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ABSTRACT

Cationic nanoparticles (NPs) are emerging as promising carriers for intra-articular drug delivery, particularly for
osteoarthritis (OA) where treatment options are limited. However, the clinical translation is challenged by an
incomplete understanding of NP interactions within pathological environments. While the influence of the
protein coronas on NP behavior has been extensively studied, the specific role of glycoproteins in the extra-
cellular matrix (ECM) remains underexplored, representing a significant knowledge gap. This study investigates
how glycosylation-driven interactions between polymeric NPs and enzyme-degraded cartilage biomolecules such
as glycosaminoglycans (GAGs) affect NP-ECM aggregate formation and subsequent inflammatory responses.
Using an ex vivo model of cartilage degradation induced by catabolic enzymes- hyaluronidase, ADAMTS5 and
collagenase- a novel model system was developed to specifically study the behavior of small (<10 nm) and large
(~270 nm) cationic NPs in glycoprotein-enriched environments. Atomic force microscopy and dynamic light
scattering revealed distinct mesh-like structures formed by the NP aggregates following different enzymatic
treatments, confirming the adsorption of glycosylated fragments onto the particles. While total protein content
showed minimal differences between NP samples, smaller NPs demonstrated a prominent association with GAGs
such as hyaluronic acid and aggrecan, as demonstrated by circular dichroism. These ECM-NP interactions
significantly influenced the immunological response, as evidenced by differential cytokine production from
macrophages exposed to the aggregates. Our findings underscore the crucial, yet underappreciated, role of
glycoproteins in determining NP behavior in pathological environments. Accounting for glycoprotein in-
teractions into the design of nanomaterial and drug delivery systems could significantly improve therapeutic
outcomes by enhanced targeting precision, optimized delivery, and effectively modulating immune responses in
OA and other complex diseases.

1. Introduction

profiles and potential safety advantages, their weaker affinity to the
ECM limits their effectiveness for cartilage-targeting applications.

The increasing prevalence of degenerative joint diseases such as
osteoarthritis (OA) presents significant challenges for treatment, with
the deterioration of cartilage leading to pain and loss of function [1-3].
Recent advances in OA drug delivery have particularly highlighted the
effectiveness of cationic NPs in targeting cartilage [4,5]. Their positive
charge facilitates strong electrostatic interactions with negatively
charged ECM components, such as glycosaminoglycans (GAG) and
proteoglycans. These interactions enhance NP retention, aggregation,
and targeted delivery within the dense extracellular matrix (ECM).
While neutral and negatively charged NPs may offer distinct interaction

Instead, small cationic NPs can be designed to penetrate the dense ECM,
while large cationic NPs can serve as surface-binding depots [6,7].
However, the success of these delivery systems relies on understanding
how NPs interact with the local tissue microenvironment, which can be
significantly altered under pathological conditions.

Therapies targeting joint pathologies by local, intra-articular in-
jections first encounter the synovial fluid, a protein-rich ultrafiltrate of
plasma that influences their biological fate [8-11]. Rapid adsorption of
biomolecules such as proteins, lipids, and metabolites, onto NP surfaces
leads to the formation of a biomolecular corona, or more specifically a
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protein corona (PC), which can significantly affect NP biodistribution,
cellular uptake, and immune recognition [12-14]. While the impact of
the PC on NP behavior has been well-documented, there is limited un-
derstanding of how specific ECM components, particularly glycopro-
teins, interact with NPs and shape their biological responses [15-17].
Glycosylation, a key post-translational modification, plays a crucial role
in immune recognition, cellular uptake, and aggregation. Although most
protein corona studies focus on serum proteins, the few investigations
into glycosylation coronas have identified specific effects driven by
glycostructures, influencing NP-cell interactions and off-target binding
[18,19]. Glycoproteins can act as damage-associated molecular patterns
(DAMPs) in diseased conditions, with distinct glycosylation patterns
critically modulate NP-immune system interactions [20]. This repre-
sents an important but understudied factor in the design of
nanotherapeutics.

The need to better understand these interactions is especially rele-
vant in OA, where enzymatic degradation of the cartilage ECM leads to
the breakdown of GAGs, proteoglycans, and collagen, releasing ECM
fragments into the synovial fluid. These degradation products alter the
biochemical and biophysical properties of the ECM, compromising tis-
sue integrity and promoting inflammatory signaling [21]. Specifically,
fragments such as hyaluronic acid (HA) and chondroitin sulfate increase
the anionic charge density within the synovial fluid, which can hinder
the diffusion and uptake of cationic NPs by negatively charged cartilage
surfaces. Proteoglycan cleavage exposes new binding sites but also dis-
rupts the mesh-like structure of the ECM, affecting NP penetration.
Collagen degradation, primarily during advanced stages of OA, further
alters the ECM by reducing its structural integrity and creating molec-
ular fragments that interact with NPs in ways distinct from intact
collagen fibrils. Our previous study revealed how the different compo-
sitions of arthritic patient synovial fluids influenced and hampered the
uptake of positively charged NPs into cartilage explants and joint-
related cells [22]. Additionally, other studies have shown that the pro-
tein adsorption profile varies with health status, and that PC composi-
tion correlates with tissue pathology [23,24]. Few studies have
specifically investigated the role of glycoproteins in this context, despite
their abundance in the ECM and their potential influence on immune
responses.

