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ABSTRACT

The overall success of nanocarriers in biomedical applications depends on their interaction with different proteins in blood.
Immunoglobulins as a major protein class of the blood proteome may considerably influence the identity of the nanocarriers in blood.
However, there is a lack of knowledge about the specific details of the interaction mechanism between different immunoglobulins and nano-
carriers. Therefore, the authors have investigated the interaction of different immunoglobulin classes—namely, immunoglobulin G, A, and
M—with different polystyrene model nanoparticles. The authors report that immunoglobulin interaction with nanoparticles strongly
depends on the immunoglobulin class and surface charge of the nanoparticles. Furthermore, upon adsorption on the nanoparticles’ surfaces,
aggregation processes and denaturation of immunoglobulins were observed. This highlights the importance of nanocarriers’ design in order
to prevent unfavorable denaturation and adsorption processes of immunoglobulins on nanoparticle surfaces.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0000139

I. INTRODUCTION

The desired overall success of nanocarriers (NCs) in medicine
strongly depends on the interactions that NCs undergo in the
organism. If NCs are introduced into the blood circulation by
intravenous injections, proteins will adsorb on the NCs’ surface
resulting in the formation of the so-called protein corona.'™ This
protein corona can be more or less pronounced, consists of differ-
ent protein fractions depending on favored interactions, and results
in pronounced differences of cellular uptake of nanocarriers.”™

One major protein class and significant part of blood prote-
ome are immunoglobulins (Igs). The Ig concentration averages
around 16 g1™" with a total protein concentration in human blood
of around 60-70 g1™* for adults.” The major Ig classes of the prote-
ome consist of IgG at a concentration of approximately 11-12 g17%,
IgA at a concentration of 2.6 gl™", and IgM at a concentration of
1.5gl™" on average."

As the name already implies, immunoglobulins generally play
an important role in the immune system. Interactions of Igs with
any compound foreign to the organism, including biomedical NCs,
trigger the recognition of Igs by cells of the immune system (e.g.,
macrophages) resulting in immune cascades ultimately leading to

the clearance of these foreign compounds from the organism.'’
Therefore, interactions between NCs and immunoglobulins could
potentially result in unwanted behavior of the NCs inside the
body, such as (auto)immune reactions, inflammation, and allergic
reactions, mainly by inducing complement activation.'”"
Furthermore, Igs behave as opsonins in the protein corona of NCs,
which means they lead to unspecific cell uptake resulting in a sig-
nificantly decreased circulation time in vivo.'™'® Recently, we
found that nanocarriers even significantly adsorb more immuno-
globulins in Ig-enriched plasma (as found in diseased patients)
leading to enhanced unspecific cell uptake.” Following this, the
role of the different Igs in the protein corona of nanocarriers is of
importance. Their interaction mechanism has to be fully under-
stood in order to minimize NC-Ig interactions as much as possible,
resulting in a better chance that NCs will not be cleared by the
immune system or even induce adverse effects.

While some studies about immunoglobulin adsorption were
also conducted on flat surfaces with regard to charge effects, ion
concentrations and pH (Ref. 18), as well as surface hydrophobic-
ity,"” still more investigations are needed concerning the prediction
of interaction with nanomaterials.
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For example, the adsorption behavior of individual Ig classes,
such as IgG, on different NCs was found to be independent of the
NC size or surface curvature in general,Z()’21 but the influence of
NCs’ surface charge on the adsorption mechanism of the different Ig
classes is still under investigation. In order to draw general conclu-
sions for interaction trends between Igs and differently charged NCs,
model NCs with different physicochemical properties are needed.
For this we used polystyrene nanoparticles (PS-NPs) with different
functional groups (unfunctionalized, carboxy-functionalized, and
amino-functionalized) as model systems for the investigation of
interactions with IgG, IgA, and IgM from human plasma. The
adsorption of different immunoglobulin classes on the surface of
NCs was confirmed via sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). By investigating the respective zeta
potential ({), the influence of Igs on the apparent charge of differ-
ently charged nanoparticles was analyzed. Furthermore, the thermo-
dynamic adsorption parameters of the respective interactions were
analyzed via isothermal titration calorimetry (ITC). Analysis of the
Ig’s influence on the stability and aggregation tendency of NCs was
performed via dynamic light scattering (DLS). Additionally, the
structural stability of immunoglobulins after adsorption was analyzed
via nanodifferential scanning fluorimetry (nanoDSF).

