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Objective: Drug delivery strategies for joint diseases need to overcome the negatively charged cartilage
matrix. Previous studies have extensively investigated particle approaches to increase uptake effi-
ciency by harnessing the anionic charge of the cartilage but have neglected to address potential in-
teractions with the protein-rich biological environment of the joint space. We aimed to evaluate the

KEJ/WOTdSI effects of hard protein coronas derived from osteoarthritis (OA) and rheumatoid arthritis (RA) patient
Drug delivery synovial fluids as well as the commonly used fetal calf serum (FCS) on nanoparticle (NP) uptake into
g;;t;l\z‘zf fuid tissues and cells.

Arthritis Methods: We developed a NP panel with varying PEGylation and incubated them with synovial fluid

from either OA, RA patients or FCS. We evaluated the effects of the formed NP-biocorona complex uptake
into the porcine articular cartilage explants, chondrocytes and monocyte cell lines and primary patient
FLS cells. Proteins composing hard biocoronas were identified using a quantitative proteomics approach.
Results: Formed biocoronas majorly impacted NP uptake into cartilage tissue and dictated their uptake in
chondrocytes and monocytes. The most suitable NP for potential OA applications was identified. A variety
of proteins that were found on all NPs, irrespective of surface modifications. NP-, and protein-specific
differences were also observed between the groups, and candidate proteins were identified that could
account for the observed differences.

Conclusions: This study demonstrates the impact of protein coronas from OA and RA patient synovial
fluids on NP uptake into cartilage, emphasizing the importance of biological microenvironment con-

siderations for successful translation of drug delivery vehicles into clinics.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society
International. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Protein corona

Introduction Recent intra-articular drug delivery systems have leveraged small

nanosized particles and electrostatic interactions with the anionic

A major obstacle for therapies targeting joint diseases has been
to reach the chondrocytes deeply embedded in the extracellular
cartilage matrix (ECM). This dense, avascular, and aneural
network of structural and negatively charged macromolecules
poses a physical barrier to reaching the cells, thus serving as a
target for cartilage-associated diseases such as osteoarthritis (OA).

* Address correspondence and reprint requests to: A. Stubelius, Kemivagen 10,
41296 Gothenburg, Sweden.
E-mail address: Alexandra.stubelius@chalmers.se (A. Stubelius).

https://doi.org/10.1016/j.joca.2022.07.002

ECM to achieve enhanced delivery efficiency, targeting, and
solubility' .

The therapeutic potential of nanoparticles (NPs) for arthritis also
depends on their fate in the joint, where synovial space retention
and escaping immune clearance are pivotal for increased tissue
uptake®. Such outcomes, however, are determined by the distinct
biological identity of the NPs arising from host-derived compo-
nents and their interactions with the material®. These bioactive
proteins, carbohydrates, and lipids alter particle size and surface
composition, which dictate their physiological outcomes®. Studies
on systemic administration have demonstrated that human sub-
jects vary widely in their response to nanomedicine. A minor

1063-4584/© 2022 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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change from blood plasma to serum profoundly influences the
protein corona composition and the subsequent interplay between
NPs and cells”®. For arthritis, synovial fluid (SF) has indeed shown
to influence diffusional transport of NPs, raising the need for
further investigations into mechanisms of how we can achieve and
develop specific nanotechnologies targeting joint-related
diseases®'°.

To address the issue of how the acquired biological identity
could influence the delivery efficiency of NPs in the joint, we
employed intrinsically cationic polyamidoamine (PAMAM) den-
drimers as drug delivery systems. Due to their small size, surface
functionality, and hydrophilicity, PAMAMSs have been extensively
characterized and investigated for their transport of various cargo
including drugs'!, nucleic acids'?, growth factors'?, and interactions
with serum proteins'®. By modifying PAMAM's surface chemistries
utilizing different lengths of polyethylene glycol (PEG), we
designed a panel of small nanocarriers to study the impact of
osteoarthritis (OA) and rheumatoid arthritis (RA) patient SFs as well
as the commonly used fetal calf serum (FCS) on NP uptake into the
cartilage and cells. This study is the first to demonstrate the im-
plications of patient SF protein corona formation on small cationic
nanocarriers, emphasizing the importance of using relevant bio-
logical microenvironments for successful advances in intra-artic-
ular drug delivery and translation into clinics.

