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Localized delivery of drugs into articular cartilage (AC) may facilitate the development of novel therapies to treat osteoarthritis (OA). We investigated the potential of spark-gap-generated sound to deliver a drug surrogate, i.e., methylene blue (MB), into AC. In vitro experiments exposed bovine AC samples to either simultaneous sonication and immersion in MB (Treatment 1; n = 10), immersion in MB after sonication (Control 1; n = 10), solely immersion in MB (Control 2; n = 10), or neither sonication nor immersion in MB (Control 3; n = 10). The sonication protocol consisted of 1,000 spark-gap -generated pulses. Delivery of MB into AC was estimated from optical absorbance in transmission light microscopy. Optical absorbance was significantly greater in the treatment group up to 900 μm depth from AC surface as compared to all controls. Field emission scanning electron microscopy (FESEM), histological analysis, and digital densitometry (DD) of sonicated (n = 6) and non-sonicated (n = 6) samples showed no evidence of sonication-induced changes in proteoglycan content or collagen structure. Consequently, spark-gap -generated sound may offer a solution for localized drug delivery into AC in a non-destructive fashion. Further research on this method may contribute to OA drug therapies.
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INTRODUCTION

The socioeconomic burden that Osteoarthritis (OA) represents to individuals and society is rising rapidly. In the USA alone, the number of patients diagnosed with OA increased from 21 million to 27 million between 1995 and 2007 [1]. More recently, The Global Burden of Disease Study 2010 estimated that knee OA affects nearly 250 million persons [2]. Also, OA, a condition strongly associated with pain and reduced mobility, was responsible for more than 17 million years lived with disability (YLDs) [2, 3].

While no effective therapy to treat OA is yet available, recent research shows promising disease-modifying properties of several drug candidates [4–6]. For instance, fibroblast growth factors FGF-2 and FGF-18, transforming growth factor TGF-β, and insulin-like growth factor IGF-1 promote cartilage homeostasis promote cartilage homeostasis [7–10]. Similarly, matrix metalloproteinase inhibitors reduce collagen degradation in-vivo and in-vitro [11–13]. In clinical trials, however, no drug has demonstrated undisputedly safety and effectiveness to modify the disease progress [14–16].

A major challenge in the development of an effective pharmacological therapy for OA is the drug uptake, retention, and transport into the cartilage tissue [17–19]. Whereas maximizing the retention of drugs into the joint is a topic of active research [20–22], only few attempts to actively transport drugs locally into AC have been reported [23–25].

Previously, we transported micro- and nanoparticles into AC with high-intensity ultrasound (HIU) in the kHz and MHz ranges [23, 25–27]. Unfortunately, the kHz approach showed liability to tissue damage, and MHz delivery was slow with kDa molecules (time scale of hours). Our current study investigates whether electric spark -induced ultrasound pulses could deliver agents into bovine AC without depletion of proteoglycan or introduction of structural damage to collagen network.

MATERIALS AND METHODS

Articular Cartilage Samples

A local abbatoir (Lihakonttori Oy, Helsinki, Finland) provided ten complete bovine stifle joints from ten different animals. We dissected the joints and extracted visually normal cylindrical femoral condyle cores (Ø = 12.8 mm, 6 mm thick) encompassing subchondral bone and AC. During the entire extraction process, the samples were irrigated with Phosphate Buffered Saline (PBS) (Sigma-Aldrich, MO, USA) to prevent the AC from drying. The collected samples were then immersed in PBS and stored at −20°C until experiments. Prior to experiments, the samples were thawed and divided into four quadrants. Each quadrant was randomly assigned to one of four groups: Treatment (T1; n = 10; simultaneous sonication and immersion in methylene blue (MB) solution), Control 1 (C1; n = 10; immersion in MB after sonication in PBS), Control 2 (C2; n = 10; solely immersion in MB, no sonication), and Control 3 (C3; n = 10; neither sonication nor immersion in MB).

