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Abstract
Local drug delivery into cartilage remains a challenge due to its dense extracellular matrix of
negatively charged proteoglycans enmeshed within a collagen fibril network. The high negative
fixed charge density of cartilage offers the unique opportunity to utilize electrostatic interactions
to augment transport, binding and retention of drug carriers. With the goal of developing particle-
based drug delivery mechanisms for treating post-traumatic osteoarthritis, our objectives were,
first, to determine the size range of a variety of solutes that could penetrate and diffuse through
normal cartilage and enzymatically treated cartilage to mimic early stages of OA, and second, to
investigate the effects of electrostatic interactions on particle partitioning, uptake and binding
within cartilage using the highly positively charged protein, Avidin, as a model. Results showed
that solutes having a hydrodynamic diameter ≤ 10 nm can penetrate into the full thickness of
cartilage explants while larger sized solutes were trapped in the tissue’s superficial zone. Avidin
had a 400-fold higher uptake than its neutral same-sized counterpart, NeutrAvidin, and >90% of
the absorbed Avidin remained within cartilage explants for at least 15 days. We report reversible,
weak binding (KD ~150 μM) of Avidin to intratissue sites in cartilage. The large effective binding
site density (NT ~ 2920 μM) within cartilage matrix facilitates Avidin’s retention, making its
structure suitable for particle based drug delivery into cartilage.
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1. Introduction
Osteoarthritis (OA) is a complex debilitating disease that affects millions of people
worldwide, causing loss of productivity, quality of life, and loss of joint function. It is now
accepted that OA is a disease of the entire joint, eventually affecting all joints tissues
including cartilage, bone, ligaments, menisci, the joint capsule, synovial membrane, muscles
and neural tissue [1,2]. Distinct subtypes of OA are associated with the varying risk factors
that mediate OA initiation and progression; these risk factors include improper joint
mechanics, gender, age, obesity, genetic and metabolic factors, and acute joint injury leading
to post-traumatic OA (PTOA) [3, 4]. PTOA accounts for 12% of the total OA population
[5]. Approximately 50–80% of young active individuals who suffer traumatic joint injuries
(e.g., rupture of the anterior cruciate ligament or meniscus) progress to PTOA within 10–20
years [6, 7]. Following acute joint injury, there is an immediate increase in synovial fluid
levels of inflammatory cytokines (e.g., IL-1, IL-6, TNFα) which can diffuse into cartilage
and rapidly initiate proteolysis and loss of cartilage matrix [8, 9]. By the time of clinical
(radiographic) diagnosis, irreversible changes to cartilage and other joint tissues have often
occurred [6]. Since the cause and time of the initial trauma is known, there exists a unique
opportunity for early drug intervention to prevent further degeneration of cartilage and other
tissues, and to reverse the course of PTOA by inducing repair [6].

While there are disease-modifying anti-rheumatic drugs (DMARDS) for rheumatoid arthritis
and several related rheumatic diseases (such as the TNFα-blockers [10]), no efficacious
disease-modifying osteoarthritis drugs (DMOADS) are yet available, i.e., drugs which alter
or halt the progression of OA [1,11,12]. Current therapies provide only short term relief of
pain and inflammation (e.g., analgesics, hyaluronic acid lubricants, etc.), but afford no
protection against further degeneration of cartilage, the hallmark of end-stage OA [3],
leading to the need for joint replacement. Several anti-catabolic and pro-anabolic drugs have
been identified as potentially useful to reverse or prevent PTOA-associated breakdown of
cartilage, including anti-catabolic glucocorticoids (e.g., dexamethasone) and pro-anabolic
growth factors (e.g., IGF-1, FGF-18, and BMP-7) [13–16]. Consistent with the concept that
generalized OA involves the whole joint, DMOAD development and associated clinical
trials are now targeting cartilage breakdown (e.g., protease and cytokine inhibitors), bone
remodeling (e.g., bisphosphonates, BMP-7, calcitonin), and synovial and inflammatory
mediators (e.g., cytokine blockers) [11]. However, no drug candidates have yet passed the
safety/efficacy hurdle, and systemic drug side-effects have been a major safety concern
causing several trial failures to-date [12]. Thus, it is important to develop appropriate drug
delivery methods to administer potentially efficacious drugs or drug combinations directly to
selected target tissues, such as cartilage thereby eliminating any systemic adverse effects
[17].

It is also essential to enable rapid drug penetration throughout cartilage and to facilitate
retention and sustained delivery to specific cell and matrix targets within the tissue. Recent
research has focused on drug-encapsulating polymeric particles for use by intra-articular
injection [17, 18]. Their effectiveness depends on their ability to enter the dense
extracellular matrix (ECM) of cartilage and to be retained over time. A variety of particles
have been explored in vitro and in vivo [19–23] but the effects of particle size and surface
morphology on their penetration, binding and retention within cartilage are less well
understood [24]. The relative utility of 15 nm micelles vs. 138 nm liposomes was recently
reported, showing the need to further differentiate between size and structure [25].

The present study focuses on developing particle based drug delivery mechanisms for
treating PTOA by investigating the effects of particle size and surface charge on transport,
binding and retention within cartilage. Cartilage is an avascular tissue having a dense ECM
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of collagen fibrils, aggrecan proteoglycans containing highly negatively charged
glycosaminoglycan (GAG) chains, and many other extracellular proteins which are
continuously synthesized by the low density of chondrocytes. The type II collagen network
mesh size is 60–200 nm [26], while the distance between GAG chains on aggrecan is only
2–4 nm apart from each other [27]. Aggrecan density increases with depth into cartilage
from the surface (superficial) zone and restricts the ability of solutes to penetrate and diffuse
within cartilage [28]. Maroudas et al. [28, 29] showed that serum albumin (MW 69 kDa,
diameter~7 nm, pI~ 4.7) was sterically hindered in normal human cartilage, with a partition
coefficient less than 0.05, which increased in OA cartilage. Immunoglobulin (IgG)
antibodies (MW~160 kDa) were sterically excluded by cartilage ECM. However, Fab
antibody fragments (e.g., an anti-IL-6 Fab, 48 kDa [30]) can diffuse into bovine and human
cartilage over 3 days. Fab uptake was higher in the superficial compared to deeper zones,
suggesting that transport is dependent on the aggrecan content. These reports suggest the
need for investigating nano-sized particles for delivery into cartilage.