Il. EXPERIMENT
A. Materials

IgG (product no. 14506), IgA (product no. 14036), and IgM
(product no. I8260) from human serum were purchased from
Sigma Aldrich (St. Louis, USA) and used without further purifica-
tion. All three of the herein used NCs were synthesized using the
miniemulsion (co)polymerization method with styrene and como-
nomers [acrylic acid in the case of carboxylic nanoparticles or
2-aminoethyl methacrylate hydrochloride (AEMH) in the case of
amino-functionalized nanoparticles] and Lutensol AT50 [a poly
(ethylene oxide)-hexadecyl ether with an ethyleneoxide length of
about 50 units] as surfactant as previously published.”” In brief, a
mixture of styrene, the respective comonomer, initiator 2,20-azobis
(2-methylbutyronitrile) (V59, Wako Chemicals), hydrophobe (hex-
adecane), and N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboxi-
mide (PMI, BASF) was added to the aqueous phase containing
Lutensol AT50. After 1h of pre-emulsification, the mixture was
sonicated [Branson Sonifier (1/2in. tip, 6.5 mm diameter) for 2
min at 450 W and 90% amplitude] in an ice-cold bath. The copoly-
merization was carried out at 72 °C at 1000 rpm. The resulting NPs
were washed five times via centrifugation and resuspension in
Milli-Q water. Minimal amounts of surfactant remained in the
nanoparticle dispersion for preventing agglomeration of the nano-
materials. The used nanoparticles were filtered through Millex-SV
5um filters (Merck Millipore, Billerica, USA) before use in order to
remove aggregates or potential impurities like dust.

B. Protein corona preparation

For each sample, an aqueous nanoparticle suspension (0.05 m*
of surface area in a total volume of 300uL) was mixed in an
Eppendorf-tube with 1 ml solution (1 g1™") of the respective immu-
noglobulin in phosphate-buffered saline (PBS). After 1h of mild
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shaking at 37 °C, the sample was centrifuged for 1 h at 20 000 g and
4 °C. The supernatant was discarded and the pellet resuspended in
1ml of PBS. The suspension was again centrifuged for 1h at
20000 g and 4 °C. These washing steps were repeated for a total of
three times. Before the last washing step, the suspension was trans-
ferred into a new Eppendorf-tube. After the last washing step, the
pellet was resuspended in 1 ml of Milli-Q water.

C. SDS-PAGE

After the last washing step of the corona preparation (see
above), the pellet was suspended in 100 ul of a 62.5mM Tris*HCI
solution containing 2% SDS. The suspension was incubated at
95°C for 5min and was centrifuged for 1h at 20000 g and 4 °C.
The protein concentration of each sample was determined using a
Pierce 660 nm Assay Kit by ThermoFisher (Waltham, USA) with
bovine serum albumin as standard reagent as described by the
manufacturer. 26 ul of the supernatant containing 6ug of the
desorbed proteins according to the previously performed Pierce
assay were mixed with 4 ul of reducing agent and 10ul of sample
buffer. Fresh immunoglobulin solutions were used as reference
samples. After 1h at 100V, the electrophoresis was stopped.
Staining was performed using a ready-to-use Coomassie Brilliant
Blue (SimplyBlue SafeStain) staining solution for 2 h and destained
in Milli-Q water over night. In the case of nonreducing SDS-PAGE
[see supplementary material (Ref. 34)], 4 ul of the reducing agent
in the procedure described above is replaced by Milli-Q water.

D. Zeta potential

Zeta potential measurements were performed using a Nano Z
Zetasizer (Malvern Instruments GmbH, Herrenberg, Germany).
20 ul of the samples (pure nanoparticle suspensions, pure protein
solutions, and NP-protein complexes after centrifugation and resus-
pension, respectively) were diluted with 1 ml of a 1mM KCI solu-
tion and measured instantly at 25°C after 2 min of equilibration.
Each measurement was repeated in triplicate and mean values as
well as standard deviations were calculated.

