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Abstract

A major hurdle limiting the ability to treat and cure osteoarthritis, a common and debilitating
disease, is rapid joint clearance and limited cartilage targeting of intra-articular therapies.
Nanoscale drug carriers have the potential to improve therapeutic targeting and retention in the
joint after direct injection; however, there still lacks a fundamental understanding of how the
physicochemical properties of nanoparticles (NPs) influence localization to the degenerating
cartilage and how joint conditions such as disease state and synovial fluid impact NP
biodistribution. The goal of this study was to assess how physicochemical properties of NPs
influence their interactions with joint tissues and, ultimately, cartilage localization. £x vivo models
of joint tissues were used to study how poly(lactide-co-glycolide) (PLGA) and polystyrene (PS)
NP size, charge, and surface chemistry influence cartilage retention under normal and disease-
mimicking conditions. Of the particles investigated, PLGA NPs surface-modified with a
quaternary ammonium cation had the greatest retention within cartilage explants; however,
retention was diminished 2- to 2.9-fold in arthritic tissue and in the presence of synovial fluid.
Interactions with synovial fluid induced changes to NP surface properties and colloidal stability /n
vitro. The impact of NP charge on “off-target” synoviocyte uptake was also dependent on synovial
fluid interactions. The results suggest that the design of nanocarriers for targeted drug delivery
within the joint cannot be based on a single parameter such as zeta potential or size, and that the
fate of injected delivery systems will likely be influenced by the disease state of the joint and the
presence of synovial fluid.
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INTRODUCTION

Drug delivery to osteoarthritic (OA) joints is a pressing and complex challenge facing the
medical community. Direct administration of OA therapeutics by intra-articular injection is
often elected to overcome the low joint bioavailability of systemically administered drugs.
However, many drugs administered via intra-articular injection (i.e., direct injection into the
joint) are subject to rapid clearance from the joint space.24 Improvements in joint residence
of therapeutics postinjection is crucial as this limitation in availability causes the need for
frequent injections, thereby increasing cost, risk of infection, dosing, and clinical demand.>-6
Common and growing in prevalence, OA currently affects 630 million individuals globally,
with United States projections indicating a 30% increase in doctor-diagnosed, self-reported
OA within the next 15 years.”:8 Unfortunately, current therapies are only palliative, and there
are no disease-modifying therapies available to patients.

Joints undergoing OA are subject to a complex and perpetuating cycle of inflammation,
cartilage extracellular matrix (ECM) degeneration, mechanical stresses, and production of
catabolic factors within the intra-articular space..®1% A hallmark of OA progression is
erosion of the articular cartilage, the products and ECM fragments of which further
stimulate inflammation and propagate the disease. Although OA is a disease of the whole
joint with multiple potential sites of therapeutic intervention, the cartilage is an important
target for attenuating disease progression.1112 Agents to slow cartilage degradation13-19 and
regulate chondrocyte metabolism20-24 have been identified as potential disease-modifying
therapeutics, but what is lacking are effective delivery systems to localize these therapeutics
to cartilage. Off-target accumulation of injected chondroprotective drugs in the synovium

further reduces the drug bioavailability to cartilage and expedites clearance from the joint.
2,25

Nanoparticle (NP)-based systems offer the potential for enhancing drug localization to
cartilage, however, the dense and highly charged ECM poses a barrier for delivery. Recent
efforts have produced molecular and protein platforms,3:26 polymeric NPs,27-30 and
liposomes that have demonstrated varying extents of cartilage localization using passive and
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active targeting approaches. Passive targeting utilizes the fundamental nanocarrier
physicochemical properties to encourage non-specific facilitation into the destination tissue
or cell, and is therefore the foundation for effective nanocarrier design. Active targeting
approaches employ specific biochemical moieties to selectively bind to biological
components of the target ECM or cell, furthering specificity, efficiency, and longevity of
residence at the target. In cancer applications, the optimization of NP size, charge,
hydrophobicity, and specific targeting ligands to promote tumor localization is quite
advanced.31:32 Despite the recent surge of interest in improving the retention of therapeutics
in joints and, in particular, cartilage for OA treatments, the systematic evaluation of targeting
NP approaches lags behind other fields.

Despite some early successes in investigating targeting mechanisms to improve intra-
articular drug delivery, there are many questions to be addressed in order to establish the
foundational knowledge needed to advance targeted joint therapies. Specifically, the
relationship between fundamental nanocarrier properties, joint tissue interactions, and joint
biodistribution at different stages of joint disease is not clear. Knowledge of how to tune
particle properties to control localization within the joint space is needed to enhance efficacy
of drug delivery to cartilage and minimize dosing requirements and off-target effects.33

An additional consideration for intra-articular drug delivery is the impact of synovial fluid
on drug delivery vehicles, which is often overlooked. Synovial fluid is an ultrafiltrate of
plasma primarily composed of hyaluronic acid and serum proteins, as well as phospholipids,
growth factors, cytokines, and proteoglycans including lubricin.3435 After intra-articular
injection, the synovial fluid is the first substance in which therapies come in contact, and its
viscosity and complex biological composition could influence NP properties and function in
the joint. However, to date, few studies have been conducted to understand how synovial
fluid impacts the properties, stability, and targeting/localization of drug carriers.