While transport of solutes is size and shape dependent, binding within cartilage ECM is also
modulated by particle surface properties including charge. The high negative fixed charge
density of cartilage is known to regulate Donnan partitioning and binding of proteins,
growth factors and other macromolecules. For example, negatively charged albumin
partitions downward [28], while the positively charged growth factor IGF-1 (pI 8.5)
partitions upward into cartilage [31]. Here, we investigate Avidin, a globular and highly
glycosylated protein, as an example of a structure that due to its size (MW 66 kDa, diameter
~7 nm) and high positive charge (pI 10.5) may offer unique advantages for rapid uptake and
binding within the tissue. Avidin has been previously investigated for targeted delivery into
tumors [32]; results showed enhanced tissue and cellular uptake and binding due, in part, to
electrostatic interactions.

With the goal of developing particle-based drug delivery mechanisms for treating PTOA, the
objectives of this study were (1) to determine the size range of a variety of solutes that could
penetrate and diffuse through normal and enzymatically treated cartilage to mimic early
stages of OA, and (2) to investigate the effects of electrostatic interactions on solute uptake,
partitioning and binding within cartilage by using the highly positively charged protein,
Avidin.

2. Materials and methods
In a series of transport studies, cartilage disks were incubated in medium containing a range
of fluorescently tagged solutes of varying size and charge. Cross-sections of the cartilage
were then imaged using confocal microscopy to determine the depth of penetration and the
spatial distribution of each solute type within the tissue. In separate experiments to obtain a
measure of total solute uptake, cartilage disks were equilibrated in solutions of selected
solutes and then desorbed into phosphate buffered saline (PBS) baths. The measured
fluorescence in the absorption and desorption baths were used to quantify the equilibrium
uptake ratio, partition coefficient, and equilibrium binding properties of these solutes within
the tissue. Additional studies of non-equilibrium transport through cartilage disks enabled
estimation of the effective diffusivity of selected solutes within cartilage.

2.1. Bovine cartilage harvest and culture
Cartilage disks were harvested from the femoropatellar grooves of 1–2 week old bovine calf
knee joints (obtained from Research 87, Hopkinton, MA) as described previously [33].
Briefly, cylindrical cartilage disks (3 mm or 6 mm diameter) were cored using a dermal
punch and then sliced to obtain the top 1mm of cartilage with intact superficial zone.
Cartilage disks for all treatment groups were matched for depth and location along the joint
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surface. The disks were then pre-equilibrated in PBS (without Ca2+/Mg2+) supplemented
with protease inhibitors (Complete Protease Cocktail tablet in 50 mL PBS, Roche Applied
Science, IN) in a 37°C, 5% CO2 incubator for 24–48h.

2.2. Solutes Types
2.2.1 Size exclusion studies—We used solutes having a wide range of sizes from ~0.9
nm to 15 nm diameter: (i) fluorescein isothiocyanate (FITC, 389.3 Da, diam ~0.9 nm), (ii)
FITC-dextran (8 kDa, hydrodynamic diameter 4.3 nm), (iii) FITC-dextran (40 kDa, diameter
~10 nm (all from Sigma Aldrich, MO); (iv) FITC-conjugated NeutrAvidin, an electrically
neutral globular protein at pH 7 (60 kDa, diameter ~7 nm; Invitrogen, CA) and (v) Cd-Se
Quantum Dots 15 nm in diameter (Red, synthesized at MIT [34]).

2.2.2 Binding/Retention studies—Effects of electrostatic interactions on solute
transport, uptake and binding were investigated by using (i) FITC-conjugated and non-
labeled Avidin (pI 10.5, 66 kDa, diameter ~7 nm, Invitrogen, CA), the positively charged
counterpart of NeutrAvidin, and (ii) amine functionalized 15 nm diameter Cd-Se quantum
dots (QDs) (Qdot ®565, Green, Invitrogen, CA, USA). FITC-dextran (8kDa) was dialyzed
using 1 kDa MW cut off dialysis tube (Float-A-Lyzer G2, SpectrumLabs Inc., CA) and all
other solutes were dialyzed using 3 kDa cutoff MW centrifugal filter (Amicon Ultra-4,
Millipore Corp, MA) to determine the amount of free FITC; the fluorescence readings of
these solutions after dialysis indicated negligible amounts of free FITC. The solute types
with their physical properties are listed in Table 1.

2.3. Transport Configuration for Confocal Microscopy Imaging
A special poly(methyl methacrylate) (PMMA) transport chamber was designed to study one-
way diffusion of solutes entering into cartilage from the tissue’s superficial zone (SZ) (i.e.,
transport in the X direction in Fig. 1). The chamber walls were treated with casein to block
non-specific binding of solutes to PMMA surfaces. Pre-equilibrated cartilage disks (6 mm
diameter, 1 mm thick) were first cut in half, and the half-disk specimens were placed within
holding slots machined into the chamber (Fig 1A). The upstream chamber side facing the
superficial zone was filled with 45 μl of a known concentration of solute in 1X-PBS solution
supplemented with protease inhibitors (Roche Applied Science, IN); the downstream
chamber side was filled with 45 μl of 1X-PBS containing protease inhibitors alone. The
chamber was then placed in a petri dish containing DI water, covered (to minimize
evaporation), and placed on a slow-speed rocker inside an incubator at 37°C to minimize
stagnant layers at cartilage surfaces.