E.ITC

ITC measurements were performed using a NanoITC Low
Volume (TA Instruments, Eschborn, Germany) with an effective cell
volume of 170ul. During each experiment, 50 ul of the respective
immunoglobulin [¢(IgG) =10 gl_1 (6.7 - 10>mM), c(IgA)=1.1 gl_1
(6.9-10~>mM), and c(IgM) =0.1 gl_1 (1.0- 10*mM) in PBS] were
titrated into 300 ul of an aqueous suspension of the respective NCs;
for titrations with IgG: c(NCs)=19gl™"; for titrations with IgA: ¢
(NCs)=1.9 gl_l; for titrations with IgM: ¢(NCs)=6.0 gl_l.
Additionally, the same amount of immunoglobulin solution was
titrated into 300 ul of ultrapure water for determining the dilution
heat for reference. The number of injections was set to 25 for each
measurement (25 x 2 ul) with a spacing of 250 s between every injec-
tion. Each measurement was carried out at 15°C. The integrated
heats of dilution were subtracted from the integrated heats of every
adsorption measurement. The normalized heats were fitted accord-
ing to an independent binding model [see eq. (SD)** to obtain the
association constant (K,), the reaction enthalpy (AH), the entropy

Biointerphases 15(3), May/Jun 2020; doi: 10.1116/6.0000139
© Author(s) 2020

15, 031009-2


https://avs.scitation.org/journal/bip

Blﬂlﬂtﬂl'ﬂhasﬂs ARTICLE avs.scitation.org/journal/bip
A Journal of Biomaterials and Biological Interfaces
TABLE I. Characterization of NC systems regarding physicochemical properties.

PS-NPs PS-NPs-COOH PS-NPs-NH,
Material Polystyrene (PS) Polystyrene (PS) Polystyrene (PS)
Surfactant Lutensol AT50 Lutensol AT50 Lutensol AT50
Functional group None carboxy (-COOH) amino (-NH,)
Ry/nm 52+5 57+6 51+5
Zeta potential {/mV -10+1 —-29+2 2+1

(AS), the Gibbs free energy (AG), and the reaction stoichiometry ().
Each measurement was carried out in triplicate and the mean value
as well as standard deviation for each parameter were calculated.
Data evaluation of the ITC measurements was performed using the
NANO ANALYZE Data Analysis Software (Software version 3.6.0) from
TA Instruments.

F. Surface charge mapping of immunoglobulins

Crystal structures of IgG and IgA-F. were downloaded from
www.rcsb.org [PDB ID (IgG): 1IGT; PDB ID (IgA-F.): 10WO0].
The crystal structure of the IgM-F. domain [PDB ID (IgM-F,):
100V] was generated via homology modeling with the
SWISS-MODEL server (http:/swissmodel.expasy.org/) using the
template with the highest quality (100v.1.B). The IgM-F. model
was calculated based on the target-template alignment via energy
minimization using the fully integrated protein structure prediction
program PRIME (Schrodinger LLC, New York, NY) in a similar
fashion to the recent publication by Hiramoto et al.”” Images of the
crystal structures depicting surface charge mapping were created
utilizing the software “MOLECULAR OPERATING ENVIRONMENT” (MOE
2019.01). The energy of the 3D structures was minimized applying
the MMFF94x force field before plotting the surface map. Red
areas in the graphics represent negatively charged patches, while
blue areas represent positively charged patches and white areas are
of neutral charge.

G.DLS

DLS measurements were performed using an instrument from
ALV (Langen, Germany) consisting of an electronically controlled
goniometer and an ALV-5000 multiple 7 full-digital correlator with
320 channels with a measurement range between 10~” and 10%s. A
helium-neon laser (Type 1145 P) from JDS Uniphase (Milpitas,
USA) of 632.8 nm wavelength and 25 mV output power was used
as a source of light. Before measurements, Milli-Q water was fil-
tered into quartz cuvettes for light scattering from Hellma
(Miillheim, Germany), applying Millex-GS filters (Merck Millipore,
Billerica, USA) with 220 nm pore size. Afterward, 2 ul of NPs and/
or 10 ul of Ig were added into the cuvette and incubated for 10 min
at room temperature before measurement. Prior to use, the quartz
cuvettes were cleaned with acetone using a Thurmond apparatus.”
The method by Rausch et al.”” has been applied for analysis of DLS
experiments. Further details on the data analysis can be found in
the supplementary material.”*

H. NanoDSF

NanoDSF measurements of immunoglobulin solutions with or
without the presence of NCs were performed using a NanoDSF
Prometheus NT.48 device with standard capillaries (NanoTemper
Technologies, Miinchen, Germany). The immunoglobulin concen-
tration in each sample containing immunoglobulins was 1.0 g1™" in
PBS. Analysis and online monitoring of the DSF measurement was
performed using the Pr.coNTROLL Data Analysis Software (v1.12.3)
from NanoTemper Technologies. Fluorescence of each sample was
analyzed at wavelengths of 350 and 330 nm. The temperature was

increased from 20.0 to 95.0 °C at a rate of 0.5 °C min™".