The objective of this paper is to investigate how nanocarrier size, charge, and surface
chemistry affect the interaction with cartilage, synovial fluid, and synoviocytes, to determine
which properties are favorable for passive targeting to cartilage. This understanding of
particle—tissue interactions will help lay a foundation for advancing targeted drug delivery
within the joint. Furthermore, this paper studies the impact of synovial fluid on nanocarrier
properties and their ability to interact with joint tissues. Here, two nanoscale delivery
platforms were investigated: (1) poly(lactide-co-glycolide) (PLGA) NPs, a drug-loadable
and clinically relevant polymeric delivery system with tunable properties, and (2)
commercially available polystyrene (PS) NPs of varying monodisperse sizes and surface
functionalizations, which are useful models for various NP characteristics. We hypothesized
that smaller and cationic NPs would have the greatest association with cartilage due to the
dense network of ECM components and electrostatic interactions with the anionic
glycosaminoglycans in the tissue. Additionally, we hypothesized that the presence of
synovial fluid would influence the ability of the NPs to interact with cartilage and
synoviocytes.
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EXPERIMENTAL SECTION

NP Materials and Formulation.

Dye-loaded PLGA NPs were prepared through a single emulsion and solvent evaporation
technique developed previously.36:37 Briefly, an organic phase was created by dissolving
50:50 ester-terminated PLGA (Durect Corporation, inherent viscosity 0.95-1.2 dL/g) in
chloroform with Nile Red dye. An aqueous phase was prepared with poly(vinyl alcohol)
(PVA), an anionic polymer, and/or didodecyldimethylammonium bromide (DMAB), a
cationic surfactant with a quaternary ammonium and two 12-carbon chains.3® The PLGA
solution was added to an aqueous phase of either 2% PVA (PVA NPs) for negatively charged
NPs or 1% PVA + 0.2% DMAB (DMAB NPs) for positively charged NPs. The oil-in-water
solution was emulsified by probe sonication (QSonica Q500 model, constant 38% amplitude
by automatic adjustment of power with a maximum power of 500 W), and the organic phase
was evaporated overnight under constant stirring at 500 rpm. The NPs were recovered via
ultracentrifugation at 84,800 rcf in distilled water and lyophilized with 3% sucrose for
storage.

To investigate a greater breadth of NP surface functionalizations and monodisperse sizes, PS
NPs were purchased from Sigma-Aldrich (50 and 100 nm aminated (NH2) and 30 nm
carboxylated (COOH)), ThermoFisher Scientific (30, 40, and 1200 nm COOH), and
Polysciences (200 nm COOH), containing various fluorescent dyes. Though not suitable for
drug delivery, PS NPs provide valuable tools for screening and modeling various NP
properties.39

NP Characterization.

All NPs were characterized via dynamic light scattering (DLS; Brookhaven Instruments
Corporation, NY) and scanning electron microscopy (SEM; Hitachi SU5000).
Measurements for DLS were conducted in distilled water at 0.1 mg/mL for size and 0.4
mg/mL for zeta potential at room temperature. Distribution analysis was conducted in IGOR
Pro version 6.3.7.2, and log-normal distributions were calculated with an algorithm
developed by Bohorquez and Rinaldi.? Imaging by SEM was performed using sputter-
coated samples that had been lyophilized without sucrose during formulation. Analysis of
NP size by SEM imaging was conducted in ImageJ 1.50i.41 To ensure reliable tracking of
NPs in our experiments, release of Nile Red from PLGA NPs was characterized over 48 h.
Nile Red-loaded NPs at 1 mg/mL were incubated in saline at 37 °C on an orbital shaker (60
rpm) and protected from light. NP suspensions were centrifuged at 84,800 rcf for 30 min to
separate NPs from released cargo, and the supernatants were lyophilized. Nile Red was
extracted from the lyophilized samples with methanol for 24 h at room temperature. To
quantify initial dye loading, Nile Red was extracted from known masses of lyophilized NPs
in methanol for 24 h at room temperature. For both dye release and total dye loading
samples, methanol extractions were centrifuged at 3,200 rcf for 10 min. Fluorescence of the
supernatants was measured with high performance liquid chromatography (HPLC) as
described below for Nile Red detection. Fluorescence was compared to standards processed
in the same manner as described above for the samples.
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NP Interactions with Synovial Fluid.

The effect of synovial fluid on NP properties was assessed by characterizing the size and
zeta potential of the NPs before and after incubation with synovial fluid. For each group,
NPs were constituted in saline to 0.625% wi/v, and bovine synovial fluid was added to
achieve a final concentration of 0.5% wi/v, which is a relevant concentration for intra-
articular injection in rodents.3% The suspension was incubated at 37 °C, shaking at 60 rpm
for 30 min, and NPs were washed to remove excess synovial fluid components by
ultracentrifugation. Characterization via DLS was conducted for untreated and synovial fluid
treated NPs as described.