Methods
Materials and reagents

The full list of materials and reagents can be found in the Sup-
plementary material.

Material synthesis

PEGylation was performed using the methods of Geiger et al."®
and Zhao et al.'>. mPEG was activated using 4-NPC, dried, purified,
dissolved in DMSO, and combined with PAMAM G5 solution
(1.585 mM, NaHCOs3, pH = 8) at the stoichiometric ratio of 1:3 to
achieve ~2% surface PEGylation and allowed to react for 24 h
(stirring, room temperature; RT). The product was dialyzed, dried,
and stored at —20°C until further use.

Modified PAMAM compounds (NPy = 0% mPEG, NP359 = 2%
MPEG350, NPsgop = 2% mPEGs500g) were dissolved (5 mg/mL, PBS,
pH = 7.4) and reacted with fluorescein isothiocyanate isomer I
(FITC) in acetone (molar ratio 1:5, dark conditions, 12h, RT). The
samples were dialyzed, freeze-dried, and set to the final concen-
tration (cqpa1) of 30 uM in PBS (pH = 7.4).

Material characterization

The fluorescence signal (FITC, hex 483/14 nm/Aem 530/30 nm)
was quantified using a CLARIOstar Plus (BMG Labtech, Offenburg,
Germany) microplate reader. FITC-labeled NPs were dissolved in
methanol, diluted with PBS (cgpa = 2 pg/mL), and compared to a
standard curve. Labeling efficiency was calculated as a proportion
of FITC weight to the weight of modified FITC labeled NPs.

Transmission electron microscope (TEM) images were obtained
by NPs (15 uM, pH 6, briefly sonicated) being placed on a 3 mm
holey carbon film-coated copper grid (Ted Pella, Inc., Redding,
California), stained with 4% sodium phosphotungstate, air-dried at
RT, and imaged using FEI Tecnai T20 at 200 kV. NP size and zeta
potential were assessed using the dynamic light scattering (DLS)
Zetasizer Nano ZS system (Malvern Instruments, UK), where hy-
drodynamic diameters and zeta potentials are reported as means of
three runs for each sample.

Biocompatibility of NPs was investigated in L929 (mouse
fibroblast), Tc28a2 (human chondrocyte), and U937 (human
monocyte) cell lines using a resazurin metabolic activity assay.

Protein corona isolation/formation

All patients have provided informed consent and the procedure
was approved by the Ethics Committee of Gothenburg University
(Ethical approval Dnr: 573-07). SF samples from 5 (4f/1m, 65—80
years old) RA patients and 4 (2f/2m, 45—82 years old) late OA pa-
tients were collected during aseptic aspiration of knee joints at the
Rheumatology Clinic and Orthopaedic Clinic, respectively, at Sahl-
grenska University Hospital, Gothenburg, Sweden.

Patient SF and control FCS samples were pooled according to the
disease profile (5 x 108 particles or 2 pg), diluted 1:20 in PBS, and
mixed with 30 uM NP solution (1:1, v/v). The samples were incu-
bated at 37°C while shaking for 1 h at 100 rpm to resemble the
dynamic environment of the SF in the joint and address the Vroman
effect. To preserve the proteins bound with high affinity known as
the hard protein coronas, NPs were spun down at 15,000 x g for
15 min and washed three times with chilled PBS. Final concentra-
tion of NP-protein complexes was 1 pg/mL (2.5 x 10° particles/mL).

Protein content in the explant media was assessed using a Pierce
BCA protein assay kit according to the manufacturer's instructions.

