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SUMMARY:
This protocol determines equilibrium uptake, depth of penetration and non-equilibrium diffusion rate for cationic peptide carriers in cartilage. Characterization of transport properties is critical for ensuring an effective biological response. These methods can be applied for designing an optimally charged drug carriers for targeting negatively charged tissues.
[bookmark: Long_Abstract]
ABSTRACT: 
Several negatively charged tissues in the body, like cartilage, present a barrier to the targeted drug delivery due to their high density of negatively charged aggrecans and, therefore, require improved targeting methods to increase their therapeutic response. Because cartilage has a high negative fixed charge density, drugs can be modified with positively charged drug carriers to take advantage of electrostatic interactions, allowing for enhanced intra-cartilage drug transport. Studying the transport of drug carriers is, therefore, crucial towards predicting the efficacy of drugs in inducing a biological response. We show the design of three experiments which can quantify the equilibrium uptake, depth of penetration and non-equilibrium diffusion rate of cationic peptide carriers in cartilage explants. Equilibrium uptake experiments provide a measure of the solute concentration within the cartilage compared to its surrounding bath, which is useful for predicting the potential of a drug carrier in enhancing therapeutic concentration of drugs in cartilage. Depth of penetration studies using confocal microscopy allow for the visual representation of 1D solute diffusion from the superficial to deep zone of cartilage, which is important for assessing whether solutes reach their matrix and cellular target sites. Non-equilibrium diffusion rate studies using a custom-designed transport chamber enables the measurement of the strength of binding interactions with the tissue matrix by characterizing the diffusion rates of fluorescently labeled solutes across the tissue; this is beneficial for designing carriers of optimal binding strength with cartilage. Together, the results obtained from the three transport experiments provide a guideline for designing optimally charged drug carriers which take advantage of weak and reversible charge interactions for drug delivery applications. These experimental methods can also be applied to evaluate the transport of drugs and drug-drug carrier conjugates. Further, these methods can be adapted for the use in targeting other negatively charged tissues such as meniscus, cornea and the vitreous humor.

[bookmark: Introduction]INTRODUCTION: 
Drug-delivery to negatively charged tissues in the body remains a challenge due to the inability of drugs to penetrate deep into the tissue to reach cell and matrix target sites1. Several of these tissues comprise of densely-packed, negatively-charged aggrecans which create a high negative fixed charge density (FCD)2 within the tissue and act as a barrier for the delivery of most macromolecules3,4. However, with the assistance of positively charged drug carriers, this negatively charged tissue barrier can actually be converted into a drug depot via electrostatic charge interactions for sustained drug delivery1,5 (Figure 1).

[Place Figure 1 here]

Recently, short-length cationic peptide carriers (CPCs) were designed with the goal of creating small cationic domains capable of carrying larger sized therapeutics for delivery to the negatively charged cartilage4. For effective drug delivery to the cartilage for treating prevalent6,7 and degenerative diseases such as osteoarthritis (OA)8, it is critical that therapeutic concentrations of drugs penetrate deep within the tissue, where a majority of the cartilage cells (chondrocytes) lie9. Although there are several potential disease modifying drugs available, none have gained FDA approval because these are unable to effectively target the cartilage10,11. Therefore, evaluation of the transport properties of drug carriers is necessary for predicting the effectiveness of drugs in inducing a therapeutic response. Here, we have designed three separate experiments that can be utilized for assessing the equilibrium uptake, depth of penetration and non-equilibrium diffusion rate of CPCs4.

To ensure that there is a sufficient drug concentration within the cartilage that can provide an optimal therapeutic response, uptake experiments were designed to quantify equilibrium CPC concentration in cartilage4. In this design, following an equilibrium between the cartilage and its surrounding bath, the total amount of solute inside the cartilage (either bound to the matrix or free) can be determined using an uptake ratio. This ratio is calculated by normalizing the concentration of solutes inside the cartilage to that of the equilibrium bath. In principle, neutral solutes, whose diffusion through the cartilage is not assisted by charge interactions, would have an uptake ratio of less than 1. Conversely, cationic solutes, whose transport is enhanced via electrostatic interactions, show an uptake ratio greater than 1. However, as shown with CPCs, use of an optimal positive charge can result in much higher uptake ratios (greater than 300)4.

