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Abstract 22	

Fibrin has been used clinically for wound coverings, surgical glues, and cell delivery because of its affordability, 23	

cytocompatibility, and ability to modulate angiogenesis and inflammation. However, its rapid degradation rate 24	

has limited its usefulness as a scaffold for 3D cell culture and tissue engineering. Previous studies have sought 25	

to slow the degradation rate of fibrin with the addition of proteolysis inhibitors or synthetic crosslinkers that require 26	

multiple functionalization or polymerization steps. These strategies are difficult to implement in vivo and introduce 27	

increased complexity, both of which hinder the use of fibrin in research and medicine. Previously, we 28	

demonstrated that the simple inclusion of bifunctionalized poly(ethylene glycol)-n-hydroxysuccinimide (PEG-29	

NHS) in the fibrinogen solvent slows the degradation rate of fibrin by providing additional crosslinking. In this 30	

study, we aimed to further improve the longevity of fibrin gels such that they could be used for tissue engineering 31	

in vitro or in situ without the need for proteolysis inhibitors. It is well documented that increasing the salinity of 32	

fibrin precursor solutions affects the resulting gel morphology. In this study, we investigated whether this altered 33	

morphology influences the fibrin degradation rate. Increasing the final sodium chloride (NaCl) concentration from 34	

145 mM (physiologic level) to 250 mM resulted in fine, transparent high-salt (HS) fibrin gels that degrade 2-3 35	

times slower than coarse, opaque physiologic-salt (PS) fibrin gels both in vitro (when treated with proteases and 36	

when seeded with amniotic fluid stem cells) and in vivo (when injected subcutaneously into mice). Increased salt 37	

concentrations did not affect the viability of encapsulated cells, the ability of encapsulated endothelial cells to 38	

form rudimentary capillary networks, or the ability of the gels to maintain induced pluripotent stem cells. Finally, 39	

when implanted subcutaneously, PS gels degraded completely within one week while HS gels remained stable 40	

and maintained viability of seeded dermal fibroblasts. To our knowledge, this is the simplest method reported for 41	

the fabrication of fibrin gels with tunable degradation properties and will be useful for implementing fibrin gels in 42	

a wide range of research and clinical applications. 43	

1. Introduction	44	

The development of thick tissues for the repair of large injuries or defects is a principal challenge for tissue 45	

engineering advancements (1-4). In vitro tissue engineering approaches face the challenges of nutrient diffusion 46	

and recapitulation of tissue-specific signaling outside of the body while in situ tissue engineering approaches 47	

must promote normal tissue regeneration while avoiding fibrosis and aberrant tissue growth (5). Both strategies 48	
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must include scaffolds that support the proliferation and differentiation of tissue-specific stem cells while 49	

simultaneously degrading and being replaced with tissue-specific extracellular matrix (6, 7). 50	

Natural hydrogels make promising tissue engineering scaffolds because they are cytocompatible, bioactive, and 51	

readily remodeled by cells. The bioactivity of fibrin is particularly attractive since fibrin clots drive wound healing 52	

in the body by modulating inflammation, angiogenesis, and cell-matrix interactions (8-11). Not surprisingly, fibrin 53	

glues and gels have been extensively investigated for use in wound sealing and the delivery of growth factors 54	

and cells. Despite this desirable bioactivity, the rapid degradation rate of fibrin has limited its usefulness as a 55	

scaffold for 3D cell culture and tissue engineering. Plasmin inhibitors such as 6-aminocaproic acid (ACA) prevent 56	

fibrinolysis but are difficult to implement in vivo (12). Therefore, we aimed to develop a slowly-degrading (“stable”) 57	

fibrin gel capable of supporting 1) the proliferation and differentiation of various stem cell types, 2) the 58	

development of a rudimentary capillary-like network in vitro, and 3) delivery and maintenance of cells in vivo 59	

without the need for degradation inhibitors. 60	

Our group is interested in engineering tissues by differentiating amniotic fluid cells (AFC) or induced pluripotent 61	

stem cells (iPSC) in 3D. Most differentiation protocols for these two stem cell types require at least two weeks of 62	

culture, so a suitable fibrin scaffold must be stable when seeded with these cell types for at least two weeks. We 63	

previously reported that increased gel crosslinking using homobifunctional poly(ethylene glycol) n-64	

hydroxysuccinimide (PEG-NHS) slows fibrin degradation when placed in media alone (13, 14), but our follow-up 65	

work reported here demonstrates that even these PEG-fibrin gels degrade within one week when seeded with 66	

