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Abstract

:

Rigenera® is a novel class-1 medical device that produces micro-grafts enriched of progenitors cells without ex vivo manipulation of donor tissues. The manufacturer’s protocol has been supported for a wide variety of clinical uses in the field of regenerative medicine. This study aimed to evaluate its potential use for in vitro cell models. Human primary oral fibroblasts were cultured under standard conditions and processed through Rigenera® over a time course of up to 5 min. Cell viability was assessed using a Trypan Blue exclusion test. It is possible to process fibroblasts through Rigenera® although an initial reduction of cell viability was observed. Additionally, debris was evident in the cell suspension of the processed samples. Scanning electron microscopy (SEM) microanalysis of the debris and electron energy-loss spectroscopy confirmed the presence of metal wear possibly due to the processing conditions used in this study. Interestingly, pore sizes within Rigeneracons® grids were found to range between 250–400 μm. This is the first report assessing the suitability of Rigenera® and Rigeneracons® for in vitro applications. Whilst Rigenera® workflow was found to be amenable to laboratory uses, our results strongly suggest that further research and development is necessary to support the utilization of this technology for enrichment of micro-graft derived cells and cell sorting in vitro.
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1. Introduction


Research in the field of stem cells and their potential application in regenerative medicine have captured attention in the 21st century. The physiological process of tissue regeneration is fundamental for the maintenance of tissues and organs throughout the human body. The importance of stem cells lies in their ability to differentiate into various cell types for the purpose of tissue regeneration.



One promising source of stem cells are those derived from the epidermis [1], including that of the oral mucosa, such as oral keratinocytes and fibroblasts [2,3]. Additionally, the dental pulp has been shown to be a rich source of stem cells [4].



Fibroblasts are abundant within the connective tissue where they maintain the structural integrity of connective tissue by synthesizing and remodelling components of the extracellular matrix and regulate autoimmunity, organ development, wound healing, inflammation and fibrosis [3,5]. Furthermore, fibroblasts exhibit many properties similar to mesenchymal stem cells (MSCs), being both plastic adherent and multipotent cells [3]. The multipotent characteristics of fibroblasts have sparked interest in their use in the field of regenerative medicine.



Although the isolation of stem cells can be achieved, therapeutic application remains a challenge [6]. A major shortcoming that continues to hinder the translation of stem cell research from bench to bedside is the ex vivo manipulation of donor tissues, a necessary step to isolate progenitor cells. This is currently achieved using chemical agents. In 2006, Human Brain Wave (HBW) designed Rigenera®, a chairside technology introduced as an innovative technique that allows isolation of stem cells from autologous micro-grafts for application in clinical regenerative procedures. Using the Rigenera® protocol, in just one surgical procedure, the patient is both donor and recipient of calibrated micro-grafts. This takes place within a single procedural time and is is capable of enriching micro-graft-derived progenitors cells for regeneration within the recipient site [7]. Importantly, this technique is based on a principle of mechanical size-selection, thus reducing the risk of contamination or alteration of the sample. At present, Rigenera® is an innovative and promising application in regenerative medicine, particularly in the fields of dental surgery, dermatology, plastic surgery, maxilla-facial surgery, orthopaedics, aesthetic medicine, and wound healing [7,8,9,10,11,12,13,14,15].



Rigenera® consists of two main components: The Rigenera® machine, and Rigeneracons® (also known as Medicons®). The Rigeneracons® are disposable devices activated by the machine that includes a metal steel grid and a blade. The grid is comprised of 100 hexagonal pores with indicated diameter sizes of 25, 50 and 75 μm. The blade is helical in shape and disaggregates the tissue samples placed in the Rigeneracons® creating mechanical friction against the grid at rotational speeds of 80 RPM, in the presence of saline solution [7]. Disaggregated single cells are mechanically guided through the pores in the grid, precipitating in a lower chamber from which they are collected with a sterile syringe for clinical use. Separation by cell size selection achieved with the Rigenera® system is the hallmark of the device. Stem cells are known to range from 20–40 μm in diameter [16], hence the processed micro-grafts are believed to contain a high population of progenitor cells, thus leading to optimal regenerative potential [12,13,14,15,16,17]. The processing times of the micro-grafts range from 10 s to minutes [7].