Although high drug concentration within the cartilage is important for achieving therapeutic benefit, it is also critical that drugs diffuse through the full thickness of the cartilage. Therefore, studies showing the depth of penetration are required to ensure that drugs reach deep within the cartilage so that the matrix and cellular target sites can be reached, thereby providing a more effective therapy. This experiment was designed to assess the one-way diffusion of solutes through cartilage, simulating diffusion of drugs into cartilage following intra-articular injection in vivo. Fluorescence imaging using confocal microscopy allows for the evaluation of depth of penetration into cartilage. Net particle charge plays a key role in moderating how deep drugs can diffuse through the matrix. An optimal net charge based on a tissue FCD is required to allow for weak-reversible binding interactions between cationic particles and the anionic tissue matrix. This implies that any interaction is weak enough so that particles can disassociate from the matrix but reversible in nature so that it can bind to another matrix binding site deeper within the tissue4. Conversely, excessive positive net charge of a particle can be detrimental towards diffusion, as too strong matrix binding prevents detachment of particles from the initial binding site in the superficial zone of cartilage. This would result in an insufficient biological response as a majority of the target sites lie deep within the tissue9.

To further quantify the strength of the binding interactions, analysis of drug diffusion rates through cartilage is advantageous. Non-equilibrium diffusion studies allow for the comparison of real-time diffusion rates between different solutes. As drugs diffuse through the superficial, middle and deep zones of cartilage, the presence of binding interactions can greatly alter diffusion rates. When binding interactions are present between drugs and the cartilage matrix, it is defined as the effective diffusivity (DEFF). In this case, once all binding sites have been occupied, the diffusion rate of drugs is governed by the steady-state diffusion (DSS). Comparison between the DEFF of different solute determines the relative binding strength of solutes with the matrix. For a given solute, if the DEFF and DSS are within the same order of magnitude, it implies that there is minimal binding present between the drug and matrix during diffusion. However, if DEFF is greater than DSS, substantial binding of particles to matrix exists.

The designed experiments individually allow for the characterization of solute transport through the cartilage, however, a holistic analysis inclusive of all results is required for designing an optimally charged drug carrier. The weak and reversible nature of charge interactions controls particle diffusion rate and allows for high equilibrium uptake and rapid full depth penetration through cartilage. Through equilibrium uptake experiments, we should look for carriers that show high uptake as a result of charge interactions which can be verified using non-equilibrium diffusion rate studies. However, these binding interactions should be weak and reversible in nature to allow for full-thickness penetration of the solute through cartilage. An ideal drug carrier would possess an optimal charge which enables strong enough binding for uptake and high intra-cartilage drug concentrations, but not too strong as to impede full-thickness diffusion4. The presented experiments will assist in the design characteristics for charge-based tissue targeting drug carriers. These protocols were used for characterizing CPC transport through cartilage4, however, these can also be applied to a variety of drugs and drug carriers through cartilage and other negatively charged tissues.
[bookmark: _Hlk37402512]
[bookmark: Protocol]PROTOCOL:
University approvals were obtained for conducting the experiments with dead tissues. Bovine joints were obtained commercially from a slaughterhouse. 

1. Cartilage explant extraction

1.1 Using a scalpel (#10 blade), cut and remove fat, muscles, ligaments, tendons and all other connective tissue to expose the cartilage from the femoropatellar groove of bovine knee joints.

1.2 Using 3 mm and 6 mm dermal punches, make perpendicular punches into the cartilage to extract cylindrical plugs. Immediately place the plugs in individual wells of a 48-well plate containing 500 μL of 1x phosphate buffered saline (PBS) supplemented with 1% v/v antibiotic-antimycotic.

1.3 Place the superficial side of a cartilage plug facing down into a well in the slicing fixture (Figure 2). Using a razor blade, slice the plug along the surface of the slicing fixture to obtain a 1 mm thick cartilage explant that is inclusive of the superficial zone. Repeat for each cartilage plug.

1.4 Store cartilage explants individually in polypropylene tubes containing 500 μL of 1x PBS supplemented with protease inhibitors (PBS-PI, 1 PI mini-tablet per 50 mL 1x PBS) at -20 °C.