After 24–96 h, the cartilage half-disks were removed from the bath, gently rinsed in 1X
PBS, and surface fluid along with any non-absorbed solutes were gently removed with
Kimwipes. Using a scalpel, a slice (100–200 μm thick) was then cut from the center of each
disk (Fig. 1B). The middle region of the slice (shown by the dotted boundary) was imaged in
the X-Y plane using a confocal microscope (Nikon TE2000-U) at 10X magnification to
identify the penetration and X-directed solute concentration profile within the tissue.
Appropriate optical filters were chosen to eliminate auto-fluorescence of cartilage at the
settings used for imaging. For desorption studies, the solute solution was removed from the
chamber of Fig. 1 and replaced with 1X or 10X PBS containing protease inhibitors. To
ensure proper image comparison, solute concentrations were chosen such that the FITC
concentration in each solution was identical, thereby giving equal fluorescence intensities.
Nominal concentrations for the absorption baths were 2.5 μM (FITC), 125 μM (FITC-
dextran, 8 kDa), 25 μM (FITC-dextran, 40kDa), 18 μM (Avidin), and 30 μM (NeutrAvidin).
100 μM (FITC-Dextran, 40 kDa) was also used for a separate 24–96 h transport study (Fig.
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2D–F). The concentrations for the two types of QD solutions were chosen such that they
exhibited equal fluorescence intensity.

2.4. Quantitative analysis of solute uptake into cartilage
2.4.1 Quantum Dot Uptake using Induced Coupled Plasma Measurement—The
total uptake of QDs into cartilage half disks was measured via quantification of the amount
of cadmium (111Cd) present in the tissue and the absorption/desorption baths that were
collected immediately after each QD uptake experiment. (Cd is present in the core of QDs).
Inductively coupled optical-emission spectrometry (ICP-OES) was performed using a
Horiba Jobin Yvon Activa ICP OES (Horiba Scientific, NJ) to quantify the amounts
of 111Cd using a previously published method [35]. The sum of final amounts of Cd in the
bath and the cartilage half disks corresponded to the initial amount of Cd in the starting 45
μl of QD-PBS upstream solution. The Cd amounts were converted into QD concentrations
using calibration plots made for each QD studied. The background amount of Cd in fresh,
untreated cartilage was measured to be zero.

2.4.2 Equilibrium uptake of Avidin and NeutrAvidin—3 mm diameter, 1 mm thick
cartilage explants were incubated for specific times in 300 μl of known concentration (3μM)
of FITC-Avidin and FITC-NeutrAvidin, supplemented with protease inhibitors at 37°C in a
96 well plate format. After removal from the absorption baths, the disks were rinsed, gently
wiped and then incubated in 1X or 10X PBS supplemented with protease inhibitors for 24 h
or longer as specified. At the end of the experiment, the surfaces of each disk were quickly
blotted with Kimwipes and the wet weight was measured. The disks were then lyophilized
and the dry weight was measured; the water weight was calculated from the tissue wet and
dry weights. The fluorescence signal in the absorption and desorption baths was quantified
using a plate reader (1400 Wallace Victor, PerkinElmer, MA); the solute content inside the
cartilage disk was determined from the difference between the fluorescence reading of the
absorption/desorption baths before and after incubation. In establishing standard curves, the
fluorescence intensities and solute concentrations for both FITC-Avidin and FITC-
NeutrAvidin were found to be linear with bath concentration. The solute uptake ratio was
calculated as the concentration of the FITC-solute in the cartilage (per intra-tissue water
weight) normalized to the concentration of FITC-solute in the equilibration bath.

2.5. Effect of sGAG Depletion on solute uptake
To understand the effects of the negatively charged glycosaminoglycan (GAG) chains
within cartilage matrix on solute uptake and binding, groups of cartilage disks (3 mm
diameter, 1 mm thick) were treated with either chondroitinase-ABC (Sigma Aldrich, MO,
USA), or trypsin (Invitrogen, CA). Chondroitinase-ABC digests and removes GAG chains
(predominantly the chondroitin sulfate GAG chains of the highly abundant aggrecan
proteoglycans in cartilage) while the protease, trypsin, cleaves the core proteins of aggrecan
and other GAG-containing proteoglycans and glycoproteins. However, both treatments leave
cartilage’s collagen network intact [36]. The dimethyl-methylene blue (DMMB) dye binding
assay [37] was used to quantify the content of sulfated GAG (sGAG) remaining in the disks
after enzyme treatment as well as that lost to the medium as previously described [14], and
the percentage of GAG removed by specific enzyme treatments was thereby calculated. For
one series of experiments, a 24 h chondroitinase-ABC treatment (0.1U/ml in 0.15 M NaCl,
0.05 M Na phosphate, pH 7.2 for 24 h at 37°C) was used, resulting in 38.6% (~40%)
depletion of sGAG, primarily from the outer tissue surfaces, which mimics the initial GAG
loss caused by traumatic joint injury in vivo [38] and in models of cartilage injury in vitro
[39]. A second group of disks was treated with trypsin (1 mg/ml, in 0.15 M NaCl, 0.05 M Na
phosphate, pH 7.2 for 24 h at 37°C). Previous studies showed that treatment of similar
bovine calf cartilage disks with 1 mg/ml trypsin caused nearly complete loss of measureable
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sGAG by 24 h [40]. After enzyme treatments, the disks were washed three times in fresh
PBS. Uptake experiments were then conducted using solute-PBS solutions containing
protease inhibitors to minimize any additional protease activity. The transport and binding
properties were then compared with that in the normal cartilage.