lll. RESULTS AND DISCUSSION

In this study, the interactions between Igs and different NCs
were investigated. For this, dispersions of the respective NC were
incubated with solutions of the respective Ig in PBS. In order to be
able to draw conclusions between the resulting Ig-NC interaction
and the surface charge of NCs, different model NCs were used in
this study (see Table I). All NCs used are polystyrene nanoparticles
stabilized by minimal amounts of a poly(ethylene glycol) based
surfactant (Lutensol AT50) and share similar hydrodynamic radii
between 50 and 60nm in order to exclude influences of these
parameters. However, different surface functionalities were created
by using different comonomers throughout the miniemulsion poly-
merization in order to achieve differently charged NCs. The result-
ing polystyrene nanoparticles used were unfunctionalized
(PS-NPs), carboxy-functionalized (PS-NPs-COOH by using acrylic
acid as a comonomer), or amino-functionalized (PS-NPs-NH, by
using AEMH as a comonomer).

First, the presence of Ig chains on the surface of the different
PS-NPs was investigated via a reducing SDS-PAGE. For that
purpose, different NPs were incubated with each individual Ig type
and subsequently separated from free proteins by repeated washing
steps. The remaining proteins were detached from the NPs by incu-
bation with SDS and were analyzed afterward. The identified
protein patterns are shown in Fig. 1. The different light and heavy
chains of immunoglobulins can be found on the surface of the dif-
ferent PS-NPs and show distinct bands because the connecting
disulfide bridges were cleaved during the reducing conditions.
Visible differentiation between the different Igs is possible by ana-
lyzing the molar weight corresponding to the bands of the heavy
chains (between 50 and 70 kDa), while light chains share the same
molecular weight around 25 kDa.

Additionally, analyzing the antibodies without reduction step
prior to electrophoresis is depicted in the supplementary material
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FIG. 1. Reducing SDS-PAGE gel of the protein corona of PS-NPs incubated with (a) IgG, (b) IgA, and (c) IgM. Pure Igs are shown as a reference. For staining, a ready
to use Coomassie staining solution was used according to the manufacturer’s instruction.

(see Fig. S1).”* Comparing reduced and nonreduced bands gives
further information on the original structure of the respective
immunoglobulin. IgG and IgA have similar molar weights of
around 150kDa in the nonreduced SDS-PAGE implying mono-
meric immunoglobulins. However, they can be distinguished by the
difference in the molar weight of the heavy chains (50 kDa for IgG
and 55 kDa for IgA). IgM appears with a significantly higher molar
weight (x1000kDa) in the nonreduced SDS-PAGE, which is
explained by the pentameric nature of IgM. In summary, all Igs
can be found on the surface of each NP sample, while the interac-
tion between IgA and the three different NPs appears to be rather

weak, especially in the case of PS-NPs-COOH. However, a determi-
nation of the interaction mechanism cannot be achieved from these
results obtained via SDS-PAGE. In order to achieve more informa-
tion on the interaction mechanism, the influence of the NP surface
charge was investigated concerning the net charge of the Igs and
the subsequent interaction of both using zeta potential measure-
ments (see Fig. 2).

According to Fig. 2, Igs themselves exhibit different zeta
potentials in accordance with their isoelectric points reported in lit-
erature [pI(IgG) = pH 7-9.95; pI(IgA) = pH 4.7-5.9; pI(IgM) = pH
5.5-6.7]."° While the overall surface charge for IgG is almost
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FIG. 2. Bar diagrams for the zeta potentials of the different pure PS-NPs and
Igs as well as zeta potentials of the different PS-NPs after incubation with the
different Igs and washing at pH=7 in 1mM KCI.

