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Abstract

:

Rheumatoid arthritis (RA) is an autoimmune disease characterized by severe inflammation of the synovial tissue. Here, we assess the feasibility of liposome-loaded microbubbles as theranostic agents in a murine arthritis model. First, contrast-enhanced ultrasound (CEUS) was used to quantify neovascularization in this model since CEUS is well-established for RA diagnosis in humans. Next, the potential of liposome-loaded microbubbles and ultrasound (US) to selectively enhance liposome delivery to the synovium was evaluated with in vivo fluorescence imaging. This procedure is made very challenging by the presence of hard joints and by the limited lifetime of the microbubbles. The inflamed knee joints were exposed to therapeutic US after intravenous injection of liposome-loaded microbubbles. Loaded microbubbles were found to be quickly captured by the liver. This resulted in fast clearance of attached liposomes while free and long-circulating liposomes were able to accumulate over time in the inflamed joints. Our observations show that murine arthritis models are not well-suited for evaluating the potential of microbubble-mediated drug delivery in joints given: (i) restricted microbubble passage in murine synovial vasculature and (ii) limited control over the exact ultrasound conditions in situ given the much shorter length scale of the murine joints as compared to the therapeutic wavelength.
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1. Introduction


Rheumatoid arthritis (RA) is an auto-immune disease characterized by persistent joint inflammation resulting in irreversible cartilage degradation and bone erosion when left untreated [1,2]. About 0.5–1% of the population in developed countries is affected by the disease, mostly middle-aged patients. Incidence and prevalence rates are twice as high in women than in men [1,3,4]. Unfortunately, the real cause of the pathology has not yet been fully elucidated [3,5]. The synovial lining expands dramatically in affected joints as a result of massive immune cell infiltration [2]. During the inflammatory process, uncontrolled neovascularization occurs to provide a constant transport of oxygen and nutrients to the hypertrophic site of inflammation. Moreover, this neovasculature facilitates the transport of leukocytes to the synovial lining, leading to tissue remodelling and additional damage [5,6].



Imaging techniques are routinely used to quantify disease progression and to detect swelling, inflammation, and destruction of cartilage and bone structure [1]. While radiography is frequently used as a research tool, it is uncommon in clinical practice as this technique is only capable of visualizing irreversible damage at the level of the cartilage and the bone itself [7]. Other imaging techniques include computed tomography (CT), magnetic resonance imaging (MRI), and ultrasound (US). These modalities are becoming increasingly popular as they allow the visualization of both irreversible and reversible structural changes. Thus, they offer a better understanding of the disease status and allow to closely monitor disease progression [1,2,8]. Ultrasound, in particular, is a safe, non-radioactive, non-invasive, fast, and cost-effective imaging technique with minimal side effects [9,10]. Ultrasound imaging allows to visualize cartilage and soft tissue changes such as joint swelling and synovial thickening as well as neovascularization [2,7]. Therefore, ultrasound imaging has been used intensively to detect and monitor disease progression of RA in the clinic [10,11,12,13,14]. Functional ultrasound imaging modalities such as colour Doppler, power Doppler, or contrast-enhanced ultrasound (CEUS) have been reported to be particularly useful for RA detection as they allow better visualisation and even quantification of the blood flow [9,12,14,15,16,17,18,19,20]. During CEUS, ultrasound microbubble contrast agents [20,21,22] are injected intravenously to improve the visualization of organ perfusion and blood vessels delineations. Microbubbles consist of a hydrophobic gas core stabilized by a shell composed of lipids, proteins, or polymers [23,24,25,26,27,28,29,30,31]. The compressibility of the gas core allows them to respond to the different pressure phases of ultrasound [32,33] by continuous contraction and expansion, termed microbubble cavitation. Microbubble vibration leads to ultrasound emission that can then be received by the imaging transducer [34]. Due to their rather large size (1–10 µm) [35], microbubbles are limited to the blood circulation and are as such ideal blood pool agents for imaging the heart [36,37], the liver [38,39] or the kidneys [40,41,42]. A range of microbubble contrast agents, including DefinityTM, OptisonTM, SonazoidTM, and SonovueTM are clinically approved and commercially available [28,35,43,44].



Apart from their role as contrast agents, microbubbles have been extensively studied as drug delivery agents. It has been demonstrated that cavitating microbubbles are able to temporarily permeabilize cell membranes, a process called sonoporation [45]. The potential of microbubbles has been corroborated in many preclinical models in vivo [46,47,48,49,50,51,52,53,54,55,56,57,58], where it has been shown that microbubble cavitation can stimulate drug delivery across biological barriers such as the endothelium, the blood-brain barrier, tumor tissue, etc. [59,60,61,62,63,64]. However, enhanced drug uptake in these studies has been limited mainly to small molecular weight drugs as their smaller size allows them to passively diffuse through cell membrane pores or endothelial gaps. In the case of nanomedicines, such as liposomes, our group and others have demonstrated that microbubble loading might be more advantageous to actively deposit drug-loaded liposomes onto cellular membranes or tissues [65,66,67,68,69]. High-speed imaging experiments have revealed that during microbubble cavitation, lipid microbubbles can shed their lipid shell together with the attached liposomes. They are then deposited onto the cell membrane in the wake of the translating microbubble gas core, a process we termed sonoprinting [67,70]. Given promising preliminary results on the use of ultrasound and CEUS for RA diagnosis in humans [10,11,12,13,14,71,72,73], there is tremendous interest in using the same bubbles for local drug delivery purposes. Here, we first investigate whether CEUS can be a useful tool to quantify neovascularisation in arthritic mice. Subsequently, we quantify the ultrasound-mediated drug deposition from liposome-loaded microbubbles at the inflamed synovium. We show that the liposome-loaded microbubbles demonstrate a much lower drug delivery efficiency than free uncoupled liposomes. Importantly, the use of larger preclinical animals will be crucial to accurately evaluate the true potential of liposome-loaded microbubbles for RA therapy.