Spark-gap System

We built a custom-made spark gap system (SGS) to generate sound pulses. The SGS comprised a primary spark gap, a metallic parabolic reflector, an air-gap switch, a capacitor bank, and a high-voltage generator (type: p3067D; Kervex Corporation, USA) (Figure 1A). The capacitor bank comprised three capacitors (3 × 500 nF) connected in series (estimated total capacitance = 166.67 nF). An air-gap switch, consisting of two rectangular steel electrodes (13 × 7 mm2), triggered the sparks. A 3 mm air gap between these electrodes set the breakdown voltage to ~4.5 kV. This voltage yielded an average spark energy of ~1.7 J, as estimated from: E = 1/2 CV2. The primary spark gap consisted of two electrodes detached from commercial spark plugs (Model: SGO005; McCulloch. Husqvarna, Sweden). The electrode gap was 600 μm. Once turned on, the SGS generated sparks at an average pulse repetition frequency (PRF) of 3.6 ± 0.6 (mean ± 95% confidence intervals) pulses per second (pps) (SD = 0.31; n = 20). A steel parabolic reflector (outer diameter (D) = 22 mm, vertical height (H) = 3 mm, focal length (F) = 10 mm – estimated as F = D2 (16H)−1) – located under the primary spark gap focused the ultrasonic waves onto the cartilage. The sample holder supported the cartilage facing down (Figure 1B). The distance measured between the spark gap and the cartilage surface was 6 mm.
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FIGURE 1. (A) Schematic of the spark gap circuit. (B) A schematic of the experimental arrangement. The treatment samples were immersed in methylene blue solution, while exposed to sound pulses.



Contrast Agent

Methylene Blue (MB) in PBS was used as a contrast agent because its molecular mass (320 g/mol) is close to that of molecules of clinical relevance, such as Diacerein (368 g/mol) and Glucosamine (179 g/mol). The solution consisted of 0.005% w/v of MB (Sigma-Aldrich., Missouri, USA) in 1 × phosphate-buffered saline (PBS) (Sigma-Aldrich).

Experimental Procedure

All the experiments were performed in accordance with local guidelines and regulations. Accordingly, as no living animals or humans were used in the study, the reported experimental protocol required no ethical approval.

For each experiment, C1 was first sonicated, while immersed in PBS. Then, simultaneously, T1, C1, and C2 were immersed in MB and T1 was sonicated. C3 was neither sonicated nor immersed in MB (Figure 2A). Next, we gently washed the samples from MB residues with PBS, detached the AC from the bone with a scalpel, moisturized the cartilage with PBS, and froze the AC samples to −20°C. Once frozen, we cut three slices (thickness: 150 μm; cryomicrotome: Leica CM1950, Leica Biosystems, Nussloch, Germany) from the central part of each quadrant (AC surface to the bone interface). All slices were imaged with a Thorlabs camera (1.3 megapixels, model: DCC1645C-HQ, Newton, NJ) through a light microscope in transmission mode (Stemi 2000-C stereo microscope, Oberkochen, Germany). Red light illumination (peak wavelength = 657 nm) generated with an LED array (part number LXZ1 – PA01, Philips Lumileds Lighting Company, CA, USA) matched the provider-reported absorbance peak of MB (665 nm).
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FIGURE 2. Sample assignment for drug delivery experiments (A) and for damage assessment (B).



The sonication exposure, comprising of 1,000 sparks, took on average 4.7 ± 0.6 min (mean ± 95% CI). To sonicate T1 and C1 we glued the samples (bone face) with cyanoacrylate to a holder and immersed them in a custom-made container with 40 mL of MB. The focused US reached the samples through a mylar membrane (thickness = 170 μm) in the floor of the container. The sample container and the spark gap were immersed in room temperature in deionized water (ρ = 1.8 × 105 Ω × m), which provided a medium with both high electric impedance and low acoustic attenuation for US propagation. On the other hand, groups C1 and C2 were immersed in 40 mL of MB (cartilage facing up).