AFC (note that the PEG-fibrin gels reported in our previous studies are identical to the PS gels reported here). 67	

To further reduce the rate of fibrin degradation, we sought to manipulate other fibrin composition variables. It is 68	

known that several properties of fibrin, including opacity, morphology, and mechanics, can be controlled by 69	

several composition variables, including pH, salinity, buffer type, crosslinkers, and the concentrations of 70	

fibrinogen, thrombin, and calcium (15-21). Ferry et al. first reported that “fine” (transparent) and “coarse” 71	

(opaque) fibrin clots could be generated by adjusting pH and ionicity (22, 23); Eyrich and colleagues expanded 72	

on this work by demonstrating that only fine, transparent fibrin can maintain 3D chondrocyte culture without 73	

degrading (24). A similar study by Davis and colleagues found that increasing sodium chloride in the gel 74	

precursor improved the gel mechanical properties and osteogenic behavior of seeded mesenchymal stem cells 75	

(25). These results can likely be explained by the effects of chlorine ions on fibrin polymerization, as chlorine is 76	
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known to bind fibrin and oppose lateral aggregation of protofibrils, resulting in thin, dense networks (26, 27). 77	

Another group decreased the rate of fibrinolysis by fusing an engineered peptide sequence derived from alpha-78	

2 plasmin inhibitor to recombinant VEGF and covalently linking it to fibrin during gelation (28). This strategy 79	

proved exceedingly effective, but is complicated, expensive, time consuming, and requires specific laboratory 80	

expertise. Robinson and colleagues also effectively decreased fibrinolysis using genipin crosslinking, which also 81	

exhibits neuritogenic effects (29). While these effects were beneficial in their elegant formulation, they would be 82	

detrimental in most systems. 83	

In this study, we found that increasing the salinity (NaCl concentration) of the fibrinogen precursor solution 84	

generates increasingly transparent fibrin with decreasing rates of degradation. We investigated the ability of 85	

these gels to support encapsulated induced pluripotent stem cells (iPSC) and amniotic fluid cells (AFC) in vitro. 86	

We also assessed the ability of the gels to support vascularization both in vitro and in vivo. Increased salinity 87	

during gelation did not affect the viability of encapsulated cells and the high-salt (HS) gels supported 88	

encapsulated AFC without degrading for at least two weeks. Both the physiologic-salt (PS) and HS gel 89	

formulations were able to maintain iPSC and support capillary-like network formation in vitro when seeded with 90	

human endothelial cells and fibroblasts. Finally, we found that HS fibrin gels are stable and maintain the viability 91	

of seeded cells when implanted subcutaneously into mice, while PS gels degraded completely within one week. 92	

2. Materials and Methods 93	

2.1. Fibrin Gel Fabrication 94	

Fibrin gels were fabricated in four steps. First, sterile fibrinogen from human plasma (Millipore Sigma, 341576) 95	

was dissolved in sterile PBS (Corning, 21-040-CM) at 80 mg/mL at 37C for two hours. Second, PEG-NHS (3.4 96	

kDa, SUNBRIGHT DE-034HS, NOF America Corporation) was dissolved in PBS at 8 mg/mL, syringe filtered, 97	

and immediately mixed with the dissolved fibrinogen 1:1 by volume (PEG:fibrinogen mole ratio of 10:1). The 98	

fibrinogen and PEG were allowed to crosslink for one hour at 37C. Third, cells were dissociated with Accutase®, 99	

counted, and resuspended in growth media at 4X the desired final cell concentration. The 4X cell and fibrinogen-100	