Biological interactions with NPs

Porcine cartilage tissues were obtained from the Experimental
Biomedicine animal facilities under the 3R principle (Gothenburg,
Sweden). Explants were extracted from the femoral and tibial
condyle cartilage of the 3-6-month-old pigs using biopsy punchers
(d = 4 mm) (Kai Medical, Honolulu, USA), trimmed (~2 mm) to
exclude subchondral bone, and immediately frozen in PBS sup-
plemented with 1 % 10,000 U/mL Penicillin, Streptomycin (Gibco)
and protease inhibitors (Roche, Switzerland). Explants were
thawed, weighed to ensure uniformity, and allowed to equilibrate
overnight in DMEM supplemented with 25 mM HEPES. 100 pL of
30 uM NP-protein solutions were administered to the porcine ex-
plants and incubated for 4 or 24 h (cfpa) = 12 pM). NP uptake into
cartilage was revealed by measuring the overall FITC fluorescence
over time and comparing the initial supernatant signal pre-incu-
bation Top (100 %) to reduced values after 4 (T4n) or 24 (T24n) hours.
Each explant condition was performed in triplicates and repeated
independently three times. To visualize NP uptake, 24 h cartilage
explants were fixed in 2% paraformaldehyde, sliced in half, cut
along the sagittal plane from the center, stained with DAPI, and
imaged using Nikon Ti2 inverted microscope with a 20x objective.
Images were obtained using Image] software.

Cellular uptake was investigated utilizing the Tc28a2 chon-
drocyte cell line (gift from Dr. Cronstein's lab at NYU Langone, USA),
U937 monocyte cell line (Sigma—Aldrich), and RA (3f, 59—66 years
old) or OA (2f/1m, 67—77 years old) patient-derived fibroblast-like
synoviocytes (FLS) (Sahlgrenska University Hospital, Gothenburg,
Sweden). The cells were seeded under serum-free conditions at the
density of 1 x 10° cells/well in a 48-well plate, incubated with the
NPs for 30 min or 10 h (cell lines included additional time points),
and washed three times with FACS buffer. Quantification of cellular
uptake was performed using Guava EasyCyte 8HT flow cytometer
(Millipore, Darmstadt, Germany) by measuring the FITC signal (Aex
488 nm/Aem 525/30 nm). Gating included only single, live cells
(after FSC/SSC exclusion of dead cells, >5000 cells) with an acqui-
sition range of 5000—10,000 cells. The mean cellular uptake of
FITC-labeled NPs was estimated as the average fluorescence in-
tensity of all cells within the gate. The data was collected in 1-3
independent experiments and is represented as the means with
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95% confidence intervals (ClI), n = 3—4. All flow cytometry data
were analyzed and visualized using Flow]Jo software V10.

Proteomic analysis

NPs with hard protein coronas were pelleted by centrifugation
at 15,000 x g for 15 min, snap-frozen using liquid nitrogen, and
submitted to the Proteomics Core Facility (Gothenburg, Sweden).
Briefly, proteins were digested into peptides using MS-grade
trypsin and analyzed by nanoscale liquid chromatography-tandem
mass spectrometry LC-MS/MS. The mascot search engine was used
to match the discovered peptide sequences against SwissProt hu-
man and bovine protein database using Proteome Discoverer. Data
were analyzed using a label-free quantification method and the
protein false discovery rate was set to 1%. To elucidate the molec-
ular functions and classifications of significant proteins, the
enrichment analysis was performed using Gene Ontology-based
PANTHER classification system. SF samples were matched to hu-
man (Homo sapiens), while FCS samples were matched to the
bovine (Bos taurus) databases.

Statistics

Statistical analyses were performed using GraphPad Prism
(GraphPad Software) version 9.0.2. Shapiro—Wilk test assessed
data normality. Two-way ANOVA tests with Bonferroni or Tukey's
adjustment for multiple comparisons were used to assess signifi-
cance in cartilage uptake and cellular studies respectively. P-values
<0.05 were considered statistically significant and data are

presented as mean values + 95% CI unless otherwise indicated.
Statistical and differential analyses for proteomic studies were
performed in R (R Foundation for Statistical Computing), using
LIMMA, DEP, and ComplexHeatmap R packages. To account for in-
consistencies and skewness in the obtained data, the analysis was
performed using the Mann Whitney Wilcoxon test followed by the
Benjamini—Hochberg multiple hypothesis correction. Significance
threshold was set for the adjusted P-values of <0.05 and ratio
change of >1.5 fold.

