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Abstract

:

Enhanced vascularization at sensor interfaces can improve long-term function. Fibrin, a natural polymer, has shown promise as a biomaterial for sensor coating due to its ability to sustain endothelial cell growth and promote local vascularization. However, the culture of cells, particularly endothelial cells (EC), within 3D scaffolds for more than a few days is challenging due to rapid loss of EC viability. In this manuscript, a robust method for developing fibrin microbead scaffolds for long-term culture of encapsulated ECs is described. Fibrin microbeads are formed using sodium alginate as a structural template. The size, swelling and structural properties of the microbeads were varied with needle gauge and composition and concentration of the pre-gel solution. Endothelial colony-forming cells (ECFCs) were suspended in the fibrin beads and cultured within a perfusion bioreactor system. The perfusion bioreactor enhanced ECFCs viability and genome stability in fibrin beads relative to static culture. Perfusion bioreactors enable 3D culture of ECs within fibrin beads for potential application as a sensor coating.
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1. Introduction


Many applications in tissue engineering and regenerative medicine require the ability to regulate the process of vessel assembly. Seeding of endothelial cells (ECs) in biomaterials in vitro prior to implantation is a popular option for enhancing in vivo vascularization post implantation. These EC containing materials can then be used as coating to enhance sensor function post-implantation. Vascularization locally at the sensor interface allows for a reduced diffusional distance, enabling more immediate and accurate readings [1,2]. It also has the potential to reduce the inflammatory and fibrosis responses to the sensor [3]. One potential application includes pre-vascularization of glucose sensors to improve long term function in type 1 diabetics. The general aim of EC seeding has been to utilize biomaterials scaffolds to provide a surface for cells to bind to improve viability and function, as well as provide a protective barrier from mechanical forces [4]. Fibrin, a naturally occurring polymer hydrogel, is a highly-suitable scaffold for EC seeding and sensor encapsulation. Fibrin displays good EC adhesion, sustained EC viability, and pro-vascularization properties [5,6,7]. Previous use of VEGF-releasing fibrin gels to induce neovascularization around a glucose sensor has resulted in an increase of vessel density, a reduction in fibrosis and an increase in sensor output [3]. The addition of ECs to this fibrin coating may further accelerate the rate of functional vessel formation.



One population of ECs that has been proposed for vascularization applications is endothelial colony-forming cells (ECFC). ECFCs are viable circulating cells that show clonal proliferative potential, with cobblestone appearance in monolayer cultures, and in vivo formation of human blood vessels upon implantation within a scaffold, when differentiated from umbilical cord blood or adult peripheral blood [8]. ECFCs are derived from circulating blood cells by culturing on collagen-coated plates with differentiation media [9,10]. The significant advantage of ECFCs is that they can easily be isolated from adult peripheral blood, enabling auto-transplantation. Further, ECFC delivery has been characterized as suitable for application to a wide variety of tissues, including bone [11,12], kidney [13,14], and neural tissue [15,16,17,18].



ECFCs have shown affinity for natural polymer-based scaffolding, including fibrin [19], rat collagen [20,21], porcine collagen [22] and Matrigel [19]. In general, within these biomaterials, ECFCs have shown the ability to form tubule-like structures in vitro and capillary vessels in vivo. Implantation of ECFC-seeded scaffolds has previously been utilized for in vivo tissue regeneration in various rodent models. ECFCs, seeded in collagen, have shown formation of vessel-like structured after subcutaneous implantation in severe combined immunodeficiency (SCID) mice [22]. Additionally, ECFCs, in co-culture with mesenchymal progenitor cells (MPCs), have been utilized with Matrigel plugs to form vascularized scaffolds once implanted subcutaneously in SCID mice [23]. The formed vessel-structures showed anastomosis between the host and the scaffold via tail-vein perfusion of fluorescent lectin molecules. These studies suggest the substantial potential of ECFCs for tissue engineering application. However, the scaffold volumes involved in previous studies would be difficult to translate into clinical application.