2. Results


2.1. Physicochemical Characterization of Microbubbles


Lipid microbubbles were prepared via high-frequency shaking of a DPPC:DSPE-PEG-biotin3400 lipid solution in a 85:15 molar ratio with perfluorobutane (C4F10) gas. To produce liposome-loaded microbubbles, biotinylated liposomes (Supplementary Figure S1) and microbubbles were first prepared separately and subsequently coupled via biotin-avidin-biotin bridging [67,70]. The fluorescent liposome loading of the microbubbles was analysed by flow cytometry using the gating strategy explained in Supplementary Figure S2. In the current study, we made liposomes composed of DSPC, cholesterol, and DSPE-PEG3400-biotin in a 45:40:15 molar ratio to allow efficient liposome attachment to the microbubble surface as previously described by our group [66,67,70,74]. Although we observed some non-specific interaction between liposomes and microbubbles in the absence of avidin, avidin-biotin coupling was required to allow efficient liposome loading of the microbubbles (Supplementary Figure S3). The size and polydispersity index (PDI) of the liposomes are summarized in Supplementary Figure S1. Subsequently, an excess of biotinylated liposomes was added to the microbubble formulation in a 6600 liposomes/MB ratio to reach the final microbubble suspension for injection. We demonstrated before that the microbubble size distribution was not drastically affected after liposome loading [67] (Figure 1A). Overall, the microbubble size distribution is similar to DefinityTM [75], a commercially available and clinically used lipid microbubbles. By including a fluorescent lipophilic dye in the liposome formulation (DiD), we were able to visualize liposome coupling to the microbubbles. Liposome coupling led to a homogenous distribution of fluorescently labelled liposomes onto the microbubble shell, as visualized via confocal microscopy (Figure 1B) and was consistent with earlier reports from our group [67,70]. Secondly, the stability of the liposome-microbubble coupling in biological media was investigated in full serum. This was done to verify if liposomes would stay attached to the microbubbles after injection. Three different batches of liposome-loaded microbubbles (blue, green, and red) were diluted in HEPES (full line) or full serum (dotted line) and the liposomal load of the different microbubble batches was quantified with flow cytometry (Figure 1C). The liposome-loading was conserved in serum as both the histogram shape (dotted line) as well as the Mean Fluorescence Intensity (MFI) (i.e., peak location) of the bubbles completely overlap with the histograms of HEPES-diluted (full line) liposome-loaded microbubbles.




2.2. Preclinical CEUS Imaging of the Synovial Vasculature in Healthy and CIA Mice


RA is a chronic inflammatory disease characterized by synovial inflammation and neo-angiogenesis. The latter is known to correlate with disease severity and aggressiveness of the synovitis [12,76] and therefore quantitative detection of synovial neovascularization via CEUS is clinically established to estimate disease progression [10]. Despite the clinical use of CEUS to quantify RA-induced neovascularisation, there are no reports on the applicability in preclinical mouse models of RA, e.g., collagen-induced arthritis (CIA) model. This model allows studying chronic inflammation in a full-blown inflammation model that follows a similar disease progression as human RA [77,78,79,80], including neovascularisation [77,81,82,83,84]. We, therefore, investigated whether we were able to detect neo-angiogenesis in CIA-induced mice by CEUS imaging. Figure 2A illustrates the timeline of this experiment. The knees of male DBA/1 mice were subjected to CEUS imaging before and after CIA induction. Mice were visually scored based on swelling and erythema of the paw, including the digits, which resulted in a CIA score of 0 (no inflammation) to 4 (severe inflammation with deformations) (Supplementary Figure S4). To optimally visualize the synovial cavity using CEUS, the knee joint was placed in a ninety-degree angle (Figure 2B) providing a clear view of the synovial cavity (Figure 2C) [10,19,85]. Mice were intravenously injected with plain, unloaded lipid microbubbles and the VEVO small animal imager equipped with the MS-250 probe (13–24 MHz) was used to perform CEUS imaging of the synovial cavity. We quantified microbubble influx using a nonlinear contrast imaging mode by looking specifically at the level of increase of the microbubble-related contrast signal compared to the basal contrast signal of the synovium (‘mean increase in contrast power’) as well as the time between microbubble injection and maximal contrast (‘time to peak’) (Supplementary Figure S5). After CEUS, mice were immunized, followed by a boost immunization 21 days later [78] (Figure 2A). In the second part of the CEUS study, the inflamed knees (score 3) were imaged with CEUS, following the same procedure as the first CEUS experiment before CIA induction. Figure 2D displays the ‘mean increase in contrast power’ and ‘time to peak’ measured with CEUS in healthy (grey bars) and inflamed knees (black bars). The inflammation caused no significant differences in the total microbubble influx (contrast mean power) or the onset of microbubble influx (time to peak) between healthy or inflamed knees. Nonetheless, a clear microbubble influx in the synovium does appear within seconds after microbubble injection (Supplementary Figure S5), which allows to further investigate the therapeutic effect of loaded bubbles in this mouse model.




2.3. Can Ultrasound Exposure of Liposome-Loaded Microbubbles Enhance Liposome Delivery to Arthritic Joints?


Figure 3A shows a timing diagram of the drug delivery experiment, which is performed on the same CIA mice that were included in the second CEUS imaging experiment. We placed a 1 MHz therapeutic ultrasound transducer on the knee joint under the same position as the imaging transducer (Figure 2B). Subsequently, CIA mice were intravenously injected with microbubbles loaded with fluorescently labelled (DiR) liposomes [86,87] where after therapeutic ultrasound pulses (1 MHz, 2 W/cm2 or 4 W/cm2) were sent for 30 s to induce microbubble cavitation. We have previously demonstrated that these US parameters induce efficient liposome release and disposition from the microbubbles, named sonoprinting, on cell cultures as well as in complex 3D tumor spheroid models in vitro [66,67,74,88]. The visual CIA scores of the front paws and hind limbs is displayed next to each limb in Figure 3. Immediately after therapeutic ultrasound treatment, CEUS imaging of the synovium was repeated (without new injection of contrast) to confirm that circulating microbubbles were either destroyed or removed from circulation. No remaining microbubbles could then be detected in the synovium. Subsequently, we performed whole-body fluorescence imaging to determine the location of the fluorescently labelled liposomes up to 24 h after therapeutic ultrasound exposure as they are characterized by blood circulation times that exceed 48 h post intravenous injection [89,90,91]. Figure 3 shows representative fluorescent whole-body images of mice that were injected with liposome-loaded microbubbles and subsequently treated with therapeutic ultrasound (Figure 3B,C) or not treated with ultrasound (Figure 3D). The ultrasound-exposed knee joint is indicated by a blue arrow.



