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Protein Aggregation on Metal Oxides Governs Catalytic

Activity and Cellular Uptake

Robert Nifiler,* Lena Dennebouy, Alexander Gogos, Lukas R.H. Gerken,
Maximilian Dommke, Monika Zimmermann, Michael A. Pais, Anna L. Neuer,
Martin T. Matter, Vera M. Kissling, Simone de Brot, loana Lese, and Inge K. Herrmann*

Engineering of catalytically active inorganic nanomaterials holds promising
prospects for biomedicine. Catalytically active metal oxides show applications
in enhancing wound healing but have also been employed to induce cell death
in photodynamic or radiation therapy. Upon introduction into a biological
system, nanomaterials are exposed to complex fluids, causing interaction and
adsorption of ions and proteins. While protein corona formation on
nanomaterials is acknowledged, its modulation of nanomaterial catalytic
efficacy is less understood. In this study, proteomic analyses and
nano-analytic methodologies quantify and characterize adsorbed proteins,
correlating this protein layer with metal oxide catalytic activity in vitro and in
vivo. The protein corona comprises up to 280 different proteins, constituting
up to 38% by weight. Enhanced complement factors and other opsonins on
nanocatalyst surfaces lead to their uptake into macrophages when applied
topically, localizing >99% of the nanomaterials in tissue-resident
macrophages. Initially, the formation of the protein corona significantly
reduces the nanocatalysts’ activity, but this activity can be partially recovered
in endosomal conditions due to the proteolytic degradation of the corona.
Overall, the research reveals the complex relationship between physisorbed
proteins and the catalytic characteristics of specific metal oxide nanoparticles,
providing design parameters for optimizing nanocatalysts in complex
biological environments.

1. Introduction

Catalytically active inorganic nanomaterials
have emerged as promising candidates
for a spectrum of potential applica-
tions in biomedicine.l'™*  Specifically,
enzyme-mimetic inorganic nanoparticles,
commonly referred to as nanozymes,
have demonstrated capabilities in aug-
menting wound healing,>®! mitigating
ischemia/reperfusion injuries,>!) and
hold great prospects for other therapeutic
interventions.[!'1*] One attribute of such
nanozymes is their ability to mimic the
functionalities of endogenous enzymes,
such as catalase and sodium oxide dismu-
tase (SOD) activity.'* Intriguingly, inor-
ganic nanozymes, in comparison to their
organic analogs, may exhibit enhanced
stability and extended longevity. Such
nanozymes typically are composed of metal
or metal oxides with a high surface-area-
to-volume ratio. Beyond their recognized
role in radical scavenging, metal oxides
may also play pivotal roles in radical gen-
eration, particularly during treatments like
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photodynamic®®! and radiation therapy.'®l Indeed, recent re-
search has demonstrated promising radical generation by pho-
tocatalytically active materials, such as TiO, and HfO, nanopar-
ticles, in radiotherapy.'’~'% This is highlighted by the clinical ap-
proval of HfO, as NBTXR3/Hensify for the European market as
treatment of locally advanced soft tissue sarcoma via intratumoral
injection combined with photon radiotherapy.*2°!

As with classical catalysis, understanding the intricacies of cat-
alytic efficacy and potential site inhibition remains paramount
also for nanozymes. This is accentuated considering the com-
plex compartmental architecture of biological systems and the
various chemical microenvironments. The activity of the promi-
nent radical scavenger CeO, for instance relies on a unique re-
dox chemistry, cycling between Ce** and Ce** states.!*!] However,
most biological systems exhibit fluids with high ionic strengths,
enriched with a variety of salts, which can directly influence the
catalytic activity of such nanomaterials. For example, phosphate
has been identified as a potent inhibitor of the nanozyme activity
of cerium oxide.??] The underlying mechanism is the affinity of
phosphate to bind with the catalytically active Ce** sites, leading
to the formation of the highly stable, yet catalytically dormant,
cerium phosphate on the nanomaterial’s surface.[?”) In addition
to high salt contents, the majority of biological fluids contain
proteins, albeit with varying concentrations and compositions.
A well-established phenomenon is the rapid adherence of pro-
teins to the surfaces of (inorganic) nanomaterials when exposed
to protein-rich bodily fluids, which results in the formation of
the protein corona.[?>24 The properties of this corona, in terms
of its composition and dynamism, have been subjects of inten-
sive research endeavors,[?°! however, are strongly dependent on
the nanoparticle (NP) properties such as surface charge, particle
size, and shape.[2*?7] Most interestingly, the specificity of protein-
NP interactions leads to the accumulation of proteins mediating
endocytosis, cell binding, or clearance by cells, overall influenc-
ing the nanomaterials in vivo destination.??>28] Such factors can
further act as opsonins or dysopsonins, mediating uptake by im-
mune cells like macrophages, hence governing circulation times,
targeting sites, and nanotoxicity in general.[?3%]

While the genesis of the protein corona is universally recog-
nized, its effect on the catalytic activity of nanomaterials remains
poorly understood. Yet, recent research highlights the profound
influence of surface modifications and the neighboring macro-
molecules on the catalytic sites and activity.?!! These influences
can be direct, as seen in radical scavenging, or manifest indirectly,
for example, as diffusion impediments. The milieu of body flu-
ids such as blood or seroma fluid alongside the distinct chemi-
cal composition of cellular organelles, especially those containing
proteases, warrant in-depth exploration.

In this study, we investigated the role of the protein corona
on the catalytic activity of inorganic nanomaterials, both as radi-
cal scavengers and radical generators. We investigated a portfolio
of cerium and manganese-based inorganic nanozymes, along-
side potent photocatalytically active radio-enhancers TiO, and
HfO,. Our explorations into the relationship between nanomate-
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rials and proteins, underpinned by proteomic analyses, indicate
that macrophage-oriented complement factors accumulated on
the nanomaterial surface, effectively directing the nanoparticles
to macrophages after topical application. Further, we quantified
the impact of the protein corona on the enzymatic activity of the
nanomaterials, and subsequently unveiled strategies to conserve
this activity. Finally, we discerned that the enzymatic activity of
nanozymes and radio-enhancers is recovered at the intracellular
level, likely orchestrated by the proteases present within endo-
/lysosomes.