One proposed solution is the combination of fibrin microbead scaffolds with a perfusion bioreactor system. Fibrin microbeads have previously been generated using an oil emulsion for delivery of mesenchymal stem cells (MSCs) [24]. However, this procedure requires multiple washes with organic chemicals. The use of organic chemicals may affect cell viability during formation, and residual amounts within the scaffold could induce inflammatory responses in vivo. The formation of fibrin bead scaffolds for in vitro chondrocyte tissue engineering has also previously been demonstrated [25]. This technique utilizes alginate as a template for the fibrin to polymerize into a spherical shape. The hybrid bead scaffolds have been shown to improve cryopreservation of bone marrow-derived stem cells (BMSCs) [26]. This approach holds promise for EC culture but has not been optimized for this application.



A tubular perfusion bioreactor system (TPS) has previously been shown to enable culture of MSCs within 3D alginate spherical scaffolds [27]. The TPS consists of a tubular growth chamber that, when packed with spherical scaffolds, void spaces between the scaffolds enhance convective transport through the growth chamber. This enables long-term culture of multiple scaffolds within the growth chamber, providing the potential for growth of clinically-relevant volumes. Using poly (lactic-co-glycolic acid)/poly(ε-caprolactone) scaffolds, the TPS system has shown successful bone regeneration following delivery of osteogenic-differentiating MSCs in a rat femoral condyle defect [28].



In this study, we describe a method for generating fibrin microbeads suitable for scalable, 3D ECFC culture in a perfusion bioreactor system. We describe the influence of synthesis conditions on the resulting fibrin microsphere properties. The use of the fibrin bead scaffolds for scaffolding of ECs is demonstrated with ECFCs and Human umbilical vein endothelial cells (HUVECs), and we have tested the influence of these conditions on cell viability and DNA damage induction for ECFCs in the various culture environments. We report that the TPS system enhances ECFC viability and reduces DNA damage in 3D scaffolds and may hold promise in vascularizing sensors for improved long-term functionality [27].




2. Experimental Section


2.1. Cell Culture


Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza (Gaithersburg, MD, USA). HUVECS were used from passage 3–8. Endothelial colony forming cells (ECFCs) were a generous gift from Dr. Mervin C. Yoder, Indiana University School of Medicine. The ECFCs used were obtained from human umbilical cord blood as previously described [29]. ECFCs were used from passage 2–4, prior to clustering phenotype dissipation. Complete Endothelial Growth Media (EGM-2) (Lonza) was utilized for both cell types.




2.2. Fibrin Bead Formation


Fibrin beads were prepared using a method based on a sacrificial alginate template (Figure 1A). For the precursor solution, 1.2% w/w sodium alginate low viscosity, high guluronate content (LVG) (Pronova, Sandvika, Norway) was mixed with various concentrations (1, 2, 3, 5, 10, 15, 25, 40, 80 mg/mL) of fibrinogen (Sigma-Aldrich, St Louis, MO, USA) in a solution consisting of 50 mM NaCl, 10 mM KCl, 250 mM HEPES, 100 ug/mL glucose, and 0.02% EDTA. The precursor solution was carefully mixed, with or without cells (2 million cells/mL). The precursor solution was loaded into a 1mL syringe (BD; Franklin Lakes, NJ, USA), and a blunt tip needle (20, 26, 30, 33 ga) (Hamilton, Reno, NV, USA) was attached. The precursor solution was added, dropwise, to a cross-linking solution of 1.1% CaCl2, and 40 U/mL human thrombin (Red Cross, Washington, DC, USA). Beads were incubated in the cross-linking solution for 30 min, removed and then washed twice with Phosphate-Buffered Saline (PBS). The alginate was extracted from the beads using a sodium alginate dissolution solution (SADS), consisting of 50 mM NaCl, 150 mM Sodium Citrate, and 30 mM EDTA in TBS buffer, pH 7.4. The beads were incubated in the dissolution solution for 20 min at 37 °C. Beads were washed twice in PBS and incubated in EGM-2 media ±100 U/mL aprotinin (Sigma-Aldrich, St. Louis, MO, USA).