In cases where gross aggregation of NPs occurred in synovial fluid, further visualization and
confirmation was conducted by placing NP—synovial fluid suspensions on a glass slide,
followed by gentle stirring with a pipet tip. Synovial fluid was lot-matched with that used in
surface interaction studies described above. Experiments were further conducted to
determine if NP aggregation was due to NP interactions with hyaluronic acid. In these cases,
hyaluronic acid (750 kDa to 1.0 MDa, Lifecore Biomedical, Chaska, MN) was dissolved in
saline at 1.88 or 3.21 mg/mL, concentrations reported for osteoarthritic and nonarthritic
states, respectively.42 These interactions were observed on the macroscale in triplicate.

Ex Vivo Cartilage Retention Studies.

To determine the relationship between NP properties and retention in cartilage, cartilage
biopsy samples were incubated with NPs, and NP retention was quantified. Cartilage was
aseptically collected from the femoral condyles and patelloformal grooves of male bovine
juveniles (Research 87 Inc., Boylston, MA), and washed in saline with 1% penicillin-
streptomycin. As a model of OA, some tissue was enzymatically digested for 30 min in
0.2% collagenase type Il, which has been previously shown to mimic the biochemical and
mechanical properties of OA cartilage.*3 Tissue was cut into ~2 mm (thickness) x 6 mm
(diameter) biopsy samples with the superficial zone intact.

The process for NP—cartilage interaction studies is depicted in Figure 1. Nanoparticles were
prepared to 0.5% wi/v in saline or synovial fluid, added to the articular surface of the biopsy
samples (40 L), and then incubated for 30 min. After incubation, excess NP suspension was
removed and biopsy samples were washed three times with saline. To quantify the mass of
particles remaining in the tissue, biopsy samples were chopped, homogenized in water, and
lyophilized. Dye was extracted in methanol from the lyophilized samples, and the
fluorescence of the extraction was measured by a plate reader (Biotek Synergy HT) or
HPLC. Analysis via HPLC was conducted as described below for PS NPs. Fluorescence was
compared to that of standards with known NP masses prepared in the same manner as that
done for samples. To account for the differences in dye loading efficiency in the different NP
formulations, separate standard curves were created from serial dilutions of each type of NP,
and NP quantification for each group was conducted based on the respective curve.

To visualize NP penetration into tissue, cross sections of biopsy samples were imaged with
fluorescence microscopy. Cross sections were obtained by inverting biopsy samples and
cutting approximately 1 mm thick sections from the bottom toward the articular surface to
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avoid potentially pushing NPs deeper into the tissue. Sections were kept hydrated with saline
during the imaging process. NP penetration was quantified in ImageJ by measuring in
triplicate the distance between the articular surface and the point of maximum observed
penetration.*!

Randomly selected biopsy samples were prepared for histological sectioning prior to NP
treatment for each animal. Biopsy samples were fixed in 10% neutral buffered formalin,
embedded in paraffin, and sectioned for histological analysis. Sections were stained with
Safranin-O, counterstained with Fast Green, and sealed in Permount (ThermoFisher
Scientific, Hampton, NH).

Evaluation of Chondrocyte Cytotoxicity in Explants.

Cartilage samples for cytotoxicity analysis were collected aseptically as described above,
immediately plated in 24-well plates, and placed into incubation at 37 °C and 5% carbon
dioxide in chondrocyte medium (high glucose Dulbecco’s modified Eagle medium (DMEM)
with 10 mM hydroxyethyl piperazineethanesulfonic acid, 0.1 mM nonessential amino acids,
0.4 mM proline, 50 mg/L vitamin C, 10% fetal bovine serum (FBS), and 1% penicillin—
streptomyecin).

Chondrocyte cytotoxicity was evaluated via 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium (MTS) CellTiter 96 aqueous
proliferation assay (Promega, Madison, WI). Freshly isolated cartilage biopsy samples were
cultured for 24 h as described above prior to treatment, and then cultured with varying
concentrations of NPs in low serum (1% FBS) DMEM for 24 h. After that time, NP
suspensions were removed and replaced with assay reagent prepared according to
manufacturer recommendations. After 3 h incubation with the assay reagent, the medium
was stirred gently, removed, and plated in triplicate for measurement on a plate reader.
Explants were dab-dried and weighed for normalization.

Synoviocyte Isolation, Culture, and NP Uptake.

Synoviocytes were isolated from male juvenile bovine knees (Research 87 Inc., Boylston,
MA\) according to protocols developed by Haerdi-Landerer et al.**4> Sections of synovial
membranes were explanted under aseptic conditions, and immediately submerged in sterile
saline with 1% penicillin—streptomycin. Explants were washed and cut into ~1-2 mm
squares and pretreated in 0.2% trypsin for 30 min followed by an overnight incubation in
0.2% type | collagenase. Incubation was conducted at 37 °C, 5% carbon dioxide, shaking
constantly at 40 rpm. Cells were separated from the digested tissue with cell strainers and
plated at approximately 1.1 x 104 cells/mm? in high glucose DMEM containing 10% FBS
and 1% penicillin—streptomycin.