Results
Material composition and characterization

To compare the effect of the SF protein corona formation and its
influence on NP uptake into tissues and cells, three NP candidates
with distinct surface chemistries were formulated. Products were
confirmed by 'H nuclear magnetic resonance spectroscopy (Fig. S1)
and consisted of PAMAMs containing no PEG (NPp), short PEG
chains (NP35¢), or long PEG chains (NP5gqg) conjugated with a FITC
fluorophore. The size assessment of the NPs by TEM and DLS
confirmed the expected sizes (theoretical size of PAMAM
G5 = 5.4 nm; Fig. 1(A) and (B)). NPp measured 7.2 + 2.8 nm, NP35¢
measured 7.8 + 2.5 nm, and as expected, NP5gg9 exhibited the
largest hydrodynamic radius of 11.0 + 4.4 nm. Similarities between
NPg and NP359 were also seen in the zeta potential characteristics,
where recorded values were +17.0 + 1.78 mV and +16.0 + 1.95 mV,
respectively. NP5ggp exhibited a lower value of +4.0 + 2.57 mV
[Fig. 1(C)]. The similar FITC fluorescence profiles between all NPs

NP5000

B C D
25 1200
S 304 -
154 3
E 70 s Y e
o = MR S 15+ § = 4 LY - NPy
E = 350
5 = NP3so e 8 & \ NP,
2 104 Fy = [ ) 7 5000
[ + NPsoo = ° ' \
5 © 104 8 ' \
z ! o ) § g \\
ol ’
h S ° 8 g 400 | L
54 o 54 ] o ’ \\
N 2 ’ N
{ w 'l \\
| o
} / 0 T T o7 § s
+ T e NPq NP350 NPs000 500 550 600

T
0 10 20 30 40
Size (d.nm)

Wavelength (nm)

PAMAM-PEG,-FITC NP characterization (A) The sizes of the NPs were assessed with TEM in a 15 uM PBS suspension at pH = 6, scale
bar = 10 nm (B, C) The hydrodynamic diameter of the particles was measured at 30 uM, neutral pH environment and the values were extracted
based on the size distribution by volume, and zeta potential was quantified using DLS (D) Green fluorescence FITC signal was measured and
quantified A = ex. 483/14 nm, A = em. 530/30 nm by a fluorescence spectrophotometer.



U. von Mentzer et al. / Osteoarthritis and Cartilage 30 (2022) 1356—1364 1359

allowed fluorescence quantification to be used as a method for NP
tracking in biological assays [Fig. 1 (D)].

Cytotoxicity of the NPs was evaluated on three different cell
types due to their varied sensitivity: mouse fibroblast (L929 cells,
based on FDA guidelines'®), human chondrocyte (Tc28a2), and
monocyte (U937) cell lines (Fig. S2). Cellular tolerance (defined as
cell viability below 70% according to ISO 10993-5'%) was observed
at concentrations below 50 uM, thus, the concentration used in all
biological assays was set to 30 puM.

Protein adsorption to NP surfaces naturally resulted in hetero-
geneous and increased NP sizes (data not shown) and a shift toward
negative charges (Fig. S3 A—B). BCA protein quantification revealed
the highest concentration of adhered protein from RA SF, followed
by FCS and OA (Fig. S3 C). SF-derived coronas yielded zeta poten-
tials ranging from —13.9 + 1.4 mV (NP5ggg) to —15.7 + 1.6 mV (NPp)
for OA, and from —12.9 + 1.2 mV (NP5pgg) to —15.5 + 1.2 mV (NPp)
for RA. Meanwhile, FCS condition ranged from —9.4 + 4.1 mV (NPp)
to —10.5 + 3.0 mV (NPsgqg).