This study aimed to address this gap by investigating how cationic
NPs interact not only with proteins, but also with the glycosylation of
proteins and other ECM components, as these interactions collectively
influence cellular behavior and responses. These large, anionic bio-
molecules and their formation of a tight mesh have severely hindered
development of successful therapies for OA, as they form a dense barrier
hindering treatments to reach the deeply embedded chondrocyte, the
ECM-producing cell. This study was therefore designed to examine the
behavior of cationic polyamidoamine (PAMAM) and poly(lactic-co-gly-
colic acid)-polyethylenimine (PLGA-PEI) NPs in ex vivo porcine artic-
ular cartilage explants subjected to enzymatic treatments that simulate
the degradative processes of OA. The enzymes hyaluronidase (HYA) and
ADAMTS5 (ADA) were included in the model to specifically focus on
GAGs, whereas collagenase type II (COL) mainly focused on protein
degradation [25-27]. Increased levels of all three enzymes have been
found to be active in OA [28-30]. These distinct enzymatic environ-
ments allowed us to assess how NP-ECM interactions and subsequent
macrophage cytokine responses were influenced by the presence or
absence of specific ECM fragments. The use of tissue and cartilage
models that closely resemble human cartilage is essential for accurately
evaluating NP behaviors such as diffusion and interactions with specific
ECM molecules, as they better replicate the dense ECM composition,
structure and dimension found in human joints. The results of these
studies highlight the importance of incorporating glycoprotein interac-
tion analysis into the development of nanotherapeutic strategies, as the
study revealed clear interactions by NPs with GAGs. Understanding
these dynamics could significantly improve the design of biomaterials
for precision medicine, potentially leading to better therapeutic
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outcomes for OA and other complex diseases.
2. Results and discussion
2.1. NP and cartilage explant model design and characterization

Size and charge are essential design factors for cartilage targeting,
influencing both surface binding and tissue penetration. To investigate
these effects, a panel of four NPs with varying sizes and surface charges
was developed (Fig. 1). The cartilage ECM is porous and allows the
diffusion of small NPs (< 15 nm) [9], guiding the synthesis of two
dendrimeric PAMAM NPs: PAMAMy and PAMAM;. PAMAMy represents
an unPEGylated FITC-modified NP, while PAMAM], was PEGylated to
reduce its surface charge. Both are small cationic NPs (<10 nm) with
distinct zeta potentials (PAMAMy = 6.0 nm, +16.5 mV; PAMAM|, = 8.6
nm, +6.4 mV) and were designed to penetrate the full thickness of
cartilage tissue. In contrast, larger, polymeric PLGA-based NPs were
developed to model drug delivery systems that primarily target the
cartilage surface. These larger NPs were synthesized using a nano-
precipitation method, with a hydrophobic PLGA core and amphiphilic
PEGyo 000-PEI polymer shell (PEI conjugation confirmed by NMR,
Fig. S1, Supporting Information) contributed to their size. By varying the
ratios of PEG and PEI, two PLGA-PEI formulations were created: PLGA-
PEIy (270.3 nm, +22.2 mV) and PLGA-PEI}, (265.2 nm, +3.8 mV). The
incorporation of PEG reduced charge density, yielding a lower zeta
potential in PLGA-PEI;, compared to PLGA-PEIy. These formulations
simulate surface-binding drug delivery strategies, as their larger size
prevents penetration into cartilage tissue.

Dynamic Light Scattering (DLS) characterization in solution
demonstrated stable, monodisperse NP size distributions for all NP
species (Fig. 1A). All NPs also exhibited non-toxicity at the used con-
centrations (assayed at 500-28 pg/ml) by a resazurin viability assay, as
described previously for the PAMAMs [22] and the PLGA-NPs (Fig. S2,
Supporting Information). Flow cytometry analysis of uptake efficiency
over time revealed that smaller NPs exhibited significantly higher up-
take rates compared to the larger particles in both chondrocytes and
macrophages (Fig. S3, Supporting Information). The smaller NPs ach-
ieved near-complete uptake by chondrocytes within 5 min (~100 %,
Fig. S3a), whereas the larger particles required 8 h to exceed 50 % up-
take. In macrophages, all particles except PLGA-PEI}, reached 100 %
uptake within >8 h, with PLGA-PEI}, achieving only 25 % uptake during
the same period (Fig. S3b). These results confirm that both size and
charge are important design principles that influence NP cellular uptake
kinetics [31].

To assess how specific ECM environments influence NP behavior, we
developed a model system designed to simulate complex bioactive ECM
conditions associated with OA. The experimental setup ensured a
controlled and reproducible environment, mimicking key aspects of OA-
associated cartilage degradation [28-30]. While the enzyme concen-
trations used in this study may not precisely replicate in vivo enzymatic
activity—due to the variability in enzyme expression and activity
depending on disease severity and patient-specific factors— they were
carefully selected to model critical ECM degradation processes. Carti-
lage explants were preconditioned with proteolytic enzymes to selec-
tively degrade specific ECM components, simulating disease-associated
catabolic activity. HYA was used to degrade hyaluronan, ADA to cleave
aggrecan (ACAN), and COL to target collagen type II (COL2) [25-27].
This approach enabled the investigation of fundamental mechanisms
governing NP-ECM interactions under enzymatically modified condi-
tions, providing insights into how OA-induced ECM changes influence
these interactions.

AFM imaging was first used to identify distinct patterns consistent
with the expected cartilage degradation products. This confirmed the
presence of specific enzyme-generated fragments or the release of
nonspecific ECM fragments in the case of the PBS control group
(Fig. 1B). In the control group, the majority of released GAGs was
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Fig. 1. Size and charge characteristics of polymeric NP panel and characterization of the ECM-degenerative model. NPs were visualized using TEM for PAMAMy and
PAMAM] (scale bar = 10 nm) and SEM for PLGA-PEIy and PLGA-PE];, (scale bar = 100 nm). NP size and zeta potential under aqueous conditions were characterized
using DLS and are represented as mean values + S-D (A). The study includes harvesting cartilage explants from porcine tissue and the characteristics of the su-
pernatants after preconditioning without (PBS control, CTRL) or with catalytic enzymes (Hyaluronidase: HYA, ADAMTS5:ADA, and Collagenase: COL) by AFM (B),
total protein content by BCA (C), total sGAG content by the DMMB assay (D), or 1D SDS-PAGE where “L“indicates the protein ladder reference (E). F) Cytokine
expression from macrophages stimulated by ex vivo cartilage supernatants from preconditioned explants with CTRL, HYA, ADA, and COL using a multiplex bead
assay. Data are represented as mean values + S.D. Analysis was performed using one-way ANOVA (C and D) or two-way ANOVA (F) with Tukey’s multiple com-
parison post hoc test, where * = p < 0.05 and **** = p < 0.0001. N = 6-16 (C and D) or N = 3 biological replicates (F).

attributed to be the products of intrinsic proteases present in the carti-
lage tissue [30]. HYA-treated cartilage explants mainly released HA
which appeared in the supernatants as macroscopic globular conden-
sates with diameters of 0.25-1 pm and heights of 4-21 nm. Cowman and
colleagues have previously shown that native HA is composed of long
and thin strands with diameters of around 0.5 nm and can appear in
several different conformations [32]. In ADA-stimulated explant su-
pernatants, a distinct branched structure of ACAN with a thickness of
about 10 nm was observed, in agreement with reports by Ng et al. [33]
COL stimulation of the explants mainly resulted in the formation of
globular collagen aggregates, however, COL2 fibrils were also observed

(Fig. S4, Supporting Information). The round structures may arise as a
result of a high degree of collagen degradation caused by multiple
cleaving sites of collagen by clostridial collagenase. The mechanism of
such degradation has been investigated and reported by Watanabe-
Nakayama et al. where similar globular structures were observed
when collagen was subjected to type I collagenase cleavage [34].