Research has shown that Rigenera® micro-grafts are rich in MSCs and have a large presence of endothelial cells and pericytes that promote post-traumatic revascularization in tissue regeneration [7,8,17]. Additionally, previous studies have demonstrated the in vivo use of Rigenera® technology to improve the healing of bone lesions [18], wound healing [7,8,9,17,18,19], and management of ulcers [19]. Nevertheless, because this technology was designed for clinical applications, no information is available about the suitability of this device for potential in vitro application.



Therefore, in the present study we aimed to assess if the Rigenera® workflow could be utilized as an alternative cell sorting technique for laboratory research and further, to characterize the effect of Rigenera® workflow on the viability of primary cultured fibroblasts and on the quality of the processed samples.




2. Materials and Methods


2.1. Isolation of Primary Human Fibroblasts


Normal oral mucosal tissue was obtained for this study from a healthy patient attending the Royal Dental Hospital of Melbourne (RDHM) for a routine third molar extraction. A 0.5 mm2 oral mucosal sample was excised and placed in a falcon tube containing sterile phosphate-buffered saline (PBS, D8537, Sigma, Castle Hill, NSW, Australia) and 2% penicillin–streptomycin solution (P4333, Sigma-Aldrich, Castle Hill, NSW, Australia) for 20 min. Effective isolation of primary human fibroblasts from the biopsy sample was achieved with incubation overnight at 4 °C with 0.5% w/v dispase (17105-041, Gibco), mechanical separation of the epithelial layer, and use of selective culture medium. Fibroblast viability and purity were confirmed by Trypan Blue exclusion (Trypan Blue dye, 0.4% solution, 1450021, Biorad, UK) and visual assessment with inverted light microscopy (EVOS™ FLoid™ Cell Imaging Station, Life Technologies, Cramlington, UK). Ethics approval was obtained for this study (University of Melbourne n. 1340716.1).




2.2. Cell Culture Techniques


Primary human fibroblasts were cultured in polystyrene coated 6-well plate (CLS3506, Corning®, New York, NY, USA) and grown to 60%–80% confluence before being further sub-cultured. Cells were cultured using Dulbecco’s Modified Eagle’s Medium (DMEM, D5796, Sigma-Aldrich, Castle Hill, NSW, Australia), supplemented with 10% fetal bovine serum (FBS, SFBS-F, Bovogen, Keilor East, VIC, Australia), and 1% penicillin streptomycin mixture (P4333, Sigma-Aldrich, Castle Hill, NSW, Australia) in a humidified atmosphere at standard conditions (5% CO2, 37 °C). Cells at confluency were subsequently detached by pre-treatment with 10 mM EDTA for 10 min, followed subsequently with incubation in a 0.25% trypsin in 1 mM EDTA solution (T4049, Sigma-Aldrich, Castle Hill, NSW, Australia) for 5 min, and re-cultured under standard conditions for 5 passages over a period of 4 weeks before being processed with Rigenera®. The viability of the fibroblasts was confirmed at each passage by Trypan Blue exclusion (Trypan Blue Dye, 0.4% solution, 1450021, Biorad, UK).




2.3. Effect of Rigenera® Processing on Human Fibroblast Viability In Vitro


Cultured primary human fibroblasts (at 6th passage) were seeded in 24 well plates (CLS3527, Corning®, New York, NY, USA) at a starting density of 0.6 × 105 cells/well and grown under standard conditions over 72 h. Growth medium was replaced every 24 h. Cells were subsequently detached as described above, and divided into 4 groups: the control group (that did not undergo Rigenera® processing) and three groups that were processed using the Rigenera® protocol each with separate sterile Rigeneracons® (pore diameter nominal value = 50 μm) for 1, 2 and 5 min respectively irrigated with 1 mL of culture medium. Following processing, each sample was immediately collected, visualized with an inverted light microscopy (EVOS™ FLoid™ Cell Imaging Station, Life technologies) and re-cultured under standard conditions in 24 well plates as above.