2.3. Swelling Ratio and Imaging


The fibrin beads were incubated in dH2O for 2 h to allow complete swelling. Beads were then imaged under a surgical microscope (Fisher Science, Pittsburgh, PA, USA), with an attached 1.4″ CCD, 0.3 MP camera (Imaging Source, Bremen, Germany). Images were analyzed for size using a custom MATLAB (Mathworks, Natick, MA, USA) code. Twenty beads were removed from the solution using a spatula, dried briefly with a kimwipe, and weighed to determine the wet mass (Mwet). Beads were then dried in a vacuum oven at 37 °C overnight. A dry mass (Mdry) was then obtained. The swelling ratio was calculated as (Mwet-Mdry)/Mdry. Five batches were analyzed per condition.




2.4. Histology


Beads with and without cells incubated for 0, 1, 2, and 7 days were fixed for 10 min in 10% Formalin (Fisher Science, Waltham, MA, USA). Beads were then washed with PBS, paraffin embedded and sectioned (30 µm thickness) for histological staining. Sample sections were deparaffinized and washed with PBS. Sections were stained either with 1x Coomassie Blue (Sigma-Aldrich) for 1 h, or 100 mg/mL Hoechst 33,258 stain (Life Technologies, Carlsbad, CA, USA) for 5 min. Slides were again washed, and mounted with Aqua mount (Fisher Science).




2.5. Scanning Electron Microscopy


Ten beads from 3 batches were fixed with 2.5% glutaraldehyde in PBS for 10 min, washed with PBS, flash frozen using liquid nitrogen, and lyophilized overnight. Beads were then glued to a scanning electron microscope (SEM) mount, sputter coated (Polaron, Laughton, UK) with gold, and imaged using SEM (JEOL; Tokyo, Japan), at the Research Resources Center electron microscopy core at the University of Illinois-Chicago.




2.6. Live/Dead Assay


Five beads with cells were incubated in EGM-2 for 24 h in static culture after formation. They were then stained using a Live/Dead Assay (Life Technologies) for 30 min, following the manufacturer’s protocol. The samples were imaged with a 5× objective using confocal microscopy (Leica, Buffalo Grove, IL, USA), using PASCAL software (Leica). Excitation was applied using 488 nm and 543 nm lasers, and images were obtained using 505 nm and 560 nm long pass filters, respectively. Serial images were taken and reconstructed using PASCAL software. Four batches were analyzed per condition.




2.7. Viability Assay


Slides stained with Hoechst 33,258 were imaged with fluorescence microscopy (Leica) with a 5× objective, using 350 nm excitation and 458 nm emission filter. Multiple images were taken and digitally stitched into a mosaic using Axiovision. Randomly chosen beads for each condition were analyzed, with all quantitative values averaged. Three batches were analyzed per condition.



Images of Hoechst stained slides were analyzed using Image J software (NIH, Bethesda, MD, USA). Nuclei were quantified using the cell counter tool. The total cross-sectional area of the microsphere was calculated by manual tracing. Cell density values were calculated as the total nuclei count divided by the cross-sectional area. Cell densities were normalized by dividing by day 0 values and presented as percentages.




2.8. Bioreactor Culture


A closed-circuit tubular perfusion bioreactor system (TPS) was utilized to culture ECFCs embedded in fibrin bead scaffolds. The TPS was setup as previous described, with modifications [27,28,30,31,32,33,34]. An L/S Multichannel Pump System (Cole Parmer, Vernon Hills, IL, USA) was utilized at a 3 mL/min flow rate. Sterile tubing was assembled in an incubator with platinum-cured silicone tubing (Cole Parmer). The growth chamber consisted of an approximately 13 cm-long platinum-cured silicone tube (Cole Parmer) with an inner diameter of 6.4 mm. The chamber was loaded with 10 ECFC-embedded beads loaded via transfer pipette. A 200 mesh stainless steel screen was added to prevent mobilization of the beads. EGM-2 media was added to a 100 mL glass bottle reservoir that was connected to the tubing. Media change was performed every 2 days, by briefly pausing the flow, aspirating the media, and adding fresh media aseptically via syringe. Beads were gathered for analysis after 0, 2, and 7 days by removal from the growth chamber, and washing with PBS. Bioreactor cultured beads were processed and analyzed as described above.