2. Results and Discussion

2.1. Nanocatalyst Synthesis and Physicochemical
Characterization

To investigate and compare various metal oxide-based nanocat-
alysts, each was synthesized using flame—spray-pyrolysis.[*?]
This method facilitates not only the synthesis of single-metal
oxide nanoparticles but also the generation of mixed-metal oxide
nanomaterials. By dissolving the metal-organic precursor in an
organic solvent, the required elemental composition can be intro-
duced into a CH, /O, flame. The controlled combustion results
in nanoparticle nucleation and formation within the flame. Sub-
sequently, these nanoparticles can be collected on a glass-fiber
filter mounted above the flame. This efficient synthesis process,
apt for large-scale industrial production, provides nanoparticles
as a sterile, dry powder without further purification needs.
Consequently, metal oxide nanocatalysts were produced that had
demonstrated radicals (reactive oxygen species, ROS) scavenging
(CeO, and Mn,0,) and ROS generating (TiO, and HfO,) capa-
bilities. Moreover, Bioglass (bioactive glass, BG) a mixed metal
oxide, that is typically utilized to improve soft and hard tissue
regeneration and biocompatibility in general was included in the
study.3334 Combining multiple types of nanomaterials can yield
hybrids that unite advantages. For example, BG combined with
SrO, Zn, and CeO,, yields a hybrid material with antibacterial,
anti-inflammatory, hemostatic, and ROS scavenging attributes
that has been employed as a wound healing agent.>*23] After
synthesis, the nanoparticles were thoroughly characterized.
ICP-OES elemental analysis confirmed the theoretical chemical
composition of the mixed metal oxide nanoparticles (Figure 1a).
X-ray diffractometry (XRD, Figure 1b) further corroborated the
successful synthesis of all nanomaterials, aligning with the refer-
ence pattern used for Rietveld refinement. The calculated crystal
sizes are in agreement with the primary particle size observed via
transmission electron microscopy (TEM) (Figure 1c,d; Figure S1,
Supporting Information). Figure 1c displays a representative
TEM image of the CeO,-BG hybrid as an example, showcasing
electron-dense (black) CeO, particle agglomerates surrounded
by the less dense (gray) BG matrix. The particle size distribution
determined by TEM (Figure 1d) shows that HfO, is the small-
est particle (3.6 nm) and Bioglass the largest (average size of
15.5 nm). These nanoparticles show characteristics typical for
combustion-made particles, however, modulation of synthesis
parameters enables engineering of the specific particle sizes
and agglomeration state.[**] For the CeO,-BG hybrid, the CeO,
size is shown, whereas the BG matrix was similar in size to its
undoped counterpart. The as-prepared nanomaterials can be
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Figure 1. Protein aggregation of metal-oxide nanozymes. a) Metal-oxide nanoparticles were synthesized by flame-spray pyrolysis. The elemental com-
position of BG and CeO,-Bioglass hybrid was determined by ICP-OES and displayed as oxides. b) XRD pattern of the six different metal-oxide nanopar-
ticles. ¢) Exemplary TEM image of CeO,—Bioglass hybrid nanoparticles with electron-dense CeO, particles and an amorphous Bioglass shell. d) Primary
nanoparticle sizes obtained by TEM, shown as probability density function of the descriptive histograms (n ~ 100 particles each). e) Schematic represen-
tation of nanoparticles interacting with a protein containing biofluid. f) TGA analysis of human serum albumin (HSA)-modified CeO, nanoparticles and
their non-coated counterpart. The mass difference between both samples allows the quantification of the protein corona. g) Quantification of surface
absorbed proteins (w%), after incubation with HSA and human serum in a ratio of 1 mg mL~" NP to 1 mg mL~" proteins (mean + SD, n = 3). h) ¢-
potential titration of uncoated (left) and serum protein (1:1, right) coated NPs show a drastic change in surface charge after interacting with proteins
(in Ringer lactate buffer; mean + SD, n = 1). i) Separation of the surface absorbed proteins from human serum by SDS-PAGE and visualization by
Coomassie blue staining. j) Varying ratios of protein concentration to nanoparticle concentration for the initial coating results in increasing amounts of
absorbed proteins for CeO,-Bioglass hybrid and TiO, nanoparticles (1 mg mL™" NP: X mg mL™! proteins) (mean + SD, n = 3).

immediately used for biomedical purposes, as discussed human serum albumin (HSA) of known concentration. Protein-
earlier.!’] When exposed to protein-rich biological fluids like  coated NPs were collected by centrifugation and subsequent
blood, proteins aggregate on the NP surface, a phenomenon  washes removed surplus proteins (Figure S2, Supporting Infor-
known as protein corona formation (Figure le). This prompts  mation). Dried samples underwent TGA analysis, as illustrated
two crucial questions regarding i) the overall number of proteins  in Figure 1f for CeO,-NP with HSA. During the controlled
that bind, as well as ii) the protein corona composition. The heating/combustion process, initial water loss is evident (30—
answers to these questions dictate the nanoparticles’ biological =~ 160 °C). A more significant weight reduction appears between
fate and potential immune reactions.?>?”?8] To measure the  200-400 °C, coupled with an increase in the DSC-like signal.
amount of proteins bound to the aforementioned metal oxide = When compared to pristine nanoparticles, this second weight
nanocatalysts, thermogravimetric analysis (TGA) was employed.  loss can be attributed to the organic corona’s combustion,
A set nanoparticle dispersion was mixed with a solution of facilitating its quantification. Applying this protocol to each
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nanomaterial revealed consistent quantifications, depicting the
HSA protein corona (w%) in Figure 1g. Notably, HfO, displayed
the most considerable protein corona weight fraction at over
32%, whereas the CeO,-BG hybrid had the least at under 2%, a
difference that may be partially attributed to the different particle
sizes and shapes of these nanomaterials. Solely using individual
protein solutions does not capture biological fluid complexity,
thus the experiments were repeated with human serum. To
assess variations in human serum, a conventional Bradford
assay was employed to initially quantify the protein content in
the respective biofluid. With human serum, the protein corona
in the CeO,—BG hybrid increased to 8%, and 33% in BG, but de-
creased to 23% in HfO,, hinting at protein-specific interactions.
Comparing the amount of adsorbed human serum proteins to
the available surface area, evaluated by BET-analysis, it becomes
apparent that the amount per area differs between the tested NPs
up to an order of magnitude (0.8 mg m~2 for TiO, to 8.3 mg m~>
for Bioglass; Table S1, Supporting Information). In addition, we
identified human serum protein aggregation on the nanocat-
alyst'’s surface via high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) coupled
with energy dispersive X-ray spectroscopy (EDX) (Figures S3 and
S4, Supporting Information). Such alterations due to the protein
corona formation significantly impact the surface properties
of the nanomaterials. For instance, Zeta-potential titration in
Figure 1h revealed that while as-prepared nanomaterials have
an isoelectric point at pH 2-3, those coated with human serum
proteins shift toward pH 4-5 (Figure S5 and S6, Supporting
Information). Additionally, the pH-dependent Zeta-potential of
protein-coated NPs resembles the one of pure human serum.
By modifying the surface charge, the nanoparticles’ identity!?”]
shifts, directly affecting their colloidal stability and aggregate
size, whereas NP was found to be predominantly stabilized
through the protein coating (Figures S5-S7, Supporting Infor-
mation). The adhering proteins form a dense network around the
NPs, as observed by TEM (Figures S1, S3, and S4, Supporting In-
formation). The adsorbed proteins were further characterized by
SDS-PAGE, a prevalent method that permits protein separation
and display. In the process, the protein corona was denatured
and desorbed, and subsequently loaded onto an acrylamide gel.
Proteins were sorted by molecular weight using electrophoresis
and then stained using Coomassie blue (Figure 1i).

When compared with human serum (the original protein mix-
ture), nanoparticles exhibit specific variances. Most notably, the
protein profile of the NPs displays a diminished band ~60 kDa,
while, for instance, CeO,, Mn,0,, HfO,, and BG show a clear
~15 kDa band, faintly perceptible in the serum. Similarly, the
specific band ~250 kDa is stronger post-desorption from the
nanoparticles, as observed for CeO,, Mn,0,, and HfO,. The
distinct bands post-adsorption and desorption suggest minimal
protein degradation upon interaction with the metal oxide sur-
face. Yet, no conclusions regarding the protein’s intact struc-
ture or functionality can be drawn. In this initial data set, the
nanoparticle-to-protein concentration ratio remained constant,
pairing 1 mg mL~! nanoparticle dispersion with 1 mg mL~!
proteins. However, varying protein levels in biofluids might in-
fluence the resultant protein corona. To evaluate this scenario,
nanoparticles were first mixed with different human serum pro-
tein concentrations, spanning from excess nanoparticles (1:0.5)
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to surplus proteins (1:10) (Figure 1j). Four tested nanoparticles
demonstrated a nearly consistent protein corona weight fraction
across all conditions, indicating saturation with no additional
protein accumulation, even under significant excess protein sce-
narios. Conversely, TiO, and the CeO,-BG hybrid NPs displayed
a distinct dependency. When more proteins were available dur-
ing incubation, a more substantial protein corona was estab-
lished. However, the provided quantification data do not eluci-
date whether a similar protein corona weight fraction alters the
protein profile, or if a more extensive corona retains a consistent
profile. Separating the protein corona from CeO,, with varying
initial protein treatments, suggests some alterations even when
the overall quantity remains unchanged (Figure S8, Supporting
Information). By using FT-IR spectroscopy, the nature of the
nanocatalysts’ surface chemistry was addressed, showing a high
abundance of hydroxyl groups (Figure S9, Supporting Informa-
tion). Presumably a major driving force for protein—-NP binding
can be therefore attributed to hydrogen bonding, whereas elec-
trostatic forces and hydrophilic/hydrophobic forces are known
factors to contribute likewise.[2+37]

Taken together, a robust TGA-based quantification protocol al-
lowed us to investigate the interaction of metal oxide nanocat-
alysts with protein-containing body fluids. This straightforward
technique ensured the complete combustion and therefore detec-
tion of the protein corona, not relying on a potentially incomplete
desorption prior analysis. Even if various other protein corona
quantification techniques are known,[3® the established protocol
works highly reproducibly only requiring small amounts (a few
mg) of sample material, enabling the investigation of and com-
parison between protein coronas formed on metal oxide NPs. As
known exemplarily for nanoceria, the amount of adsorbed pro-
teins depends on the surface charge, whereas absolute values
might vary between the synthesis methods of the nanomaterials
and the studied proteins.??! The experiments showed that inter-
estingly even under a large excess of proteins during the incuba-
tion period, the amount of adsorbed proteins stayed constant for
four of the tested NPs. Most likely, the rapidly developed protein
corona undergoes the Vroman effect,[*] whereas the first, non-
specifically bound proteins are replaced by ones with a higher
affinity to the nanocatalyst surface, however here without impact-
ing the overall amount. The observed differences in the protein
corona mass fraction seem not to depend on the accessible sur-
face area, whereas in general topography and roughness besides
crystallinity and functional surface groups of the NPs are known
factors governing corona formation.[*!]