Cell count and viability was assessed in each group at 0, 24, 48, and 72 h with a TC10™ Automated Cell Counter (Bio-Rad, Hercules, California) and Trypan Blue exclusion test. Data collection included a total of 10 counts for each group and at all time points. The experiment was performed in triplicate.




2.4. Characterisation of the Degree of Wear of Internal Components of Rigeneracons®


Rigeneracons® devices from the above experiment and a brand new Rigeneracons® were carefully disassembled in a safety cabinet and single internal components were further investigated. The metal blades and the metal steel grids were analysed using Reflected Light Microscopy (Leica S8AP0, equipped with a Leica MC170HD, Leica, Wetzlar, Germany) and a FEI Tecnai F30 scanning electron microscope (SEM) at the Bio21 Advanced Microscopy facility (FEI, Melbourne, Australia).




2.5. Characterisation of the Debris Particles from Rigenera® Protocol


To further analyze the debris produced, a separate new Rigeneracons® device was used to process a sample containing UltraPure™ distilled water (10977023, Invitrogen) alone for one minute using the Rigenera® machine. The resultant solution was collected, placed in a sterile 100-mm Petri plastic dish (Corning® 430167, Corning, New York, NY, USA) and visualised under an inverted light microscope to confirm the presence of debris. The sample was then left covered in a dry oven at 40 °C overnight. Compositional microanalysis via electron energy-loss spectroscopy (EELS), which can provide fast chemical (elemental) analysis of the field-of-view or point-by-point to a spatial resolution of ~4 µm, was then performed on the sample obtained.




2.6. Statistical Analysis


The statistical significance of the data was analyzed with IBM SPSS Statistics (v. 23) software. Normality was determined with Kolmogorov–Smirnov and Shapiro–Wilk normality tests and distribution was normal. Equality of the variance was determined with the F-test prior to conducting paired t-test. Comparisons of the 3-time durations were conducted with one-way analysis of variance (ANOVA). Data are reported as mean and standard deviation and differences were considered to be significant when p was < 0.05.





3. Results


3.1. Rigenera® Processing Affects Human Primary Fibroblast Viability In Vitro


Immediately after Rigenera® processing, (T = 0), cultured primary human fibroblasts showed a reduction of cell viability compared to unprocessed controls. This effect was significant after a 1 min (p < 0.001) and a 5 min (p = 0.028) processing period (Figure 1a). Cell viability following 1 min of processing through Rigenera® ranged from 51%–100% while the control group ranged from 83%–100%. Cell viability of the Rigenera® group after 5 min processing ranged from 46%–91% while the control group ranged from 60%–95%. Cells processed for 1 min showed also significantly lower viability compared to controls after 48 h (p = 0.017) and 72 h (p = 0.041). Varying the duration of the sample processing between 1, 2 and 5 min showed significant differences in re-cultured cells’ viability for up to 24 h (Figure 1b,c). Cell viability immediately after Rigenera® processing was significantly lower in the 5 min processing duration when compared to the 1 and 2 min durations (p = 0.021 and p = 0.019, respectively). At the 24 h time point, the viability of the 5 min processed sample was significantly lower than the 1 and 2 min processing durations (p = 0.037 and p = 0.005, respectively). Taken together, these data show that Rigenera® processing determines a time-dependent and transitory reduction of cell viability in primary human fibroblasts compared to unprocessed controls.