2.9. Comet Assay to Assess DNA Damage


The comet assay was performed as previously described, with modification [35]. ECFCs were cultured on tissue-culture polystyrene (2D) or embedded in 26 ga, 40 mg/mL fibrinogen fibrin beads and cultured within the TPS with a flow rate of 3 mL/min, or statically in a petri dish. All conditions were cultured for 7 days, with media change every 2 days. Cells were isolated from the fibrin beads using 0.05% Trypsin/EDTA for up to 30 min, to completely dissolve the fibrin gels. Cells were centrifuged at 400 g for 5 min. 10,000 cells in 10 uL of media were embedded in 1% low melting-point (LMP) agarose (Sigma-Aldrich) in PBS, and layered on top of a glass microscope slide with pre-coated 1% normal-melting point agarose, and incubated at 4 °C for 5 min to fully gel. Once hardened, a third layer of 0.67% LMP agarose was added and incubated at 4 °C for 5 min.



Slides were placed in cold lysing solution, pH 10, containing 2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100 and 10% dimethylsulfoxide and incubated at 4 °C overnight. Slides were then subjected to electrophoresis for 30 min at 25 V (300 mA). Slides were neutralized in 0.4 M Tris, pH 7.5 buffer for 15 min, washed, and stained with 20 µg/L ethidium bromide. The comets were imaged under fluorescent microscope, 40x objective, using 350 nm excitation and 458 nm emission filter. Evaluation of DNA damage was done, as previously described, with modification [36]. DNA damage in the cells was assessed by quantification of the amount of DNA released from the core of the nucleus. Comets were visually scored and classified into three categories corresponding to the extent of DNA migration: (1) no damage, <5%, (2) moderate levels of damage, 5%–40%, and (3) severe levels of damage, 40%–100%. Analysis was performed on 100 randomly selected cells per sample.




2.10. Statistics


All statistical calculations were performed using Excel software (Microsoft, Redlands, WA, USA) and SigmaPlot software (Systat Software, San Jose, CA, USA). Regression tests were utilized to verify trends on bead formation parameters and an F test was utilized to determine statistical significance. Student’s t tests were used to test statistical significance of the Live/Dead assay results. A two-way ANOVA test, using the Holm-Sidak method, was used to test significance of time-dependent nuclei count. A one-way ANOVA test, using the tukeys method, was used to test significance of cell DNA damage. Statistical probability values p < 0.05 were considered significant and are denoted with an asterisk.





3. Results


3.1. Formation and Control of Fibrin Beads


Fibrin does not easily assemble into spherical structures using standard crosslinking methods due to loss of shape during the time required for thrombin-induced polymerization of fibrinogen. Using alginate as a structural template, fibrinogen could be assembled into spherical scaffolds that maintained their structure during exposure to thrombin. The alginate was then removed by incubation in SADS leaving a fibrin microsphere (Figure 1A). Following the procedure, fibrin beads appeared opaque, firm, and spherical (Figure 1B). The surface was smooth, and the beads did not stick to polystyrene surfaces. Bead formation occurred with fibrinogen concentrations of 1 mg/mL to 80 mg/mL. Beads formed with fibrinogen concentrations above 3 mg/mL retained their shape and did not collapse when removed from supporting liquid. At concentrations below 3 mg/mL a portion of the beads would deform during handling. At very high concentrations (80 mg/mL), beads tended to stick to one another.