2.2. Characterization of Protein Corona Composition via
Proteomics

The influence of the protein corona is largely dictated by its
specific protein composition. This composition is crucial as it
directs the cellular association of nanoparticles and can even
trigger potential immune responses.[*? Experiments illustrated
in Figure 1i revealed a discernible pattern of adsorbed human
serum proteins on the nanocatalyst surfaces. However, detailed
characterization necessitates proteomics analysis. Initially, pro-
teins adsorbed on the metal oxides were desorbed and subse-
quently enzymatically digested (details workflow can be found

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Proteomic profile of surface adsorbed proteins. a) Relative abundance of the six most common proteins found in human serum-coated
nanoparticles (mean + SD, n = 3). b) Comparison of the protein profile for the 100 most abundant proteins by principal component analysis (PCA)
(ecliptic confidence interval 26, n = 3). c) Proteomics analysis of absorbed proteins shown as enrichment/depletion map compared to the protein profile
found in human serum for CeO,—Bioglass hybrid and d) TiO, nanoparticles. Circle size represents the relative abundance of the proteins found on the
NP surface. Categorization of the main protein function by Panther classification (mean, n = 3).

in the Supporting Information). These protein fragments were
subjected to a liquid chromatography-high-resolution mass spec-
trometry (LC-MS) analysis, facilitating the distinct separation
and identification of the peptides. The acquired data, when
matched with a database for Homo sapiens (Swissprot), enabled
the reconstitution of the corresponding proteins. This semi-
quantitative method not only delineates the exact protein corona
but also facilitates comparison with the primary composition
in human serum, shedding light on affinity-driven profile al-
terations. Figure 2a consolidates the relative abundances of the
six most predominant of the ~280 identified proteins in hu-
man serum and on coated metal oxides. Notably, the albumin
concentration drops markedly from ~30% in serum to 14% on
Mn,; 0, and as low as 3% on TiO, nanoparticle surfaces. In con-
trast, other abundant proteins, such as complement factors (C3
and C4) and apolipoproteins (A-I, A-IV, and B-100), display var-
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ied trends of enrichment and depletion. To understand the dis-
cerned protein patterns, an unsupervised multivariate statistical
analysis encompassing the 100 most prevalent proteins was ex-
ecuted. Figure 2b showcases the results of this principal com-
ponent analysis (PCA), with close clustering indicative of anal-
ogous protein profiles. Consequently, the profiles of TiO, and
HfO, nanoparticles appear markedly similar, as do those of CeO,
and Mn,O,. Interestingly, the protein profile of the CeO,-BG hy-
brid aligns more closely with BG than with CeO, alone. A com-
prehensive analysis of the protein corona entails understanding
not just the proteins but their inherent functions. Proteomic find-
ings are depicted as enrichment/depletion maps relative to the
protein profile observed in human serum (Figure 2c,d). Here,
proteins are categorized based on the Panther classification sys-
tem by their primary biological function.[***#] The circle dimen-
sions signify the relative abundance in the identified protein
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corona. Enrichment profiles for CeO,-BG hybrid and TiO, are
presented as examples, while comprehensive profiles are accessi-
ble in Figures S10-S15 (Supporting Information). Interestingly,
cytoskeletal proteins like Keratins (type I and II) were highly en-
riched from 0.3% in serum to 3.5% on BG and 8.2% on CeO,-BG
hybrid NPs, in contrast to all other tested NPs (Figure 2c,d). No-
tably, some of the significantly enriched proteins, beyond com-
plement factors, belong to the defense and immunity class, as
well as to the protein-binding activity modulators.

These analytical outcomes suggest a distinct interaction be-
tween each nanomaterial and the protein solution, resulting in
a unique corona profile. Employing bioinformatic tools can elu-
cidate the underlying mechanisms of this affinity-driven adsorp-
tion. An attempt was made to correlate protein sizes with the en-
richment/depletion patterns, but no size-dependent influencing
factor emerged (Figures S10-S15, Supporting Information). Ad-
ditionally, the net charge of each protein was determined by sum-
ming the individual charges of its constituent amino acids. A dis-
cernible trend was observed: positively charged proteins showed
enrichment on the negatively charged metal oxide surface. Not
unexpectedly, this trend was absent for proteins bearing a nega-
tive net charge (Figures S10-S15, Supporting Information).

The outlined analysis sheds light on the biological identity
of the metal oxide nanoparticles when encountering a biologi-
cal fluid, such as plasma or blood. We observed significant dif-
ferences between the profile of adsorbed proteins, whereas all
NPs had the depletion of albumin and the enrichment in cer-
tain complement factors in common. This implies affinity-driven
surface interactions between physio-chemically rather similar
metal oxide particles and protein-rich bio-fluids, although no
clear correlation to NP characteristics like specific surface area
was found. During this process, we cannot exclude that pro-
teins get entrapped non-specifically between nanoparticles, as
described for the interparticle space of aggregated, spherical
polystyrene NPs.[*5] However, as protein adsorption on metal
oxides did not lead to more pronounced aggregation, the pro-
teomics results are expected to be minimally affected by this ef-
fect. We further linked the protein’s nature to its main biologi-
cal function and found the class of defense/immunity proteins
predominantly enriched on all NPs. This could be interpreted as
the first step of an immune response, whereas proteins automat-
ically label foreign particles for immune cell recognition. How-
ever, it is important to note that this main-function assignment
comes with the limitation that several classifications are possi-
ble, and even within the Panther classification, multiple func-
tions are described. The bioinformatics classification and anal-
ysis revealed moreover a depletion of lipoproteins and proteins
involved in coagulation, as well as an enrichment in various com-
partments of the complement pathway. This indicates that im-
munoglobulin and acute phase response proteins showed an in-
creased affinity for the investigated nanocatalysts. The outlined
tools could be used in future research to even predict the pro-
tein adsorption on nanocatalysts by statistical models and super-
vised learning.[**] However, since protein adsorption on the neg-
atively charged nanoparticles did not correlate with protein size
and only showed a weak correlation with charge, it suggests that
electrostatic effects are only a minor factor in the protein-particle
interaction, in line with previous reports on other silica-based
nanoparticles.[2%]
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2.3. Seroma Model: Nanomaterial Corona Characteristics

After elucidating the fundamental mechanisms of protein corona
formation on metal oxide nanoparticles, we investigated the im-
pact of NP-protein interactions in (pre)clinically relevant condi-
tions. The CeO,-BG hybrid, encompassing diverse functionali-
ties, has been identified as a potent therapeutic agent for treat-
ing wound-associated seromas. For an examination akin to clin-
ical conditions, seroma fluid (SL) samples were sourced from
patients and combined (n = 4). The protein corona resulting
from this blend constituted ~24% of the weight of the coated
Ce0,-BG hybrid nanoparticles (Figure 3a), a proportion analo-
gous to coronas formed from human serum with heightened pro-
tein concentrations. Subsequent proteomics investigations delin-
eated the predominant proteins present in the seroma fluid and
those adsorbed onto the NP surface (Figure 3b). Notably, albu-
min levels saw a significant reduction, decreasing from roughly
23% in seroma fluid to a mere 0.8% in the NPs. Among the dom-
inant proteins on the NPs, several are recognized as agents of
opsonization—i.e., the accumulation of (complement) proteins
on the NP surface, signaling them for immune cell-mediated
removal. To further discern the characteristics of the formed
corona, the identified proteins were categorized based on their
functional classes and then matched to their respective enrich-
ment/depletion profiles (Figure 3c; Figure S16, Supporting Infor-
mation). As per the Panther classification system, the predomi-
nant proteins belong to categories such as protein-modifying en-
zymes, intracellular signaling molecules, and extracellular ma-
trix proteins. After having studied the native protein coronas
that form around the investigated NPs, we explored strategies
to deliberately influence corona formation. This was achieved by
modifying the surface of CeO,~BG hybrid NPs through covalent
methods like PEGylation and meso-2,3-dimercaptosuccinic acid
(DMSA) coating (Figure S17, Supporting Information). Surface
treatment with a synthesized 1 kDa PEG-silane resulted in an
undetectable protein corona, whereas DMSA substantially aug-
mented the protein corona formation from 13% (pristine/as-
prepared nanoparticles) to 21% (Figure 3d). The influence of
these treated NPs on macrophages—the primary immune cells
known for foreign material (NP) internalization—was assessed.
Viability outcomes (Figure 3e) showed discernible disparities be-
tween the various protein—corona variants and the as-prepared
nanoparticles.