PEG solutions were mixed 1:1 by volume (PBS control added for cell-free gels) and the mixture was added to 101	

the appropriate culture vessel. Fourth, thrombin from human plasma (Millipore Sigma, 605190) was resuspended 102	

in cold calcium chloride solution (11.1 mM CaCl2, 145 mM NaCl, pH 7.4 in DI water) at 20 U/mL. Thrombin 103	
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solution was added to the cell-fibrinogen-PEG solution 1:1 by volume and quickly mixed by pipetting five times. 104	

Gelation occurred at 37C for 5 minutes before gels were immersed in media or PBS. For cell experiments, media 105	

was replenished daily. PS and HS gels were fabricated with final concentrations of 10 mg/mL fibrinogen, 1 mg/mL 106	

PEG, 1 U/mL thrombin, 5 mM CaCl2, and pH 7.4. PS fibrin was fabricated with a final NaCl concentration of 145 107	

mM (physiologic concentration), and HS fibrin was fabricated with a final NaCl concentration of 250 mM. NaCl 108	

concentration was adjusted by adding NaCl to the PBS used as the solvent for the fibrinogen and PEG.  109	

2.2. Measuring Fibrin Opacity 110	

To assess which formulation variables are necessary to generate fine transparent fibrin, 50 uL gels were 111	

fabricated in the wells of a 96-well plate. Fibrin opacity was quantified by absorbance spectrophotometry at 352 112	

nm (BioTek Synergy 2, Gen5 software). The gel formulation variables included final fibrinogen concentration 113	

(2.5, 5, 10, and 20 mg/mL), gel pH (6, 7, 7.4, 8, 8.5), final CaCl2 concentration (0.1, 0.5, 5, 10, 25 mM), and final 114	

NaCl concentration (145, 175, 200, 250, 300 mM). These parameters were investigated independently; the 115	

constant gel formulation values were 10 mg/mL fibrinogen, pH 7.4, 5 mM CaCl2, and 145 mM NaCl. Gel pH was 116	

adjusted by changing the pH in the CaCl2 solution via 0.1 M NaOH. Salinity was adjusting by changing the NaCl 117	

concentrations in the PBS used for the fibrinogen and PEG solutions. The PEG:fibrinogen mole ratio remained 118	

10:1 for all fibrinogen concentrations. 119	

2.3. Scanning electron microscopy 120	

Analysis of gel morphology was assessed using 200 uL fibrin gels in a 48-well tissue culture plate (Corning). 121	

After gelation, gels were hydrated in PBS for one hour, then dehydrated in ethanol (50%, 75%, 90%, and 100% 122	

ethanol for one hour each). Samples were attached to SEM stubs using double-sided carbon tape and coated 123	

with Au/Pd for 30 seconds using an EM ACE200 sputtercoater (Leica, Buffalo Grove, IL, USA). Images were 124	

collected with a JSM-6010LA SEM (JEOL, Tokyo, Japan). Analysis of fibers and pores in each gel were 125	

quantified using DiameterJ (30). Each greyscale SEM image was segmented using the DiameterJ traditional 126	

segmentation algorithm to produce eight 8-bit black and white segmentations per SEM image. The best 127	

segmentation of the eight was selected based on the following criteria: (1) no partial fiber segmentations, (2) the 128	

intersections of fibers do not contain black spots (i.e. holes), (3) segmented fibers are representative of actual 129	

fibers in the image and are not background/imaging artifacts, and (4) segmentations accurately represent fibers’ 130	
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actual diameter. The selected segmentations were scaled and processed in DiameterJ to quantify pore and fiber 131	

characteristics. 132	

2.4. Atomic force microscopy 133	

To analyze compressive modulus at a micro scale, 30 uL fibrin gels were fabricated as drops in 35-mm dishes 134	

and submerged in PBS. AFM indentation experiments were performed with a NanoWizard 4a (JPK Instruments) 135	

using a cantilever with a nominal spring constant of 0.03 N/m and a pyramidal tip (MLCT-D, Bruker AFM Probes). 136	