One hour after ultrasound exposure we could not detect more fluorescence in the ultrasound-exposed joints (indicated by the blue arrows in Figure 3B,C) as compared to the untreated knee joints in the same mouse. The ‘throat-neck’ area (blue circles) was used to estimate the blood circulation time of the liposomes and indicates that many fluorescent liposomes are still in circulation after the ultrasound treatment. During follow-up, we noticed that the fluorescence intensity in the inflamed paws increased over time and was clearly enhanced 24 h after microbubble injection in both the ultrasound-treated (Figure 3B,C) as well as the non-treated control (Figure 3D). Although we could detect a higher fluorescence intensity in the ultrasound-treated knees at this later time point, it was difficult to compare this to the fluorescence from the untreated knee in the same mouse, as the CIA scores differed. Interestingly, we noticed that all mice displayed in Figure 3 had one (untreated) front paw with a CIA score of 3 where we measured the same high fluorescence intensities independent of the ultrasound power (Figure 3B–D). The fluorescence intensity of these score 3 front paws was comparable to the fluorescence intensity detected in the knees and ankles with a similar CIA score (Figure 3B,C). These findings show that the long-term liposome accumulation was not induced by the ultrasound but rather correlates with the degree of inflammation. Figure 3F illustrates the increase in liposomal fluorescence 24 h after injection of the liposome-loaded microbubbles in US-treated and no-US treated mice respectively. This relative quantification clearly shows that there was a similar increase in liposomal accumulation was observed in CIA score 3 joints, regardless of ultrasound treatment. The absolute radiance values of the displayed CIA score 3 joints can be retrieved in Supplementary Figure S6.



Earlier studies have shown that long-circulating, PEGylated liposomes can passively accumulate over time in the inflamed synovium, which has been attributed to the enhanced permeation and retention effect (EPR) [92,93]. Due to the high liposome to bubble ratio and the lack of an extra washing step after microbubble loading a high fraction of free, uncoupled liposomes was co-injected with the liposome-loaded microbubbles [94,95]. As we could still detect a high number of liposomes in circulation, this suggests that the higher fluorescence intensities might be the result of passively accumulated rather than actively deposited liposomes. Therefore, we further optimized our liposome-loaded microbubbles to reduce the fraction of free, uncoupled liposomes in the bubble suspension. More specifically, we balanced the liposome/microbubble ratio in order to minimize the number of free liposomes, while maintaining a high liposome load of the bubbles (Figure 4). We varied the volume of DiD-labelled, biotinylated liposomes (from 1000 to 10,000 liposomes per MB) that was added to the avidin-activated microbubbles suspension and compared the Mean Fluorescence Intensity (MFI) of the liposome-loaded microbubbles by flow cytometry (Supplementary Figure S7). Our original liposome-loaded microbubble formulation was prepared by adding 6600 liposomes per MB (blue bars), but we could significantly lower the liposome/bubble ratio with only a minor impact on the liposomal load of the microbubbles (Figure 4). Based on these results, we decided to continue with a ratio of 1000 liposomes per MB (orange bar). This ratio resulted in a reduced microbubble loading of around 63.1% when compared to the original one (blue bar), which guaranteed a minimal number of free liposomes with a minimal impact on the liposomal load of the microbubbles.



The experiment was repeated using this optimized microbubble formulation in a new set of mice. In these experiments, CIA mice were injected with either the optimized microbubble formulation (Figure 5A,B) or exactly the same dose of free liposomes (‘free liposomes’) to allow direct comparison between liposome-loaded microbubbles and freely-circulating liposomes in terms of synovial targeting and retention (Figure 5C). The knee (CIA score 3) of the microbubble injected mice were treated with 2 W/cm2 or 4 W/cm2 (respectively Figure 5A,B blue arrows) ultrasound for 30 s, in similarity to the previous experiment. We could not retrieve any liposome signal from the ultrasound-treated knees immediately after the ultrasound treatment or at later time points. Instead, all liposome signal was retrieved in the liver and quickly metabolized. This was also the case for untreated knees in those mice that had a similar CIA score. Figure 5D confirms that there was no increase in liposome signal in any score 3 joints over 24 h after ultrasound treatment. In sharp contrast, the same dose of free liposomes (from the same liposome batch) (Figure 5C) resulted in a clear liposome accumulation in all inflamed joints already 4 h after injection. The absolute radiance values of the displayed joints can be retrieved in Supplementary Figure S8. While the fluorescent signal, representative for liposome accumulation, further increased over the following 24 h (Figure 5D), the accumulation was also more pronounced for those joints that had a higher CIA score, similar to what has been observed by Gawne et al. [91]. This indicates that there was a clear relation between liposome accumulation and the level of inflammation.



Interestingly, when liposomes were coupled to the microbubbles, they were cleared much faster from circulation. As quickly as 30 min after microbubble injection, liposome fluorescence was only detected in the liver (Figure 5A,B). Subsequent imaging at 4 and 24 h after microbubble injection showed a further decrease of the liver fluorescence, indicating liposomal degradation, which can be related to efficient uptake in the quickly degrading Kupffer cells [96,97,98]. This was also confirmed by ex vivo imaging (Figure 5E,F) as only a minor signal was detected in the spleen, but no fluorescence could be found in the inflamed joints. The liposomes from the free liposomes-injected mice (Figure 5C) showed a much longer circulation time (i.e., remaining fluorescence in the blue circle up to 4 h) as well as a clear accumulation in the inflamed joints. Additionally, in this case, joint accumulation was confirmed by ex vivo fluorescence imaging (Figure 5F). We also measured fluorescence in the liver and spleen which corresponds to earlier biodistribution data of long-circulating PEGylated liposomes [91,92].