Total protein content of the supernatants did not change between the
conditions including the control (Fig. 1C) To attribute potential differ-
ences in protein species between the conditions, 1D SDS-PAGE was used
to separate proteins within the 3-260 kDa range, offering a broad
spectrum of protein size resolution (Fig. 1E). Smaller protein and
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peptide fragments such as cleaved protein fragments can be detected in
the lowest range (3-20 kDa), medium sized proteins such as the
employed enzymes and structural proteins would be detected in the 20-
100 kDa range, and larger proteins such as ECM components and multi-
subunit complexes could be detected in the higher ranges. As expected,
COL treatment generated the most diverse protein content, while ADA
showed the least diversity (Fig. 1E). The quantified sulphated GAG
(sGAG) levels in the supernatants of the cartilage explants with or
without enzymatic stimulation differed between the treatments
(Fig. 1D), whereas the level of induced cytokines did not alter with
respect to condition (Fig. 1F).

Taken together, we developed four distinct NPs with unique
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characteristics to evaluate their interactions with, and behavior across,
various biological environments. Our model system utilized enzyme-
degraded ECM cartilage to ensure consistent levels of total protein
released, while allowing for variations in protein composition and GAGs
based on the specific catabolic enzyme used.

2.2. Characterization of NP interactions with released ECM components

While the formation of PCs around NPs in protein-rich environments
is well-documented [35], the influence of individual ECM components
on NP behavior remains poorly understood. To address this, cartilage
explants were preconditioned with the indicated enzymes for 2 h,
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Fig. 2. Study overview and analysis of aggregate formation released ECM components and NPs in enzyme-treated cartilage ex vivo supernatants. The study includes
harvested porcine cartilage tissue explants treated with different enzymes and NPs, and the supernatants were analyzed for different ECM-NP interactions by several
methods (A). Supernatant samples were deposited on freshly cleaved mica surfaces and dried for AFM analysis (B) or were analyzed in solution by DLS (C) for
hyaluronidase (HYA), ADAMTSS5 (ADA), and collagenase type II (COL) conditions. AFM Images were acquired using tapping mode AFM. The scale bars on the right of
each image represent height in nanometers. The images were analyzed using Gwyddion software (version 2.62) [37].
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followed by an additional 2-hour incubation with the NPs to evaluate
their interactions within the modified ECM (Schematic overview in
Fig. 2A). AFM images revealed mesh-like structures formed upon NP
addition, with their morphology varying depending on the specific
enzymatic preconditioning (Fig. 2B). DLS analysis further confirmed an
increase in NP size after exposure to the supernatants from degraded
cartilage, supporting the presence and dimensions of these larger mesh
formations (Fig. 2C).

In the HYA treated explants, several protein clusters of varying sizes
were detected by DLS. The appearance of mesh-like aggregates was
observed by AFM in the explants co-treated with PAMAMy or PAMAM]|,
while no such patterns were visible after PLGA NP treatments.
PAMAMy-mediated aggregates resulted in sharper peaks compared to
the less positive PAMAM]j, indicating a stronger charge-dependent
biomolecule condensation [36]. This potential charge effect could also
be detected by comparing the DLS peaks after co-treatment of the two
larger PLGA particles, where PLGA-PEIy NPs produced smaller, poten-
tially more condensed aggregates compared to PLGA-PEI;.

Interestingly, ADA treated explants produced a major peak at around
200 nm and a smaller peak at 15 nm by DLS. Although not as prominent
as the structures seen in the HYA-treated explants, mesh-like formations
were observed by AFM in samples treated with the higher charge NPs
PAMAMy and PLGA-PEly. DLS analysis showed that PLGA-PEI}, did not
alter the aggregate size, whereas treatment with PAMAM], produced the
smallest aggregates. This suggests that the ADA-generated structure may
be influenced by the charge of the NPs, as well as by other factors such as
hydrophobic interactions.

The COL preconditioned explants produced three clusters, measured
by DLS, at 5-20 nm, 50-100 nm and 300-560 nm. When co-treated with
PAMAMy, these aggregates remained as three distinct clusters, shifted
towards larger sizes, and were observed by AFM as large meshes
alongside small, round aggregates. In contrast, when co-treated with
PAMAM;, the majority of the aggregates were found in the 4-5500 nm
range by DLS, appearing as less dense and irregular meshes in AFM
images. These observations suggest that both small NPs have the ca-
pacity to alter the assembly of cleaved collagen, potentially disrupting
hydrogen bonding involved in the formation of the collagen alpha helix.
COL and PLGA-PEIy treated samples contained distinct, globular ag-
gregates, visible by AFM but too large to be detected by DLS. Instead,
DLS measurements revealed the formation of smaller clusters at 13 nm,
and a majority at 100 nm. In contrast, PLGA-PEI|, treatments resulted in
highly branched supramolecular structures detected by AFM, whereas
by DLS, three clusters appear with a minority at 17 nm and majority at
125 nm, i.e. slightly larger than the ones produced by a more cationic
NP. These results suggest that COL-NP aggregate formation may depend
on both NP size and surface properties.

The differences in aggregate formation and morphology are pri-
marily driven by the specific ECM components released during enzy-
matic preconditioning, their interactions with NPs, and the influence of
NP charge on the assembly process. DLS measurements showed that
HYA and ADA treatments of cartilage resulted in more pronounced size
alterations compared to COL, highlighting the significant impact of ECM
biomolecules on aggregate formation. Highly charged NPs, such as
PAMAMy and PLGA-PEly, formed larger and more condensed aggre-
gates, while less charged NPs, such as PAMAM], and PLGA-PE];, pro-
duced smaller, less dense structures. AFM images further confirmed
these distinct patterns. These findings emphasize the role of electrostatic
interactions in driving aggregate formation, with the ECM composition
further modulating aggregate morphology and stability.