While holding fibrinogen concentrations constant at 40 mg/mL (the median of the varied range), the needle gauge was varied between 20 ga and 33 ga in order to investigate its effect on bead size. Qualitatively, beads were observed to vary in size but not opacity (Figure 2A). Quantitative analysis showed that beads formed with a 20 ga needle were 3.00 ± 0.06 mm in diameter, while 26 ga were 2.34 ± 0.09 mm, 30 ga were 2.06 ± 0.06 mm, and 33 ga were 1.97 ± 0.10 mm (Figure 2B). These results show that the bead diameter significantly varied inversely with needle gauge (p = 0.0218). Swelling ratios values were: 29.82 ± 1.20 for 20 ga, 30.82 ± 3.68 for 26 ga, 31.12 ± 2.28 for 30 ga, and 27.92 ± 2.19 for 33 ga (Figure 2C). These data do not suggest any significant correlation between needle gauge and swell ratio when using a constant fibrinogen concentration (p = 0.6461).
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Figure 1. Fibrin Beads Formation: (A) Schematic showing fibrin bead formation. Alginate (black) will immediately cross-linking due to the presence of Ca2+. Over time, thrombin in the cross-link solution will diffuse into the bead, cleaving fibrinogen to fibrin (grey), allowing for self-polymerization. These beads are then incubated in SADS to chelate the Ca2+, dissolving the alginate and leaving a fibrin bead scaffold; (B) Representative bright-field images of fibrin beads formed with 20 ga and 33 ga needle. 
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Figure 2. Variation of Bead Diameter with Needle Gauge: (A) Representative images of fibrin beads at various gauge needles; (B) Graph depicting the dependence of bead diameter on needle gauge (p < 0.05); (C) Graph showing no general relationship between needle gauge and bead swell ratio (p > 0.05). 






Figure 2. Variation of Bead Diameter with Needle Gauge: (A) Representative images of fibrin beads at various gauge needles; (B) Graph depicting the dependence of bead diameter on needle gauge (p < 0.05); (C) Graph showing no general relationship between needle gauge and bead swell ratio (p > 0.05).
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While holding needle gauge constant at 26 ga (the median of the varied range), the fibrinogen concentration in the precursor solution was varied between 3 mg/mL and 40 mg/mL. Beads formed with fibrinogen concentrations less than 3 mg/mL were difficult to handle and often collapsed. Qualitatively, beads varied in opacity, with opacity increasing with fibrinogen concentration; however, size did not vary (Figure 3A). Beads formed with fibrinogen concentrations of 3, 15, 25 and 40 mg/mL had diameters of 2.18 mm ± 0.12 mm, 2.24 ± 0.18 mm, 2.35 ± 0.07 mm and 2.34 ± 0.09 mm, respectively (Figure 3B). There was no statistically significant correlation between fibrinogen concentration and size (p = 0.0982). Swelling ratios values include: 82.54 ± 18.47 for 3 mg/mL, 66.86 ± 5.40 for 15 mg/mL, 46.63 ± 1.92 for 25 mg/mL, and 30.81 ± 3.68 for 40 mg/mL (Figure 3C). A statistically significant inverse correlation is seen between initial fibrinogen concentration and swelling ratio (p = 0.0074). Swelling ratio often correlates with gel stiffness. These results suggest that higher fibrinogen concentration results in increasing gel stiffness.
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Figure 3. Variation of Bead Swelling Ratio with Fibrinogen Concentration: (A) Representative images of fibrin beads at various fibrinogen concentrations; (B) Graph showing no general relationship between bead diameter and fibrinogen concentrations (p > 0.05); (C) Graph depicting the dependence of bead swell ratio on fibrinogen concentration (p < 0.05). 






Figure 3. Variation of Bead Swelling Ratio with Fibrinogen Concentration: (A) Representative images of fibrin beads at various fibrinogen concentrations; (B) Graph showing no general relationship between bead diameter and fibrinogen concentrations (p > 0.05); (C) Graph depicting the dependence of bead swell ratio on fibrinogen concentration (p < 0.05).
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3.2. Fibril Formation Analysis of Fibrin Beads


Fibrin beads without cells were first processed for histology and stained with coomassie blue to visualize protein distribution (Figure 4). Overall, the stains revealed solid microbead structures with uniform staining intensity. The use of low purity alginate or lower thrombin concentrations resulted in microspheres with hollow cores or non-uniform staining (data not shown). Fibrin beads were processed and imaged with SEM to evaluate fibril structure. SEM images show fiber structures with sizes similar to previous literature for bulk fibrin gels [37]. The fibers density was higher in samples with higher fibrinogen concentrations.
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Figure 4. Bead Cross-Section and SEM. 