1.5 Prior to conducting each of the following transport experiments, thaw the explant-containing vials for 30 min in a 37 °C water bath.

[Place Figure 2 here]

2. Equilibrium uptake of CPCs in cartilage

2.1 Gently dab cartilage explants (3 mm dia. X 1 mm thick.) with a delicate task wipe to remove excess 1x PBS from the explant surface. Using a balance, quickly record the wet weight of each explant and then immediately place in a 1x PBS bath to prevent dehydration.

2.2 Prepare 30 μM solutions (300 μL per explant) of fluorescently labeled CPCs in 1x PBS-PI. Use RNase-free polypropylene tubes for reconstitution. 

2.3 In a 96-well plate, pipette 300 μL of each 30 μM CPC solution into separate wells. Avoid using wells near the edge of the plate to prevent evaporation. Using a spatula, transfer each explant to the solution containing wells. 

2.4 Fill surrounding wells with 300 μL of 1x PBS and cover the well plate with lid. Seal the edges of the plate with flexible film to minimize evaporation.

2.5 Inside of a 37 °C incubator, place the plate on a plate shaker to limit the particle sedimentation. Incubate for 24 h under gentle rotation (50 rpm with a 15 mm orbit) to allow for the equilibrium uptake of CPCs in the cartilage (Figure 3). 

2.6 Generate a standard curve for correlation of fluorescence to CPC concentration

2.6.1 Prepare serial dilutions of CPC solutions from 30 μM – 0 μM (10 2-fold dilutions) in 1x PBS-PI in polypropylene tubes. Ensure that at least 500 μL of each dilution is present.

2.6.2 Add 200 μL of each dilution to consecutive wells in a black 96-well plate. Duplicate in another row to increase sample size.

2.6.3 Obtain fluorescence readings of each sample using a plate reader at the excitation and emission wavelengths of the fluorescent label using a plate reader.

2.6.4 Plot fluorescence reading vs. CPC concentration and derive an equation for the linear portion of the curve.

NOTE: To limit the variability in fluorescence readings, incubate the CPC stock solution under the same conditions as the sample plate prior to generation of the standard curve. 

2.7 After 24 h of incubation, collect the equilibrium bath from each well in separate polypropylene tubes.

2.8 Transfer 200 μL of each solution into separate wells of a black 96-well plate. Obtain fluorescence readings of each sample under the same fluorescent settings as for the standard curve. If necessary, dilute the sample in 1x PBS-PI to ensure readings fall within the linear portion of the standard curve. 

[Place Figure 3 here]

3. Depth of penetration of CPCs in the cartilage

3.1 Prepare 30 μM solutions (300 μL per explant) of fluorescently labeled CPCs in 1x PBS-PI. Use RNase-free polypropylene tubes for reconstitution.

3.2 Using a scalpel, cut cartilage explants (6 mm diameter x 1 mm thickness) in half to make half-disks. Keep the explant hydrated with a layer of 1x PBS-PI while cutting.

3.3 Glue a half-disk explant into the middle of one well of the custom-designed 1-dimensional transport chamber using an epoxy (Figure 4, Figure 5). Ensure epoxy is applied to the circumferential (curved) side of the explant. Remove excess glue from the well to prevent contact with the diffusion surface area of cartilage and make a note of the superficial side of the explant.

3.4 Add 80 μL of 1x PBS-PI to both sides of the explant. Pipette the liquid up and down from one side of the explant to check for leakage to the other side. If leakage occurs, readjust explant and apply epoxy as needed.

3.5 Replace the 1x PBS-PI from the side facing the superficial surface of cartilage (upstream) with 80 μL of 30 μM CPC solution. Maintain 80 μL of 1x PBS-PI on the side facing the deep zone of cartilage (downstream).

3.6 Carefully place the transport chamber in a cell culture dish. Cover the base of the dish with a layer 1x PBS to avoid evaporation of solutions. Ensure that there is no direct contact between solutions from upstream and downstream chambers.

3.7 Place the cell culture dish on a plate shaker to limit particle sedimentation. Incubate for either 4 or 24 h at room temperature under gentle rotation (50 rpm with a 15 mm orbit).