Passage 1 synoviocytes were plated into 24-well plates at 31,500 cells/cm? and were
cultured for 2 days. Medium was replaced with low-serum medium (1% FBS) containing 20
g/mL PVA or DMAB NPs and 0%, 10%, or 50% synovial fluid. This NP concentration was
selected for its suitable HPLC and microscopy detection without saturating cell uptake at the
seeding density utilized. To assess the impact of synovial fluid on NP transport to cells,
additional treatments included synovial fluid coated NPs in low-serum medium; PVVA and
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DMAB NPs had been precoated with synovial fluid in the same manner as for NP—synovial
fluid interaction studies. To assess the rate of NP uptake and select time points for uptake
quantification, cells were incubated with Nile Red loaded PLGA NPs and imaged via
fluorescent microscopy at various times over 12 h. At each time point, wells in triplicate
were washed once with DMEM, washed once with saline, and imaged on a fluorescence
microscope. Fluorescent microscope settings were uniform across all images. Fluorescence
intensity was quantified by measuring the mean gray value in ImageJ Fiji.*6 Based on the
kinetics of NP uptake observed in the time course study, NPs were quantified at 2 and 6 h, as
these points capture uptake before and after steady state. Cells were washed three times in
saline and lysed, after which the lysate was lyophilized, and the dye was extracted from the
lysate solids with methanol for 2.5 days. Nile Red fluorescence was quantified via HPLC.
Fluorescent NP standards were prepared for each NP type in untreated cell lysate and
processed in the same manner as done for the samples. To account for the differences in dye
loading, NP uptake was quantified based on independent standard curves generated for each
NP formulation. Fluorescence was normalized to DNA content determined via a Quant-iT
PicoGreen Assay (ThermoFisher Scientific, Hampton, NH). Controls included synoviocytes
cultured with reduced-serum medium without NPs and with 0%, 10%, or 50% synovial fluid
and were processed in the same manner as treated samples.

High Performance Liquid Chromatography.

Statistics.

RESULTS

For all analyses, HPLC was conducted in an Acclaim 120 column (C18, 3 zm, 120 A) with
100% methanol at 1 mL/min. Nile Red associated with PLGA NPs was detected at
excitation 552 nm and emission 636 nm during a 6 min run. The commercially prepared PS
NPs contained various dyes and were detected with the following excitations/emissions and
run times: 50 nm PS NH2 358 nm/410 nm for 13 min; 100 nm PS NH2 481 nm/644 nm for
5.5 min; 40 nm PS COOH 580 nm/605 nm for 8 min; 100 nm PS COOH 505 nm/525 nm for
6 min.

Statistical analysis was conducted in GraphPad PRISM 7.01 (La Jolla, CA). Error bars
indicate standard deviations. Unless otherwise stated, statistical comparison of means was
conducted in GraphPad via 2-way ANOVAs with Tukey’s multiple comparisons tests with
outcomes denoted as (*) p< 0.05, (**) p< 0.01.

NP Properties and Synovial Fluid Interactions.

Nanoparticles were primarily characterized by size and zeta potential, and changes in these
properties were assessed after incubation in synovial fluid. Poly(lactide-co-glycolide) NPs
had an effective hydrodynamic diameter of 260-290 nm (Figure 2A,B), as determined by
DLS. Visualization of NPs by SEM illustrated a spherical geometry for all NPs and, as
expected, gave diameters smaller than those determined by DLS. By SEM, NPs were 123.3
+49.4 nm and 112.4 = 37.5 nm for anionic PVA and cationic DMAB NPs, respectively. The
PVA and DMAB NPs were similar in size, shape, and distribution, but differed in surface
charge with zeta potentials of =17.0 and +24.6 mV, respectively (Table 1). The PS NPs were
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uniform in size and shape (Figure 2C) with different zeta potentials based on formulation
(Table 1). Dye loading in PLGA PVA and DMAB NPs was 24.9 £ 0.04 /g Nile Red/mg NP
and 11.54 + 0.04 /g Nile Red/mg NP, respectively. In subsequent studies, these differences
in loading efficiency were accounted for by generating independent standard curves from
each NP type. After 48 h of incubation at 37 °C, 3.0% = 0.4% and 3.5% = 0.9% of the total
dye was released from PVA and DMAB NPs, respectively, indicating that the NPs could be
reliably tracked by Nile Red encapsulation for the course of the experiments.

Synovial fluid had a significant impact on NP properties in most cases. Upon incubation
with synovial fluid, NPs demonstrated increases in hydrodynamic diameter and changes in
zeta (Table 1), with a notable charge reversal in cationic DMAB NPs. Additionally, the
standard deviations for these measurements generally increased after incubation with
synovial fluid. One exception was anionic PVA NPs, in which both size and charge remained
statistically unchanged by DLS characterization. Interestingly, PS NH2 NPs underwent
gross irreversible aggregation when in contact with synovial fluid, forming a macroscopic
gel (Figure 3). A predominant component of synovial fluid is hyaluronan, which is an
anionic, nonsulfated glycosaminoglycan. A follow-up experiment was conducted to
determine if PS NH2 aggregation was related to electrostatic interactions with the hyaluronic
acid in the synovial fluid. In this experiment, amine functionalized PS NPs were suspended
in high molecular weight hyaluronic acid at concentrations comparable to hyaluronic acid in
both normal (Figure 3) and arthritic (not shown) joints. Visible aggregation did not occur in
these suspensions, suggesting that the association between NPs and synovial fluid is more
complex than amine interactions with hyaluronic acid.