2.6. Transport Measurements for Effective Diffusivity
Real-time measurement of diffusive transport of Avidin and NeutrAvidin through young
bovine cartilage disks (with intact superficial zone) was measured using a diffusion chamber
consisting of two compartments as described previously [31]. Groups of three cartilage disks
(6 mm diameter, 400 μm thick) were clamped by O-rings between the two compartments of
the diffusion chamber (with total exposed tissue area for transport of 0.28 cm2/disk), such
that solute transport from the upstream compartment into and across the cartilage disks,
simultaneously, could occur only from the superficial zone of the cartilage (schematic
shown in the inset of Fig. 7). The compartments were treated with casein to prevent non-
specific adsorption of solutes to the chamber surfaces. Each compartment was then filled
with 25 mL of 0.15 M NaCl with protease inhibitors and maintained at 20 °C. At starting
time t = 0, FITC tagged Avidin or NeutrAvidin was added to the ‘upstream’ compartment,
resulting in transport through the tissue into the downstream compartment. The baths in both
compartments were magnetically stirred to minimize the effects of stagnant layers at the
solution-tissue interfaces. Aliquots were taken from each chamber at different time intervals,
and fluorescence was measured using a plate reader.

We note that the compartment volume of 25 mL is approximately 1,000 X larger than the
volume of the cartilage plugs in the configuration of Fig. 7 (inset). As a result, the boundary
solute concentration at the cartilage-solution interfaces, both upstream and downstream,
remained to within ~5% of their starting (t=0) values throughout the course of these
transport experiments. This configuration thereby focuses on quantitation of steady state
solute flux and assessment of effective solute diffusivity within cartilage. In contrast, the
transport chamber compartment volumes in the configuration of Fig. 1 are relatively smaller
and closer to the volume of the cartilage disks, a configuration that more closely
approximates the relative solid-fluid volumes of cartilage and adjacent synovial fluid in
joints in vivo. (For example, human tibial plateau cartilage volume is ~4 mL [41], and knee
joint synovial fluid volume ranges from ~1–4 mL [42]).

2.7. Statistical Analysis
Data on solute uptake and desorption (e.g., Figs. 3I–J and 5A–C) are presented as Mean ±
SEM. We used the general linear mixed effects model with animal as a random variable for
analysis followed with the Tukey’s test for comparisons between multiple treatment
conditions. Fig. 3 data are derived from 2 different animals. A total of n=3 cartilage samples
per animal in each treatment condition were used. The mean represents the average of 6
samples per treatment condition, as there was no effect of animal. Figure 5 data are derived
from 3 different animals for the normal cartilage condition and 1 animal for the 40% GAG
depleted condition. A total of n=6 cartilage samples per animal in each treatment condition
was used; the mean represents the average of 18 samples per treatment for the normal
cartilage condition (since there was no effect of animal) and the average of 6 samples per
treatment for the 40% GAG depleted condition. We used p<0.05 for statistical significance.

3. Results
3.1. Effect of solute size and molecular structure on transport into cartilage

Transport studies with FITC (389 Da, diameter ~0.9 nm) and FITC-dextran (8 kDa,
diameter ~4.3 nm) showed that particles with hydrodynamic diameter < 5 nm penetrated
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throughout the full thickness (1 mm) of the cartilage explant within 24 h, while a penetration
gradient was still evident at 24 h for 40 kDa FITC-dextran (diameter ~10 nm) (Fig. 2A–C).
The relative fluorescence intensity vs. penetration distance into cartilage is plotted below the
images, illustrating size-dependent transport. 40 kDa FITC-dextran solutes (expandable
polysaccharide coil) diffused into the major part of the cartilage thickness in 4 days (Fig.
2D–F), while the globular protein, NeutrAvidin (MW 60 kDa, diameter ~7 nm) penetrated
approximately half the sample thickness (Fig. 2G–I). 15 nm diameter QDs were trapped in
the cartilage superficial zone and penetrated only the first 40–50 μm of tissue in 24 h (Fig.
3A, 3C). The penetration depth of these QDs did not change even by 6 days (data not
shown), suggesting that 15 nm diameter particles are too large to penetrate through the
complex meshwork of cartilage matrix. However, trypsin treated samples allowed the 15 nm
QDs to penetrate through the full thickness of the cartilage disk in 24 h (Fig 3E, 3G). DLS
measurements (Malvern Zetasizer-ZS90 equipped with a He-Ne laser) showed no
aggregation of QDs at 37°C over this time course.

3.2. Effect of particle surface properties on uptake, retention and binding within cartilage
Amine functionalized QDs (GREEN) did not desorb after 24 h in 1X PBS while the QDs
with no functional group (RED) did (Fig. 3B, 3D). Desorption in 10X PBS significantly
reduced the retention of green QDs in the cartilage disks from 64% to 0.4% of the absorbed
amount in 24 h (Fig. 3J). Trypsin treated samples exhibited significantly lower retention
(~40%) compared to normal cartilage (~64%) but retained similar amounts with 1X and 10X
desorption (Fig 3J), suggesting charge based interactions. Matrix degradation due to trypsin
treatment significantly enhanced the penetration and uptake for both types of QDs, as
expected (Fig 3E, G, I).