2.3. Molecular characterization of the NP-protein aggregates

For a more comprehensive understanding of these NP-ECM in-
teractions, we detailed the protein content of the aggregates. Interest-
ingly, the total quantity of proteins did not change after the addition of
different NPs under either ADA or HYA conditions, but changes were
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observed when co-treated with COL (Fig. 3A-C). This phenomenon did
not appear to be charge dependent, as the smaller PAMAMy did not
affect the protein release. Instead, it may be attributed to hydrogen bond
interactions between the proline and hydroxyproline residues in
collagen fibrils and the PEG surface modification present on all three
indicated NPs [27].

SDS-PAGE analysis revealed that NPs did not significantly alter the
overall protein composition when compared by molecular weight
quantification (Fig. 3D). However, specific changes were observed for
individual NPs under certain conditions. For PAMAMy, a new band
appeared at 122 kDa in the HYA condition, while a 90 kDa band was
absent in the ADA condition. PAMAM], showed changes in the ADA
condition, with new bands at 82 kDa and 66 kDa. For PLGA-PEIy, a new
band emerged at 86 kDa, while a 57 kDa band disappeared in the ADA
condition. In the case of PLGA-PEI], a single new band was observed at
96 kDa under the HYA condition.

Overall, these changes did not indicate significant differences in the
protein composition of the supernatants following NP addition, with no
detectable differences observed under the COL condition. While
comparing SDS-PAGE results with DLS measurements could provide
additional insights on the protein aggregates, the inherent complexity of
large molecules such as GAGs makes this comparison challenging [38].
GAGs, due to their molecular shape, can occupy significantly more space
relative to their molecular weight, influencing size measurements in
nanometers. Additionally, hydrated molecules can exhibit an increased
effective size in DLS measurements without any corresponding change
in their molecular weight. Moreover, aggregates formed by GAGs and
NPs can be detected by DLS due to their hydrodynamic size but may not
be distinguishable by SDS-PAGE, which focuses on individual molecular
components. Given these limitations, we further analyzed the in-
teractions between specific GAGs and the NPs to gain a deeper under-
standing of their behavior.

2.4. Glycosaminoglycans and glycoproteins as determinants for NP-ECM
interactions

A significant proportion of the PC formed by degraded cartilage ECM
could originate from sGAGs. These large structures contribute to carti-
lage function due to the presence of negatively charged groups that
attract water molecules, increasing the ability to absorb and retain
water. Although our understanding of NP interactions with fibrous
networks such as ECM remains limited, previous research has demon-
strated the hindrance of charged particle diffusion within such net-
works. This hindrance has been attributed to attractive interactions
between the oppositely charged structures [39,40]. To investigate the
electrostatic interactions between the GAGs and NPs particularly under
catabolic conditions, we quantified the sGAG levels in the supernatants
of the cartilage explants (Fig. 4 A-C). PAMAMy and PAMAM], treatment
resulted in a decreased sGAG release after degradation by HYA (Fig. 4A)
and ADA (Fig. 4B) enzymes. This phenomenon was not observed with
the larger, non-penetrating PLGA NPs, suggesting that the ability of
small NPs to enter the cartilage ECM could be an important determinant
governing NP fate. Additionally, PAMAM dendrimers have been re-
ported to allow intermolecular tethering and utilized as cross-linking
agents [41,42]. The possibility of NP-proteoglycan interactions was
confirmed in the COL samples, where COL stimulation did not yield a
similar pattern in GAG release upon NP addition, and no reduction in
SGAGs was detected (Fig. 4C). While COL has been reported to result in
the loss of GAGs [43,44], interestingly, we observed a further increase in
GAG release after the PAMAMy addition. Since the mechanism behind
such interaction is not currently known, we hypothesize that the syn-
ergistic degradation effect may be driven by the disruption in the elec-
trostatic forces that bind GAGs to collagen. Due to their size, highly
cationic PAMAMy may drive a more significant disruption of the matrix
structure, making it easier for COL to access collagen and cleave protein-
GAG aggregates.
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Fig. 3. Protein quantification and protein molecular weight analysis of enzyme-treated cartilage. Overall released protein quantity after hyaluronidase (HYA) (A),
ADAMTSS5 (ADA) (B), or collagenase type II (COL) (C) enzymatic treatments of explants, quantified by BCA. D) 1D-SDS-PAGE gel of the protein content of the
supernatants, where “L*“ indicates the protein ladder reference, “NP” indicates the specific NP, either under control conditions (CTRL) or with catalytic enzymes as

indicated. In A, data are represented as mean values + S.D. Analysis was performed using one-way ANOVA with Tukey’s post hoc test, where *

0.01, n = 12.

To determine whether the observed differences in released sGAGs
resulted from direct interactions between the NPs and degraded prod-
ucts or an influence of the NPs on enzymatic activity, we employed
circular dichroism (CD) spectroscopy to analyze conformational changes
in degraded products. CD spectroscopy enabled us to assess the stability
and structural characteristics of the sGAGs in the presence of the NPs by
detecting alterations in protein secondary structure as well as the
chirality of optically active molecules (Fig. 4D-I) [45].

We first measured the CD spectra of the pure biopolymer substrates
(HA, ACAN, COL2) as well as their respective enzymes (HYA, ADA, COL)
to obtain fingerprints of their secondary structures (Fig. 4D). The CD
spectra of the substrates (HA, ACAN, COL2) displayed distinctive CD
features, reflecting their chirality. HA showed a strong negative peak
around 210 nm, consistent with the CD of GAGs [46]. ACAN displayed
fairly weak CD signatures, yet its negative profile below 200 nm suggests
the presence of random coil structures. The CD spectrum of COL2 had
the distinctive signature of a polyproline helical fold, as expected for
collagen. The CD spectra of HYA and ADA suggested that the two en-
zymes are predominantly a-helical with negative ellipticities at 208 nm
and 222 nm, and a positive peak at 193 nm, consistent with published
structural data of these two proteins [25,47]. COL displayed a CD
spectrum with negative ellipticity at ~210 nm and weak positive

—p<0.05**=p<

ellipticity below 200 nm. This suggested a significant random coil
contribution to an otherwise predominant f-sheet structure since COL
has a p-sheet rich fold.