3.8 After incubation, remove the explant from chamber and cut 100 μm slice from the center of the explant.

NOTE: This cross-section is inclusive of the superficial, middle and deep zones of cartilage. 

3.9 Place the slice between a glass slide and a coverslip. Hydrate the slice with a layer of 1x PBS-PI.

3.10 At 10x magnification, image through the full thickness of the slice to obtain z-stack of fluorescent images using a confocal microscope.

3.11 Using ImageJ project the average intensity of the images within the z-stack to determine the depth of penetration of CPCs in cartilage.
	
3.11.1 Open the image stack by clicking on File | Open.
	
3.11.2 Click on ‘Image’ on the task bar and click Image | Stacks | Z Project from the dropdown menu. 
	
3.11.3 Input slice numbers from 1 to the final slice. Select ‘Average Intensity’ under Projection Type. Click ‘OK.’

[Place Figures 4 and Figure 5 here]

4. Non-equilibrium diffusion rate of CPCs in the cartilage

4.1 Bring the two halves of the custom-designed transport chamber (Figure 6) together to assemble and close the chamber. Use washers, nuts and bolts to tightly close the chamber with a wrench.  

NOTE: The transport chamber must be translucent as to not interfere with fluorescent readings. The transport chambers used in this protocol are made from polymethylmethacrylate (PMMA).

4.2 Coat the inner space of the chamber with 0.5% w/v non-fat bovine milk solution in 1x PBS (2 mL for each chamber) for 15 min to prevent non-specific binding of CPCs to chamber walls. Then rinse the chamber with 1x PBS (2 mL for each chamber).

4.3 Using the custom-designed slicing fixture (Figure 2) and a razor blade, slice a 6 mm diameter cartilage explant (transverse plane) to a thickness of 500-800 μm, inclusive of the superficial zone. Keep the explant hydrated with 1x PBS.

4.4 Using hammer-driven and dermal punches, create gaskets from rubber sheets as shown in Figure 7. 

4.5 Assemble each half transport chamber to include 1 large rubber gasket, 1 PMMA insert and 1 small rubber gasket each. Place the explant in the wells of the plastic insert, with the superficial zone facing the upstream chamber. Sandwich the two halves together to complete the assembly and screw tightly using a wrench (Figure 7).

4.6 Fill the upstream chamber with 2 mL of 1x PBS-PI and observe the downstream chamber for leakage of fluid from the upstream chamber. If leakage is present, reassemble the chamber, adjusting gasket position and tightness of screws. If no leakage, fill the downstream chamber with 2 mL 1x PBS-PI as well.

4.7 Add a mini-stir bar to both up and downstream chambers and place the chamber on a stir plate. Align the chamber so that laser from the spectrophotometer is focused towards the center of the downstream chamber. Place the signal receiver portion of the spectrophotometer behind the downstream chamber (Figure 8). 

NOTE: The laser and receiver of the spectrophotometer must be equipped with the appropriate filters to excite, emit and transmit signals from the fluorescently labeled protein. Protect the transport chamber from light using a black box during experimentation to avoid interference in fluorescence signal. It is best practice to seal the openings on top of the chamber with flexible film to avoid evaporation.

4.8 Collect real-time downstream fluorescence emission readings and ensure a stable signal for at least 5 min.

NOTE: Aliquots from the downstream chamber can be obtained and assessed for fluorescence using a plate reader if a custom-designed spectrophotometer or translucent transport chamber is not available.

4.9 Pipette a pre-calculated volume of stock solution of fluorescently tagged CPCs into the upstream chamber to ensure a final concentration of 3 μM inside the upstream chamber.  Observe the downstream fluorescence signal and allow for solute transport to reach a steady increase in slope.

NOTE: A thicker cartilage explant will require longer time to reach steady-state.

4.10 Once the steady state has been reached, take 20 μL from the upstream chamber and add to the downstream chamber (“spike test”).

NOTE: A spike in the downstream fluorescence will be observed. This will allow for correlation between fluorescence readings and CPC concentration.