Additionally, particle uptake dynamics were probed using
ICP-MS (Figure 3f). Given that Ce levels in macrophages cor-
respond to phagocytized nanoparticles, it was observed that
Ce0,-BG hybrids with adsorbed proteins were more readily
internalized compared to their uncoated counterparts. Con-
versely, PEGylated particles maintained a consistent uptake
rate. Interestingly, the DMSA-coated particles showcased an
uptake rate that was nearly triple, irrespective of human serum
protein adsorption. Such differences could be explained due
to changes in the surface properties such as Zeta-potential,
even if the different CeO,-BG nanoconjugates showed similar
particle sizes. In contrast to the PEGylated surface modifica-
tion (11% w/w), the DMSA-coating resulted in sparse organic
coating (2% w/w) possessing a significant amount of free hy-
droxyl groups, as well as carboxyl and thiol groups in theory,
likely the driving force for augmented protein interaction and
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Figure 3. Immune cell activator enrichment on CeO,—Bioglass hybrid nanoparticles for seroma treatment. a) Amounts of protein corona formed by
different biofluids (incubation ratio 1:10 NP: proteins; mean + SD, n = 3). b) Relative abundance of the 21 most common proteins found in aspirated
human seroma liquid compared to the protein fraction which aggregates on CeO,-Bioglass hybrid NP (mean + SD, n = 3). Red-colored proteins
indicate opsonins, blue dyopsonins. c) Proteomics analysis of absorbed proteins shown as enrichment/depletion map compared to the protein profile
found in human seroma liquid for CeO,-Bioglass hybrid nanoparticles. Circle size represents the relative abundance of the proteins found on the NP
surface. Categorization of the main protein function by Panther classification. (mean, n = 3). d) Surface modification of CeO,~BG hybrid NP by PEG and
DMSA alters the amount of absorbed proteins from human serum (mean + SD, n = 3). e) Macrophage cell viability after 1d incubation of 50 pg mL™!
nanoparticle solution (mean = SD, n = 3). f) Nanoparticle cell uptake evaluated as Ce concentration per 100k cells after 1d of incubation. g) TEM image
of a macrophage that internalized CeO,—BG hybrid NPs coated with human serum proteins (left). The magnified region with phagocytosed NPs (right).

cellular uptake (Figure S17, Supporting Information). To verify
the internalization and uptake of the NP, macrophages were
treated with as-synthesized, human serum protein-coated and
human seroma liquid protein-coated CeO,-BG Hybrid NPs,
fixed, stained, dehydrated, epoxy-embedded, ultrathin sectioned,
and imaged with TEM (Figure 3g, Figure S18, Supporting Infor-
mation). For all investigated conditions, the particles (with and
without protein corona) were located in vesicular compartments,
exhibiting the characteristics of endo-/lysosomes. Morphology-
wise there was no significant difference identified for as-
produced and protein corona-coated NPs within the cellular
compartments.

2.4. Seroma Model: Nanomaterial In Vivo Biodistribution
After confirming cytocompatibility and uptake into

macrophages, samples from CeO,-BG hybrid NPs applied
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in a seroma model(®**/] in rats were investigated. Histological
sections were stained with CD68 to discern macrophages.
Concurrently, for direct NP visualization, the same sections
underwent preparation for scanning electron microscopy
(SEM) and EDX mapping (Figure 4a,b). Correlative analysis
revealed a robust positive relationship between CD68-positive
cells (macrophages) and nanoparticle distribution. ~98% of
the observed macrophages in granuloma and 35% of the free
macrophages were found to co-localize with nanoparticles
(Figure 4c). On the other hand, no NPs were found outside of
macrophages. Additionally, there were no significant nanopar-
ticle clusters detected within the connective tissue, which led
us to the conclusion that >99% of nanoparticles are found in
tissue-resident macrophages. Collectively, these observations
corroborated the strong association between nanoparticles
and macrophages in vivo, in line also with the protein corona
composition (Figure 3b,c). Since the bioactivity of the mixed
metal oxide NPs is mainly based on the redox activity of Ce, we
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Figure 4. CeO,—Bioglass hybrid nanoparticles for in vivo seroma treatment. a) Histological rat tissue sections after seroma treatment with CeO,—
BG hybrid NP. Blue staining (hematoxylin counterstain) indicates cell nuclei, and brown staining (CD68 immunohistochemistry) macrophages (upper
panel). Correlation with SEM images (lower panel) of the corresponding regions shows electron-dense areas, while the magnification with elemental
mapping via EDX identifies cerium (yellow). b) Histology-SEM correlation down to a single cell level, as macrophages internalize the CeO,-BG hybrid
NPs. Macrophage staining (brown, upper panel) and cerium elemental mapping (yellow, lower panel) co-localize. c) Evaluation of the macrophages
associated with NPs. Shown as a total number of counted cells (left) and a fraction of the cell population (right) within the granuloma or as individual
macrophages. No nanoparticles were found outside of macrophages. d) XPS spectra of Ce. The blue spectrum of as-synthesized CeO,—BG hybrid NP
shows features dominantly related to the Ce** state, whereas in situ measurements of NP within the rat seroma tissue after 42 days show features

dominantly related to Ce3* (red spectrum).

examined if the initial redox state might have altered after tissue
injection and macrophage uptake. As shown in Figure 4d, the
redox state of the pristine CeO,-BG hybrid NP is predominantly
Ce**, whereas in situ X-ray photoelectron spectroscopy (XPS)
measurements of the tissue sections revealed a complete shift
to Ce**, given that the XPS spectra of Ce redox states are in
accordance with previous studies.[**!]