The dishes were maintained at 37°C during force measurements. Force curves were recorded from three 137	

separate regions on the surface of each hydrogel. At each region, 36 force curves were measured across a 138	

100um2 area for a total of 108 measurements per gel. The data was analyzed using JPK image processing 139	

software. Young’s modulus was calculated using the Hertz model of fit on the extend curve, and data is 140	

represented as mean +/- standard deviation. 141	

2.5. Parallel plate rheology 142	

To analyze the bulk Storage and Young’s moduli, 160 uL HS and PS fibrin gels were fabricated as drops in 10-143	

cm dishes and submerged in PBS at 37°C overnight. Gels were carefully dislodged from the plate bottom and 144	

moduli were measured using a parallel-plate rheometer (Discovery Hybrid 2; TA Instruments) for five replicates 145	

of each hydrogel formulation. Samples were subjected to shear at 1% strain through a dynamic angular 146	

frequency range of 0.1 to 100 rad/s. Elastic modulus (E) was calculated from storage modulus (G’) by assuming 147	

a Poisson’s ratio of 0.5. 148	

2.6. Swelling ratio 149	

To assess swelling ratio, 50 uL fibrin gels were fabricated at 145, 175, and 250 mM NaCl as drops in a 10 cm 150	

tissue culture-treated dish (Corning). After equilibrating in sterile PBS at 37C overnight, the gels were scraped 151	

from the plate using a cell scraper and the wet weight was obtained after dabbing off excess PBS. 152	

2.7. Growth factor release 153	

To assess the ability to release growth factors, 50 uL HS (250 mM NaCl) and PS (145 mM NaCl) gels (10 mg/mL 154	

fibrinogen) were fabricated with 100 ng/mL FGF-2 (Peprotech, 100-18b) and 100 ng/mL VEGF-165 155	

(Shenandoah Biotechnology, 100-44) in the bottom of 1.6 mL Eppendorf tubes. To fabricate these gels, a PBS 156	
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solution of 400 ng/mL FGF-2 and 400 ng/mL VEGF-165 was used instead of the normal 4X cell solution in Step 157	

3 of Section 2.1 above. After gelation, 1 mL of 0.5% protease-free BSA (Sigma, A3059) in PBS was added to 158	

each tube and was completely replaced daily. After 0, 1, and 7 days, the supernatant was removed and 50 uL 159	

of 0.2 mg/mL human plasmin (Enzyme Research Laboratories) in HEPES buffer (pH 8.5, Boston Bioproducts) 160	

was added. Fibrin degradation occurred overnight at 37C. Growth factor retention was measured using ELISAs 161	

(Peprotech, 900-K08 and 900-K10) and a BioTek Synergy 2 luminescent plate reader (Gen5 software). 162	

2.8. Papain-mediated degradation 163	

To analyze the fibrin degradation kinetics as a function of salinity, 75 uL fibrin gels were fabricated at 145, 175, 164	

and 250 mM NaCl as drops in 10 cm tissue culture-treated dishes and were allowed to equilibrate in PBS at 37C 165	

for one hour. At time zero, 10 mL of warm protease solution consisting of 0.8 uM Papain (21 kDa, Sigma, P4762) 166	

and 2.7 mM N-acetylcysteine (Sigma, A7250) in PBS was added to each dish. Every 10 minutes for one hour, 167	

three gels from each formulation were scraped from the dish, dabbed on a KimWipe, and weighed. 168	

2.9. Cell viability and Cell-mediated degradation 169	

To analyze cell viability in the HS fibrin gels, passage 3-5 AFC were dissociated and resuspended in EGM-2 170	

(Lonza) at 4x105 cells/mL. 75 uL HS (250 mM NaCl) and PS (145 mM NaCl) fibrin gels were fabricated using the 171	

4X AFC suspension as drops in wells of a 6-well tissue culture-treated plate (three gels per well). After gelation, 172	