neutral at pH 7, IgA and IgM overall are slightly negatively
charged. The pure PS-NPs themselves (left columns) differ in zeta
potential in accordance with their surface charge as well, with
PS-NPs-COOH exhibiting a much more negative zeta potential
than unfunctionalized PS-NPs and PS-NPs-NH, with a positive
zeta potential. Adsorbed IgG leads to a more negative zeta poten-
tial of PS-NPs-NH,. While IgA and IgM show a negative zeta
potential in their native state, all NPs (especially amino-
functionalized ones) exhibit a more negative zeta potential after
incubation with IgA and IgM. Carboxy-functionalized NPs,
which are already highly negatively charged, interestingly keep
their surface charge. Because the net charge of the immunoglobu-
lins is less negative than the one of the nanoparticles, one could
expect that upon formation of a dense thick protein layer, the
zeta potential of the complex approaches one of the native pro-
teins, if the charged carboxyl groups are not exposed to the
outside anymore. However, this was not the case, which indicates
that the initial charges were still accessible to a certain extent and
could mean that the protein layer was not particularly dense and/
or uniform. These measurements already indicate that the differ-
ent Ig types interact differently with certain charged or non-
charged surfaces.

Upon further investigation of the adsorption process of Igs
onto NCs, the thermodynamic parameters of the respective
interaction were investigated via ITC. For that, all NP types were
titrated with solutions of the different Igs and the corresponding
heat of interaction was analyzed. The obtained heat rates are
shown in Figs. S2-S10 (Ref. 34), and their corresponding
adsorption isotherms are displayed in Fig. 3. All adsorption iso-
therms were fitted according to an independent binding model
where possible. The obtained adsorption parameters are summa-
rized in Table II. It has to be noted that all titrations were
performed at 15 °C. At higher temperatures, no changes in heat
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were visible, although interaction was already confirmed by
SDS-PAGE. This means that interactions were heat-neutral at
higher temperature.

The adsorption behavior of the different Igs on the different
NCs is very different (see Fig. 3 and Table II). While the adsorp-
tion processes of IgG produces enough heat for obtaining thermo-
dynamic data by independent binding fits, for IgA and IgM,
almost no heat change is observed during titration. This could be
due to relatively weak interactions between the NPs and IgA or
IgM, respectively (as discussed above via SDS-PAGE) or it could
be due to the limitation of the protein concentration in the protein
source. Only in the case of interaction between PS-NPs-COOH
and IgM, a large amount of heat was registered. In the case of IgG,
the interaction with all PS-NPs is differently enthalpy driven.
PS-NPs without functional groups on the surface exhibit the
highest affinity toward IgG and in relation with the smallest
enthalpy gain as well as entropy loss. PS-NPs-COOH, on the
other hand, shows the least affinity toward IgG and the most
enthalpy-driven process with the largest loss of entropy. This sug-
gests that IgG probably undergoes more hydrophobic interactions
or less structural rearrangements with plain PS-NPs, while for the
functionalized NPs, hydrophilic interactions such as electrostatic
interactions become more dominant. This effect is more domi-
nant for PS-NPs-COOH than for PS-NPs-NH,, which is in accor-
dance with the higher net surface charge of PS-NPs-COOH (see
Table I and Fig. 2). In the literature, the electrostatic interaction
between negatively charged particles and immunoglobulins has
already been reported.”” The large heat generated between inter-
actions of PS-NPs-COOH with IgM does not seem plausible for
NP-protein interactions at first sight. In principle, it is likely that
denaturation of proteins upon interaction with NCs occurs.
However, such denaturation processes are endothermic and
entropy-driven, which is not the case for the overall NC-Ig inter-
actions (see Table II). Supposedly, the strong enthalpy gain is
actually related to a large number of protein residues interacting
with the nanoparticle surface. This is supported by the obtained
stoichiometry of around 1.4 IgM molecules per NP and the fact
that IgM is an immunoglobulin pentamer and thus a much larger
molecule than IgG. An enthalpy gain as high as determined here
would as such accordingly only be possible with a “flat-on” adsorp-
tion process of the IgM, yielding the highest available contact area.
This raises the question whether the respective surface charge distri-
bution of Igs play a role in the interactions with NPs instead of
solely the overall net charge.

In order to investigate if the interactions between NPs and Igs
correlate with the surface charge distribution of Igs, surface charge
mapping of IgG and the F. fragments of IgA and IgM was per-
formed (for details, see Sec. IT). The resulting surface charge distri-
bution maps are depicted in Fig. 4.