Figure 4. Bead Cross-Section and SEM.
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3.3. Stability of Fibrin Beads in Culture


Fibrin beads were first cultured statically. Bead failure was assessed qualitatively as the loss of spherical shape and increase in particulate matter. Compared to day 0 samples (Figure 5A), fibrin beads cultured in EGM-2 appear to show signs of degradation, as evidenced by variations in opacity, by day 4 and were completely degraded with no bulk scaffold remaining by day 5 (Figure 5B,C). This observation is independent of fibrinogen concentration or the presence of cells. To test if fibrin bead stability could be prolonged, 100 U/mL aprotinin was added to the media throughout culture. Fibrin beads cultured in aprotinin-supplemented media remained stable out to our longest time point of 1 month without any visible signs of degradation or particulate matter (Figure 5D). No side effects were noticeable through the inclusion of aprotinin.
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Figure 5. Longevity of Bead Structure: Beads were incubated in EGM-2 media and imaged at day 0 (A), day 4 (B), and day 5 (C). Beads incubated in media supplemented with 100 U/mL Aprotinin were imaged at 1 month (D). 






Figure 5. Longevity of Bead Structure: Beads were incubated in EGM-2 media and imaged at day 0 (A), day 4 (B), and day 5 (C). Beads incubated in media supplemented with 100 U/mL Aprotinin were imaged at 1 month (D).
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3.4. 24 h Cell Viability


To test cell survival through the process of bead formation, ECFCs, at a concentration of 2 × 106 cells/mL, were suspended in the precursor solution prior to gelation. All beads were formed using a 30 ga needle, a small diameter needle, with 5 or 40 mg/mL fibrinogen concentration, the low and high values of the formation range. After formation, the beads were cultured statically for 24 h with aprotinin-supplemented media. Qualitatively, cells are seen distributed uniformly throughout the scaffold, with both live and dead cells randomly located (Figure 6A). Quantitatively, ECFC viability was 54% ± 4% for 40 mg/mL, and 56% ± 5% for 5 mg/mL fibrinogen (p = 0.5297) (Figure 6B). The same experiment was performed with HUVECS. The distribution and location of live cells and dead cells appeared similar to ECFCs. However, HUVEC viability was 85% ± 6% for 40 mg/mL, and 71% ± 4% for 5 mg/mL fibrinogen concentration beads (p = 0.0355). Compared to ECFC viability, HUVEC viability was significantly different for 40 mg/mL (p = 0.0023) and 5 mg/mL (p = 0.0189).
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Figure 6. Cell Viability 24h Post-Encapsulation: (A) Image showing live/dead staining assay for various types of endothelial cells; (B) Graph showing viability data for ECFCs and HUVECs, at 5 or 40 mg/mL fibrinogen concentration (* indicates p < 0.05). 
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3.5. Dynamic Culture


ECFCs suspended in fibrin beads formed with a fixed fibrinogen concentration of 40 mg/mL were cultured in both static conditions and using a perfusion bioreactor system (TPS). A 3 mL/min flow rate was utilized within the TPS, which was the lowest flow rate previously shown to provide transport benefit [27]. Beads were processed for histology, and cross-sections were stained for nuclei. At Day 0, ECFC nuclei are seen uniformly distributed throughout the bead scaffold cross-section (Figure 7A). The average nuclei count per mm2 at day 0 was 147 ± 76 (defined as 100%). In static culture, at day 2, the normalized nuclei count ratio was 89% ± 45%, and at day 7 was 33% ± 15% (Figure 7B). Over this time period, there is an increase in the amount of punctate, apoptotic structures found in the nuclear stains (arrows in Figure 7A).
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Figure 7. Nuclear Staining of Fibrin Beads with ECFCs: (A) Images depicting fibrin bead cross-sections stained for nuclei at day 0 and day 7 for beads cultured statically or dynamically; (B) Graph showing the normalized nuclei count up to day 7 (* indicates p < 0.05). 