Subsequently, the interactions between the NPs with the individual
substrates and enzymes were explored by measuring changes to the
intrinsic CD spectra (Fig. S5A, Supporting Information). The NPs
induced CD spectral shifts for HA (Fig. 4E) and ACAN (Fig. 4F), but not
for COL2 (Fig. S5D, Supporting Information). NP-induced spectral shifts
were also observed for ADA (Fig. 4G), but not HYA (Fig. S5B, Supporting
Information) or COL (Fig. S5C, Supporting Information). To simplify the
effect comparisons, we plotted the normalized spectral changes for the
substrates (Fig. 4H), and the enzymes (Fig. 4I). This revealed that HA
was significantly altered by all NPs likely suggesting a binding interac-
tion, whereas ACAN structural alterations were apparent with PAMAMpy
and PAMAM], but not the larger PLGA-based NPs (Fig. 4H), and ADA
was most significantly affected by PAMAMy and PLGA-PEIy, (Fig. 41).

Taken together, these results suggest that smaller NPs can interact
with several GAGs, particularly in the presence of enzymes that target
negatively charged components. This was seen to some extent by DLS, in
the DMMB assay which manly measures chondroitin sulfate, as well as
the CD spectroscopy, demonstrating direct interactions with HA and
ACAN. The ability to interact with these different negatively charged
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Fig. 4. NP interactions quantified in ex vivo cartilage culture supernatants. The release of sGAGs after the addition of PAMAMy, PAMAM],, PLGA-PEIy, or PLGA-PEI;,
was measured using a colorimetric change (A = 525 nm) for enzymatic explant treatments with hyaluronidase (HYA) (A), ADAMTS5 (ADA) (B), and collagenase type
II (COL) (Q). Intrinsic CD signatures of the respective biomolecules (D). NPs induced spectral shifts for HA (E), ACAN (F), and ADA (G). The change in CD at the most
prominent peak (normalized to the intrinsic CD of each biomolecule) for NP-treated substrates (H) and enzymes (I). The data are represented as mean values + S.D.
Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test, where * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

components of the ECM raises the possibility of the interactions serving
as crosslinkers, as previously mentioned, either for soluble proteins or
for tissue ECM components. The absence of these interactions with the
larger NPs could either be attributed to their overall size, or their larger
surfactant corona, which may hinder the NPs’ interaction with nega-
tively charged components. The interactions with NPs and products of
enzymes that target ampholytic proteins like collagen are more
complicated and remain to be studied further, as well as detailed studies
on NP interactions with ADA, which seems to neither be size nor charge
dependent.

2.5. Macrophage Response to NP-ECM Aggregates

The complex and rich ECM environment composed of several
bioactive molecules collectively influence the progression of diseases

such as OA. For NPs engineered to deliver therapeutic agents directly to
the chondrocyte, the avoidance of being cleared from the joint space and
maintain efficient cellular uptake are critical factors that determine the
success of drug delivery within the joint. As first responders to the
exposure of foreign particles, macrophages play a key role in the regu-
lation of joint homeostasis by clearing tissue debris, mediating cellular
communication, and modulating immune responses [48]. Consistent
with their critical role, our findings revealed significant differences in
NP uptake efficiency. Smaller NPs, such as PAMAMs, demonstrated
rapid and higher uptake efficiency in both macrophages and chon-
drocytes (Fig. S3, Supporting Information). When associated with ECM
aggregates such as those formed with COL, the uptake of PAMAMSs
remained largely unaffected after 8 h (e.g. PAMAMy from 99.95 %
+0.05 SD to 100 % +0.0 SD and PAMAM], from 98.86 % +1.48 SD to
92.8 % +12.3 SD, n = 3-9). In contrast, the uptake of the larger PLGA-
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based particles was significantly reduced in the presence of ECM pro-
teins. This was particularly pronounced for the more cationic PLGA-PEIy
particles, where uptake decreased from 90.9 % +5.34 SD to 5.98 %
+5.76 SD. The less charged PLGA-PEI}, particles were less affected by
ECM proteins but still showed a lower overall uptake (from 25.07 %
+16.58 SD to 10.61 % +2.99 SD, n = 3-9). These results highlight the
critical interplay between size, charge, and ECM association governing
NP cellular uptake.

We further investigated whether the catabolic conditions and formed
aggregates induced immunomodulatory properties (Fig. 5A-D). Macro-
phages were stimulated with supernatants from the cartilage explant
studies, and the produced cytokines were measured using a multiplex
bead assay. The cytokine data is expressed as fold-change relative to no-
particle controls to account for background effects of enzymatic pre-
conditioning and ensure that the observed responses primarily reflect
NP-ECM interactions.

The highest level of proinflammatory cytokines were observed under
the ADA condition, with cytokine production increasing by up to 20-fold
compared to the no-particle control (Fig. 5C). Notably, the baseline
cytokine levels were similar across all conditions, indicating that the
observed cytokine induction was driven by the presence of PAMAMy or
the formation of ECM-NP aggregates. PAMAMy, in particular, triggered
elevated levels of IL-1p, a key proinflammatory cytokine activated via
the NOD-like receptor family pyrin domain-containing 3 (NLRP3)
inflammasome. NLRP3 signaling is known to be activated by particles
and crystals, with IL-1p frequently responding to various danger signals
[49]. Alternatively, toll-like receptor (TLR) signaling pathways can also
induce cytokine responses, as evidenced by increased levels of IL-12 p70
and TGF-p. Elevated levels of these cytokines, which are commonly
observed in OA patients, further highlight the proinflammatory poten-
tial of PAMAMy [50-52]. Interestingly, the additional presence of ECM
components modulated cytokine profiles. For example, HYA and ADA
conditions dampened IL-12 p70 production while enhancing TGF-f
levels, suggesting a shift in TLR signaling pathways by these aggregates.
In addition, PAMAM], induced higher TNF-a levels compared to
PAMAMy. TNF-a, which synergizes with IL-1p in OA pathophysiology,
exhibited condition-dependent variations: ADA conditions increased IL-
1B while decreased TNF-a, whereas COL conditions showed the opposite
trend. These findings suggest that surface properties, such as PEGyla-
tion, and hydrodynamic radius play a significant role in dictating im-
mune responses to PAMAM].