4.11 Collect real-time downstream fluorescence readings.

[Place Figure 6, Figure 7 and Figure 8 here]

[bookmark: Representative_Results]REPRESENTATIVE RESULTS:
Following equilibrium absorption of CPCs by cartilage, the bath fluorescence decreases when the solute has been uptaken by the tissue. However, if the fluorescence value of the final bath remains similar to the initial, it indicates that there is no/minimal solute uptake. Another confirmation of solute uptake is if the tissue has visibly changed color to the color of the fluorescent dye. The quantitative uptake of solutes in cartilage was determined using the uptake ratio (RU) after the fluorescence values were converted to concentration using the standard curve. Using the initial bath concentration (CBath,i) and the equilibrium bath concentration (CBath), the solute concentration inside cartilage (CCartilage) was calculated as follows where VBath=300 μL:



Using CCartilage and CBath, the uptake ratio was determined using the equation below. 



[bookmark: _Hlk36735277]Values >>1 indicate enhanced uptake due to charge interactions, whereas values <1 indicate low uptake. For example, larger, neutral solutes such as Neutravidin (60 kDa, pI 7) have shown RU<1 due to steric hinderance with the cartilage matrix1, while smaller, neutral solutes are expected to show RU1, as they are able to diffuse into the cartilage, reaching equilibrium. In contrast, Avidin (pI 10.5), the positively charged counterpart of Neutravidin, has shown an RU180 in cartilage1. Further, small-sized CPCs (2.5-4 kDa) show an RU up to 4004. As shown by Figure 9, the uptake ratios showed a charge-dependent response4.

[Place Figure 9 here]

In case the fluorescence of the bath has increased after reaching equilibrium, this would indicate that the initial bath concentration of the fluorescently tagged solute was too high. This would cause the emission to be trapped within the solution after excitation via plate reader. To solve this issue, lower the initial bath concentration.

[bookmark: _Hlk36734153]Following confocal imaging, a stack of images was produced with each image showing the depth of penetration of fluorescently tagged CPCs at different layers of cartilage. The image obtained from the center of the cartilage explant showed the furthest depth of penetration compared to any other image throughout the thickness of the explant. Using a software like ImageJ, the stack of images was overlaid to produce one image displaying the average intensity of CPC penetration. These overlaid images provided the best comparison of overall depth of penetration between variously charged drug carriers. A charge-dependent response was observed for CPCs within the tissue (Figure 10). Large neutrally charged carriers (e.g., Neutravidin) will not penetrate much farther than the superficial zone as they lack the ability to use charge interactions to induce binding with the matrix1. Similarly, too high a positive charge will be limited to the superficial zone (as shown by CPC+20 even after 24 h)4, however, this is a result of the carrier being bound too strongly to the matrix; they are unable to unbind from their initial target. An optimally charged drug carrier would, however, be able to penetrate through to the deep zones of cartilage as it can take advantage of the weak and reversible nature of electrostatic interactions (as shown by CPC+14)4. This allows for the carrier to bind to its initial target, unbind to move deeper through the matrix, and then bind again to targets further inside the tissue. For example, Avidin (7 nm diameter, 66 kDa, pI 10.5) binding with negatively charged matrix glycosaminoglycans (GAGs) has a dissociation constant (KD) of 150 μM, which was considered to be weak enough to enable the reversible binding necessary for full thickness penetration1. Despite the weak binding, Avidin showed high retention and uptake in cartilage due to the presence of a high density of negatively charged GAGs (Binding density NT = 2900 μM)1. Further, as shown by CPC+8, full thickness penetration was visible within 4 h, while CPC+14 required 24 h to reach full depth4. Thus, multiple time points should be chosen to effectively compare rate of different solutes at penetrating tissue thickness. For a more quantitative understanding of the depth of penetration, the relative intensities of solutes along the thickness of tissue can be obtained using ImageJ.

[Place Figure 10 here]

If no fluorescent signal has been observed inside the cartilage during imaging, two issues can be present; either the surface area for diffusion was blocked by the epoxy, or the initial bath concentration was too low to produce a fluorescent signal. To fix these issues, remove excess epoxy from the cartilage surfaces and increase solute concentration.