3.2. Rigenera® Protocol is Associated with the Release of Metal Particles


Presence of opaque debris was visualized during experiments in all fibroblasts samples processed with Rigenera® (Figure 2). In detail, when inspected under inverted light microscopy, all samples regardless of processing duration presented with heterogenous debris ranging in size from 3–400 μm. The amount of debris produced was also found within the cell-free control, which consisted of only UltraPure™ distilled water (Invitrogen) for one minute (Figure 2a and Figure 3a). The debris collected showed random formation of aggregates in various sizes ranging from 0.1 μm to about 400 μm in diameter. EELS microanalysis of the debris revealed mainly metallic and minute plastic constituents. Elemental point-by-point analysis of the multiple debris particles revealed values ranging between 36.64%–52.96% iron, 7.45%–9.31% chromium, 37.28%–37.72% carbon and about 1% silica by weight (Figure 3b–e).




3.3. Rigeneracons® Internal Components Show Marked Degree of Wear after Use


The Rigeneracons® disposable devices were carefully disassembled in a biosafety cabinet after use, and the internal metal components, blades and grids, were analysed under reflected light microscopy and SEM. As expected, macroscopic scratch marks were found on the cutting blades (Figure 4), with the gross size of scratch marks found to be greatest after 5 min of processing. Thus, the longer the Rigeneracons® were processed, the more scratch marks were observed. No visible scratch marks were present on the unused blade when investigated under reflected light microscopy. Subsequently, the metal blades of Rigeneracons® were analysed using SEM. Scans of the blades utilised in the 2 and 5 min processing durations showed significant surface roughness, consistent with signs of wear, on the front cutting portion of the blades with visible peeling of the edges (Figure 5a) whereas this was not observed in the unused blade. Debris, forming into aggregates of up to 400 μm, was also found on the blades’ surface (Figure 5b–d).




3.4. Assessment of Pore Size Range


Given that the metal particle size was larger than the grid’s described pore size (50 μm in diameter), the micromorphology of Rigeneracons® grid was inspected. The metallic grids containing the pores designed for individual cell separation based on cell size were analysed using reflected light microscopy. The damaged portions were the cutting edges of the hexagonal pores. The tips of the cutting surfaces appeared to increase in damage proportional to processing time (Figure 6). These findings were confirmed with SEM observation (Figure 7). Abundant debris was additionally detected (Figure 7b). We further observed that the pores size was significantly different from the described diameter of 50 μm. Pore diameter size was found to range between 250–400 μm, with an average of about 300 μm (Figure 7c,d). The pore size was found to be similar when comparing unused (Figure 7a) and used grids.



Collectively, these data show that the Rigenera® workflow is accompanied by the production of microscopic metal debris. Furthermore, the grid pores are larger than it was expected.





4. Discussion


This study demonstrates that the Rigenera® protocol can be used in a laboratory setting. However, when applied in vitro, the cell processing determines a significant but transient decrease in viability of cultured fibroblasts. Cells were processed for 5 min and 30% decrease in initial viability was observed. The processing of cells with Rigenera® additionally resulted in samples containing debris. The debris was evident in all samples regardless of processing time and appeared to be metal components of the Rigeneracons®.



The effect on cell viability when processed using Rigenera® is important for its potential in vitro use, particularly in comparison to current cell-sorting techniques such as fluorescence-activated cell sorting (FACS) and magnet-activated cell sorting (MACS), which are proven to maintain cell vitality [20,21]. Therefore, it is important when the Rigenera® protocol is used as an alternative to conventional cell sorting methods in vitro that the vitality is maintained at comparable levels.



In our experimental conditions, the longer the processing time the greater degree of vitality loss, i.e., cell death after 5-min processing was significantly greater than that observed with 1 or 2 min processing. The mechanical effect applied during the separation of cells is speculated to place a significant physiological stress on the fibroblasts, affecting vitality. The decrease in vitality of the 5 min processing time continued to be significantly lower after 24 h when compared to the control and the 1 and 2 min processing durations. This indicates some residual impact on cell vitality after initial processing (Figure 1b). Moreover, cells were monitored for 72 h, witnessing a consistent increase in cell vitality with a peak at 72 h. Cell vitality on fresh tissue samples was not tested in this study, therefore, the possible introduction of cellular debris into the micro-graft may need to be further investigated [22,23]. For example, release of intracellular contents from a necrotic cell due to cellular membrane disruption can lead to an increase in inflammation at the site of application [23].