In contrast, larger PLGA-based NPs induced minimal cytokine pro-
duction, with PLGA-PEly eliciting modest increases in IL-1f and TGF-p.
This trend was less evident for PLGA-PEI], reinforcing the observation
that charge, rather than size, is the primary factor influencing immu-
nological responses. This aligns with previous findings that small, highly
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charged NPs elicit strong immunological responses due to their bio-
mimicry and large surface area-to-volume ratio [53]. Unmodified
PAMAM particles, for instance, have been shown to induce cytotoxic
responses and cytokine production in a charge-dependent manner, with
increasing generation amplifying these effects [54]. Larger particles
such as PLGA NPs, designed as controlled release depots, are better
suited for minimizing immune interactions This is attributed to their
limited ability to penetrate cartilage tissue, their reduced propensity to
aggregate with ECM components, and a hydrodynamic radius shielding
the NPs from immune cells [53,55]. The surface coating of NPs plays a
critical role in determining the NPs interactions with the proteins pre-
sent in the local microenvironment, as it governs the specific protein
species attracted to the particle surface. For example, Chen et al.
demonstrated that an appropriate amount of PEI coating enabled plasma
proteins to adsorb onto the particle surface without eliciting a signifi-
cant immune response [56]. Thus, achieving a desirable immune
response requires careful tailoring of both the surface coating and the
chemical structure of NPs. Our findings further highlight that the ability
to attract specific proteins and glycostructures is critical for directing an
appropriate and beneficial immune response.

Taken together, our results demonstrated that smaller NPs exhibit
significantly higher uptake efficiency compared to larger PLGA-based
NPs, both in macrophages and chondrocytes. This higher uptake effi-
ciency, combined with the ability of smaller particles to form stable
ECM-NP aggregates, contributes to their more pronounced immuno-
modulatory effects. Small, highly charged NPs, such as PAMAMy, are
suited for therapeutic applications requiring robust ECM penetration
and active immunomodulation. However, optimizing surface modifica-
tions like PEGylation remains crucial to balance therapeutic efficacy
with potential immune activation. Larger NPs, such as PLGA-PEIy and
PLGA-PE],, offer distinct advantages as drug depots, emphasizing the
need for tailored NP designs to address specific therapeutic goals in
treating joint disorders.

3. Conclusion

Despite the high potential of NPs to achieve specific targeting and
enhanced therapeutic efficacy, their clinical translation often overlooks
the complexity of patient-specific disease profiles and the clinical
context of conditions like OA. This study investigated how the catabolic
environment of OA cartilage affects NP interactions with the ECM,
demonstrating that NP behavior is influenced not only by the PC but by
the entire extracellular environment, including GAGs, glycoproteins,
and soluble factors. These ECM components collectively determine NP
aggregation, cellular uptake, and immune responses, making them
critical considerations in nanotherapeutic design.
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Fig. 5. NP-aggregate effects on macrophage cytokine production. Cytokine production from macrophages was compared after stimulation either with explants
treated with media control (A), hyaluronidase (HYA; B), ADAMTS (ADA; C), and collagenase (COL; D) and subsequent treatment of PAMAMy, PAMAM],, PLGA-PEIy
or PLGA-PEI;. Cytokine expression is presented as fold-change relative to no particle controls.
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Using an ex vivo catabolic cartilage model, we investigated NP-ECM
interactions under enzymatic conditions simulating OA-like environ-
ments. While this ex vivo model provided a clinically relevant and
controlled platform, it does not fully capture the complexities of in vivo
dynamics, including clearance, enzymatic complexities, and contribu-
tions of additional cell types to the inflammatory microenvironment.
This limitation highlights the need to expand the complexities of future
model systems to validate these findings. Nonetheless, the ex vivo sys-
tem allowed us to identify key mechanisms underlying NP aggregation,
diffusion, and immune modulation, offering valuable insights into how
glycosylation and material properties influence NP behavior in ECM-
rich environments.

Our findings demonstrate that enzymatic degradation of the ECM
significantly impacts NP behavior. While NPs exposed to HYA and ADA
products exhibited similar effects on GAG release and cytokine induc-
tion, COL treatment resulted in markedly different outcomes, high-
lighting the influence of specific enzymatic conditions. Glycoproteins,
abundant in the joint ECM, emerged as critical regulators of NP-ECM
interactions by shaping the PC and biomolecular aggregates. Smaller
NPs interacted extensively with GAGs, particularly in the presence of
enzymes targeting negatively charged ECM components, as evidenced
by DLS analysis, DMMB assays, and CD spectroscopy, which confirmed
direct interactions with HA and ACAN.

NP aggregation was shown to be driven by interactions with GAG
degradation products and glycosylated fragments, which also influenced
macrophage cytokine production. Cellular uptake studies revealed a
size-dependent retention effect: smaller NPs were minimally affected by
ECM aggregation and exhibited enhanced penetration and internaliza-
tion, while the uptake of larger NPs was significantly hindered. Despite
this limitation, larger NPs induced minimal proinflammatory responses,
underscoring their suitability for surface-localized drug delivery
strategies.

Interestingly, specific glycan structures were found to modulate
immune responses, with some reducing proinflammatory effects while
others enhanced them. This highlights the importance of designing NPs
that account for glycosylation patterns to optimize therapeutic outcomes
and control immune activation, and further emphasize the necessity of
tailoring drug delivery strategies to align with ECM composition and
structural changes during different stages of OA progression.

By elucidating these mechanisms, this study provides a framework
for optimizing NP designs to address the unique challenges posed by OA.
Small cationic NPs, such as PAMAMy, show promise for applications
requiring robust ECM penetration and active immunomodulation, while
larger NPs such as PLGA-PEly, are better suited as surface-binding drug
depots. Future work will build on these findings to explore how
material- ECM interactions and glycosylation patterns translate into
more complex, clinically relevant models for enhanced therapeutic
outcomes. These insights will guide the development of more effective,
patient-specific nanotherapeutics, ultimately advancing treatment op-
tions for OA and other ECM-rich diseases.