Cartilage uptake studies of hard protein corona-coated NPs

NP capacity to interact with cartilage tissue was assessed by
quantifying the FITC signal over time. Reduced fluorescent signal in
the media suggested that all NPs (NPg, NP350, NP5ggp) were able to
interact with the viable cartilage. All candidates subjected to PBS
(no protein condition) displayed a significant uptake (P < 0.0001,
95% Cl = 5.72—12.98; p = 0.0002, 95% CI = 3.48—11.18; p = 0.0017,
95% CI = 2.18—9.82) after 24 h [Fig. 2 (A)]. However, hard protein
corona-decorated NPs displayed a difference depending on the
protein source. NPy [Fig. 2 (B)] and NPs35¢ [Fig. 2(C)] displayed a
significant change in fluorescence only in FCS condition
(P=0.0089, 95% CI = 2.18—16.99; p = 0.0098, 95% CI = 1.73—14.20,
respectively). NPsgpo proved to be the most effective candidate as it
displayed significant changes in fluorescence and subsequent up-
take into cartilage in OA (P = 0.0036, 95% CI = 2.68—14.88) and FCS
(P = 0.0343, 95% CI = 0.40—12.60) conditions. NP uptake and as-
sociation with the cartilage tissue were further supported by
fluorescent imaging. Prominent effects of the protein conditions
were observed for NPg [Fig. 2 (F)], but not for the PEGylated NP35¢
and NP5000 (Fig. S4 A*B).

Particle uptake by cartilage associated cells

The influence of the biological identity of NPs was further
evaluated in chondrocyte and monocyte lines, as well as RA and OA
patient FLS cells. FITC uptake was measured using flow cytometry
and all cells were incubated with NPs for 30 min or 10 h (Figure D).
Additional time points were investigated in chondrocyte and
monocyte cell lines (Fig. S5). We observed a higher cellular uptake
under protein-free (PBS) conditions as compared to NPs subjected
to protein adsorption (Fig. 3). Tc28a2 chondrocytes displayed NP
uptake regardless of protein coronas (Fig. 3 A1-4), especially with
the NPs5ggo. Interestingly, RA-derived FLS displayed a prominent
difference for all NPs after 30 min under protein-free conditions,
but especially for NPsggp (Fig. 3 D1). U937 monocytes took up
NP5g00 most efficiently after 10 h in both protein-free (Fig. 3 B1) and
FCS conditions (Fig. 3(B)4). No selectivity was observed for any of
the NPs in SF conditions (Fig. 3 B2-3).

Patient-derived primary OA FLS had no preference for NP uptake
in protein-free conditions (Fig. 3C1), whereas NPy was taken up
more effectively with an OA SF-derived protein corona (Fig. 3C2).
The RA-derived protein corona only influenced the chondrocyte
uptake after 10 h, while a 30-min incubation time of NPy was most
efficient with FCS conditions (Fig. 3C4). RA patient-derived FLS

displayed no distinguishable difference in uptake for any of the NPs
in protein-rich conditions (Fig. 3 D2-4).

Characterization of hard protein corona-coated NPs

Gene ontology analysis of protein molecular function provided
a general overview of OA, RA, and FCS condition differences
illustrating functional similarities despite FCS proteins arising
from a different animal species [Fig. 4(A)—(C)]. Proteins exhibiting
binding or catalytic activity constituted a large part of the hard
protein corona found on all NPs. Protein activity binding modu-
lators such as C3, C4BPA, C5, ITIH1, ITIH2, ITIH4, SERPINA3, ARF4,
HRG, GFA, HSPB1, and others composed the largest part of the
differentially abundant proteins in SF [Fig. 4(D) and (E)],
comprising of 26% and 18% of the total significant protein count in
OA and RA, respectively. In contrast, the largest group of proteins
in FCS samples were classified as protein modifying enzymes and
included 25% of the significant proteins, followed by cytoskeletal
proteins which comprised 17% of the total significant protein
count [Fig. 4 (F)].