A custom-made Matlab program (MathWorks, Inc., MA, USA) recorded the audible pulses through a microphone and counted 1000 pulses in real time. Electrode wear during the experiments caused a slight PRF variation; therefore, we polished the faces of all electrodes after each experiment to minimize test-to-test variations in PRF.

Image Processing and Generation of Data

We used a previously reported procedure [23] to estimate the delivery depth and distribution of MB delivered into the samples. Briefly, under the Matlab environment (MathWorks, Inc., MA, USA) a region (400 × 1280 μm; 0.7 × 2.5 mm) of the RGB images was cropped. The top surface of the samples was manually segmented and automatically flattened to provide a 0 μm depth reference level. An intensity profile was then obtained from the intensities corresponding to the red channel of the RGB images. For that, all intensity values belonging to the same depth were averaged in the depth range of 0–1,500 μm (within 100 μm intervals). Finally, the intensities were converted to Napierian optical absorbance.

Damage Assessment

To identify possible structural effects of the sonication on the cartilage, we conducted further experiments on six samples dissected from 6 joints; each joint belonged to a different animal. Two quadrants of each sample (DTa; n = 6, and DTb; n = 6) were simultaneously exposed to 1,000 sparks during immersion in PBS. The other two quadrants (DCa; n = 6, and DCb; n = 6) were only immersed in PBS. Then, six treatment/control pairs (DTa and DCa) underwent field emission scanning electron microscopy (FESEM) whereas the other six pairs (DTb and DCb) underwent histological analysis and DD (Figure 2B). Samples undergoing FESEM were first fixed in formalin and then dehydrated in an ascending ethanol series (70, 80, 90, 96, and 100%). Subsequently, samples were treated with Hexamethyldisilazane for 3 h, and then air dried overnight. Samples were attached to a holder with carbon glue and coated with a 15 nm platinum layer in Agar High-Resolution Sputter Coater (Agar Scientific, Essex, UK). FESEM (Zeiss Sigma, Carl Zeiss Microscopy GmbH, Germany) images were collected under × 200, and × 1000 magnification with 5 kV and 5 mm working distance. FESEM readers compared the superficial AC morphology between groups DTa and DCa under blinded (first) and unblinded (later) conditions.

Furthermore, samples undergoing histological analysis and DD (groups DTb and DCb) were first fixed in formalin and then decalcified with ethylenediaminetetraacetic acid, embedded in paraffin, and cut into 3 μm thick slices. The slices were then imaged with 1 × magnification using a microscope slide scanner (Pathscan Enabler IV, Meyer Instruments, Houston, TX, USA) and 40 × magnification using a light microscope (Aristoplan, Ernst Leitz Wetzlar, Wetzlar, Germany) equipped with a camera (MicroPublisher 5.0 RTV, Qimaging, Surrey, BC, Canada). The reader compared the superficial AC morphology between groups DTb and DCb under blinded (first) and unblinded (later) conditions. To assess proteoglycan content, slices were stained with Safranin-O and evaluated with DD41, 42. In DD microscopy, a band-pass filter (492 ± 5 nm) was applied, and images were calibrated against neutral density filters. One gray scale image under 40 × magnification was taken and potential proteoglycan bleaching was analyzed by plotting DD profiles for the closest 300 μm to AC surface.

Statistical Analysis

We compared T1-C1, T1-C2, and C1-C2 using a nonparametric Wilcoxon matched-pairs signed rank test with two-tailed p-values and 95% confidence interval. We ran the test using GraphPad Prism v. 6.00 for Windows (GraphPad Software, La Jolla California USA).

RESULTS

We found a significantly different (p < 0.01) optical absorbance (assumed to linearly depend on methylene blue (MB) concentration in AC) in the treated group (T1) as compared to controls C1 and C2 from 0 to 900 μm depth (Figure 3). On the other hand, no significant differences (p = 0.106–0.999) were found between control groups C1 and C2 at any depth.
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FIGURE 3. Absorbance of light at the methylene blue absorption peak as a function of articular cartilage depth. The absorbance was higher in treatment samples (T1) as compared to sonicated (C1) and non-sonicated controls (C2). C3 represents the absorbance without sample exposed to methylene blue. The results suggest that the spark gap-generated sound pulses delivered methylene to a depth of 900 μm.