Ex Vivo Cartilage Retention Studies.

An ex vivo model was developed to evaluate the influence of NP properties on cartilage
interactions, and included conditions in which the tissue mimicked the ECM of OA tissue.
Histology confirmed surface depletion of proteoglycans in enzymatically treated (“OA”)
cartilage compared to untreated (“healthy”) cartilage (Figure 4A). These findings are
consistent with models of microscale and biochemical changes in OA cartilage.3 The
PLGA NPs did not induce toxicity in cartilage explants, as determined by MTS assays
(Figure 4B). Nanoparticle retention in cartilage was influenced by NP properties, synovial
fluid, and tissue conditions. In healthy cartilage, cationic DMAB NPs demonstrated 6-fold
greater retention than anionic PVA NPs (Figure 4C). In the presence of synovial fluid, the
DMAB NPs demonstrated a 50% reduction in cartilage retention compared with saline;
however, they remained 4-fold higher than the corresponding PVA NP retention.
Interestingly, cartilage retention of anionic PVA NPs was not affected by synovial fluid. This
finding may be related to the observation that PVVA NP properties do not change in synovial
fluid. The differences between DMAB and PVA NP retention were less pronounced in the
OA model of cartilage. In OA cartilage, there was no significant difference between DMAB
and PVA NP retention in saline. However, in the presence of synovial fluid, the DMAB NPs
demonstrated a 3-fold increase in retention compared to the corresponding PVA NP group.

Cross sections of biopsy samples were imaged to analyze NP penetration and localization
within the explant ECM. Fluorescence microscopy of biopsy sample cross sections
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corroborated the quantitative retention findings, illustrating greater presence of cationic
DMAB NPs relative to anionic PVA NPs, and a reduction in signal with synovial fluid
suspended NPs (Figure 4D). Additionally, microscopy illustrated differences in NP
penetration into tissue; DMAB and PVA NPs are visible to ~330 gm and ~130 xm below the
articular surface of healthy cartilage, respectively (Figure 4D and Figure S1).

Polystyrene NPs were used to further probe size and surface chemistry as modulators of
NP—cartilage interactions because of their monodisperse nature and varied surface
functionalizations. Tissue health and synovial fluid affected PS NP retention in cartilage
(Figure 5); however, the relationship between NP zeta potential and cartilage retention in PS
NPs differed from PLGA NPs. For instance, in healthy cartilage, cationic 100 nm NH2 NPs
demonstrated 56% greater cartilage retention compared to anionic 100 COOH NPs;
however, this trend was reversed at the smaller 40-50 nm PS NP size range. In fact, anionic
40 nm COOH NPs demonstrated greater cartilage retention compared to cationic 50 nm
NH2 PS NPs, and comparable cartilage retention to the cationic 100 nm NH2 NPs (Figure
5). No clear trend was observed with respect to PS NP size and cartilage retention. The
smaller cationic 50 nm NH2 PS NPs demonstrated reduced cartilage retention compared to
cationic 100 nm 50 nm NH2 PS NPs. Conversely, the smaller anionic 40 nm COOH NPs
demonstrated enhanced retention relative to the larger anionic 100 nm COOH NPs. Across
all PS NP types, retention within cartilage was significantly reduced in OA tissue compared
to healthy tissue, and differences across size and surface functionality were no longer
observed. The presence of synovial fluid resulted in significant reductions in the retention of
COOH PS NPs within healthy cartilage, but not in OA models. The impact of synovial fluid
on cartilage retention of NH2 PS NP could not be evaluated due to aggregation in synovial
fluid.

Synoviocyte Uptake.

Synoviocytes are actively involved in uptake of foreign particulates in the joint space.
Therefore, determining how NP properties impact synoviocyte uptake may be important for
understanding the potential for “off-target” uptake. PLGA NPs were evaluated for
synoviocyte uptake in saline and synovial fluid conditions. Synoviocyte interactions with
PLGA NPs demonstrated differences in NP uptake across culture conditions. The PLGA
NPs did not affect cell viability, as determined by the PicoGreen DNA assay (PVA 17.1 +
4.0 ng/mL DNA; DMAB 17.1 + 4.2 ng/mL DNA,; controls 17.9 + 4.3 ng/mL DNA,; p> 0.05
between groups). Fluorescent microscopy showed association of the PLGA NPs with the
synoviocytes during culture (Figure 6A). Uptake was most rapid in synovial fluid free
conditions, and the rate of uptake slowed after approximately 2 h in all culture conditions
(Figure S2). Quantification of cell uptake (Figure 6B) demonstrated increased uptake of
cationic DMAB NPs compared with anionic PVA NPs in the absence of synovial fluid. A
progressive reduction in NP uptake was observed with increasing synovial fluid
concentration, and differences in uptake between DMAB and PVA NPs were not observed in
the 10% and 50% synovial fluid groups. Since the presence of synovial fluid may act as a
transport barrier in these cultures, uptake studies were also conducted with NPs after coating
with synovial fluid proteins to further probe if differences in NP—synovial fluid interactions
can impact cell uptake without the influence of viscosity from synovial fluid. Interestingly,
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after being coated with synovial fluid, DMAB NPs demonstrated up to a 57% reduction in
synoviocyte uptake compared to PVA NPs, and a 55% reduction compared to DMAB NPs in
the absence of synovial fluid. Conversely, the PVA NPs experienced up to a 38% increase in
synoviocyte uptake after being coated with synovial fluid components compared to PVA
NPs in the absence of synovial fluid. Control cultures of synoviocytes with 0%, 10%, and
50% synovial fluid had no detectable fluorescence with microscopy and HPLC.