The most abundant proteins identified in the SF samples
included albumin, lubricin, fibronectin, inflammation-associated
proteins, and numerous apolipoproteins. The high abundance of
components such as myeloperoxidase, complement proteins such
as Cls, C3, C4a/b, C9, hemoglobin subunit beta, as well as the
findings of various immunoglobulins confirmed the inflammatory
state. ECM-associated proteins such as inter-alpha-trypsin inhibitor
heavy chains, cartilage acidic protein 1, cartilage oligomeric matrix
protein, and alpha-2-HS-glycoprotein were also detected. Addi-
tionally, we discovered other proteins which take part in various
cellular processes and protein transport such as heparin cofactor 2,
prothrombin, actin-binding gelsolin, histone components, and
others.

Most abundant proteins found in FCS conditions correlated with
some of the proteins found in the synovial patient samples. Simi-
larities between the SF and FCS included albumin, complement
factors, fibrinogen, inter-alpha-trypsin inhibitor heavy chains, and
various apolipoproteins.

Differentially abundant proteins between OA and RA included
COMP, ITIH1, ITIH2, and SIGLEC5. While these proteins were
detected on the NP35¢ particle, abundance was not as prominent on
the NPs5pgp. NPy showed a similar profile to NPsggp with high
abundances seen in proteins involved in transport such as ARF4,
ACAP1, RP2 [Fig. 5 (A)] in OA SF conditions. NPs with RA SF-derived
coronas were prominent in EMC8, GYS2, H2BC3, TOLLIP [Fig. 5 (B)].
NPs with proteins from FCS showed distinct differential abun-
dances for a variety of proteasome subunits [Fig. 5(C)], including
multiple members of PSMB and PSMA families.

Discussion

The nature of the intrinsic biological environment is an impor-
tant consideration that often is neglected in many drug delivery
vehicle studies'”. Our study addressed this issue by evaluating the
influence of patient-derived SF protein coronas on three types of
NPs and their ability to be taken up by cartilage tissue and joint-
associated cells.

Aiming to preserve the cationic profile of the PAMAMs for
electrostatically driven cartilage transport, a 2% surface PEGylation
equipped NPs with distinct surface chemistries while maintaining
the small size (<15 nm) needed for cartilage tissue penetration'>.
NP5000 characterized by the long chains of PEG proved to be the
most tolerated in the cytotoxicity assessment, thus supporting the
importance of PEGylation as a strategy for enhancing
biocompatibility 'S,
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Investigation of NP uptake to the cartilage tissue explants (A) 30 1M of NPs were administered to cartilage explants and incubated for 4 h or 24 h.
FITC signal was detected using a fluorescence spectrophotometer and NP uptake into the cartilage tissue was assessed after 4- or 24-h in-
cubation and normalized to its correspondent pre-incubation signal. Each NP suspension was subjected to three different protein abundant
conditions — OA = pooled OA patient synovial fluid (2f/2m); RA = pooled RA patient synovial fluid (4f/1m); FCS = fetal calf serum. The influence
of the formed hard protein corona on cartilage uptake was compared for NPg, NP350, and NPsgqo, respectively (B, C, D) (E) Representative
confocal images of cartilage uptake of NPq particles after 24h. Nanoparticles appear as green due to FITC tag, while DAPI allows visualization of
the chondrocytes in the tissue. Scale bar indicates 50 um. Data are representative of 3 independent experiment repeats, n = 4—9. Error bars
represent 95% ClI, while the statistical significance was assessed using 2-way ANOVA with Bonferroni correction.

It is known that the composition behind protein corona for-
mation is dictated by interpatient heterogeneity® and can further
deviate depending on the “soft” (low affinity) and “hard” (high
affinity) adhered protein layer'. Interestingly, we observed the
highest protein concentration on NPs subjected to RA SF, followed
by FCS, and OA SF, indicating differences based on the protein
source and not the NP surface chemistry. Nevertheless, our PEGy-
lation strategy did not inhibit protein adhesion to the NPs in gen-
eral, resulting in particle size increase and reduced zeta potential,
likely arising from the negatively charged proteins present in SF and
serum'’. As intra-articular NP drug delivery systems shift from

sustained-release to enhanced tissue penetration to target cartilage
cells?®, considerations of protein corona effects will play a sub-
stantial role from pre-clinical development to success in the clinics
and the emerging field of personalized medicine?’.