Non-equilibrium diffusion transport experiments resulted in a curve as shown in Figure 11. The initial part of the curve represents solute diffusion through cartilage as solute-matrix binding interactions take place. With increased charge of the carrier, stronger matrix binding occurred which will result in a longer time for solutes to reach the downstream chamber. Once solutes penetrated through the depth of the cartilage and reached the downstream chamber, an increase in slope of the curve was observed as the fluorescence reading increased over time. This second part of the curve reached a steady slope, representing steady-state diffusion. A tangential line was drawn at the steady-state slope to determine the time it takes to reach steady-state diffusion (τLag), marked by the x-intercept. The effective diffusivity (DEFF), the diffusion rate of CPCs while there are binding interactions present in cartilage, was calculated using the τLag and explant thickness (L) as follows: 



Following transfer of 20 μL of solution from the upstream to downstream chamber, a spike in fluorescence was observed; the resulting stabilized fluorescence intensity was used for correlation to the concentration. The concentration of CPCs in downstream (CD) normalized to the upstream concentration (CU) was then plotted against time. The slope of this curve was used to estimate the steady-state diffusion rate when all binding sites in cartilage are occupied (DSS) as shown below. This value was inclusive of the partitioning coefficient. Here, φ, VD and A represent cartilage porosity (0.8), downstream chamber volume (2 mL) and cross-sectional area of cartilage (0.1257 cm2), respectively. Representative DEFF and DSS values calculated from non-equilibrium transport experiments for CPCs can be found in Table 1.



[Place Figure 11 here]

If the downstream fluorescence fails to stabilize prior to the addition of fluorescently tagged peptide to the upstream chamber, it is likely that there is solute residue stuck on the walls from a previous experiment. In this case, disassemble the chamber and wash with soap and sonicate. If there is an increase in the downstream fluorescence immediately following the addition of fluorescently tagged peptide to the upstream chamber, this could indicate that leakage is present. This would require reassembly of the transport chamber and re-testing for leaks. If the downstream fluorescence signal reaches a plateau as opposed to a steady-state increase, it indicates a possible loss of concentration in the upstream chamber, likely caused by solutes sticking to the walls of the chamber. Addition of 0.005% w/v bovine serum albumin (BSA) to the upstream chamber can help prevent sticking.

[bookmark: Figure_Legends][bookmark: Discussion]FIGURE AND TABLE LEGENDS: 

Figure 1: Charge based intra-cartilage delivery of CPCs. Intra-articular injection of CPCs into the knee joint space. Electrostatic interactions between positively charged CPCs and negatively charged aggrecan groups enable rapid and full depth penetration through cartilage. This figure has been modified from Vedadghavami et al4.

Figure 2: Custom-designed slicing fixture. Design parameters of stainless steel slicing fixture used for slicing cartilage explants of 3 and 6 mm diameter. Plastic inserts of varying thickness were placed inside wells to adjust the thickness of sliced explants. Stainless steel cylindrical pin of <1 mm diameter was used to push explant out of fixture. All numerical values are presented in mm.

Figure 3: Schematic of equilibrium uptake experiments. Cartilage explants (3 mm dia. x 1 mm thick) were placed in individuals wells in a 96-well plate containing fluorescently tagged CPC solution. After 24 h CPCs were uptaken by the cartilage, thereby reducing the fluorescence of the surrounding bath.

Figure 4: Custom-designed 1-D transport chamber. Design parameters of PMMA 1D transport chamber with 6 individual wells. All numerical values are presented in mm.

Figure 5: Schematic of depth of penetration studies. Cartilage explants (6 mm diameter x 1 mm thickness) were cut in half and fixed to the center of 1-D diffusive transport wells. Fluorescently tagged CPC solution was added to the side of the well in contact with the superficial zone (SZ) of cartilage. 1x PBS-PI was added to the side of the well in contact with the deep zone (DZ) of cartilage. Following diffusion, a cross-section of cartilage (3 mm x 1 mm) was imaged using confocal microscopy. This figure has been modified from Vedadghavami et al.4 and Bajpayee et al.3

Figure 6: Custom-designed non-equilibrium diffusion transport chamber. Design parameters of PMMA non-equilibrium diffusion transport chamber. The chamber must be translucent as to not interfere with fluorescence readings. The complete transport chamber consisted of two identical halves of the fixture shown. Two cylindrical stainless-steel pins (2.94 mm diameter, 18 mm long) were required to ensure alignment and complete closure of the halves of the chamber. Four identical slots for 6-32 thread screws were made in each corner of the chamber for screw tight assembly. All numerical values are presented in millimeters.

