum

Serum and plasma (each bag contains a volume of ~300 mL)
was obtained from the Department of Transfusion Medicine
Mainz from anonymous, healthy donors. To minimize the
effect of donor specific protein alterations, serum and plasma
from ten donors was pooled. The serum and plasma pools
were stored in 15 mL aliquots at —80 °C.

21102 | Nanoscale, 2018, 10, 21096-21105

View Article Online

Nanoscale

Heat inactivation

Serum or plasma was heated up to 56 °C for 30 min and centri-
fuged afterwards for 30 min, 4 °C (20 000g).

Protein corona preparation

Nanoparticles were incubated with the respective protein
source and hard corona analysis was carried out as previously
described.” To detach proteins adsorbed to the nanoparticles,
the pellet was re-suspended in 2% SDS (62.5 mM Tris-HCI).
The sample was heated up to 95 °C for 5 min, centrifuged
(20000g, 4 °C, 1 h) and the supernatant was further used for
protein analysis.

Pierce Assay

Nanopatrticles (0.05 m?®) were incubated with 100 ug Clusterin
or ApoAlI (native or heat inactivated as described above) for 1 h
at 37 °C. Protein coated nanoparticles were purified via repeti-
tive centrifugation and redispersion (1 mL PBS, 3 times) to
remove unbound proteins. The adsorbed proteins were
detached with 2% SDS (62.5 mM Tris-HCl) and the protein
amount was quantified via Pierce Assay (Pierce 660 nm Protein
Assay) according to the manufactures’ instruction (Thermo
Fisher).

SDS PAGE

Hard corona proteins (7 pg in 26 pL) were mixed with 4 pL of
NuPage Reducing Agent and 10 pL of NuPage LDS Sample
Buffer NuPage. The mixture was heated up (70 °C, 10 min) and
applied to a 10% Bis-Tris-Protein Gel. NuPAGE MES
SDS Running Buffer was used as buffer, See Blue Plus2 Pre-
Stained as molecular marker and the gel was run for 1 h at
120 V. Bands were stained with SimplyBlue SafeStain overnight
and destained with distilled water for 2 h (all products Thermo
Fisher Scientific).

LC-MS analysis

Protein digestion was carried out as described in former
reports.”®*’” Isolated peptide were diluted with 0.1% formic
acid and spiked with 50 fmol uL. " Hi3 Ecoli (Waters) for absol-
ute protein quantification.”® Samples were analyzed using a
nanoACQUITY UPLC system couple to a Synapt G2-Si mass
spectrometer. Data was processed with MassLynx 4.1. Protein
identification was carried out with Progenesis QI (2.0) using a
reviewed human data base (Uniprot). For peptide and protein
identification the parameter were set as described
elsewhere.>®>’

Nano differential scanning fluorimetry (nanoDSF)

Proteins (Clusterin and ApoAl, 0.5 mg mL™" in PBS) were
loaded into nanoDSF High Sensitivity capillaries (NanoTemper
Technologies) and applied into a Prometheus NT-48 instru-
ment. A linear thermal ramp program starting 20 °C to 95 °C
(1 °C min™") was set and the tryptophan fluorescence was
measured at 330 and 350 nm. Thermal unfolding curves of the
single wavelength at 330 nm and the first derivative of the fluo-
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rescence ratio (330 nm) are plotted against the temperature.
The melting temperature 7, is determined from the
minimum of the first derivative.

Isothermal titration calorimetry (ITC)

Measurements were performed with a NanoITC Low Volume
from TA Instruments (Eschborn) and experiments were con-
ducted as previously described.*”®® Native or heat-treated
Custerin or ApoAl was titrated towards the nanoparticle dis-
persion. Data was analyzed using the software NanoAnalyze.

Circular dichroism spectroscopy (CD)

CD measurements were carried out in a Jasco J-815 (Circular
Dichroism Spectropolarimeter). Clusterin (150 pug mL™") was
dissolved in PBS. All CD spectra were recorded at wavelengths
ranging from 190 to 260 nm and analyzed with
Dichroweb.®"%?
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