Figure 7. Nuclear Staining of Fibrin Beads with ECFCs: (A) Images depicting fibrin bead cross-sections stained for nuclei at day 0 and day 7 for beads cultured statically or dynamically; (B) Graph showing the normalized nuclei count up to day 7 (* indicates p < 0.05).
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When cultured within the TPS at a media flow rate of 3mL/min, the normalized nuclei count ratio was 94% ± 1% at day 2, and 94% ± 28% at day 7 (Figure 7B). Qualitatively, we see that the majority of nuclei stained are large and diffuse, and that the nuclei are scattered throughout the cross-section of the bead. Comparing the dynamic and static culture normalized nuclei ratios, there was a decrease over time in the statically cultured samples but not in the dynamic cultured samples. The statically-cultured day 7 sample is significantly different from the static day 0 (p = 0.001), day 7 (p = 0.003) and the dynamic day 7 sample (p = 0.002). This shows that the perfusion bioreactor increased ECFC viability when suspended in 3D fibrin bead scaffolds.




3.6. DNA Damage


To quantify potential DNA damage, the comet assay was performed on 2D-cultured ECFCs, 3D TPS-cultured ECFCs, and 3D static-cultured ECFCS and results are expressed as percent of cells without damage, moderate damage and severe damage. ECFCs cultured 2D on tissue-culture polystyrene showed minimal levels of DNA damage, with 92.0% ± 0.8% of cells showing no damage, 8.0% ± 0.8% moderate damage, and 0% severe damage. ECFCs embedded in 3D fibrin beads (26 ga, 40 mg/mL fibrinogen) and cultured dynamically with a 3 mL/min flow for 7 days, showed similar levels of DNA damage, with 90.5% ± 1.3% of cells showing no damage, 8.5% ± 1.0% moderate damage, and 1.0% ± 0.8% severe damage. ECFCs embedded in the same fibrin beads, but cultured statically for 7 days showed increased levels of DNA damage, with 81.3% ± 1.5% of cells showing no damage, 15.0% ± 0.8% moderate damage, and 3.8% ± 1.0% severe damage. There was an overall reduction in cells isolated for analysis in the 3D static-cultured group compared to TPS-cultured group, as expected from earlier results. ECFCs cultured within fibrin beads under static condition showed statistically significant increase of moderate damage compared to 2D culture (p < 0.001) and 3D TPS-culture (p < 0.001), as well as of severe damage compared to 2D culture (p < 0.001) and 3D TPS-culture (p = 0.001) (Figure 8). There was no statistical difference between ECFCs cultured 2D or 3D in the TPS for moderate (p = 0.711) or severe DNA damage (p = 0.182). This shows that TPS-culture of ECFCs within fibrin beads reduces DNA damage compared to static culture.
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Figure 8. Comet Assay for DNA Damage: Graphs showing the percent of cells with (A) moderate and (B) severe DNA damage (* indicates p < 0.05). 






Figure 8. Comet Assay for DNA Damage: Graphs showing the percent of cells with (A) moderate and (B) severe DNA damage (* indicates p < 0.05).
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4. Discussion


Fibrin is a natural biomaterial that supports cell adhesion, stimulates EC network formation and initiates healing and angiogenesis. Fibrin beads are a promising approach for robust, biochemically-active delivery of ECs for therapeutic applications. Previous attempts to generate fibrin beads used organic solvents which can drastically reduce cell viability. Here, we demonstrate a system with easily tunable parameters for fibrin bead synthesis, and culture techniques to support ECs for various tissue engineering applications including biosensor design.



In order to prepare fibrin microbeads there are a number of important considerations. Careful selection of alginate composition and concentration and thrombin concentration is required in order to produce spherical, solid fibrin beads. For example, utilizing low viscosity-high mannuronate (LVM) alginate, as well as reducing the LVG alginate concentration, resulted in non-spherical, teardrop-shaped scaffolds. Use of crude, uncharacterized alginate, as well as lower thrombin concentration, resulted in hollow fibrin beads.