To further explore the effects of electrostatic interactions, the transport and binding
properties of Avidin (a highly positively charged globular protein) were compared to that of
its neutral counterpart, NeutrAvidin. Despite their similar sizes, NeutrAvidin penetrated only
half the specimen thickness in 4 days (mean uptake ~0.44) while Avidin diffused through
the full thickness of the cartilage (mean uptake ~183) within 1 day, resulting in greater than
400 times higher uptake of Avidin compared to NeutrAvidin (Fig. 4A–C; 5A–B). About
50% of the absorbed NeutrAvidin diffused out of the cartilage within 1 day in 1X PBS,
while 96% of the absorbed Avidin remained inside the cartilage even by 15 days (the
duration of the experiment conducted) in 1X PBS (Fig. 5C). However, a significantly higher
percent (~ 69%) of the absorbed Avidin diffused out of the cartilage in 10X PBS within 24
h, suggesting effects of strong electrostatic interactions (Fig. 4D–E). We hypothesized that
the Avidin could be binding (reversibly) to the negatively charged GAG chains in the
cartilage matrix. Depletion of 40% of the cartilage sGAG (using chondroitinase-ABC)
resulted in significantly reduced uptake of Avidin over a 24 h period, from a mean value of
183 in normal cartilage to 24 in GAG-depleted tissue (Fig. 5A). This further confirmed the
effects of charge interactions and showed that the negatively charged sGAG chains of
cartilage matrix play a critical role in enhancing the transport, uptake and binding properties
of large, positively charged globular proteins like Avidin. The uptake of NeutrAvidin,
however, increased from 0.28 in the normal cartilage to 0.54 in GAG depleted cartilage by
24 h (Fig. 5B), which is most likely due to the increase in the matrix pore size resulting from
40% sGAG depletion.

3.3. Avidin uptake as a function of bath Avidin concentration
Based on the results of Fig 5, we hypothesized that Avidin could bind to sites within the
cartilage. To test this hypothesis, we performed competitive binding experiments in which 3
mm diameter cartilage disks were equilibrated for 3 days in 300 μl buffer containing a fixed
amount of (fluorescently labeled) FITC-Avidin (1 μM) and graded amounts of unlabeled

Bajpayee et al. Page 7

Biomaterials. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Avidin (0, 10, 76, 100, and 203 μM). The disks were split into half disks to reduce the time
needed for equilibration, which was performed in 96 well plates at 37°C. The uptake ratio,
RU, was measured and plotted versus the total bath concentration of Avidin (labeled +
unlabeled, Fig. 6), where RU is defined as the total concentration of Avidin inside the
cartilage (bound (CB) plus free (CF)) per intra-tissue water weight, normalized to the Avidin
concentration in the equilibration bath (CBath):

(1)

Labeled and unlabeled Avidin were assumed to partition into the cartilage identically. At
very low concentration of the labeled Avidin (≤ 1 μM), a high uptake of ~120 was observed.
When unlabeled Avidin was added to the bath, both species (labeled and unlabeled) could
compete for the same (constant) number of binding sites available in the tissue (site density
NT). As the concentration of unlabeled Avidin was increased, the uptake of labeled Avidin
was observed to decrease dramatically (Fig. 6). To model the data of Fig. 6, we assumed a
simple first-order, bimolecular, reversible reaction to describe binding of Avidin to a single
dominant binding species within cartilage. We adopted a similar previously described
theoretical model [31] used for characterizing the binding of soluble insulin like growth
factor-1 (IGF-1) to IGF-binding proteins (IGF-BPs) that are uniformly enmeshed and fixed
within cartilage matrix. According to this model, the equilibrium molar concentration of free
solute (CF), bound solute (CB), intra-tissue binding site density (NT) and the equilibrium
dissociation constant (KEQ) are related by the binding isotherm:

(2)

which is similar in form to a Langmuir adsorption isotherm. In addition, the equilibrium
partition coefficient (K) of solute, Avidin, is defined as the concentration of the free solute
inside the cartilage disk (per intra-tissue water weight) normalized to the concentration of
solute in the bath:

(3)

In these experiments, the final Avidin bath concentration in Equation (3), CBath-final, is
generally different from the initial bath concentration, CBath-initial, because of the very high
uptake of Avidin into cartilage. The ratio of final to initial Avidin bath concentration is
defined as f:

Then the partitioning of labeled and unlabeled Avidin into cartilage then becomes:

(4)

Combining Equations 1–4 yields:
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(5)

The theoretical curve for RU was fit to the data of Fig. 6 (solid line) using nonlinear least
squares; the best fit values for the three unknown parameters were, K = 5.9, KEQ = 150.3
μM and NT = 2920 μM. We note that the partition coefficient K is the value of in Eq. (5) in
the limit of very high Avidin bath concentration (i.e., the limit in which all the binding sites
are occupied by the unlabeled Avidin). Thus, K is determined by both steric hindrance and
electrostatic (Donnan) interactions. (The data of Fig 6, re-plotted in the form of the binding
isotherm of Eq. (2), is presented in Supplemental Section S1 for comparison.)

3.4. Characterization of non-equilibrium transport of Avidin across bovine cartilage
The transport cell arrangement shown in the inset of Fig. 7 was used to measure transient
transport of Avidin and NeutrAvidin into and across cartilage disks. Fig. 7 shows real time
measurements of the downstream concentration of FITC-Avidin (normalized to upstream
concentration) that had diffused through a group of three cartilage explants in parallel.
Extrapolation of the linear slope of concentration versus time (between t = 50 to t = 150
minutes) to the time axis gives the time lag τlag to achieve the steady state flux [43] which,
for Avidin, was τlag ~ 35 min. This τlag is related to the effective diffusivity, DEFF, of
Avidin that characterizes the initial transport transient [43]:

(6)

where δ is the thickness of the cartilage disk (~400 μm). DEFF for Avidin was calculated to
be 3.8 × 10−7cm2/s. We hypothesized that this time lag and, hence, DEFF could be associated
in part with the effects of binding of Avidin within the cartilage. Once this binding has
reached steady state, a corresponding steady state flux would be achieved, as seen in Fig 7
from t = 35 min to t = 186 min. This steady state flux is expressed in terms of the steady
state diffusivity DSS by:

(7)

where Φ is the tissue porosity (measured from wet and dry weights to be Φ = 0.81), K is the
partition coefficient, and CU and CD are upstream and downstream bath concentrations,
respectively. The time derivative of the normalized downstream concentration (slope) is
related to the steady state flux by,

(8)

where A is the total exposed tissue area (0.84 cm2) and VD (25 cm3) is the volume of the
downstream bath. Using Eq. 8, the product KDSS for Avidin was calculated to be 1.4 × 10−5

cm2/s. Similarly, KDSS for NeutrAvidin was calculated to be 2.3 × 10−6 cm2/s, giving a ratio
of (KDSS)Avidin to (KDSS)NeutrAvidin of ~10. Avidin and NeutrAvidin are of similar size and,
hence, are expected to have similar steady state diffusivity, DSS. The partition coefficient for
NeutrAvidin, KNeutrAvidin was estimated from the data of Fig. 5B to be 0.44. Using these
values, we calculated KAvidin to be 4.4 and DSS to be 3.2 × 10−6cm2/s.
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To test whether any unbound FITC was present which could affect the measurement of the
total flux and thereby the estimate of diffusivity, free FITC (MW 389.3 Da) was added at t =
186 min into the upstream bath. Almost immediately, the diffusive flux of fluorescently
labeled species across the cartilage increased dramatically (Fig. 7). The diffusivity of free
FITC was thereby estimated to be 2.8 × 10−5cm2/s, one order of magnitude higher than the
steady state diffusivity (DSS) calculated for Avidin, implying that there was a negligible
amount of free FITC present which could affect the measurement of the flux of FITC-
Avidin.

Assuming that DEFF includes the effects of binding, modeled using first order, reversible
bimolecular reaction kinetics, DEFF can be derived in terms of DSS [31]. During the initial
addition of labeled Avidin, i.e., in the limit in which CF < KEQ, DEFF is related to DSS by
[31]:

(9)

From the best fit values (section 3.2), . Using DEFF ~ 3.8 × 10−7cm2/s
(from figure 7), DSS = 7.7 × 10−6cm2/s, which is on the same order of magnitude as that
calculated from the transport cell experiment. (See Table 2 for transport properties estimated
for Avidin.)

4. Discussion
Traumatic joint injuries can result in damage to many soft and hard tissues. While joint
cartilage sometimes remains undamaged, varying changes are observed, from subtle
microdamage to the matrix (not visualizable by MRI or arthroscopy) up to overt fibrillation
and cracks [44]. Trauma simultaneously increases the levels of inflammatory cytokines in
the synovial fluid, which can predispose even undamaged cartilage to rapid chondrocyte-
mediated proteolysis and loss of aggrecan and other matrix molecules within the first days/
weeks post-injury [6,14,38,44,45], eventually leading to PTOA. With the need to identify
drug-carrying nanoparticles that can penetrate rapidly within cartilage to provide sustained
delivery of drugs to cell and matrix targets throughout the tissue, we studied a range of
particle sizes and types to test their ability for rapid and sustained uptake.

We found that deep penetration into normal (undamaged) cartilage required particle
diameters < 10 nm (Figs. 2–4). If injected intra-articularly, in-vivo clearance would define a
practical lowest size limit [46,47]. While 15 nm diameter particles were sterically hindered
and trapped in the superficial zone of normal cartilage, they could penetrate into the deeper
zones of proteoglycan-depleted cartilage (Fig. 3), consistent with previous reports of solute
penetration [28,29,48–51]. Such larger sized particles can be used for drug delivery if they
can be functionalized to specifically bind within the superficial zone of cartilage. As these
particles gradually degrade, they could release drugs which could then diffuse and/or bind
within the cartilage over time. We demonstrated this approach by using amine
functionalized QDs; however, the specific binding mechanism in this case is not apparent.

The high negative fixed charge density of cartilage offers the unique opportunity to utilize
electrostatic interactions to augment transport, binding and retention of drug carriers.
Recently, transport into cartilage explants of a small cationic peptide therapeutic was
investigated (Arg-Tyr-Lys-Arg-Thr; 760 Da, net charge +3; pI = 11). The concentration of
the peptide was indeed higher in cartilage due to Donnan (electrostatic) partitioning (as
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would be expected), but the peptide did not bind within the cartilage and therefore rapidly
diffused out [52]. Reversible binding to intra-tissue sites is necessary to maintain enhanced
intra-tissue concentration for sustained local delivery, and separate experiments must be
performed for any given nanoparticle to test whether electrostatic interactions can
simultaneously affect non-equilibrium transport and equilibrium uptake (the latter associated
with binding of solutes to matrix and/or upward Donnan partitioning of unbound solutes into
intra-tissue fluid).

In this study, we report that Avidin’s structure due to its size and high positive charge
exemplifies distinct advantages for a particle-based drug delivery system. Avidin penetrated
throughout the full thickness of cartilage explants within 24 h, while the same-sized neutral
counterpart, NeutrAvidin, took four days to penetrate into half the thickness (Figs. 2,4).
Avidin showed a 400 times higher equilibrium uptake compared to NeutrAvidin in normal
cartilage. Additionally, Avidin was retained within cartilage for at least 15 days, while
NeutrAvidin was mostly released when explants were placed in a 1X PBS desorption bath
for 24 h (physiological ionic strength) (Fig. 5). When placed in high salt (10X PBS), Avidin,
too, was readily desorbed due to the shielding of electrostatic interactions.