This points toward a more complex scenario than a sim-
ple consumption of the NP’s enzyme-mimicking capacity.
Typically, Ce** is oxidized to Ce** during H,0, decomposi-
tion, followed by back-cycling.*! However, the impact of both
states regarding the enzyme-mimicking activity is discussed
controversially.32531 Our findings could be therefore inter-
preted as a biotransformation-induced phenomenon, due to the
formation of catalytically inactive cerium phosphate with the oxi-
dation state Ce**.[*?) This indicates that successful ROS reduc-
tion during wound healing inflammation!®! management hap-
pens faster than biotransformation and catalytic inhibition. The
outlined experiments thus aim to bring us a step closer to under-
standing the complex interplay between redox state and catalytic
potential 3249 within a biological environment.
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Analyzing the formed seroma protein corona showed that
HSA as a prominent dyopsonin is highly reduced, likely through
the Vroman effect, whereas highly abundant proteins that ini-
tially adsorb to the surface are replaced by ones with a higher
affinity.l*] This observation is accompanied by the accumulation
of different opsonins, as outlined in Figure 3b and Table S2 (Sup-
porting Information), generally marking the nanocatalysts for
immune cell uptake. Additionally, proteins involved in blood co-
agulation and cell adhesion like fibrinogen and fibronectin found
to be strongly enhanced on the CeO,-BG hybrids, supporting
their impact on wound healing and seroma closure.’>) However,
comparing the macrophage uptake of different protein-coated
nanoparticles comes with an inherent limitation, since the cul-
ture medium itself contains proteins as a nutrient source for the
macrophages. We aimed to reduce this influence by conducting
experiments in the FCS-devoid medium, however, a certain pro-
tein amount in the culture medium is inevitable. This resulted
most likely in a protein coating of the native NPs!*?l and poten-
tially even in a co-adsorption of the protein-coated ones, how-
ever, with the outcome of increased uptake when coated prior
with human body fluid proteins. Interestingly, HSA (dyopsonin)
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and seroma liquid (predominantly opsonin)-coated NPs showed
a similar uptake into macrophages, indicating that culture-
medium derived markers likely change the soft protein corona,
defined as the layer of proteins interacting with the directly ph-
ysisorbed ones on the NPs (hard corona). On the other hand, PE-
Gylation of NPs is known to induce a stealth effect, as well as to
foster selective protein absorption, >3] which is in agreement with
our results, showing prevention of protein adsorption and no en-
hanced uptake. Such encapsulation can generally shield the NPs
from aggregation, opsonization, and phagocytosis, leading to ex-
tended circulation time within the host tissue and potentially de-
layed macrophage clearance.l’**%] These improvements may in-
fluence the antioxidant and anti-inflammatory effect and reduce
the macrophage-based granuloma formation. Interestingly, the
opposite was observed for the DMSA coating, whereas the en-
hanced protein adsorption could result from the formation of
covalent disulfide bridges between the DMSA-NPs and the free
proteins. Protein-NP charge and hydrophobicity are reportedly
an important factor for macrophage uptake,*® hence supporting
our observations. In summary, we showed that these cellular tests
can serve as a valid tool to study the influence of nanocatalyst sur-
face modification on macrophage uptake. However, certain limi-
tations outline the need for more elaborate tests, depicting a com-
plex in vivo scenario, in order to understand NP fate.’”] This as-
pect was complemented by the presented analysis of the CeO,—
BG hybrid NPs deployed for seroma treatment in a rat model
(Figure 4). The observed co-localization suggests a sufficient op-
sonization of the NPs and subsequent efficient internalization by
macrophages, overall preventing the NPs from escaping the ap-
plication side. The given insights have the potential to pave the
way for tailored NP applications in wound healing and seroma
treatment, tuning or evading the macrophage uptake, ultimately
governing the inflammatory response. The presented methodol-
ogy of in situ electron microscopic analysis (SEM, XPS) in cor-
relation with histological and immunohistochemistry investiga-
tions can be applied in the future to investigate NP interaction
with other immune cells, such as neutrophils.

2.5. Protein Corona Influences Catalytic Activity

After characterizing the protein corona composition and its in-
fluence on the in vitro and in vivo fate of the NPs, the influence
of the protein corona on the catalytic activity of these metal oxides
was investigated. The first group of catalytically active nanoparti-
cles (CeO,, Mn;0,, the CeO,-BG hybrid) demonstrates an ability
to scavenge reactive oxygen species (ROS), facilitated by surface-
mediated redox cycling. Specifically, this group exhibits catalase
(CAT) mimetic activity, reducing H, O, to H,0 and O,, and super-
oxide dismutase (SOD) mimetic activity, which converts superox-
ide anion (O, ") into H,0, (Figure 5a). We first determined the
CAT activity of CeO,, Mn;0,, the CeO,-BG hybrid, and BG by
itself. This assay leverages the inherent UV absorption of H,0,
at 240 nm, executed in a multi-well plate format, which facili-
tates concurrent testing under various parameters. A consistent
linear detection regime was confirmed throughout the experi-
ment (Figure 5b). For subsequent nanoparticle evaluations, the
probes aligned with those used in earlier protein corona ratio
tests (refer to Figure 1j). Figure 5c presents the H,0, concen-
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trations remaining from in initial 50 mwm solution post 2, 6, and
24 h of interaction with the metal oxide nanoparticles relative to
their initial protein-incubation ratios or as pristine particles with-
out a protein corona. The CAT mimicry efficacy of the nanopar-
ticle dispersion is inversely proportional to the detected H,O,
post-nanoparticle interaction. As anticipated, BG nanoparticles,
on their own, did not exhibit significant CAT activity, while both
Mn,O, and CeO, showed considerably reduced H,O, concentra-
tions within the 2-24 h window, especially in the absence of a pro-
tein corona (Figure S19, Supporting Information). Conversely,
protein-coated CeO,-BG hybrid samples exhibited augmented
activity compared to the pristine nanoparticles, correlated with
increased colloidal stability. These findings naturally led to the
question of whether protein-coating-induced shifts in nanozyme
activity could be reversed via protease degradation. As depicted in
Figure 5d, proteolytic digestion of the protein corona on human
serum protein-coated Mn,; O, and CeO, partially restored CAT ac-
tivity, as evidenced by decreased H, O, levels. SOD activity gener-
ally indicated diminished activity for nanoparticles with a protein
coating (Figure 5e). In additional experiments, the effect of the
protein corona on radical generation was investigated. Metal ox-
ide NPs were irradiated by UV light or X-rays to assess ROS pro-
duction potential. This photocatalytic cleavage can yield hydroxyl-
radicals (-OH) from H, O or superoxide anions (O, ~) from molec-
ular oxygen (O,), as depicted in Figure 5f. A widely accepted flu-
orescence probe (DCF) was utilized to detect these radicals, con-
firming potent ROS production in the case of TiO, nanoparti-
cles. A decline in photocatalytic ROS production was observed
for protein-coated samples, but protease treatment partially re-
stored this ability (Figure 5g). HfO, nanoparticles, while non-
reactive under UV (>300 nm) illumination, responded under X-
ray exposure. This mechanism is being considered to amplify
the efficacy of X-ray doses in cancer radiotherapy. As Figure 5h
demonstrates, protein-coating of nanocatalysts significantly di-
minishes the dose enhancement factor (DEF). This attenuation is
even more pronounced for TiO, nanoparticles. However, again,
protease exposure can restore their ROS-generating capabilities
under X-ray exposure (Figure 5h, right panel). To address the
question of how fast such protein corona formation affects the
catalytic NP properties, a series of time-resolved electron param-
agnetic resonance (EPR) spectroscopy measurements were con-
ducted. As shown in Figure 5i, TiO, NP produced ROS after UV
irradiation, which formed with the radical scavenger DMPO a
conjugate with the typical features of DMPO-OH radicals. In situ,
the addition of HSA to the NP dispersion leads to a drastic reduc-
tion of the detected signal within 2 min. Such a fast quenching
process was further confirmed when adding the protein solution
directly at the start of the experiment (Figure 5j).

However, within the time course of the experiment (30 min),
the detected ROS levels from the TiO,-HSA dispersion recovered,
though to a lower level compared to the control.

The outlined data show in a holistic approach how nanozyme
activity is impaired within minutes by protein adsorption and
restored after proteolytic degradation of the formed corona.
The reduced nanocatalysts performance could be the result
of decelerated diffusion of the ROS toward and from the NP
surface, of partially (irreversible) binding of catalytic sites, or
due to attenuated charge transfer processes within the NP
surface. However, no quantification of the remaining protein
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Figure 5. Effect of surface-absorbed proteins on catalytic activity. a) Illustration of metal-oxide NPs exhibiting ROS scavenging (CAT-catalase, SOD-
superoxide dismutase) properties. b) Linear calibration curves of the H,0, quantification assay remain stable over the time course of the experiment
(mean = SD, n = 3). ¢) H,0,-scavenging activity of different NP after incubation with different protein ratios from human serum (HS) (initial H,0,
concentration = 50 mm, mean =+ SD, n = 3). d) Addition of proteases restore partly the reduced H,O,-scavenging ability of CeO, and Mn;O,4 NPs after
protein absorption (mean = SD, n = 3). e) SOD-activity of pristine and human serum coated NP (mean + SD, n = 3). f) lllustration of metal-oxide NP
generating ROS under irradiation. g) Left plot: Photocatalytic effect of NP produces ROS after UV illumination, as measured by DCF. Right plot: Protease
addition partly reverses the loss in activity (Tryp-Trypsin protease, mean + SD, n = 3). h) DCF assessed ROS production for TiO, and HfO, after 12 Gy
X-ray irradiation, expressed as dose enhancement factor and partly restored activity after protease treatment (mean + SD, n = 3). i) Time-resolved EPR
spectra of DMPO-OH-radicals generated by TiO, NP during UV irradiation. Two independent experiments result after 2 min of UV irradiation in a similar
DMPO-radical signal (left) whereas the addition of 0.5 mg mL™! HSA leads to a strong decrease (right). j) Photocatalytic ROS production is strongly
hindered after initial protein addition (left) but slightly recovers within the time course of the experiment (right).