3. Discussion


In human patients, CEUS is clinically well-established for microvascular imaging [22,42] and potentially useful to monitor the progress of RA in the joint synovium [99,100]. While liposomes, loaded with small molecular, anti-inflammatory drugs (i.e., NSAIDs, corticosteroids, or methotrexate) have already shown therapeutic success in RA by selectively accumulating in the inflamed synovium [1,101,102,103], in the current study we investigated whether liposome-loaded microbubbles can be used to further stimulate the selective delivery of liposomes to the inflamed joints under therapeutic ultrasound guidance. We made use of the collagen-induced arthritis (CIA) mouse model [78] as this model closely resembles human RA pathogenesis. First, the diagnostic potential of CEUS was evaluated in CIA mice. Although ultrasound imaging of the joint synovium is more complex due to the presence of surrounding articulate bones (i.e., femur and tibia in the knee joint) (Figure 2B), the synovial cavity and synovial microbubble influx could be clearly visualized (Figure 2D). However, we could not detect any differences in the maximal contrast enhancement and time to peak of the contrast-enhanced ultrasound signal between healthy and inflamed synovia, which differs from results obtained in humans [12,71,72,73]. A possible explanation for this discrepancy may lie in the difference in microvasculature size between humans and mice. Whereas the microvasculature in human knee joints (d = 11 µm) [104] is known to be large enough to permit CEUS imaging with micron-sized microbubbles [12,71,73], Raatz et al. determined that the murine neo-vasculature in CIA knee synovia is about 2-times smaller (d = 5.8 µm), which may already hamper efficient microbubble perfusion [81]. In addition, Raatz et al. found that the functionality of the synovial vasculature is significantly decreased [81,105,106]. Similarly, Dewitte et al. have shown that lymphatic drainage of microbubbles after subcutaneous injection was seriously hampered in mice while this was not the case for larger research animals like dogs [74].



Despite this discrepancy, the clear influx of microbubbles in the joint synovium allowed us to further explore the therapeutic value of liposome-loaded microbubbles. Initial whole-body fluorescence imaging experiments illustrated that the large fraction of free liposomes, that were co-injected with the liposome-loaded microbubbles, passively accumulated in inflamed joints. A subsequent experiment, performed using either an optimized microbubble formulation (minimizing the free liposome fraction) or the equivalent dose of free liposomes, demonstrated that free liposomes clearly outperformed the liposome-loaded microbubble formulations; only in mice that received free liposomes, (high) fluorescence in the inflamed joints was measured. In addition, liposomes that were coupled to the microbubbles were cleared much faster from circulation and were only shortly detected in the liver. This clearly confirmed that the liposome accumulation in the inflamed joints observed using the original formulation was caused by the residual free liposome fraction that was co-injected with the microbubbles in the original liposome-loaded microbubble formulation.



An important explanation for our results could also relate to the exact ultrasound dose that reaches the synovial vasculature. The acoustic mismatch between the articulate bones and surrounding soft tissue might hamper well-controlled ultrasound delivery and limit microbubble cavitation activity [16]. Although bony structures are generally considered reflectors, this is very likely not the case for the thin murine fibula and tibia. As the latter have a thickness on the order of the millimetre and are thus comparable to the 1.5 mm wavelength of the 1 MHz therapeutic ultrasound pulse, the anatomic structure in the murine model is expected to scatter rather than reflect ultrasound [99], which is a fundamentally different interaction. Secondly, the overall geometry of the setup in combination with the tiny mouse knee further complicates the evaluation of the delivered ultrasound dose. The transducer is partly in contact with air, which changes its response, and the tin mouse leg is backed by a hard structure, likely to reflect ultrasound and generate uncontrolled standing waves. Knowing the pressure in situ is indispensable to evaluate the exact ultrasound dose delivered and estimate the effect on microbubble cavitation. In this study, however, and similarly to the majority of preclinical studies with therapeutic ultrasound and microbubbles [64], we currently lack knowledge about the ultrasound regimen and associated microbubble behaviour in situ. For microbubble-mediated drug delivery in general, it will therefore be essential to better monitor the exact microbubble response during ultrasound exposure in vivo to allow improved therapeutic ultrasound, however, no such techniques are available on the market today [64].



Our CEUS experiments indicated that we were able to measure contrast signal from the synovium, which suggests that the diagnostic ultrasound beam with a frequency of 13–24 MHz was able to reach the synovium but cannot be directly correlated to the effect of a 1 MHz therapeutic ultrasound beam for the aforementioned reasons. In addition, others have successfully delivered nanotherapeutics in the synovium of rodents with similar ultrasound settings. Zhu et al. observed enhanced therapeutic effects of dexamethasone when combined with intravenously injected ultrasound-responsive nanodroplets to therapeutic ultrasound (1 MHz, 3 W/cm2) in the ankle joints of rats [107]. Although they did not elaborate on the exact positioning of the ultrasound transducer and neither showed CEUS data, this illustrates that therapeutic ultrasound can reach the ankle synovium of rats. A major difference with our study is that the authors made use of rats and ultrasound responsive nanodroplets. The latter are considered as alternatives for microbubbles as they consist of a superheated liquid core that can turn into a gaseous microbubble upon ultrasound exposure [60,64,108]. The main advantage is that they have a much smaller size (130–320 nm) than micron-sized microbubbles and are therefore expected to more easily pass through rodent neovasculature.



Other groups have investigated ultrasound-triggered drug delivery after direct intra-articular injections of microbubbles in rabbit joints [109] and mice joints [85]. They showed a clearly enhanced gene expression after ultrasound treatment although it is important to mention that intra-articular injections might result in much higher, local microbubble concentration compared to intravenous injections. Moreover, the major difference between these reports and the present study is that, in these other studies, microbubbles were co-injected together with the nanomedicines, while we loaded them on microbubbles.