4. Experimental section
4.1. NP synthesis and characterization

PAMAM (G5, ethylenediamine core, Dendritech®, Inc. Sigma
Aldrich, Merck KGaA, Darmstadt, Germany) NP synthesis was per-
formed as described previously [23]. Briefly, PEGylation of PAMAMSs
was performed by combining PAMAM G5 solution (pH = 8) with acti-
vated mPEG (1:3; Sigma Aldrich) and allowing it to react for 24 h at
room temperature (RT). NPs were fluorescently labeled with fluorescein
isothiocyanate (FITC, Sigma Aldrich) (1:5) by allowing the reaction to
proceed for 12 h at RT in the dark.

PLGA NPs were synthesized by the nanoprecipitation method. First,
the mPEG-PEI polymer was synthesized. To obtain this polymer, PEI
(Sigma Aldrich) was dissolved in water and then a 10 % v/v solution was
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prepared with 0.1 M NaHCOs. The pH of the solution was adjusted to
approximately 8 with HCl. An equivalent amount of mPEG2(p0o-4NPC
was solubilized in DMSO (Sigma Aldrich), and mixed with the PEI so-
lution ensuring that DMSO was not >10-20 % of the total solution. The
combined mixture was vortexed and covered with foil, incubated for 24
h, and dialyzed (MWCO = 12-14 kDa). Particles were then prepared by
the nanoprecipitation method. First, a 1 % solution of polymers
(mPEG20000-PEI) and PEGoggog Were dissolved in double distilled water.
The ratio between mPEGoggoo-PEI and PEGgggoo was 1:11 and 1:33 (w/
w) for PLGA-PEly and PLGA-PEI;, NPs respectively. 17 mg/ml PLGA
(Sigma Aldrich) solution was prepared in acetone (Fisher Scientific,
Waltham USA). 1 ml of the PLGA solution was added onto 50 ml of the
polymer solution drop by drop while stirring at 400 rpm at RT for 24 h.
FITC labeling was performed as described above using a 10 % ratio
compared to the PEI amount in the PLGA solution. The particles were
purified using tangential flow, freeze-dried, and stored as a powder in
the —20 °C freezer.

All NPs were suspended in dPBS and their hydrodynamic size and
zeta potential of NPs were assessed using Zetasizer Nano ZS dynamic
light scattering system (Malvern Instruments, UK). The size data was
recorded at the 173° scattering angle and 25 °C. PAMAMy and PAMAM],
sizes are reported based on the number distribution (PDI: 0.02 and 0.13,
respectively), while PLGA-PEIy and PLGA-PE],, particle size values are
reported based on intensity distribution (PDI: 0.20 and 0.11, respec-
tively). NP zeta potential was measured in dPBS. NP size was further
analyzed by a scanning electron microscope SEM, JEOL JSM 7800F
Prime. NPs were dispersed in double distilled water to 1 mg/ml solution
for PLGA-PEI nanoparticles and 30 pM for PAMAM particles that were
drop-coated on Mica disc (12 mm, highest grade V1, Ted Pella Inc.,
Redding, California). The coatings were dried under a vacuum over-
night. A 4 nm-thick gold layer sputtered on the dried samples to prevent
charging.

NP toxicity was assessed using a resazurin viability assay for 24 h.
PAMAM particles were evaluated in human chondrocyte (Tc28a2) and
monocyte (U937) cell lines as reported previously [22].

4.2. NP interactions with cartilage tissue

Articular porcine joints were obtained fresh from the Experimental
Biomedicine animal facilities under the 3R principle (Gothenburg,
Sweden). Prior to explant extraction, cartilage was washed with PBS
supplemented with 1 % 10,000 U/ml Penicillin, Streptomycin (Gibco).
Cartilage explants were extracted from femoral and tibial condyle
cartilage of 3-5-month-old pigs using biopsy punchers (d = 4 mm) while
excluding subchondral bone. Explants were placed in 96-well plates,
washed three times with supplemented PBS and allowed to equilibrate
overnight in DMEM supplemented with 25 mM HEPES under regular
cell culture conditions (37 °C, 5 % CO2, 95 % relative humidity).

Explants (n = 12 for each condition) were subjected to enzymatic
treatments or PBS control for 2 h including hyaluronidase (250 U/ml),
ADAMTSS5 (250 nM), and collagenase type 2 (50 U/ml). These concen-
trations were determined through dose-finding studies to achieve
controlled release of GAGs within a specified time frame, ensuring that
the tissue was intact. After the enzymatic preincubation, 30 pM NP so-
lution was added to the explants for the next 2 h and the supernatants
were harvested and frozen at —20 to —80 °C for further analysis.

4.3. Atomic force microscopy

The supernatants were diluted 1:10 and deposited on freshly cleaved
mica, incubated 10 min, rinsed, and air dried overnight. Morphology of
the aggregates in the supernatants was investigated using NT-MDT
NTEGRA Prima AFM in tapping mode in the air using NSGO1 gold-
coated single crystal silicon probe (resonant frequency ~150 kHz,
force constant ~5.1 N/m). Image analysis was performed in Gwyddion
version 2.62.
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4.4. Dynamic light scattering of NPs with degraded ECM

The supernatants were diluted to 1:100 in dPBS (Sigma Aldrich) and
analyzed as described above.

4.5. Total protein quantification

Protein quantifications were performed on the cartilage explant su-
pernatants. Samples were prepared by a dilution of 1:50, 30s shaking
incubation, and then heated for 30 min at 37 °C. The samples were
analyzed using the Pierce™ BCA Protein Assay (Thermo Scientific™)
according to the manufacturer’s instructions. The absorbance was
measured at A562 nm for the BCA assay using a CLARIOstar Plus
microplate reader (BMG Labtech, Offenburg, Germany).