Figure 7: Assembly of non-equilibrium diffusion transport chamber. Design parameters of (A) black PMMA inserts and (B) large and small rubber gaskets. Thickness of rubber gaskets was adjusted to ensure tight closure of the chamber. All numerical values are presented in mm. (C) Schematic showing the order of assembly for two halves of transport chamber with cartilage explant placed in the center. SZ indicates superficial zone of cartilage which was facing the upstream chamber.

Figure 8: Schematic of non-equilibrium diffusion experiments. Cartilage explants (6 mm diameter x 1 mm thickness) were placed in the center of the transport chamber with the superficial surface facing the upstream chamber. Both up and downstream sides of the chamber were filled with 1x PBS-PI and mixed using a mini stir bar. With a laser pointed towards the downstream chamber to collect fluorescent readings, fluorescently tagged CPC solution was added to the upstream chamber.

Figure 9: Representative results of equilibrium uptake of CPCs in cartilage. CPCs of varying net charge (+8, +14 and +20) and their respective uptake ratios in cartilage revealed that uptake does not increase monotonically with increasing charge. This figure has been modified from Vedadghavami et al.4

Figure 10: Representative results from depth of penetration studies in cartilage. CPCs of varying net charge (+8, +14 and +20) and their respective depth of penetration through cartilage revealed weak-reversible binding as seen by CPC+8 and CPC+14 is key for full depth penetration. However, too strong binding as seen for CPC+20 impeded full thickness penetration. This figure has been modified from Vedadghavami et al.4

Figure 11: Representative results from non-equilibrium diffusion studies through cartilage. CPC+8 diffusion curve, plotted as the downstream concentration (CD) normalized to the upstream concentration (CU), against time. A tangential line drawn at the steady-state slope (blue) crosses the x-axis at τLag, which was used to calculate DEFF. The slope of the tangent was used to calculate DSS. The spike test (gray) represents the stabilized concentration in the downstream chamber following transfer of 20 μL CPC solution from upstream to downstream, used for normalizing downstream concentration. This figure has been modified from Vedadghavami et al.4

Table 1: Representative DEFF and DSS values for CPC transport through cartilage. This table has been modified from Vedadghavami et al.4
 
DISCUSSION: 
The methods and protocols described here are significant to the field of targeted drug delivery to negatively charged tissues. Due to the high density of negatively charged aggrecans present in these tissues, a barrier is created, thus preventing drugs from reaching their cellular target sites which lie deep with the matrix. To address this outstanding challenge, drugs can be modified to incorporate positively charged drug carriers which can enhance the transport rate, uptake and binding of drugs within tissue1,3,4,12–15. As shown here with the developed methods, the transport of positively charged drug carriers can be characterized to determine the equilibrium uptake, depth of penetration and non-equilibrium diffusion rate. We have successfully designed three separate experimental setups which can be utilized for assessing the transport through cartilage explants.

For the successful characterization of transport, critical steps in the procedure need to be followed. The use of protease inhibitors (PIs) in all solutions is critical for accurately characterizing intra-cartilage transport of CPCs through cartilage as they function to prevent enzymatic digestion of proteins in tissue16. Therefore, if not used, cartilage matrix components such as aggrecans and collagen can begin to degrade and secrete into the surrounding bath during experimentation. This can greatly lower the FCD of cartilage, reducing the number of charge-based binding sites in the cartilage matrix. The resulting tissue would no longer be representative of healthy cartilage. Conversely, the experiments presented can also be used to evaluate the transport of CPCs through arthritic cartilage where the aggrecan content is much lower as seen in OA16. Using trypsin or Chondroitinase ABC to digest cartilage explants, the aggrecan density can be controlled, thereby allowing for the evaluation of transport and drug delivery in a diseased state. In this case, charge-based binding may be compromised, while other types of interactions such as hydrogen bonds and hydrophobic interactions synergistically enhance intra-cartilage binding and retention4.