The transport of a large, positively charged molecule like Avidin through negatively charged
cartilage is influenced by three phenomena (i) steric hindrance from the dense tissue ECM
(characterized by DSS, Eq. (7)), (ii) binding to the intra-tissue sites (characterized by DEFF,
which is a function of DSS, NT, and KEQ, Eq. (9)), and (iii) Donnan partitioning of unbound
Avidin due to electrostatic interactions (characterized by K, Eqs. (3,7)). Upon initial
addition of Avidin to the bath, electrostatic interactions would result in high upward Donnan
partitioning of Avidin at the solution-cartilage interface (through K). The resulting steep
intra-tissue concentration gradient would greatly enhance transient transport of Avidin into
the tissue compared to that of similarly sized but neutral, NeutrAvidin, as observed (Figs.
4,5). At final equilibrium, the high uptake of Avidin could be due to either intra-tissue
binding and/or tissue-wide upward Donnan partitioning. To distinguish between these
effects, we performed additional competitive binding experiments (Fig. 6) which suggest
that Avidin binds weakly and reversibly to sites in cartilage with a KD ~150 μM. The
predicted high binding site density (NT ~2920 μM) is consistent with the high concentration
of intra-tissue GAGs, and explains Avidin’s long retention time (~15 days) inside the tissue.

Further evidence of the presence of binding interactions is provided by the non-equilibrium
transport experiments of Fig. 7: the measured diffusion lag time (τlag) suggests that binding
slowed the initial transport of Avidin into cartilage compared with the final steady state
diffusive transport across the tissue. The effective diffusivity DEFF (which includes the
effects of binding from Eq. (9)) was estimated from the measured τlag (Eq. (6)); DEFF was
an order of magnitude less than DSS, the diffusivity after binding had reached steady state.
Nevertheless, this weak, reversible binding did not inhibit Avidin’s rapid penetration into
the full depth of the explants because of the steep intra-tissue concentration gradient caused
by Donnan partitioning.

Because of the importance of electrostatic interactions in the uptake and transport of Avidin
in cartilage, we used several approaches to estimate the effective net charge of the Avidin
tetramer responsible for the experimental observations presented. First, the amino acid
structure of Avidin suggests a net tetrameric charge of +20 based on the net excess of basic
over acidic residues (see Supplementary Section S2). However, this estimate assumes that
all such residues are ionized in aqueous solution and that none of these residues are internal
(buried) and thereby inaccessible to charge-charge interactions within the cartilage matrix.
Furthermore, this estimate neglects the effects of Avidin glycosylation which could add
additional negative charge groups to the total sum. Therefore, we also applied Donnan
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equilibrium theory to the experimental results of Figs. 5B and 6 to calculate Avidin charge
(Supplementary Section S3). Donnan theory [53] is based on the assumptions that (1) all
freely moving charged species (i.e., Avidin and bath ions) will partition into a charged tissue
according to Boltzmann statistics and, (2) the net charge in the tissue is zero by
electroneutrality (i.e., the sum of the tissue fixed charge density and mobile carrier
concentrations). By fitting the Donnan theory to the equilibrium uptake data of Fig. 5A, the
effective net charge of Avidin was calculated to be +6.2. This value is very close to the
effective charge of +7.3 that we obtained by using the reported zeta potential of Avidin [54]
in the Grahame equation for spherical particle electrokinetics (Supplementary Section S.4).
A final upper estimate of effective net charge was obtained by assuming that the uptake of
Avidin in the experiments of Figure 6 was entirely due to Donnan partitioning into cartilage
in the complete absence of binding to intra-tissue sites (see Supplementary Section S.5).
This estimate gave a net charge of +13 to +14.

The loss of the negatively charged GAGs soon after a joint injury might limit the extent of
electrostatic interactions available for binding and retention of cationic solutes within the
tissue. We simulated such a post-injury condition using chondroitinase-ABC to remove
~40% of explant GAG chains. Avidin uptake was not as high as in normal cartilage, but still
achieved a very high value of 24 (Fig. 5A), and remained bound to intra-tissue sites even
when placed in 1X PBS desorption bath. Together, these observations suggest that Avidin
may be useful in-vivo as a model drug delivery mechanism for cartilage, and that therapeutic
drug carriers with properties similar to Avidin (~7nm diameter and a high positive charge)
might enable rapid, high uptake inside the cartilage, bind within the tissue, and thereby
providing sustained local drug delivery.