Regarding the investigation of potential AC structural changes induced by the sonication protocol, digital densitometry (DD) showed no significant differences (p > 0.05) in optical density, related to proteoglycan content, between groups DTb (treatment) to DCb (control) (Figure 4A). No structural differences were observed in histology in sonicated (dTb) or control (dCb) samples. Furthermore, based on field emission scanning electron microscopy (FESEM) imaging, we found no distinguishable difference in the superficial AC structure between DTa and DCa (Figure 4B). Moreover, the average temperature change of the MB solution during the experiments was +0.1°C.
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FIGURE 4. Proteoglycan as determined with DD was similar in samples exposed to electric spark gap -generated sound pulses as compared to adjacent non-sonicated controls (A). Assessment of the cartilage surface revealed no fibrillation or fissures to the sound-exposed samples (dTb) or controls (dCb) in FESEM (B) or histology (C, arrow pointing toward cartilage surface). The results suggest that major neither immediate modification of proteoglycan content nor structural integrity of collagen were induced by the sound exposure.



DISCUSSION

Our results demonstrate that SGS can deliver MB, an agent with a molecular weight of common drug, into the AC. The literature suggests three mechanisms for drug delivery by sonication: acoustic radiation force, acoustic streaming, and cavitation [28]. Radiation forces accelerate the diffusion of substances through agitation of AC, interstitial fluid, and adjacent molecules [29]. Shock wave-induced cavitation—formation and interaction of gas-filled bubbles with pressure waves—can enhance delivery by causing microstreaming [30] and/or micro-jetting [31]. On the other hand, our results suggest that neither the negligible temperature rise (~0.1°C) nor structural changes (no differences were observed between sonicated or control samples in FESEM, histology or DD), nor was there difference in the delivery of MB in C1 vs. C2, suggesting that modification of AC permeability is not a likely explanation for delivery of methylene blue. It is possible that the E-field generated by the sparks can contribute to the delivery [32–37]. Since the sample chamber was electrically isolated from the spark-gap, electric currents directly from the electrodes are not expected to influence the delivery. Future studies should reveal the dominant mechanisms of delivery.

A recent study showed delivery of phosphotungstic acid (2.9 kDa) into AC after 150 min-long treatment with MHz HIU [26]. In comparison, the spark-gap system enabled delivery of methylene blue (~320 Da) into AC in 5 min. The delivery rate is important as the residence time of drugs within the joint is short [20]. Thus, in potential clinical applications, the delivery of intra-articular injected drugs into AC must be relatively rapid.

Histology and analysis of proteoglycan content are standard methods in detecting early stages of post-traumatic AC degeneration in vitro [38, 39]. These approaches showed no evidence of structural changes induced by the treatment, for instance, proteoglycan loss, collagen network degradation, and surface irregularity formation (i.e., erosion or fissuring). Furthermore, no difference in optical absorbance appeared between control groups C1 (sonicated) and C2 (no sonicated) at any depth. Therefore, the results suggest that neither major immediate modification of proteoglycan content nor alteration of collagen structure were induced. To establish the safety of the introduced method, however, its potential biological effect, both short-term and long-term, should be studied at cellular level (e.g., gene expression in chondrocytes). This study addressed only immediate effects of the delivery method on AC structure and PG content. Moreover, the employed in vitro models may not fully represent the behavior of delivery in vivo. Further studies should focus on whether the current findings can be replicated in vivo with therapeutic agents, and whether long term biological effect can be achieved.

To conclude, we proposed a sound-generating spark-gap system for drug delivery into AC. The device delivered MB into AC at depths exceeding 900 μm in less than 5 min with no evident damage in collagen structure or proteoglycan content. The proposed method could serve to enhance localized bioavailability of drug into AC. Thus, this method may promote further development of pharmacological therapies for OA.
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