corona was performed after protease digestion. Most likely
partwise removal of the adsorbed proteins could be the reason
for improved activity of TiO, NP, but not to the same level as the
non-coated NP possess. These results are in line with a recent
study showing the recovery of gold nanoparticle activity through
proteolysis.[*!] Given that HfO, NPs are currently in clinical use
to treat advanced soft tissue sarcoma via photon radiotherapy, 2!
the implications of our study should be considered for future
research. This holds especially true, since the pharma company
Johnson & Johnson recently invested in a multi-million-dollar
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project aiming for the global license of NBTXR3 (HfO,),%8!
currently accessing its efficacy in treating head and neck cancer
within a Phase 3 study.[*! As protein adsorption reduced the DEF
after X-ray irradiation, strategies to minimize the absorption of
biomolecules, such as proteins, on HfO, NPs could therefore
enhance their in vivo activity. Thus, the simultaneous injection
of proteases might possibly yield a positive effect as well.

The only notable exception to these trends is the CAT activ-
ity of the CeO,-BG hybrid, which increased upon the formation
of a protein corona, likely due to improved colloidal stability and
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Figure 6. Functional activity assay in macrophages. a) Macrophage cell viability after 2 h incubation at varying H,O, levels. Cells were pre-loaded (8 h
NP pre-incubation) or not pre-loaded (0 h NP pre-incubation) at 100 ug mL~" CeO,, BG, CeO,~BG or Mn;O, (5 ug mL™") nanoparticles, reflecting
internalized and non-internalized nanoparticle scenarios, respectively (mean + SD, n = 3; one-way ANOVA, ns, **p = 0.002, ***p = 0.0002). b) An-
tibacterial intracellular activity of CeO,~BG hybrid NPs. TEM micrographs of S. aureus infecting monocyte-derived macrophages. (i) w/o NPs, intact cell
membrane (blue arrow). (ii) NPs associated with cell membrane damage (red arrow).

the formation of a loosely associated protein corona not obstruct-  improve colloidal stability but can also enhance the biocompati-
ing the active sites. Since protein adsorption was found to have a  bility and targeting of the nanoparticles.[®!]

major impact, as seen in the scavenging experiments conducted

from a single protein (HSA) solution, we did not investigate how

the adsorption of various other biomolecules like DNA, small  2.6. Functional Activity Assays in Target Cells

molecules or lipids would affect the nanozyme activity. Given

the presented results, we cannot exclude a partial activity shift = To evaluate the efficacy of the nanoparticles in complex biological
after incubation in complex biofluids like human serum or hu-  systems, functional activity assays were conducted using human
man seroma liquid due to the adsorption of other biomolecules = macrophages, given that these cells are the primary target cells
besides proteins. Future research endeavors should focus on en-  for the investigated NPs. This step is crucial as it determines if the
gineering surface chemistry by organic ligands in order to find  nanoparticles can maintain their intended functions amidst the
the optimal balance between colloidal stability and catalytic activ-  myriad of biological interactions and challenges present within
ity for in vivo applications. General design strategies to enhance  such environments. The ability of nanoparticles to protect cells
stability typically rely on the covalent or non-covalent attachment  from oxidative stress was tested using hydrogen peroxide as an
of surface ligands. However, such modification could potentially  external trigger. Macrophages were stressed with H,0, at two
impair the surface-mediated catalytic activity. Hence, optimal NP concentrations, 2.5 and 5 mwm, which led to ~40% and 20% cell
design needs to balance between stability and activity, depending  viability after 2 h (Figure 6 a, control). Four nanoparticles, namely
also on the specific application. Local administration of nanocata- ~ CeO,, BG, CeO,-BG, and Mn,0,, were tested for their potential
lysts (HfO, for cancer treatment or CeO,-BG for wound manage-  to protect cells from oxidative stress. Two scenarios were tested,
ment) might benefit from a spare surface modification hamper-  one where only extracellular nanoparticles were present, and a
ing NP aggregation based on, e.g., carboxylate ligands.[®] Differ-  second where cells with internalized nanoparticles were present
ent strategies should be considered for intravenous application,  before cells were stressed with H,O,. To induce those scenarios,
including zwitterionic coatings, PEGylation, or polysaccharides,  nanoparticles were either administered 0 or 8 h to cells before
improving circulation half-time. Such approaches may not only ~ H,0, was added. At 100 pg mL™!, the nanoparticles alone were
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well tolerated (viabilities > 70%). Only in the case of Mn;0, NPs
and 8 h NP pre-incubation, 100 ug mL™' led to high toxicity, so
the concentration for this particular case was reduced to sub-
toxic 5 pg mL~!. When nanoparticles were present only external
to cells, cell viabilities with and without nanoparticles were very
comparable to one another at both H, O, concentrations, hinting
to rather little ROS scavenging activity. Only the most catalyti-
cally active candidate, Mn,O,, provided a significantly enhanced
cell viability compared to control cells at the higher 5 mm H,O,
concentration. When cells were pre-loaded with nanoparticles for
8h, however, higher cell viabilities in the case of CeO, and Mn,0,
were detected at both H,0, concentrations compared to control
cells, providing significant cell protection from oxidative stress.

This is well in line with the high CAT activity of these two ma-
terials found in cell-free tests. In conclusion, pre-loading cells
especially with CeO, nanoparticles, or in other words internal-
ized CeO, nanoparticles, provided cell protection from oxidative
stress, while the presence of 100 ug mL~! extra-cellular nanopar-
ticles did not. This strongly supports the hypothesis that the NPs
regain catalytic activity after uptake into endo/lysosomes where
the protein corona is cleaved by proteases. Similarly, intracellular
CeO,-BG NP activity is supported by transmission electron mi-
crographs of S. aureus infecting monocyte-derived macrophages.
CeO,-BG NPs contained in endo-/lysosomes and co-localized
with S. aureus disrupt the S. aureus membrane to a noticeable
extent (Figure 6 ii), further supporting the intracellular activity
of the NPs after proteolytic degradation of the protein corona.l®?]
This observation is in line with recent literature, reporting in-
tracellular reactivation of gold-NP catalytic activity after protease-
induced corona degradation, whereas protease inhibitors could
stop this endosomal process.!]

3. Conclusion

In the outlined study, we presented a holistic approach to syn-
thesize and characterize metal oxide nanocatalysts for biomed-
ical applications and analyze their interaction with protein-
containing body fluids. Interestingly, a large variation of the
protein corona mass fraction was found between the nanocat-
alysts, depending in addition to it also on the protein com-
position of the body fluid. By means of proteomic analysis,
it was possible to identify a significant decrease in the main
serum component HSA on the NP surface, as well as an en-
hanced aggregation of immune cell markers like complement
factors. We reveal how mixed metal oxide nanocatalysts, namely
CeO,-Bioglass hybrid NPs used for wound healing and seroma
treatment, are uptaken by immune cells at the application side
with remarkably high specificity (>99% of detected nanoparti-
cles found in macrophages, no NPs detected in connective tis-
sue). Likely through the absorption of opsonins, NP is marked
for macrophages and internalized into the phagosome. The gen-
eral formation of a protein corona on the metal oxide nanocat-
alysts was found to decrease CAT and SOD enzyme mimicking
activities of CeO, and Mn,0, NP, as well as the photocatalytic ac-
tivity of TiO, and HfO, to produce ROS after UV or X-Ray expo-
sure. We further demonstrate how such protein—corona induced
reduction of the nanocatalysts properties is restored by protease-
based corona digestion. This digestion mimics the intracellu-
lar process within the phagosome and could explain the in vivo
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activity of the nanomaterials, even after encountering protein-
containing fluids. These findings collectively emphasize the cru-
cial importance of environment-dependent interactions between
nanocatalysts and complex biological fluids, significantly affect-
ing the fate and activity of nanomaterials. The agnostic method-
ological toolbox presented in this study establishes a foundation
for further exploration of the catalytic activity of nanomaterials in
complex biological systems. This has the potential to assist in the
design of new therapeutic interventions, fostering nanocatalyst
applications in cancer treatment or antimicrobial therapies.