Maintaining hydration of the cartilage explant is the key during sample preparation and experimentation. Dehydration via exposure to air for greater than 6 minutes has been shown to induce irreversible damage to articular cartilage17. As a result, unexpected changes in the transport of CPCs may occur. Similarly, evaporation of CPC baths can result in explant dehydration; this can be prevented by sealing with a flexible film. However, bath evaporation can not only cause explant dehydration, but it can also cause a change in CPC bath concentration, resulting in false fluorescent readings. Further it is important to note that depth of penetration studies require thin cross-sections (100 μM) of cartilage to be imaged. This is a technique which requires practice so that slices of uniform thickness can be obtained. It is also critical for non-equilibrium diffusion experiments, that the transport chamber be translucent so that real-time fluorescence measurements can be obtained with the custom-designed spectrophotometer. However, as an alternative, aliquots from the downstream chamber can be obtained and assessed for fluorescence using a plate reader or other spectrophotometric reader.

The methods presented here are of great significance as they provide a bench-scale method for characterizing drug carrier transport through the cartilage in order to better predict in vivo drug retention and long-term biological efficacy. Recently, a finite element framework for computational fluid dynamics was implemented for measuring solute transport through porous media18. Arbabi et al. have used finite element analysis in combination with experimental data obtained from micro-CT imaging to measure diffusion rates of negatively charged contrast agent, ioxaglate in cartilage19,20. Further, using a multi-zone, multi-phasic model, the diffusion coefficients of ioxaglate in different zones of cartilage were measured along with the FCD of each zone.  While micro-CT imaging can only be used with contrast agents, our experimental setup allows for the characterization of transport of all drugs and drug carriers that can be fluorescently labeled. However, the advanced computation modeling used by Arbabi et al. provides a more comprehensive analysis of solute transport behavior and may be applied to our experimental methods19,20.

A limitation of the presented method is that the experimental setup for each solute transport experiment does not fully encompass the in vivo environment. Biological responses and mechanical and dynamic forces that occur within the natural joint are not simulated here. To incorporate these forces, the transport chamber can be modified with a piston to simulate convective flow patterns that occur during activities as walking and running. However, while convective flow can increase uptake by 2-fold, uptake due to electrostatic interactions can increase 100-400x. Thus, the experimental setups presented here provide a good estimate for charge-based transport and uptake21. Further, since the knee joint naturally contains synovial fluid, it can be used in the bath solutions for transport experiments instead of 1x PBS-PI. It is estimated that the uptake of cationic carriers in cartilage would decrease in synovial fluid compared to in 1x PBS due to the presence of hyaluronan chains with negatively charged carboxyl groups in synovial fluid. It is possible that cationic carriers competitively bind with the hyaluronan chains of the synovial fluid in addition to the GAGs of cartilage. However, the density of negatively charged groups is significantly higher in cartilage compared to synovial fluid, due to the presence of both negatively charged carboxylated hyaluronan chains and sulfated GAGs in cartilage13. Thus, although the uptake in cartilage in presence of synovial fluid will be lower than in 1x PBS, it is still expected to maintain high intra-cartilage uptake. In vivo, Avidin has shown high intra-cartilage uptake in both rat and rabbit cartilage in presence of synovial fluid14,22. Further, Avidin has shown high uptake and retention in cartilage up to 2 weeks following intra-articular injection in a rabbit anterior cruciate ligament transection model23.  

Use of bovine cartilage in this system allows for a more accurate representation of drug penetration through cartilage due to its similarities to human cartilage in terms of thickness (1.5-2 mm)24,25. Transport of solutes through the cartilage can vary with thickness; drug carriers may require fewer binding interactions to fully penetrate through mice or rat cartilage which are much thinner, however can significantly be hindered from penetrating deeper in thicker human cartilage1. Further, although these experiments were designed to characterize solute transport within the cartilage, these methods can be modified and applied to other negatively charged tissues such as meniscus, cornea and vitreous humor of the eye, and the nucleus pulposus of intervertebral disks. The methodologies of experiments designed here are advantageous as the dimensions of fixtures and transport chambers can be adapted according to the size and species of tissue. The impact of these methods is widespread, limited not only to drug carriers but also for the evaluation of transport of drugs and drug-drug carrier conjugates.
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