Fibrin bead swelling ratios varied with initial fibrinogen concentration. As swell ratio correlates with gel stiffness, this suggests that a variety of scaffold mechanical properties are possible with the fibrin beads. This seems particularly useful as mechanical forces play great importance on cell signaling [38]. Particularly for ECs, literature suggests the spontaneous tube-like structure formation for bulk fibrin gels at fibrinogen concentrations less than 3 mg/mL [39]. Although we were not able to characterize the swelling ratios for beads made with fibrinogen concentrations under 5 mg/mL, we were able to form beads as low as 1 mg/mL. Further investigation on the role of scaffold stiffness is necessary to assess the potential of TPS culture of fibrin beads as a suitable approach for in vitro pre-vascularization strategies. We did not observe significant evidence of vascular structure formation, possibly due to the high concentration of fibrinogen used. Regardless, the delivery of endothelial cells in biomaterials has been shown to enhance neovascularization independent of pre-assembly [40]. In addition, we are currently investigating methods for inducing vessel assembly in the beads via variation in scaffold properties, bioreactor conditions and through the addition of support cells.



The process of fibrin bead formation appears to result in cell viability consistent with other methods. While ECFC viability was 50%–60%, HUVEC data was on par with previous reports at greater than 70% [41]. This may result from the fact that ECFCs are particularly more sensitive to mechanical forces within the syringe. As such, a similarly low viability would be expected in other reports utilizing biomaterial encapsulated ECFCs. Another potential issue with ECFCs is variability across individual donors. Cell behavior varies with donor age, health and gender. A single donor was used for these studies, but, future work characterizing biomaterials-based ECFC approaches should address donor variability.



In long-term static culture, the majority of the ECFCs are dead by 7 days. Further, those that remain show higher levels of both moderate and severe DNA damage, compared to TPS-cultured ECFCs. This likely results from the significant diffusional barrier for nutrient transport in the large diameter 3D microbeads [42]. However, when cultured in a TPS, we are able to generate a convective flow around the beads, improving nutrients transport to cells in the center of the bead. At 7 days viability of the ECFCs in the TPS was high (94%) and cells were observed throughout the volume of the beads. The observed DNA damage of these cells is also minimal, similar to traditional 2D-cultured cells. By implementing a TPS, we are able to sustain ECFCs prior to implantation over the course of a week. Clinically, this is a major advantage to current implantation techniques, as it allows considerable flexibility in the timing of the surgical procedure for implantation of the material.



The TPS allows us to generate larger volumes of viable cells for treatment of clinically relevant volumes. In the context of sensors, this may enable development of multi-sensor systems that can be vascularized rapidly following implantation. This can be implemented by incorporating the beads into a coating on the sensor surface or implanting the beads near the sensor surface, as previously described [3]. A major advantage of fibrin is that it is already approved for clinical use, making this method suitable for clinical testing.



In such instances, manipulating the bead size is crucial for the survival of the scaffold. Specifically, it may be necessary to alter the microbead size in order to control physical properties that affect permeability and mass transfer within the microbeads [43,44]. Further, increasing the size of the beads may also be beneficial to ECs due to its influence on shear stress within the bioreactor [31], a factor that supports EC angiogenic signaling and proliferation [45]. In this study we were able to increase ECFC viability in fibrin beads through culture in the TPS system. While ECFCs have shown promise for vascularization of ischemic and engineered tissues, there has been little investigation of bioreactor culture systems to enhance their viability in culture. Dynamic culture in a biaxial bioreactor was shown to increase mineralization of ECs co-cultured with mesenchymal stem cells [46]. However, the impact on EC viability was not addressed.




5. Conclusions


In conclusion, we describe a method for enhancing ECFC viability in 3D fibrin beads using a tubular perfusion bioreactor for vascularization of biosensors. The fibrin beads provide a robust, tunable platform for delivery and culture of ECs. Further, a perfusion bioreactor can be utilized to culture these cells and prolong their viability pre-implantation. These scaffolds may hold promise as coating for biosensors to accelerate vascularization and improve long-term function.
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