5. Conclusion
Based on our results, we propose a mechanism for nanoparticle based drug delivery into
cartilage involving highly positively charged drug carrying particles with diameter < 10 nm,
which can diffuse through the full thickness of cartilage and are capable of binding to sites
within the ECM. Avidin provides an excellent example of such a nanoparticle, which could
potentially release and deliver low molecular weight functionalized drugs. A second
approach could utilize slightly larger sized particles that can bind within the superficial zone
of cartilage and then release functionalized drugs. The QD data of Fig. 3 exemplifies this
approach. As these particles gradually degrade, they could release drugs which could then
diffuse and/or bind to sites within the cartilage over time. With both approaches,
electrostatic interactions between positively charged nanoparticles and the negative fixed
charge of cartilage ECM can be optimized to augment transport, uptake and intra-tissue
binding of such drug carriers.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Transport chamber designed to enable one-way diffusion (X direction) of solutes into
cartilage half disks entering from the superficial zone (B) A slice (100–200 μm thick) was
cut from the center of the cartilage half disk (6mm diameter, 1mm thick) and imaged via
confocal microscopy at 10X magnification in the X-Y plane of the slice to assess penetration
and X-directed solute concentration profile after a selected duration of solute transport. Red
arrows indicate the direction of solute diffusion through the superficial zone (SZ). Images of
the middle region of the slice (shown by dotted boundary) were taken to avoid any edge
effects from the top and bottom of the half disk. A FITC (fluorescein isothiocyanate) filter
cube was used for imaging FITC conjugated solutes. Quantum dots (QDs) were imaged
using a filter cube containing 565/30 nm filter for green QDs, 640/50 nm filter for red QDs
and a 625 nm LP dichroic mirror.
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Figure 2.
Confocal images of the concentration profile inside bovine cartilage explants of (A) FITC
(MW 389 Da, diam ~0.9 nm) (B) FITC-dextran (MW 8 kDa, diam ~4.3 nm) and (C) FITC-
dextran (MW 40 kDa, diam ~10 nm) after diffusion into cartilage for 24 h. (D) Confocal
images of the concentration profile of FITC-dextran (MW 40 kDa, diam ~10 nm) inside
cartilage explants after diffusion for 24 h, (E) 48 h, and (F) 96 h. (G) Confocal images of the
concentration profile of NeutrAvidin (neutral charge, MW 60 kDa, diam ~7 nm) after
diffusion into cartilage explants for 24 h, (H) 48 h, and (I) 96 h. Arrows on the right side of
the images indicate cartilage superficial zone. Average fluorescence intensities across the
thickness of each slice (X direction) are plotted below the images as a function of distance
from the left edge of the images. Scale bar = 200 μm.
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Figure 3.
Confocal images of the concentration profile inside normal cartilage explants of 15 nm in
diameter, non-functionalized (RED) Cd-Se QDs after (A) 24 h absorption, and (B) 24 h
desorption (into 1X PBS bath). (C) Confocal images of the concentration profile inside
normal cartilage explants of 15 nm amine functionalized QDs (GREEN) after 24 h
absorption, and (D) 24 h desorption (into 1X PBS bath). (E) Confocal images of the
concentration profile of 15 nm non-functionalized QDs (RED) inside trypsin treated
cartilage explants (1mg/ml, 24 h treatment) after 24 h absorption, and (F) 24 h desorption
(into 1X PBS bath). (G) 24 h absorption, and (H) 24 h desorption (into 1X PBS bath) of
amine functionalized QDs (GREEN). Arrows on the right side of the images indicate
cartilage superficial zone. Scale bar = 200 μm. (I) The percent of the initial moles of
cadmium in the bath of Cd-Se red and green QDs that were absorbed into normal and
trypsin treated bovine cartilage explants in 24 h. (J) The percent of cadmium absorbed in 24
h that was retained inside the cartilage explants after 24 h desorption into 1X PBS for red
and green QDs and into 10X PBS for green QDs only. The explants were completely
digested using HNO3, and the total cadmium was detected using inductively coupled plasma
mass spectrometry (ICP-MS). Data are for both normal and trypsin treated cartilage. Values
are Mean ± SEM, n= 6 cartilage samples in each condition. Horizontal lines over bars
represent significant differences between treatment groups; * indicates significant difference
between trypsin treated and normal cartilage; p<0.05.
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Figure 4.
(A) Transport chamber of Fig. 1A showing visual evidence of significantly higher uptake for
Avidin compared to NeutrAvidin over a 24 h period. ‘Av’ = Avidin; ‘Nu’ = NeutrAvidin.
(B) Confocal images of the concentration profile inside normal cartilage explants of Avidin
(positive charge, MW 66 kDa, diam~7 nm), and (C) NeutrAvidin after 24 h absorption into
normal cartilage explants. Confocal images after 24 h desorption of Avidin into (D) 1X PBS
and (E) 10X PBS. Arrows on the right side of the images indicate cartilage superficial zone.
Scale bar = 200 μm.
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Figure 5.
Uptake ratios measured for (A) Avidin and (B) NeutrAvidin after 1 to 4 day equilibration
periods for normal and 40% GAG-depleted cartilage explants (via chondroitinase-ABC) (C)
The percent of moles absorbed in 24 h that was retained inside the explants after desorption
into 1X and 10X PBS for Avidin and NeutrAvidin. Values are Mean ±SEM; n= 18 cartilage
samples (6 disks from each of 3 animals) per treatment group for normal cartilage condition,
and n=6 cartilage samples per treatment group (from 1 animal) for 40% GAG-depleted
cartilage. Horizontal lines over bars represent statistical significant differences between
treatment groups; * indicates significant difference between GAG-depleted and normal
cartilage; p<0.05.
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Figure 6.
Concentration dependent uptake ratio of FITC labeled Avidin in cartilage explants after 3
day equilibration at 37°C in 1X PBS supplemented with protease inhibitors. Graded
amounts of unlabeled Avidin was added to a fixed amount of FITC-Avidin (<1 μM). The
theoretical curve of Equation (5) (solid line) was fit to the data to obtain best-fit values of K,
KEQ, and NT. The predicted values are K~6, KEQ~ 150 μM and NT~ 2920 μM. Total bath
Avidin concentration is the sum of labeled and unlabeled Avidin. Data are mean ± SD, n = 4
disks per condition.
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Figure 7.
Non-equilibrium diffusive transport of Avidin-FITC across a group of three 6 mm diameter,
400 μm thick cartilage explants, plotted as the measured downstream concentration versus
time, normalized to the applied upstream concentration. At t = 0 min, Avidin-FITC was
added to the upstream chamber. The effective diffusivity was calculated from τlag and the
steady state diffusivity from the measured diffusive flux of Avidin-FITC (i.e., the slope of
the concentration versus time). At t = 186 min, free FITC was added to the upstream
chamber to estimate the contribution of unbound FITC to the total flux.
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Table 2

Transport properties estimated for Avidin from the transport cell and binding isotherm

Avidin Transport Properties Binding Isotherm Transport cell

Partitioning, KAvidin ~6 ~4.4

Binding density (NT) ~2920 μM X

Dissociation Constant (KEQ) ~150 μM X

Effective Diffusivity (DEFF) X 3.8 × 10−7cm2/s

Steady State Diffusivity (DSS)

7.7 × 10−6cm2/s 

3.2 × 10−6cm2/s

Effective Charge +6 X
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