Compared to the other Igs, IgA-F. appears to have a relatively
homogeneous distribution of charges on the surface (smaller
patches). This correlates well with the relatively weak interactions
of IgA with the NPs observed via SDS-PAGE and ITC. The F_ part
of IgM appears to have a more heterogeneous distribution of
charges (larger patches) compared to IgA. This could be an expla-
nation for the strong (electrostatic) interactions with the strongly
(negatively) charged PS-NPs-COOH, as the negative carboxyl
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FIG. 3. Adsorption isotherms of (a) IgG, (b) IgA, and (c) IgM ftitrated to the different PS-NPs obtained from ITC experiments. The integrated heat of individual injections is
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TABLE II. Adsorption parameters obtained from independent binding fits of isotherms from ITC experiments.

FOOH i \/ COOH Y
_COOH + NH, + Y oo 2 AL
[ IgG [ " 196 ‘ IgG B >

K,/10°M™! 40+1.0 0.41 +0.05 1.8+0.5 2.12 £0.57

AH/K] mol ™! —36+5 —274 + 34 —98+19 —353.10°
+49-10°

AS/Jmol™' K™* —25+2 —843+118 —211+79 —122-10*
+17-10*

AG/kJ mol™ —364+0.6 —30.9+0.3 —344+0.7 —459+0.6

n 121+1 208 + 18 101 +38 14+0.1
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groups on the NPs’ surface may interact with multiple positively
charged patches of IgM (see the black circle in Fig. 4).

As another possibility, bridging processes induced by the Igs
could occur, which would result in aggregation of the NPs.”*
Accordingly, the stability of the NP-Ig complexes was analyzed via
DLS (see Fig. 5) using the method by Rausch et al.” In brief, the
autocorrelation function of all three antibodies and all three NPs are
determined individually and in all NP-Ig combinations. If the sum
of the autocorrelation functions of both components, with respect to
the individual contribution, is sufficient to fit the data of the mixture
in a so-called “forced fit,” both components coexist and no aggrega-
tion processes occur. However, this “forced fit” is not capable of
describing the data of the mixture in the case of aggregation events.
Then, an additional term describing the diffusion behavior of the
aggregate species is introduced. A more detailed description of the
method is found in the supplementary material.”*

Following Fig. 5, larger aggregates in high concentration form
in complexes between IgG and PS-NPs-COOH or PS-NPs-NH,.
All other combinations showed little amount of aggregates, which
appeared to be not significant in terms of their absolute concen-
tration. This is in accordance with the observation via SDS-PAGE
and ITC that IgG interacts the strongest with the NPs, while the
more electrostatic interactions with the functionalized NPs result
in aggregation processes. Interestingly, no strong aggregation is
observed in a mixture of PS-NPs-COOH and IgM for which
strong exothermic interactions have been observed previously. It
implies that this strong enthalpic interaction is not the result of

ARTICLE avs.scitation.org/journal/bip

FIG. 4. Surface charge distribution
maps of 1gG, IgA-F., and IgM-F.. Red
areas in the graphics represent nega-
tively charged patches, while blue areas
represent positively charged patches
and white areas are of neutral charge.
One pronounced charged patch is indi-
cated by a black circle.

bridging processes and more likely due to electrostatic interactions
between multiple (positively charged) residues of IgM with the
negatively charged carboxyl groups of PS-NPs-COOH. This
further highlights the influence of NPs’ surface charge on the
interactions with Igs.

Following the influence Igs have on the colloidal stability of
NPs, the subsequent question is if NCs influence the stability of Igs
in return. In a next step, we investigated if Igs appear in the
(protein) corona in their native form or denature on the surface of
NCs. Therefore, the stability of Igs in contact with the unfunction-
alized PS-NPs was investigated via nanoDSF as an initial experi-
ment, as these NPs showed the weakest interaction with Igs in all
experiments before and are therefore most likely to show native
proteins. Solutions of the native proteins served as positive controls,
whereas pure PS-NPs and proteins, which were denatured by
thermal treatment in a solution of SDS before the experiment,
served as negative controls (see Fig. 6).

Following Fig. 6, for all native Igs, a melting point of
around 65-70 °C is observed. This transition is completely lost
for Igs adsorbed on PS-NPs and is very similar to the reference
samples (negative controls) of Igs predenatured by treatment in
SDS solution at high temperatures or PS-NPs without proteins
present. To verify that enough protein was present in all
samples and that the lack of a melting transition was not due
to the protein amount, the peak fluorescence was investigated
before each measurement (see Fig. S11).”* From the peak fluo-
rescence of each sample, it can be seen that the fluorescence of
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FIG. 5. DLS measurements of the different PS-NPs with IgG, IgA, and IgM. In each case of the upper graphs: autocorrelation functions g,(t) (black circles) of PS-NPs,
PS-NPs-COOH, and PS-NPs-NH, mixed with IgG, IgA, or IgM, respectively, at 6 =60°. The red line represents the forced fit composed of the sum of the individual compo-
nents (NPs + Igs), whereas the blue line represents the fit with an additional aggregation term. Green arrows indicate cases of severe aggregation as observed in the differ-
ence between fits with or without an additional aggregation term. Lower graphs: Corresponding residuals resulting from the difference between the data and the two fits