In addition to cellular debris, variably sized metallic residues produced by mechanical wear of the internal components of the Rigeneracons® were found consistently in the processed samples. The presence of metal particles around implants has been reported in the literature for decades, and a recent systematic review highlighted that titanium particles surrounding peri-implant tissues are a common finding [24]. Their size ranged from 100 nm to 54 µm and these were present at a higher number in peri-implantitis sites [24]. In our study, the readings from the BioRad TC10TM counter indicated that the metallic debris had sizes ranging from 4–34 μm in diameter. However, the SEM analysis indicated particles sizes range was much wider than that detected by the Bio-Rad TC10TM counter, which can only detect particles between 4 μm and 58 μm in diameter [25]. Using SEM, the true size of the debris was more variable, with sizes smaller than 1 μm and larger than 400 μm in diameter. The debris was found to be composed of iron, carbon, chromium, and occasionally minute readings of silica (Figure 3).



Current literature suggests the presence of metals may have a variety of biological consequences, ranging from direct DNA damage to foreign body reactions in the form of granulomas [26,27,28,29]. Chronic exposure to chromium, which was found to be a part of the particle pollution, has been shown to disrupt cellular biological pathways in humans, causing chronic ulceration of the skin and contact dermatitis [29,30,31]. In vitro studies showed that the presence of chromium led to a direct change in the nuclei shape of fibroblasts, aneuploidy and translocation [32,33], features that have been also implicated in tumour formation [34,35,36]. In studies of metal-on-metal joint replacements, the presence of metal debris was found to be easily disseminated systemically when the debris was taken up by macrophages, which then traversed to sites distant to the original location of the debris [37]. This is because chromium has been definitively shown to be transported within the bloodstream [38]. Additionally, chromium has also been postulated to cause damage to the liver and spleen due to the lack of elimination via metabolic processes [39,40,41]. Metals such as chromium can elicit immune responses at 2.2 μg/L [42] and metallic particles ranging from 0.24–7.2 μm in size induced the highest pro-inflammatory reaction due to their ability to be taken up by phagocytes, which leads to activation of cellular pathways and release of pro-inflammatory cytokines such as IL-1β, IL-6, IL-8 and TNFα [43].



The largest concentration of metallic pollution found in our samples was in the form of iron, which in studies of metal-on-metal prosthesis have been shown to cause localized tissue damage [27]. Iron particles are generally removed by macrophages and cause no significant damage to the local tissue. However, high iron concentrations can cause cell death, particularly when particle sizes vary between 0.1–3.0 μm [26], which was found in our samples. It has to be noted, however, that the magnitude of cytotoxic effects determined by metal particles is significantly higher in in vitro conditions compared to tissues or living organisms, therefore our data do not have a direct clinical implication.



There is also a potential concern over the ability of iron ions to form radical species, specifically hydroxyl radicals, that can cause damage to nearby cells [44,45,46,47,48,49]. Again, it is difficult to determine whether the study results correlate to similar effects to those in vivo. The long-term effect of trauma and metal ions in this study is unclear. However it should be noted that recovery of cells in culture from 72 h was evident (Figure 3). Therefore the level of damage and physiological interaction of these metal particles is transient and might not determine host tissue response in vivo. To date, a detrimental effect from grafts use in Rigenera® processed samples has not been reported.