DISCUSSION

This study highlights several underappreciated challenges for cartilage targeting in NP-based
intra-articular drug delivery. Nanoscale drug delivery systems must overcome a complex
environment that includes dense and negatively charged cartilage ECM, synovial fluid
occupying the joint space, and rapid clearance via the surrounding synovium. In these
studies, the impact of NP physicochemical properties on interactions with cartilage and
synoviocytes under varying joint conditions was investigated to better understand the NP
design criteria and how to strategically guide drugs to cartilage after intra-articular injection.
While we hypothesized that smaller and cationic NPs would demonstrate the highest
cartilage retention, this was not fully confirmed by the data. In fact, these findings suggest
that a multitude of factors must be considered for cartilage targeting.

Honing the fundamental NP design for optimized cartilage drug delivery is critical to
progressing the therapeutic arena for OA. The greatest interaction with cartilage was
observed with PLGA NPs when exhibiting a cationic surface charge. The increased
association may be explained by the electrostatic attraction between cationic NPs and
anionic cartilage ECM, which is composed of sulfated proteoglycans. Similar findings have
been reported in which cationic agents demonstrate superior association with cartilage in
vitro without synovial fluid.#849 Decoration of NPs with quaternary ammoniums has also
been shown to improve NP uptake into the ECM of cartilaginous tumors by passively
targeting the rich proteoglycan matrix.>0 However, trends between NP charge and cartilage
retention were different in PLGA and PS NPs. These differences in NP systems suggest that
other properties such as surface chemistries and/or hydrophilicity play a role to influence the
NP interaction with cartilage. For example, NH2 PS and PLGA DMAB surfaces are
decorated with primary amines and quaternary ammonium, respectively, and, despite having
similar sizes and charges, NH2 PS and PLGA DMAB NPs were retained in the cartilage
ECM to different degrees. Surface charge alone is likely not a targeting mechanism universal
to all NP systems.

Size is also an important consideration for NP localization in the joint, and there are likely
trade-offs between cartilage targeting, penetration, and joint clearance of NPs that impact the
efficiency and longevity of NP retention in cartilage. For example, small NPs (<100 nm)
may penetrate deeper into cartilage30:51 but may also be more rapidly cleared from the joint,
while larger NPs have less cartilage penetration but may be able to deliver a more sustained
payload and accumulate in more permeable tissue regions where degeneration has ensued. In
these studies, DMAB NPs (~260 nm by DLS, 112 nm by SEM) had the greatest overall
retention, and achieved a penetration depth of ~330 pm from the articular surface. This
depth is mostly composed of superficial zone, reported to be the top 7% (or ~130 zm) of
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bovine cartilage.52 While there may be cases in which full penetration into cartilage is
desired, superficial zone accumulation /n vivo still can be advantageous. The superficial
zone is the first site of degeneration in OA,53-5% so immediate delivery to this architectural
zone could be opportune. Furthermore, NPs with larger diameters allow for superior drug
loading and prolonged release, and cargo intended for cartilage extracellular space can still
be transported into the deeper zones as the particles degrade even if the nanocarriers are
trapped near the articular surface.

A key consideration of NP design is the state of the joint in which the NPs are to be
delivered. Osteoarthritic cartilage is less capable of interacting with or retaining NPs,
particularly for cationic NPs. Relative to healthy cartilage, cationic DMAB NPs experienced
a 3-fold reduction in retention in OA tissue. These changes in NP retention were likely
driven by the structural and biochemical changes of OA cartilage. Histological staining of
the enzymatically digested “OA” tissue confirmed a depletion of proteoglycans at the
articular surface that would reduce the fixed charge density of the ECM, thereby reducing
NP electrostatic association with cartilage. Additionally, digestion of the tissue increases
ECM permeability, which may permit NPs to be flushed out during the washing steps,
especially without a mechanism of immobilization such as a targeting ligand or electrostatic
association. Interestingly, anionic PVVA NPs did not demonstrate a reduction in retention in
OA cartilage. For PVA NPs, the loss of negatively charged proteoglycans may have reduced
electrostatic repulsion and actually facilitated tissue retention, even with an increase in tissue
permeability. These changes in NP interactions with OA tissue reinforce the need for
investigations with diseased tissue both ex vivo and /n vivo, particularly considering that

most /n vivo studies of nanoscale joint delivery have been conducted in healthy animals.
28,29,56,57

Our results suggest that synovial fluid is a modulator of NP fate in the joint. It is important
to understand how synovial fluid impacts delivery systems for the joint because there are
clinical instances in which synovial fluid may or may not be present in the joint space after
injection. For example, conventional intra-articular injections of NPs will almost always
encounter synovial fluid, even in diseased joints in which synovial fluid is less viscous and
less concentrated due to joint catabolism and effusion. However, the design of NPs for
application after arthroscopic procedures may not need to account for synovial fluid
alterations to particle properties, as the joint is irrigated to remove synovial fluid
components.