4.6. SDS-PAGE

Samples were prepared by combining aliquots from multiple repli-
cate wells (n = 3-4). The samples were heated at 37 °C to denature the
proteins. A NUPAGE™ 4-12 % Bis-Tris Gel (Invitrogen™ ThermoFisher
Scientific, Roskilde, Denmark) was used for the analysis. A total of 7 pl of
Novex Sharp Pre-Stained Protein Standard (Invitrogen) was loaded. A
1x MES SDS running buffer was used and the gel was run at 200 V for 35
min. The gel was stained with coomassie staining solution for approxi-
mately 30 min and washed and subsequently imaged to visualize the
protein bands. The gel was analyzed by Image Lab (BioRad, Hercules, U.
S.) for quantitative data on the proteins from the supernatant,
comparing the molecular weight of the bands to the ladder.

4.7. Dimehtylmethylene blue (DMMB) assay for sulfated
glycosaminoglycan quantification

The 1,9-dimethylmethylene blue (DMMB) assay was performed to
quantify the concentration of sGAGs in the samples. A DMMB Solution
was prepared by dissolving 8 mg DMMB Zinc Chloride (Sigma Aldrich),
1.52 g glycine (Sigma Aldrich), and 1.185 g NaCl (Sigma Aldrich) in 500
ml MQ water, and pH was adjusted to 3 by 0.1 M HCI. The reagent was
vacuum filtered. Samples were diluted 1:4 in the DMMB reagent and a
standard curve of chondroitin sulfate in PBS was used to calculate
concentrations. Inmediately after the DMMB dye had been added to the
samples the absorbance was measured at A525 nm for the DMMB assay
using a CLARIOstar Plus microplate reader (BMG Labtech).

4.8. NP cellular uptake by macrophages

Raw 264.7 macrophages cell line (Sigma Aldrich) was used to
investigate cellular uptake. The cells were seeded under serum-free
conditions at the density of 1 x 10° cells/well, incubated with the NPs
for 8 h either with media or supernatants from the COL-treated explants,
and washed three times with FACS buffer. Quantification of cellular
uptake was performed using a CytoFLEX LX (Beckman Coulter Indian-
apolis, U.S.) 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 acquisition range of 5000-10,000 cells. The
mean cellular uptake of FITC-labeled NPs was estimated as the average
fluorescence intensity of all cells within the gate. All flow cytometry data
were analyzed and visualized using FlowJo software V10.

4.9. Monocyte-derived macrophage isolation

Buffy coats were obtained from the blood bank at Sahlgrenska Uni-
versity Hospital (18/23), Gothenburg, Sweden. Approximately 12 ml
from six healthy anonymous human donors were collected for PBMC
isolation using density gradient centrifugation. Buffy coats were diluted
1:2 in PBS (w/0 Ca?"/Mg?") and then carefully layered over 35 ml
Ficoll-paque™ PLUS (Cytiva Sweden AB, Uppsala, Sweden), followed by
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centrifugation at 400 g, for 40 min, at RT. The layer of peripheral blood
mononuclear cells (PBMCs) was carefully collected and washed three
times using PBS. The purified PBMCs were diluted in RPMI Medium
1640 (Gibco, Paisley, UK) supplemented with 1 % glutaMAX (Gibco,
Grand Island, USA), 1 % Penicillin/Streptomycin and 10 % Fetal bovine
serum (FBS, Gibco, Paisley, UK). For plastic adhesion, 2 x 108 cells were
cultured in a Nunc™ EasYFlask™ 75 c¢m? (ThermoFisher) containing 10
ml supplemented RPMI Medium 1640 with 10 ng/ml macrophage
colony-stimulating factor (M-CSF, ThermoFisher Scientific). After 3 h,
unattached cells were washed and fresh supplemented RPMI Medium
1640 containing 10 ng/ml M-CSF was added, this procedure was
repeated three days later. On day five, the monocyte-derived macro-
phages (MDMs) were harvested using 2 mL 0.25 % Trypsin-EDTA and a
cell scraper. Harvested cells were diluted in fresh supplemented RPMI
Medium 1640, pooled, and counted. Differentiated MDMs were plated in
96 well tissue culture plates (VWR®, USA) at a concentration of 5 x 10*
cells per well in 150 pl supplemented RPMI Medium 1640. 50 pl su-
pernatants from porcine explants subjected to different enzymes and
nanoparticle treatments were added to the MDMs and subsequently
incubated for 24 h. Centrifugation at 300 g was performed to spin down
potential floating cells. MDM supernatants were collected for cytokine
quantification and stored at —80 °C.

4.10. Quantification of cytokines

MDM supernatants were examined for quantification of immune
response-related targets using the LEGENDplex™ Human Essential Im-
mune Response Panel (Biolegend). The procedure was performed ac-
cording to the manufacturer’s instructions. Briefly, the supernatant was
incubated with assay buffer and mixed beads. After incubation for 2 h
shaking at 500 rpm, the plate was washed using an assay buffer.
Detection antibodies were added to each well and incubated for 1 h
shaking. Subsequently, streptavidin-phycoerythrin (SA-PE) solution was
added to the wells and incubated an additional 30 min. Finally, the plate
was washed twice and immediately read on a flow cytometer. The first
run was read on the Guava easyCyte™ and the second run was read on
the Beckman Coulter CytoFLEX LX Flow Cytometer. Settings corre-
sponding to the individual flow cytometers used were obtained through
the set-up procedure protocols provided by BioLegend. Detection limit
of the assay where 9000 pg/ml was the upper limit and 9 pg/ml was the
lower limit. Data analysis was performed using the LEGENDplex™ data
analysis software. Data is expressed as the fold-change compared to NP
untreated controls.

4.11. Interactions between NPs and ECM components

NP-enzyme interactions were studied by monitoring the secondary
structure content using CD measurements. All CD measurements were
performed on Applied Photophysics Ltd. Chirascan™ using a Hellma
Quarts Suprasil® cuvette with 1 mm path length at 25 °C. All spectra
were recorded at 190-280 nm, using a 1 nm wavelength increments with
a 0.4 s dwell time and a bandwidth of 1 nm. For each sample, 3 indi-
vidual spectra were recorded, corrected for background contributions by
subtracting appropriate blanks, and averaged.

4.12. Statistics

All comparisons between the control and different conditions were
performed using either one-way ANOVA of two-way ANOVA with
Tukey’s post-hoc test using GraphPad Prism 10 (version 10.3.1.).
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