(Scattering angle 6=60°, temperature T =25 °C).

each sample containing Igs was between the minimum and
maximum fluorescence detection level of the device for a
precise measurement of the melting transition. Therefore, it is
confirmed that Igs were present on the surface of PS-NPs in a
somewhat denatured form, as no thermal denaturation takes
place during the nanoDSF experiments. This is also in line
with reports for general antibody adsorption, e.g., for immuno-
assays where denaturation is described as very likely if adsorp-
tion occurs in an uncontrolled way.””*"

These conformational changes of Igs on NPs could change
cellular uptake mechanisms or induce uncontrolled reactions of the
immune system as possible adverse effects. The changes occurring
(partial or complete denaturation) might—along with the general
aggregation of protein-nanoparticle-complexes—enhance local

aggregation of the immunoglobulins in certain areas on the particle
surface. In turn, this determines the potential receptor recognition
of accessible antibody F. regions, as, e.g., monomeric IgG binds to
CD64 receptors,”’ while aggregated IgG binds to CD16/CD32.””
Additionally, locally aggregated IgG and IgM can trigger the classi-
cal pathway of the complement activation cascade,” so that uncon-
trolled immunological responses could be induced. Importantly, it
has to be noted that local accumulation of immunoglobulins in the
protein corona formed in full blood may also be a result of direct
epitope recognition and subsequent binding and lead to similar
effects as proposed by Vu et al'* This should especially be taken
into account when a protein precoating strategy for nanocarriers is
proposed, where further contact with additional immunoglobulins
in vivo is unavoidable.
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FIG. 6. NanoDSF of Igs on PS-NPs. (a) IgG, (b) IgA, and (c) IgM showing the protein unfolding (during heating up): 350/330 nm ratio of fluorescence of Igs (top) together
with the first derivative (bottom). Depicted are measurements of a 1.g1~" solution of the respective Ig in its native form (black line), lg denatured by thermal treatment in
0.25g1~" SDS solution (red ling), PS-NPs as negative control (blue line), and Ig on the surface of NPs after three washing steps (orange line).

Because of the above-mentioned uncertainties, in a first step,
direct unspecific charge-controlled interactions between nanocarriers
and immunoglobulins should be minimized, whenever possible. This
highlights the importance of nanocarrier design—especially in terms
of surface hydrophilicity and charge—in order to prevent unfavor-
able denaturation and adsorption processes of immunoglobulins on
nanoparticle surfaces.

IV. CONCLUSION

In conclusion, we investigated the influence of different
immunoglobulins in the protein corona of differently charged poly-
styrene nanoparticles. While all Igs are present on the nanoparti-
cles’ surface, Igs influence the properties of nanoparticles upon
interaction and vice versa. The net charge of nanoparticles was
influenced by adsorption of Igs, and aggregation processes were
induced in some cases. This was particularly the case for

interactions between IgG and nanoparticles with charged func-
tional groups. Nanoparticles with neutral surface charge exhibited
less unfavorable interaction with Igs. While IgA and IgM
expressed mostly weak interactions with nanoparticles, IgG
underwent stronger hydrophobic interactions with unfunctional-
ized polystyrene nanoparticles and more hydrophilic interactions
with carboxylic or amino-functionalized nanoparticles. Only for
the adsorption of IgM on carboxylic nanoparticles, strong elec-
trostatic interactions are observed, which do not result in domi-
nant bridging and aggregation processes. Adsorption of IgG on
charged nanoparticles resulted in significant aggregation. All Igs
appeared to be denatured on the surface of polystyrene nanopar-
ticles with the possible consequence of (unwanted) reactions of
the immune system. From this it can be concluded that unfavor-
able NP-Ig interactions can be reduced by designing nanocarriers
with a neutral or close to neutral net surface charge. As hydro-
phobic interactions play an important role in NP-Ig interactions,
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forming nanocarriers of more hydrophilic materials should
further minimize these interactions.
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