One mechanism by which synovial fluid impacts NP fate is through changes to the NP
surface properties, which suggests macromolecule adsorption onto the particle surfaces. This
has implications for intra-articular delivery of nanoscale platforms, as specifically tuned
carriers may experience physicochemical alterations after injection into the joint. All NPs
were anionic after coating, with cationic DMAB NPs undergoing a complete charge reversal.
The observation that anionic PVA NPs did not change while PS NPs of similar size and zeta
potential experienced significant increases in diameter and zeta potential suggests that this
interaction is likely driven by surface chemistry more so than particle size and charge.
Synovial fluid also disrupted the colloidal stability of the cationic NH2 PS NPs, leading to
gelation of the particles with synovial fluid components. Despite having similar charge
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densities, the PS NPs with primary amines aggregated in synovial fluid; however, the
DMAB NPs, comprising quaternary ammonium, did not. This finding suggests differences
in the molecular interactions between the NP surface and synovial fluid components that
cannot be attributed to charge alone. While some groups have recently taken advantage of
nanocarrier destabilization to create hydrogel complexes in the joint,58:59 these changes to
particle properties and stability could negatively influence drug localization by inhibiting
penetration of NPs into target tissues or masking targeting moieties.

In addition to nanoscale and macroscale (gelation) changes to NP properties after contact
with synovial fluid, synovial fluid influenced NP interactions with cartilage and
synoviocytes, likely via multifaceted mechanisms. Synovial fluid is highly viscous and
impedes the transport of molecules, which could reduce the ability of NPs in solution to
reach their target tissue. Additionally, synovial fluid changes NP properties in manners that
discourage retention in cartilage, including increased hydrodynamic diameter, which may
reduce diffusion into the dense ECM, and decreased zeta potential, which could reduce
electrostatic-based associations with the ECM. This concept is supported by the significant
reduction of DMAB NP retention in healthy tissue in the presence of synovial fluid, which
may be attributed to the NP charge reversal that diminished electrostatic attraction to the
ECM. Synovial fluid did not reduce DMAB NP retention in OA tissue likely because the
electrostatic targeting was already diminished by proteoglycan loss in the ECM.
Interestingly, there was a significant reduction in PVA NPs in OA tissue despite that synovial
fluid coating does not change PVVA NP properties, suggesting that decreased mass transport
may be the dominant factor in this case.

Even if an ideal NP candidate is identified for sufficient cartilage localization, suppressing
off-target delivery in the joint is a critical objective to improve the efficacy of injectable
delivery platforms and moderate the drug dosages needed to elicit chondroprotection. The
capillaries and lymphatics surrounding the synovium are dominant routes for joint clearance
of small and large substances, respectively.? In fact, NPs of size and chemical components
similar to those studied herein have been shown to accumulate in the synovium, where they
interact with synviocytes prior to joint clearance.0 In this study, synoviocytes served as a
model of the synovium to provide insight into the influence of NP properties on off-target
accumulation after injection. These studies, again, highlighted the impact of synovial fluid
and NP properties. Cationic DMAB NPs exhibited greater synoviocyte uptake than anionic
PVA NPs in the absence of synovial fluid, which is consistent with the literature in which
cationic NPs usually exhibit greater cell uptake than anionic NPs.38 Interestingly, there were
marked differences in uptake between uncoated (0%) PLGA NPs and PLGA NPs coated
with synovial fluid: after coating, PVA NP uptake by synoviocytes was enhanced and
DMAB NP uptake was suppressed. Different synovial fluid components may adsorb onto
DMAB and PVA NP surfaces, with the corona profile associated with DMAB inhibiting
synoviocyte uptake and the PVA profile providing enhanced synoviocyte uptake. Although
DLS did not detect significant changes to the PVA NP properties after synovial fluid
incubation, synoviocyte uptake findings suggest that the biological components of synovial
fluid did impact cellular response to the NPs. This finding is similar to analyses of NPs in
other biological media such as serum, where NP zeta potential and the specific makeup of
the protein corona significantly correlated to cell association.81 Further studies are needed to
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characterize the corona to fully understand the role of these individual components on tissue
targeting.

The influence of synovial fluid on transport may be different /n vivo, as the joint will be
subject to mechanical activity and synovial fluid turnover. Synovial fluid properties also
change significantly during disease progression, which was not accounted for in the current
study. These studies, however, provide insight into the influence of synovial fluid on particle
properties and tissue interactions, and highlight the need for further investigation of these
relationships /n vivo at different stages of disease.