Our results illustrate that by loading liposomes onto the microbubble-shell, a much quicker hepatic elimination of the liposomes occurs compared to the free circulating analogs (Figure 5). The ex vivo images (Figure 5D–F) showed that the majority of all liposome fluorescence in microbubble-injected mice was found in the liver and, to a minor extent, in the spleen. Ferrara et al. described that the main reasons for microbubble clearance are the dissolution of the microbubble, uptake by highly phagocytic cells types [110], and filtering of the microbubbles by lungs and spleen; our results demonstrate that the liver, and to a minor extent the spleen, serve as the major elimination routes for microbubbles as we were unable to detect any fluorescence in the lungs. This corroborates similar observations by Sirsi et al. who showed that microbubble filtration in the lungs was negligible in vivo [111]. The signal derived from the liver and spleen is very likely due to the uptake of the microbubbles in phagocytic macrophages [111], better known as Kupffer cells in the liver and red pulp macrophages in the spleen, as shown before by many other groups [112,113,114,115,116]. It is known that the passage of the larger microbubbles is impeded through endothelial liver fenestrae in mice (d = 140–150 nm) and human liver (d = 150–175 nm) [98,115,117,118], but instead stimulates their engulfment by highly phagocytic Kupffer cells that are present throughout the liver [115]. The uptake in these highly metabolic Kupffer cells can also explain the fast disappearance of fluorescent signal in the liver, as lipid structures are known to be degraded in Kupffer cells with a half-life of about 2–3 h similar to the kinetics we observed (Figure 5) [96]. Kupffer cells play an important function in host defense as they remove apoptotic cells and micron-sized compounds from the circulation [115,119]. Apart from the microbubble size, the microbubble shell composition and surface properties are known to influence microbubble opsonization and therefore also govern their recognition and uptake by Kupffer cells [22,114,120,121]. Yanagisawa et al. compared the uptake of five different microbubble formulations by Kupffer cells and concluded that especially SonazoidTM and OptisonTM microbubbles are quickly removed from circulation by Kupffer cells [114]. The former are composed of phosphatidylserine [114,115], which also marks apoptotic cells and as such increases the recognition by activated macrophages such as Kupffer cells [122,123]. A way to overcome the fast opsonization of microbubbles in the blood is by implementing a PEG-shell, a hydrophilic shielding molecule that drastically reduces the binding of opsonines [22,112,114,124,125,126]. For this reason, we used PEGylated microbubbles that were coupled to PEGylated liposomes [89,127]. Nevertheless, although, PEGylation is known to retard the opsonization process, the bigger size of the microbubbles will probably stimulate their uptake by highly phagocytic cells [113,128]. Inevitably, microbubble-loaded liposomes are prone to a fast clearance by Kupffer cells in the liver as has been frequently reported before for several types of microbubbles [112,113,114,115,120]. Usage of the previously discussed smaller ultrasound-responsive nanodroplets that can be similarly loaded with liposomes as described by Honari et al. [129], will likely enhance both the neovascular penetration and sustain longer circulation times [130,131] as they are less quickly captured in the liver. In this way, they might tackle some of the limits observed using microbubbles in murine arthritis. However, it is important to note that regardless, the difference in ultrasound interface between murine and human joint structure remains unchanged. As nanodroplets require higher ultrasound energies to enable their transition into contrast-enhancing microbubbles [31,64], it remains to be studied whether this is feasible in murine joints.



The slower fluorescence decay in the liver observed for PEGylated liposomes over time (Figure 5E) is related to their smaller size and hence longer circulation time as this allows (i) a more sustained accumulation in Kupffer cells over time [97,112] and (ii) passage through the hepatic sinusoid fenestrae enabling access to other more slowly degrading hepatic cell subsets such as hepatocytes [97,98,112].



Other groups have clearly shown improved therapeutic outcomes with nanoparticle-loaded microbubbles in tumor models, where one may expect a more pronounced microbubble influx. This influx is a prerequisite to achieve sufficient drug concentrations at the target site in case of drug-loaded microbubbles [64,65,68,132]. A major difference with therapeutic studies that make use of co-delivery of microbubbles and small molecular weight drugs is that sonoporation effects can persist for hours [64,133,134,135], and thus provide a much longer timeframe for the co-delivered drugs to extravasate as the drug circulation time is not limited to the circulation time of (undestroyed) microbubbles [64]. Our study also illustrates that it is important to optimize nanoparticle-loaded microbubble formulations in such a way that the free nanoparticle fraction is minimized. Only with these optimized formulations the exact fraction of nanoparticles that become directly deposited in the ultrasound-treated region can be estimated. It is generally accepted that the EPR effect also plays a major role in nanoparticle accumulation in murine tumors and as most therapeutic studies evaluate therapeutic effects over a much longer timeframe than the circulation time of the bubbles, future studies have to clarify to which extent ultrasound treatment can further stimulate extravasation of long-circulating nanoparticles [52,68,132,136,137,138,139].




4. Materials and Methods


4.1. Liposomes


The liposomes were obtained via the lipid film hydration technique as reported by Avnir et al. [140,141] The liposomes consisted of DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine) (Corden Pharma, Liestal, Switzerland), Cholesterol (Avanti Polar Lipids, Alabaster, AL, USA) and DSPE-PEG2000(1,2-distearoyl-sn-glycero-3-phosphoethanol-amine-N-(biotinyl(polyethyleneglycol)-2000) (Avanti Polar Lipids, Alabaster, AL, USA) in 45:40:15 molar ratio (MR) ratio. The lipid films were rehydrated in HEPES buffer (20 mM, pH 7.4) leading to a final lipid concentration of 20 mg/mL. The liposomes were downsized with a tip sonicator (Branson Digital Sonifier 450, Marshall Scientific, Hampton, NH, USA). The liposomes were further concentrated using a centrifugation step at 35,000× g for 1 h at 25 °C (L8-70M ultracentrifuge equipped with SW55Ti Rotor, Beckman Coulter Life Sciences, Indianapolis, IN, USA), the pellet is resuspended afterwards in a smaller volume to obtain 100 mg/mL liposomes. The final concentration of liposomes obtained averaged 1 × 1014 liposomes/mL and was measured using nanoparticle tracking analysis (NTA) with the Nanosight® (Malvern Instruments Ltd., Worcestershire, UK) in scatter mode.