A further critical point of our data is the diameter of the pores in the Rigeneracons®. As per manufacturer’s project, the principle basis of the machine is its ability to separate samples by selecting for cells smaller than 25, 50 and/or 75 μm as these have been found to be highly correlated to stem cells and colony-forming units [1,2,7,11,15]. When the metal steel grid was examined under SEM, the pore size was found to far exceed that of the upper limits. All pores examined had a size of approximately 450 μm at its maximum width (Figure 7), and the majority of them allowed the passage of particles with up to 300 μm diameter. The improved control in the manufacture of the pore size may have a positive effect on results in vitro and in vivo.



This pilot in vitro study demonstrates that Rigenera® workflow is easy to use and might be amenable to in vitro settings if appropriate modifications were made. Specifically, cell processing with Rigenera® device lowers cell vitality. The possibility of using this system for cell separation needs to be better determined especially with regards to the deviation in detected pore sizes compared to the manufacturers’ data. The presence of metallic debris and the potential effects on the host response also need to be further investigated. We suggest that our findings be used as a starting point for improvement of this promising device and may be of value in creating a tool suitable for in vitro application. In summary, the use of Rigenera® for in vitro studies requires further work before a protocol can be determined.
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Figure 1. (a) Fibroblast viability for control and samples processed with Rigenera® for 1-min and 5-min. Significant differences in viability between control and processed cells are indicated as * p < 0.05 or ** p < 0.01. (b,c) Viability of fibroblasts at 0/24/48/72 h time points after being processed with Rigenera® for 1, 2 and 5 min. Statistical significance is given as follows: * p < 0.05; ** p < 0.01. 
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Figure 2. Presence of abundant and heterogenous debris observed at inverted light microscopy in samples processed with Rigenera® (EVOS FLoid Cell Imaging Station, ×460 optical magnification). (a) The cell-free control sample, which consisted of UltraPure™ distilled water (10977023, Invitrogen) alone processed for 1 min. Fibroblast samples were processed instead for 1, 2, or 5 min ((b–d) respectively). 
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Figure 3. Aspect of the cell-free control sample (UltraPure™ distilled water alone) processed for 1 min at inverted light microscopy (a) and scanning electron microscopy (SEM) (FEI Tecnai F30) (b,c). Compositional microanalysis via electron energy-loss spectroscopy (EELS) of the debris particles identified in panel b (d) and c (e) respectively. The debris was metallic in nature with primarily iron, carbon, and chromium as its elemental composition by weight. Minute concentrations of Silica was detected. 
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Figure 4. Reflected light microscopy of the Rigeneracons® internal blade when unused (control), after 2 min of processing and after 5-min of processing. The unused blade showed no substantial scratch marks, however, as time of processing was increased, the scratch marks present on the outer rim increased in gross size (greatest after 5 min). 
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Figure 5. Scanning electron microscope (SEM) observation of blades in Rigeneracons®. A blade after 2 min of processing shows evidence of (a) significant wear as damage on the front cutting portion of the blades with visible peeling of the edges. Debris, forming into aggregates of up to 400 μm, was also found on the blades’ surface (b–d). 
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Figure 6. Reflected light microscopy of the Rigeneracons® internal metallic grid when unused (control), after 1 min, 2 min and after 5 min of processing. The control grid showed no damage of the cutting edges of the hexagonal pores (green arrow). The tips of the cutting surfaces appeared to increase in damage proportional to processing time. The damage ranged from mild wear (yellow arrow), medium wear (orange arrows), up to a complete loss of the cutting edges of the hexagonal pores (red arrows). 
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Figure 7. Scanning electron microscope (SEM) observation of the Rigeneracons® steel grid pores. (a) Intact cutting edges of the hexagonal pores (green arrow) in unused disposable device. (b) Spread debris was visible after 2 min of processing together with substantial damage of the cutting edges (yellow arrow). Reference scale measurements show the size of random pores after 5 min of processing. Some of the pores measure just slightly over 400 μm in diameter at the widest span (c) and the majority of them allowed the passage of particles with 300 μm diameter (d). 
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