In conclusion, the physicochemical properties of nanoscale delivery platforms affect their
interactions with joint tissues, and impact localization to cartilage at different states of
degeneration. Cationic surfactants such as DMAB can improve cartilage retention of NPs;
however, the efficiency of this cartilage targeting approach is impacted by the presence of
synovial fluid and the disease state of the cartilage. Synovial fluid was associated with
changes to NP properties and colloidal stability, reductions in NP retention in cartilage, and
modulation of NP uptake by synoviocytes. These studies underscore the need for further
consideration of synovial fluid as a potential influence on drug delivery vehicle targeting in
the joint. Additionally, models of diseased cartilage consistently experienced relatively low
NP retention compared to healthy tissue, likely as a result of biochemical and permeability
changes to the cartilage ECM. These results may indicate a need to identify more “stable”
targets in cartilage that do not change as dramatically over the course of disease or,
alternatively, a need to customize drug delivery platforms based on stage of disease. Overall,
NPs can be designed to passively target cartilage by tuning physicochemical properties to
improve the localization of injectable therapeutics, but numerous other factors such as tissue
disease state, synovial fluid, and off-target accumulation should be considered as these
conditions modulate the fate of NPs and may modify delivery efficiency and drug efficacy /n
VIvo.
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DMAB didodecyldimethylammonium bromide
DMEM Dulbecco’s modified Eagle medium
ECM extracellular matrix
FBS fetal bovine serum
HPLC high performance liquid chromatography
MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2 H-tetrazolium
NH2 amine
NP nanoparticle
OA osteoarthritis/osteoarthritic
PLGA poly-(lactide-co-glycolide)
PS polystyrene
PVA poly(vinyl alcohol)
SEM scanning electron microscopy
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Schematic of screening technique to evaluate the degree to which NPs interact with
cartilage.
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Figure 3.
Aggregation of PS NPs in synovial fluid. Aminated PS NPs showed immediate

destabilization and agglomeration in synovial fluid (top), while COOH NPs remained stable
(bottom left). When suspended in a solution of 3.21 mg/mL hyaluronic acid in saline, the
reported concentration for healthy joints,*” the aminated particles did not undergo
destabilization (bottom right). Gross appearance of PS NH2 was the same when suspended
in healthy and osteoarthritic (1.88 mg/mL, not shown) concentrations of hyaluronic acid.
Scale bar =1 cm.
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Figure 4.

Ex vivo cartilage retention studies for PLGA NPs, showing the degree of interaction
between NPs and cartilage. (A) Histological sections of biopsy samples for (i) fresh cartilage
and (ii) enzymatically digested “OA” tissue, stained with Safranin-O and Fast Green. (B)
Cytotoxicity of PLGA NPs cartilage corrected for background absorption, reported as a
percentage of cellular activity in NP-free conditions, and normalized to explant wet weight
(n=6). (C) Quantification of NPs after incubation on cartilage and washing (7= 5). (D)
Cross sections of fresh biopsy samples imaged with a fluorescence microscope, 20x
magnification. Biopsy samples are oriented with the articular surface facing up. Scale bars =
100 ym. (a) p< 0.05, (B) p< 0.01 between saline and synovial fluid treatments for a single
NP group via a 2-way ANOVA with a Holm-Sidak multiple comparisons test. NS = no
statistical difference by a 2-way ANOVA.
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Figure5.
Quantification of ex vivo cartilage retention for PS NPs (7= 15). (1) p < 0.01 between healthy

and OA conditions for all saline-suspended PS NPs via a 2-way ANOVA. (*) p< 0.05, (**)
p<0.01 via a 2-way ANOVA with a Tukey’s multiple comparisons test. (a) p < 0.05, (8) p
< 0.01 between saline and synovial fluid treatments for a single NP group via 2-way
ANOVA with a Tukey’s multiple comparisons test. N/A = did not conduct analysis of PS
NH2 in synovial fluid because of particle destabilization.

Mol Pharm. Author manuscript; available in PMC 2020 April 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al. Page 23

(A)

aJ T B *k
o £ 1000 5 (B) —k
o § * % *.:‘*
T
ﬁ% N | \ mm PVA (2hr)
c = r
Ea 601 N N
52 N N Y PVA (6hr)
s2 - \ N: [ == DmaB 2nn)
gt N N =3 DMAB (6hr)
Qe o
S 20, N \
S8 ) \

< 0- \ I ! \

E Q¥ ¥ ¥ 0'5@6

(9)

Synovial fluid culture conditions

Figure®6.
Synoviocyte uptake of NPs (A) imaged after a single wash with fluorescence microscopy

(0% synovial fluid, 6 h incubation) and (B) quantified by HPLC on extracts from cell lysis
after four washes (n7= 6). Fluorescence normalized to DNA content determined via
PicoGreen assay. (a) p< 0.05, (B) p< 0.01 for an individual treatment condition relative to
0% synovial fluid via Dunnett’s tests. Scale bar = 200 xm. Note that the fluorescence
intensity between micrographs of PVA and DMAB NPs cannot be directly compared due to
differences in dye loading efficiencies of the two formulations. NP quantification, however,
was done using independent standard curves to account for these differences.
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