The shelf-life was further monitored while stored at 4 °C to estimate the shelf-life stability. The liposomes had a size of 180 nm and remained stable at 4 °C for at least one month.



For fluorescently labelled liposomes, lipid fluorescent dye DiR/DiD (Molecular Probes™, Thermo Fisher Scientific, Waltham, WA, USA) was dissolved in chloroform and added in respectively 1.2 molar ratio of the total lipid amount to the lipid mixtures (as described above) before lipid film hydration. Inserting a lipophilic dye like DiD or DiR did not influence the size or surface charge of the liposomes.




4.2. Size and Zeta-Potential and Concentration of the Liposomes


The size and zeta-potential of the liposomes and LNPs dispersed in HEPES buffer (20 mM, pH 7.4) were characterized via Dynamic Light Scattering using a Malvern Zetasizer Nano-ZS (Malvern Instruments Ltd., Worcestershire, UK).




4.3. Microbubbles


Microbubbles are prepared in a 85:15 molar ratio of respectively DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) (Avanti Polar Lipids, Alabaster, AL, USA) and DSPE-PEG3400-biotin (1,2-distearoyl-sn-glycero-3-phosphoethanol-amine-N-(biotinyl(polyethyleneglycol)-3400)) (Laysan Bio Inc, Arab, AL, USA). The preparation of the microbubbles was done via lipid hydration as earlier reported by our group [67,70,74,142,143]. To summarize, appropriate amounts of lipids—dissolved in chloroform—were transferred to a round bottom flask and the obtained mixture was evaporated in a rotavapor at 65 °C. The lipid film was hydrated using a preheated mixture of HEPES buffer (20 mM, pH 7.4), propylene glycol, and glycerol (in a resp. 7:2:1 ratio) resulting in a solution with a lipid concentration of 0.75 mg/mL. Aliquots of the mixture were transferred to chromatography vials and the headspace was filled with C4F10 gas (F2 chemicals, Preston, UK). To activate the microbubbles, vials were shaken for 15 s with a Capmix™ device (3M-ESPE, Diegem, Belgium). Subsequently, three washing steps were performed to remove free lipids and the excess of avidin before liposomes are coupled. After activation, the microbubbles were washed by centrifugation using HEPES buffer. After the first washing step, avidin (100 mg/mL, IBA GmbH, Göttingen, Germany) was added in excess and left to incubate for 5 min to couple to the biotin groups. Subsequently, 2 centrifugation washing steps were performed (750 g for 5 min at room temperature) with HEPES buffer to remove the unbound avidin after which the avidinylated microbubbles were resuspended in the required volume of dextrose 5%. The final concentration of microbubbles obtained averaged 1.1 × 109 microbubbles/mL and size distribution was determined by Coulter Counter (Multisizer 4, Beckman Coulter Life Sciences, Villepinte, France). Liposomes were added to the final avidinylated microbubble suspension and left to incubate for 5 min after which liposome-loaded microbubbles were intravenously injected without removal of any free liposomes in the sample.




4.4. Stability of Microbubble Loading


The stability of the liposome loading of the microbubbles was also evaluated via flow cytometry (Cytoflex, Beckman Coulter Life Sciences, Villepinte, France). After 5 min of liposome incubation with avidinylated microbubbles, 100 μL of the suspension was diluted in 1 mL HEPES buffer or filtered fetal bovine serum (FBS) (South American Origin, Biowest) to detect possible liposome release in serum environment. The difference in microbubble loading between HEPES and serum was determined via flow cytometry.




4.5. Optimization of Microbubble Loading


Within this work, two different liposome-loaded microbubble formulations were used referred to as the ‘original’ formulation and the ‘optimized’ formulation. The ‘original’ formulation consists of 33 μL liposomes added to 500 μL microbubble suspension or a liposome/MB ratio of 6600. In this formulation, a significant amount of free liposome was found. The ‘optimized’ formulation consisted of 5 μL liposomes that were added to 500 μL microbubbles or a liposomes/MB ratio of 1000. For the liposome optimization assay in general, different volumes of the same DiD-labelled liposome sample; i.e., 5, 10, 20, 33, and 50 µL (1014 liposomes/mL) were added to 500 µL of microbubbles (1.1 × 109 microbubbles/mL) and incubated for 5 min. This respectively equalled a liposome/MB ratio of 1000, 2000, 4000, 6600, and 10,000. Subsequently, 100 µL of the liposome-microbubble suspension was transferred to 1 mL of HEPES buffer and immediately measured using flow cytometry (Cytoflex, Beckman Coulter) and subsequently analyzed using FlowJo® software (BD company, Erembodegem, Belgium).




4.6. Confocal Microscopy


The liposome-loaded microbubbles were also visualized via confocal imaging (C1-si confocal microscope, Nikon, Amsterdam, The Netherlands) after coupling to the fluorescently labeled liposomes. A drop of the liposome-microbubble solution was put onto a glass slide with a cover slip whereafter the liposome distribution on the microbubble shell was explored with a 60× oil immersion objective (Plan Apo Nikon, Amsterdam, The Netherlands), using 637 nm later to excite the DiD dye in the liposomal bilayer.




4.7. Laboratory Animals (Mice)


Male DBA/1 and C57BL/6 mice were purchased from Janvier (Le Genest Saint Isle, France). The C57BL/6 mice were solely used to validate the positioning of the mice. All animals were housed in a specific-pathogen-free (SPF) facility following institutional guidelines. All animal experiments were conducted according to the regulations of the Belgian law and approved by the local Ethical Committee on Animal Experiments (Ghent University, ECD 18/16). Mice were kept in controlled conditions (12 h/12 h light/dark cycle, temperature 21–24 °C, relative humidity 40–70%) and had access to food and water ad libitum.