To evaluate the effect of protein adsorption on the uptake of our
NPs, we utilized articular porcine cartilage explants as a model
system. The thickness and structural similarities to human cartilage
make them appropriate models for NP uptake since larger animal
models are more relevant for mimicking cartilage pathologies such
as 0A%?. All three NPs exhibited uptake into the cartilage over time.
While no difference was observed under protein-free conditions,
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ANOVA complimented with Tukey's test to assess the significance. P-values above 0.05 were regarded as significant, error bars represent 95%

Cl.

protein coronas interfered with the uptake of NPs into the tissue.
All NPs displayed a significant uptake in FCS conditions. Interest-
ingly, NP5gqg also displayed a prominent uptake when subjected to
OA SF conditions, suggesting the potential as a drug delivery vehicle
in OA. The effect of PEGylation has been reported to aid in extra-
cellular barrier transport in tissues such as brain and mucosal tis-
sues”®, thus the longer PEG chains of the NPsggo could further
advance the NP transport in cartilage ECM.

Further, the examined protein conditions affected NP in-
teractions with the cartilage surface. Protein-free NPs reached
deeper into the tissue compared to their NP-protein complex
counterparts, as the complexes mainly localized to the superficial
zone of the cartilage. Interestingly, no difference could be noted for
the different PEGylated NPs, confirming that the biological identity
of NPs plays a more prominent role in their interactions with the
cartilage. Yet, it is important to note that the interactions between
the human SF and porcine-derived cartilage may contain species-

dependent differences, requiring additional considerations for
translational extrapolation.

For treatments aiming to target joints, it is important to not only
consider the tissue barrier, but also the intended cellular target.
Cellular uptake was studied in both chondrocyte and monocyte cell
lines, as well as patient-derived OA and RA FLS cells. These were
chosen to reflect the key players in the joint that would determine
the outcomes of administered therapies®* 2®. Protein-free NPs
exhibited a higher uptake when compared to NPs with protein
coronas. These results contrast the tissue uptake studies as the NP
uptake was visualized for all NPs regardless of surface modifica-
tions or protein conditions. We also noted that the usage of com-
mon lab reagents such as FCS or cell lines may lead to an
overestimation of NP uptake. Interestingly, we observed different
uptake profiles between OA and RA FLS cells under protein-free
conditions, as OA FLS uptake was similar for all three NP types. In
contrast, RA FLS were prominently less susceptible to NP5ggo.


mailto:Image of Fig. 3|tif

1362

OA

OA

U. von Mentzer et al. / Osteoarthritis and Cartilage 30 (2022) 1356—1364

B
@ Binding
O Catalytic activity
O Molecular function regulator
[ Transporter activity
O Structural molecule activity
=

@ protein-binding activity modulator
O cytoskeletal protein

O extracellular matrix protein

O transporter

O defensefimmunity protein

O metabolism associated enzymes
O protein medifying enzyme

O chromatin-binding/regulatory protein
D transfericarrier protein

O intercellular signal molecule

@ calcium-binding protein

O cell achesion

C
FCS
@ Binding
O Catalytic activity
@ Transporter activity
O Molecular function regulator
O Structural molecule activity
F
FCs

@ protein-binding activity modulator
O extracellular matrix protein

O defense/immunity protein

O metabolism associated enzymes
3 protein medifying enzyme

O cytoskeletal protein

O transfericarrier protein

O calcium-binding protein

O chromatin-bindingfregulatory protein
O transporter

B membrane traffic protein

O cell adhesion

O intercellular signal molecule

& Binding

[ Catalylic activity

O Molecular function regulator
@ Molecular adaptor activity
O Structural molecule activity
B Transporter activity