4. Experimental Section

All materials, if not stated otherwise, were purchased from Sigma-—
Aldrich or VWR Chemicals.

Nanoparticle Synthesis by Flame—Spray-Pyrolysis:  Metal oxide nanopar-
ticles were produced by liquid-feed flame spray pyrolysis according to pre-
viously established protocols.l'7:1332] Typically, 5 mL min~' 0.3 m precur-
sor solution was pumped to a water-cooled spray nozzle and dispersed by
5L min~! O,, ignited by a CH,/O, (1.5:3.2 L min~") flame. Particles were
collected on a glass fiber filter located 70 cm above the flame and sieved
through a 200 um mesh.

Microwave Digestion and Elemental Analysis: Nanoparticles or NP-
containing cells were digested in a high-pressure microwave (TurboWAVE,
MLS GmbH, Germany) using polytetrafluoroethylene containers. 1-2 mg
NP or 100 000 cells in medium were mixed with 3 mL of 65% HNO; p.a.
(Merck) and 1 mL of 30% H,0, p.a. (Merck) and digested at 250 °C,
120 bar for 18 min. Elemental composition was evaluated by analyzing
the digested NPs via ICP-OES (Agilent, Santa Clara, CA).[7.63] Cerium lev-
els were quantified using an ICP-MS (Model 7900, Agilent, Santa Clara,
CA) by measuring isotope °Ce. 7> Lu served as an internal standard to
correct for non-spectral interferences.[3>64]

Electron Microscopy: For TEM analysis, the as-produced and human
serum protein-coated nanoparticles were drop-casted onto copper grids
(EMR, Holey Carbon Film 300 Mesh), air-dried, and imaged with a
Zeiss EM 900 microscope (Carl Zeiss Microscopy GmbH, Germany) at
80 kV and different magnifications. The particle size distributions were
determined using Image) (1.54b). These grids were also analyzed with
high-angle annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) coupled with energy dispersive X-ray spectroscopy
(EDX) using a Talos F200X TEM microscope (FEIl, 4 detector configura-
tion, Super-X EDS) at 200 kV. A detailed protocol for the macrophage TEM
micrograph preparation can be found in the Supporting Information. SEM-
EDX analysis of histological rat tissue sections was performed with an Axia
Chemisem (Thermo Fisher, NL). To this end, the cover slips from the his-
tological sections along with the paraffin were removed by incubation in
Xylene for 3 days. Samples were then air-dried and coated with 10 nm
carbon (Leica EM ACE600) prior to analysis. In situ XPS analysis was per-
formed with the same histological rat tissue sections, using a Nexsa G2
(Thermo Scientific) with 150 um X-ray spot size.

Nanoparticle Characterization: X-ray diffraction analysis (XRD) was
performed with a Bruker D2 2nd Gen Phaser (30 kV, 10 mA, SSD160
detector, Cu tube 1.54184 [A] Ka radiation at 20 = 10°~80° with a step
size of 0.01°). Phase composition and crystallite sizes were determined
using the Diffrac Eva (V3.1) software, after performing Rietveld parameter
refinement. The surface area was determined based on the Brunauer—
Emmett—Teller (BET) method at 77 K (Micromeritics, Tristar Il Plus) as
described previously.[®] Hydrodynamic size measurements (dynamic
light scattering, DLS) and zeta-potential determination were performed
with a Zetasizer Nano-ZS (Malvern Instruments), combined with an auto-
titration unit (MPT-2) to access the isoelectric point. Fourier transform
infrared spectroscopy (FT-IR) was performed on a Bruker Vertex 70 with an
MCT detector (D313) and a Mikro-ATR “Golden Gate”, Mark Il accessory.

Nanoparticle Dispersion and Surface Modification:  Typically, 20 mg NP
were dispersed in water (1 mg mL™" concentration, 10 min 90% ampli-
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tude, Sonics Vibra cell VCX 500, cup horn) and incubated for 1 h at 37 °C
with protein solution, matching a final ratio as indicated (e.g., ratio of 1:1
indicated 1 mg mL™! NP with 1 mg mL™ proteins). Protein concentration
was pre-determined by the standard Bradford test, using a 96-well microar-
ray (HIDEX absorbance plate reader). NP-protein solution was centrifuged
for 20 min at 7800xg and washed twice with ddH, O to remove access pro-
teins and redispersed in 5 mL H,O before determining concertation by
drying and weighting an aliquot. Surface grafting of CeO,—BG hybrid NPs
by silane-PEG and DMSA was realized by modifying previously reported
protocols.[6667] A detailed description can be found in the Supporting In-
formation.

Protein Corona quantification by Thermogravimetric analysis: About
5 mg of (Protein)-NP was inserted into a METTLER TOLEDO TGA/DSC
3+ and analyzed with the following temperature profile: 10min@40 °C;
10 K min~" ramp to 140 °C; 10min@ 140 °C; 16.5 K min~' ramp to 800 °C;
40 mL min~" airflow. Weight loss was quantified from 160 °C (after the
loss of physiosorbed water) and 700 °C (complete combustion of organic
matter). The differences between pristine and protein-coated NP were de-
termined and expressed as the amount of surface absorbed proteins, cal-
culated with the following formulas:

mNP1g00 ¢

mMNPygo ¢ _

mNPyoooc Wnp (1)
mMNPygo ¢

100 ((1 = wyp) = (1 = Wyrissinenp) ) = Protein corona (w%) 2)

with mNPgge ~ mass measured by TGA at T = 160 °C; wyp ~ weight
loss NP with proteins; g, np ~ Weight loss of pristine NP (dispersed
and treated similar to NP without addition of proteins).

Proteomics Analysis:  Proteomics analysis was carried out by the Func-
tional Genomics Center Zurich (FGCZ). A detailed protocol can be found
in the Supporting Information. In short, 2 uL of the protein solution or
the NP-protein pellet was lysed in 4% SDS lysis buffer, reduced and alky-
lated with TCEP and chloroacetamide, and finally digested with trypsin. Ex-
tracted peptides were analyzed by LC-MS/MS and detected MS data were
searched against the Homo sapiens database. Proteomics evaluation was
carried out with the program Scaffold (MaxQuant), while protein classifi-
cation was based on PANTHER-classification. Visualization of protein en-
richment and depletion was performed with a Python-based script.[?%] The
mass spectrometry proteomics data were deposited to the ProteomeX-
change Consortium via the PRIDEI®®] partner repository with the dataset
identifier PXD050007.

Human Seroma Liquid: Human seroma liquid was aspirated from four
patients and stored at —20 °C until further use. Three patients had postop-
erative seroma after muscle harvesting for reconstructive purposes, while
one patient underwent inguinal lymphadenectomy and had a combina-
tion of seroma and lymphocele. The clinical samples were obtained from
patients who signed a general consent and were anonymized by the clini-
cal partners. The ethics committee confirmed that no separate ethical ap-
proval was needed for the anonymized use of human seroma fluid for our
study. This human seroma fluid was obtained as processed, anonymized,
and ready-to-use material from the University Hospital Inselspital Bern.