4.8. Collagen-Induced Arthritis Model


The collagen-induced arthritis (CIA) model was induced in male DBA/1 and C57BL/6 mice via intradermal injection at the base of the tail consisting of 200 µg of chicken type II collagen (CII) (Morwell Diagnostics GmbH, Zurich, Switzerland) dissolved in 0.1 M acetic acid, emulsified in Incomplete Freund’s Adjuvant with respectively 150 µg (DBA/1) and 200 µg (C57BL/6) mycobacterium Tuberculosis H37RA (Difco, Lawrence, KS, USA). After 21 days, a booster intradermal injection was given consisting of 200 µg CII in Incomplete Freund’s Adjuvant (DBA/1) or 200 µg CII emulsified in incomplete Freund’s Adjuvant with 250 µg mycobacterium Tuberculosis H37RA (C57BL/6). From day 21, the mice were monitored three times a week for clinical symptoms of collagen-induced arthritis. The severity of the inflammation was scored visually, based on erythema and swelling and graded; 0 = normal; 0.5 = erythema and edema in only one digit; 1 = erythema and mild edema of the footpad, or ankle or two to five digits; 2 = erythema and moderate edema of two joints (footpad, ankle, two to five digits); 3 = erythema and severe edema of the entire paw; 4 = reduced swelling and deformation leading to incapacitated limb. A CIA score of 3 present in at least one knee joint was required for the experiments. The monitoring was done until the mice were sacrificed (maximally up to 42 days post-immunization).




4.9. CEUS Imaging of Joints


To validate the positioning of the mice for ultrasound treatment, control C57BL/6 mice were used. For contrast-enhanced ultrasound imaging of joints, unloaded microbubbles were injected in healthy DBA/1 mice and the influx of the microbubbles in the joints was monitored. The mice were anesthetized using 3.5% isoflurane (Isoflo®, AST Farma, Oudewater, The Netherlands) gas in oxygen. Once anesthetized, the knees were depilated with Veet® to remove the excess of fur in order to avoid air bubbles during ultrasound imaging. A catheter (polyethylene tubing, Intramedic PE10, BD company, Erembodegem, Belgium) filled with a sterile 0.9% NaCl solution was placed in the lateral tail vein and fixed with tissue glue (Vetbond®, 3M-ESPE, Diegem, Belgium) to enable further manipulations. Subsequently, the mouse was placed supine while tilting the knee joint at a 90-degree angle. The knee was fixed with tape to ensure stability during the ultrasound visualisation. Ultrasound gel was applied on top of the fixed knee. For contrast ultrasound, the VEVO 2100 device coupled with the MS-250 transducer (VisualSonics, Amsterdam, The Netherlands) was placed perpendicular onto the knee, aligned with the femur. Once the synovial region (Figure 3A) was correctly visualized, an injection of 50 μL uncoupled microbubble solution (1.1 × 109 microbubbles/mL), suspended in an isotonic dextrose 5% solution, was performed and the contrast-enhancement was recorded. This was done both in healthy and CIA-induced DBA/1 mice.




4.10. Therapeutic Ultrasound Treatment of Mice


Mice were treated similarly as explained before (anesthetized, Veet®, catheter, positioning, and microbubble injection). The microbubbles were loaded with fluorescently labelled (DiR) liposomes; the original formulation contained 33 µL liposomes (100 mg/mL lipids) per 500 µL microbubbles; the optimized formulation contained 5 µL liposomes (100 mg/mL lipids) per 500 µL microbubbles. Liposomes were added to the final avidinylated microbubble suspension and left to incubate for 5 min, after which 200 µL was intravenously injected. The ‘liposome-only’ control contains 5 µL liposomes/500 µL isotonic 5% dextrose solution, whereafter 200 µL was intravenously injected. After microbubble injection, ultrasound exposure of the knee joint was established using a Sonitron device (Sonitron 2000; Rich-Mar, Inola, OK, USA) using the following parameters: pressure of 2 W/cm2 or 4 W/cm2, 30 s exposure time, 20% duty cycle and 2000 cycles per pulse. Ultrasound treatment was started 10 s after intravenous injection of liposome-loaded microbubbles as this time point corresponded with the onset of the microbubble influx into the synovium, as determined before in the CEUS experiment (Figure 2D). Only the knee with a CIA score of 3 was exposed to therapeutic ultrasound, whereas all score 3 joints of the non-treated mice (including knees, front paws, and ankles) served as a reference. In the treated mice, a check-up by contrast ultrasound (VEVO 2100—as described earlier) was done to ensure that all microbubbles have been destructed.




4.11. In Vivo Biodistribution


The biodistribution of intravenously injected DiR liposomes was monitored over time via an IVIS lumina II (PerkinElmer, Waltham, MA, USA) in the far-red region at 745 nm. In order to properly image the presence of the liposomes in the major organs, the body and limbs of the mice were depilated to maximize the fluorescence to be picked up by the IVIS device. Fluorescence images were acquired (acquisition time: 1 s) following excitation at 745 nm using an ICG emission filter. To determine the blood circulation time of the liposomes, the fluorescence from liposomes in the fur-less ‘throat-neck’ area was measured, allowing estimation of the residual fluorescence from the blood circulation. Quantification of the fluorescence images was done using the Living Image software (PerkinElmer, Waltham, MA, USA).




4.12. Statistical Analysis


The applicable statistical test is mentioned underneath each graph. Statistical analysis is performed using SPSS (IBM SPSS Statistics for Windows, version 28 (IBM Corp., Armonk, NY, USA) and GraphPad Prism 6 (GraphPad software, San Diego, CA, USA). Significance levels are indicated with asterisks: *, ** and *** respectively represent p < 0.05; p < 0.01 and p < 0.001.