[ protein modifying enzyme
O cytoskeletal protein

O protein-binding activity modulator

O transfericarrier protein

O defensefimmunity protein

B metabolism associated enzymes

O gene-specific transcriptional regulator
O extracellular matrix protein

[ scaffold/adaptor protein

O translational protein

3 chromatin-binding/regulatory protein
O chaperone

Ogeoarth ritis and Cartilage

Pathway enrichment analysis for the differential protein abundances on the coronas detected in the panel of NPg, NP3s0, npsooo (A, B, C)
PANTHER based analysis revealed molecular function of the identified proteins in human patient OA synovial fluid, human patient RA synovial
fluid), and bovine fetal calf serum (FCS) samples, respectively (D, E, F) To further compare the difference between the detected proteins on the NP
coronas, protein classification was also elucidated for the OA, RA, and FCS samples respectively using the same analysis comparison.
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(A, B, C) Heat maps of the differentially expressed significant proteins associated with individual protein coronas on NPg, NP350, and NP5q09
exposed to late-stage OA synovial fluid (52) (A, B, C), RA synovial fluid (58), or commercially available FCS (59) respectively. The red and blue
color scheme indicates high and low abundance of LFQ intensities (FDR = 1%) represented as log2FC. The tables below summarize the top 14
differentially expressed proteins among the NP groups.
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Similarly, the chondrocyte and monocyte cell lines also exhibited
significantly lower cellular uptake of NPsggp compared to NPy and
NP3509. The lower uptake of NPsgpp could be attributed to the
PEGylation effect, as PEG chain length has been shown to decrease
cellular interactions®’. As many drugs aim to alter the ECM-pro-
ducing chondrocytes, PEGylation could facilitate the transport of
NPs through the ECM yet result in reduced cellular uptake. Future
studies should investigate the ability of NPs to reach the native
tissue-residing chondrocytes and their intracellular localization, as
this may have implications on cellular responses irrespective of NP
cargo.

Finally, to investigate if the observed uptake differences could be
attributed to a specific protein and its function, we used a quanti-
tative proteomics approach to assess individual protein corona
profiles. In total, we identified 52, 58, and 59 statistically different
abundant proteins among the NPs for OA, RA, and FCS conditions,
respectively. Patient SFs were characterized by a differential
expression of proteins such as TOM1 in OA, and TOLLIP in RA.
Literature has recently linked TOM1 protein with endosomal
transport, impaired autophagy, and immune response, thus likely
contributing to the pathological mechanisms in both RA and
0A?%29_ TOM1, the most abundant protein on NPsgg, represents an
interesting candidate that could direct NP uptake, as it is respon-
sible for recruiting clathrin and driving endosomal cellular uptake.
This could explain the significance of cartilage explant uptake for
both OA and RA®’, as TOLLIP has been reported to associate with
TOM]1, thus together they may direct NP uptake into cells via
endocytic pathways®®3!. The differential adherence of TOMI,
TOLLIP, and proteins alike might help to explain the differences
seen in the biological uptake studies. Additionally, we were able to
demonstrate the specificity of certain proteins such as COMP and
ITIH1/2 to NP35¢0 in both RA and OA conditions, suggesting that the
surface chemistry of the NPs affects protein corona composition.

Additional studies in vivo and the utilization of microfluidic
devices or bioreactors would allow for a more accurate represen-
tation of the joint in the future. As the synovial environment is
highly dynamic, a major drawback of these studies includes SF
turnover that may influence the diffusion and clearance rate of drug
delivery agents®2. Enhanced stability characterization of NPs sub-
jected to protein-abundant conditions would allow the distinction
between the NP aggregation profiles when compared to the pres-
ervation of the NP biological identity. Yet, to fully understand the
impact of the protein corona formation on nanocarriers, distinct
and robust characterization techniques are required and remain to
be established in order to enhance the reproducibility, allow the
comparisons among different NP systems, and enhance the trans-
lational capacity in nanomedicine*>,

To conclude, our study demonstrates the influence of protein
corona interactions with small cationic NPs. It demonstrates how
the biological identity of NPs dictates cartilage tissue and cellular
uptake, and alludes to the role of PEGylation for ECM and cell
surface interactions. While the question of how to optimally ac-
count for protein corona effects across the pre-clinical to clinical
spectrum, these results encourage a continued outlook for biolog-
ical identity characterization and studies mimicking the native
cartilage tissue environment to enhance the development of
nanomedicines for arthritis.
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