Histological Samples—Rat Seroma Model: Samples from an estab-
lished seroma rat model, associated with our ongoing study (Project No.:
54684.1 IP-LS), were utilized for diverse tissue analyses. In short, inbred
male Lewis rats, weighing ~200-250 g, were used for bilateral seroma in-
duction surgery as previously outlined by our group.[3°! Seromas were suc-
cessfully induced by postoperative day 7, aspirated, and locally treated with
CeO,—BG hybrid NPs. At euthanasia (POD 42/End Point (EP)), seroma
capsule tissue was collected for subsequent histological analyses. Serial
formalin-fixed paraffin-embedded longitudinal tissue sections of skin and
superficial seroma capsule tissue were then subjected to further immuno-
histochemistry (IHC) analyses and stained with different markers: anti-
CD31/PECAM-1 (dilution 1:400; AF3628-SP, R&D Systems), representing
endothelial cells, and anti-CD68 (dilution 1:200; ab125212, Abcam), repre-
senting macrophages, respectively. For the evaluation of macrophage-NP
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colocalization, SEM microphotographs of representative regions of CD68
stained tissue sections were digitally evaluated by labeling CD68 positive
cells as one of the following cells types: individual macrophage with NPs;
individual macrophage without NPs; macrophage within granuloma with
NPs; macrophage within granuloma without NPs (software QuPath 0.4.3).
A blinded microscopic analysis was conducted by a board-certified veteri-
nary pathologist, Dr. Simone de Brot. The animal study adhered to the AR-
RIVE guidelines!’%] and received approval from the Cantonal Animal Ethics
Committee for Animal Experimentation, Bern, Switzerland (approval num-
ber BE 110/2020).

Protein Separation: ~ Surface-absorbed proteins were desorbed by incu-
bation for 15 min in 1x SDS lysis buffer at 95° C.[71] Nanoparticles were
excluded from the protein-containing supernatant by centrifugation (30k
Xg, 20 min). The protein concentration was determined by a detergent-
compatible Bradford assay (Thermo Scientific) and adjusted with water,
the 4x sample buffer, and the 10x reducing agent to a 1 mg mL™! con-
centration (Thermo Scientific, Invitrogen Bolt Bis-Tris WPK, 15884052).
35 uL of this desorbed protein corona solution was added into an SDS-
Page (12% TRIS-Bold system with 1xXMEPES as a running buffer). Protein
separation was performed for 20 min at 60 V, followed by 1 h at 220 V.
Protein bands were visualized by Coomassie blue staining following the
protocol of SimplyBlue SafeStain (Invitrogen).[”']

Nanozyme Performance—ROS Scavenging: ~Catalase-mimicking activ-
ity was determined based on a previously established protocol.3?! In short,
nanoparticle dispersed in Ringer-lactate buffer was added into a 96-well
plate, matching an H,0O, concentration of 50 mm with a total volume
of 250 uL. Nanoparticle concentrations were used as follows, to account
for activity differences: Bioglass and Ce,O-BG Hybrid: 1 mg mL™", CeO,:
0.25 mg mL™', Mn;0,4: 0.02 mg mL~". After incubation for 2, 6, and 24 h,
each plate was centrifuged and 200 pL of the supernatants were trans-
ferred to a glass-bottom 96 well plate (1.5 glass coverslip bottom, Cellvis)
determining the H,O, absorbance at 240 nm (HIDEX plate reader). Su-
peroxide dismutase mimicking activity was determined with a commercial
SOD Colorimetric Activity Kit (Invitrogen).

Nanozyme Performance—ROS Production: ROS production after X-
ray irradiation was studied using a 6 MV photon beam delivering a to-
tal dose of 12 Gy with a dose rate of 6 Gy min~' to the samples. 2',7'-
dichlorodihydrofluorecein diacetate (DCF-DA) powder (Sigma—Aldrich)
was dissolved in dimethyl sulfoxide (DMSO, Sigma—Aldrich) at a concen-
tration of 5 mm, followed by mixing with NaOH (10 mm) in a ratio of
1:4 to activate the solution in the dark for 30 min. Thereafter, it was di-
luted with Tris-HCl buffer (0.1 m, pH 7.4) to a concentration of 8 um. The
final DCF working solution was cooled and protected from light until fur-
ther use. NPs were tip-sonicated in Tris-HCl buffer at 10x stock concen-
trations. For the irradiation experiments, 100 pL NP suspension, 100 uL
Tris-HCI buffer, and 800 uL H2DCF working solution were filled into the
36 most central wells (in order to assure homogeneous dose deposition)
of two transparent 96-well plates (one plate as 0 Gy reference plate, the
other plate for 12 Gy irradiation). After irradiation, dispersions were cen-
trifuged in microtubes. Triplicates of the supernatant were transferred to
transparent 96-well plates. The fluorescence signal was measured using
a microplate reader (485 nm excitation, 535 nm emission, Tecan infinite
200Pro or Mithras LB 943 Multimode) and referenced to the control (0 Gy)
plate. ROS production after UV illumination was determined by a similar
DCF assay. In short, 0.1 mg mL~" NP dispersions were incubated with
8 um DCF-DA in Tris-HCl buffer (0.1 m, pH 7.4) and illuminated via UV
light (300-400 nm, Héhne Halogen lamp, black light filter, 40 mW cm~2
@355 nm), whereas the corresponding fluorescence signal was measured
in a 96-well format (485 nm excitation, 535 nm emission, Tecan infinite
200Pro or Mithras LB 943 Multimode).

EPR Spectroscopy: EPR spectroscopy was performed by Adani-
powered device spinscan X (flat cell) in combination with a peristaltic
pump (Shenchen, Model LabS3). The solution of TiO, (1 mg mL™") was
placed in a glass beaker under a UV radiation source (300-400 nm, Hohne
Halogen lamp, black light filter, 40 mW cm~2 @355 nm) with continu-
ous stirring and external cooling. The centerfield of the measurement was
chosen to be 335 mT with 8 mT sweep width, acquiring the signal with
60 s sweep time and 25 dB attenuation for 30 min each. 5,5-Dimethyl-
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1-Pyrrolin N-Oxid (DMPO, VWR) radical scavenger was added shortly
before the experiment to match an overall concentration of 100 mm in
Milli-Q H,0.

Macrophage Viability and Nanoparticle Uptake: THP-1 cells were sub-
cultured routinely in RPMI-1640 Medium (Sigma, R0883) supplemented
with 10% fetal bovine serum (Sigma F9665), 1% L-glutamine (Sigma
59292C), and 1% penicillin-streptomycin—-neomycin solution (Sigma
P4083) at 37 °C and 5% CO,. Macrophages were differentiated from THP-
1 cells by culturing 40.000 cells per well in a 96-well with 200 nm phor-
bol 12-myristate 13-acetate (PMA). After 72 h, the PMA-containing cell
medium was replaced by 100 uL fresh growth medium. After 2 days of equi-
libration, the cell medium was replaced by 80 pL fresh growth medium.
Then 10 uL aqueous nanoparticle suspensions (at a concentration of
1000 ug mL™") or vehicle controls (ddH,0) were added to the wells. The
final nanoparticle concentrations were 100 ug mL~" each. After 0 and 8 h
of nanoparticle incubation, 10 uL H,0, at the corresponding concentra-
tion was added. Due to severe Mn; O, nanoparticle toxicity only in the case
of 8 h nanoparticle incubation, the Mn;O,4 nanoparticle concentration in
this particular case was reduced 20 times reaching 5 ug mL™". 2 h after
H,0, addition, cell viability was quantified using the CellTiter-Glo assay
(Promega, G7573) using a 75 pL: 75 uL ratio of CellTiter-Glo reagent to
fresh cell medium. Cell viability was expressed normalized to the viability
of control cells. Macrophage cell culture for CeO,-BG hybrid uptake study
was conducted in a similar way, plating 10¢] cells per well in a six-well plate
with a final NP concentration of 50 ug mL~". Detached cells were either
used for Ce determination by ICP-MS or fixated, embedded, and prepared
for TEM micrographs as described in the Supporting Information. TEM
micrographs of S. aureus infected monocyte-derived macrophages were
derived from experiments described previously.l62]

Statistical Analysis: Quantification of surface-absorbed proteins was
carried out in three independent experiments (n = 3, mean + SD). TEM-
based NP size evaluation used the Weibull distribution of the descrip-
tive histograms. Proteomics analysis was carried out in three indepen-
dent experiments (n = 3, mean + SD) and evaluated with principal
component analysis (PCA) (ecliptic confidence interval 25,). Cell viabil-
ity and NP uptake experiments were conducted in independent experi-
ments (mean = SD, n = 3). NP catalytic activity was accessed in three
independent experiments (mean + SD, n = 3). Macrophage cell viabil-
ities was tested in independent experiments (mean + SD, n = 3) and
evaluated by one-way ANOVA. Software used for statistical analysis in-
cluded OriginPro 2023, GraphPad Prism 10.1.0, Microsoft 365 Excel, and
Scaffold 5.1.2.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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