5. Conclusions


We observed that murine arthritis models are not well-suited to evaluate the theranostic potential of liposome-loaded microbubbles for RA purposes. Despite the clinical use of (CE)US for the detection of neo-angiogenesis in humans, the evaluation in mice was hampered by both physiological and technological concerns. Whereas the technological concerns are likely to be overcome in the future, the physiological issues, which include severely restricted microbubble passage in murine synovial vasculature and the size of the murine joints, will not. As the size of the murine joints hinders both, control over the exact ultrasound conditions in situ, and the translation of the observations to a clinical setting, larger preclinical animals will be crucial to accurately evaluate the true potential of liposome-loaded microbubbles for RA therapy.
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Figure 1. Characterization of liposome-loaded microbubbles. (A) Size distribution of biotinylated lipid microbubbles with (red line) and without (black line) liposomes attached, displayed in number% of the total microbubble population. (B) Confocal images of fluorescently labelled liposome-loaded microbubbles. Red fluorescence indicates the presence of DiD labelled liposomes. Scale bar equals 5 µm (C) Flow cytometry histograms of liposome-loaded microbubbles diluted in HEPES (full line) or full serum (dotted line). Coloured histograms (green, blue, red) represent different batches of liposome-loaded microbubbles. Grey histograms represent unloaded microbubbles as a reference. 
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Figure 2. CEUS imaging of inflamed synovium in healthy and CIA mice. (A) Timeline of the experimental study and visualization of the imaging experiment (grey box): CEUS imaging of the knee joints of healthy mice (‘pre-CIA’) was performed to quantify microbubble influx before CIA induction. Subsequently, CIA was induced by intradermal injection of a collagen emulsion (day 1) or booster injection (day 21). Only mice that reached a visual CIA score of 3 in at least one ankle were included in the follow-up study. The knee synovium of mice with a visual score of 3 in the ankle joint was imaged with CEUS (grey). (B) Example of the experimental set-up for ultrasound imaging and treatment in C57BL/6, the mouse was placed supine and the knee was tilted and fixed at a ninety-degree angle to allow ultrasound imaging of the synovial cavity. The ultrasound probe was positioned perpendicular to the tilted knee (red square) in line with the position of the femur. (C) CEUS image before (upper image) and 10 s after microbubble injection (lower image) of the knee synovium (dotted line) in DBA/1 mice. (D) Quantitative analysis of the CEUS images of healthy (grey bars, n = 5) and inflamed knees (black bars, n = 4) of DBA:1 mice, each dot represents one mouse: mean increase in contrast power (left graph) and time to peak (right graph), compared via a paired t-test. 
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Figure 3. Whole-body fluorescence images to illustrate the bio-distribution of fluorescently labelled liposomes. (A) Timeline of the whole experimental study. The therapeutic study is indicated by the grey box: after the second CEUS imaging, mice were i.v. injected with liposome-loaded microbubbles and the knee of mice with a visual score 3 in the ankle joints were exposed to a therapeutic ultrasound pulse (2 or 4 W/cm2) (grey). Subsequently, whole-body imaging was performed at 1, 4, and 24 h. (B–D) Whole-body images of the accumulation of DiR liposomes in inflamed joints at 1 and 24 h after i.v. injection of liposome-loaded microbubbles and therapeutic ultrasound treatment. Mice were treated with 2 W/cm2 (B), 4 W/cm2 (C) therapeutic 1 MHz ultrasound for 30 s exposure time or not treated with ultrasound (D). To illustrate the background fluorescence, a control mouse that was not injected with liposome-loaded microbubbles is depicted in (E). The ultrasound-treated knee of each mouse is indicated by a blue arrow. The visual score of the front paws and ankles of the mice is displayed next to each limb. Green squares are added as a visual aid to locate the front paw. The ‘throat-neck’ area to estimate the liposomes that remain in circulation is indicated by a blue circle. n = 4 replicates for each ultrasound condition. (F) Overview of fluorescence increase over 24 h after injection of the liposome-loaded microbubbles in CIA score 3 US-treated knees either exposed to a therapeutic ultrasound pulse of 2 or 4 W/cm2 (each dot represents a treated knee), and score 3 joints (including knees, ankles, and front paws (each dot represents score 3 joint) in mice that were not exposed to ultrasound. Different treatment groups were compared via one-way ANOVA, with Tukey’s correction for multiple testing. 
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Figure 4. Optimization of liposome-loaded microbubbles to minimize the fraction of free liposomes. Flow cytometric analysis of the mean fluorescence intensity (MFI) of the different liposome-loaded microbubble formulations normalized to the MFI of the 4000 liposomes/MB formulation (green bar). Different numbers of liposomes were added to the biotinylated microbubbles and MFIs were compared via one-way ANOVA with Tukey’s correction for multiple testing, at least n = 5 replicates (dots represent individual data points) for each volume, * represents p < 0.05. 
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Figure 5. Representative whole body fluorescent images to illustrate the biodistribution of fluorescently labelled liposomes. Representative whole body (A–C) and ex vivo organ fluorescence images (E–G) of DiR liposomes after injection of liposome-loaded microbubbles (A,B,E,F) or the same dose of liposomes (C,G). One knee joint with a CIA score 3 of microbubble-injected mice were treated with therapeutic ultrasound of 1 MHz with an acoustic pressure of 2 W/cm2 (A,E) or 4 W/cm2 (B,F) and is indicated by a blue arrow. Whole body fluorescence images were taken at 30 min, 4 and 24 h after liposome or microbubble injection. n = 2 replicates for each ultrasound condition and n = 3 for the liposome only condition. The CIA score of the front paws and ankles of the mice is displayed next to each limb. A green square is added as a visual aid to locate the front paw. The ‘throat-neck’ area was used to estimate the liposomes in circulation and is indicated by a blue circle. (D) Overview of fluorescence increase over 24 h after injection of the liposome-loaded microbubbles in CIA score 3 US-treated knees either exposed to a therapeutic ultrasound pulse of 2 or 4 W/cm2 (each dot represents a treated knee), and score 3 joints (including knees, front paws, and ankles (each dot represents a score 3 joint)) in mice that were injected the exact same amount of free liposomes. Different treatment groups were compared via one-way ANOVA, with Tukey’s correction for multiple testing, asterisks: *** respectively represent p < 0.001. 
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