2 mL of EGM-2 was added to each well and the gels were incubated at 37°C and 5% CO2. After 1, 24, and 96 173	

hours, EGM-2 was aspirated and cells were stained using the fluorescent LIVE/DEAD Viability/Cytotoxicity Kit 174	

(Invitrogen) according to kit instructions. Three images were captured from each gel using a Zeiss Observer.Z1 175	

and long-distance objective (LD Plan-NEOFLUAR 20X/0,4 Ph2) and were used to count living and dead cells. 176	

To analyze the cell-mediated degradation kinetics of HS and PS fibrin formulations, gels were fabricated with a 177	

final concentration of 1x105 AFC/mL (P3-5) and incubated in EGM-2 +/- 1 mg/mL of the plasmin inhibitor 6-178	

aminocaproic acid (Sigma, A2504) at 37°C and 5% CO2. After 0, 7, and 14 days, gels were imaged using phase 179	

contrast (Zeiss ObserverZ.1) and wet weights were recorded. 180	

2.10. iPSC encapsulation 181	
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iC4-4 iPSC (31) were purchased from the Gates Center for Regenerative Medicine at the University of Colorado. 182	

iPSCs were maintained in mTeSR-1 (StemCell Technologies) on 6-well tissue culture plates coated with 183	

Matrigel® (Corning). Media was replenished daily, and cells were passaged as colonies every 4-5 days using 184	

0.5 mM EDTA. iPSC (P20-30) were dissociated with Accutase®, centrifuged for 3 minutes at 300 rcf, and 185	

resuspended in mTeSR-1 with 10 uM ROCK inhibitor (Y-27632, Sigma) at 4x106 cells/mL. 30 uL HS and PS 186	

fibrin gels were fabricated using the 4X iPSC suspension as drops in a 6-well plate (three gels per well). After 187	

gelation, 2 mL of mTeSR-1 plus 10 uM ROCK inhibitor was added, after which mTeSR-1 alone was replenished 188	

daily. After 24 and 96 hours, gels were imaged using phase contrast and analyzed for pluripotency markers 189	

using PCR. Briefly, to analyze mRNA expression, whole gels were scraped from the plate and homogenized in 190	

TriZol (Life technologies). RNA was extracted in chloroform and washed using the Qiagen RNeasy Minikit. 191	

Reverse transcription was conducted using the High-Capacity cDNA Reverse Transcription Kit (Applied 192	

Biosystems) according to kit instructions. Pluripotency genes POU5F1 (ThermoFisher, hs04260367_gH) and 193	

NANOG (ThermoFisher, hs04260366_g1) were measured, and Ct values were normalized to GAPDH 194	

(Thermofisher, hs02758991_g1) and gene expression of monolayer iPSC cultured on Matrigel® at matching 195	

timepoints (2ΔΔCt method). 196	

2.11. Capillary-like network formation in vitro 197	

P3-5 GFP-HUVECs (Angio-Proteomie cAP-0001GFP) and P3-5 human dermal fibroblasts (HDFs, Lonza CC-198	

2509) were dissociated, counted, and resuspended in EGM-2 at 3.2E6 cells/mL (4:1 HUVEC:HDF ratio). This 4X 199	

cell solution was used to fabricate 100 uL HS and PS gels in wells of a 48-well tissue culture plate. After 7 days, 200	

gels were analyzed for network formation using immunofluorescence. Briefly, whole gels were fixed in 4% 201	

paraformaldehyde for 30 minutes at room temperature, washed, blocked with 3% BSA and 1% FBS in PBS for 202	

one hour, and stained with anti-α-smooth muscle actin (Sigma, C6198, 1:200) in blocking solution for two hours. 203	

After three 15-minute PBS washes, cells were stained with DAPI and imaged using a Zeiss ObserverZ.1 204	

fluorescent microscope. 205	

2.12. Subcutaneous injection of fibrin gels 206	

In vivo degradation of fibrin gels was assessed through subcutaneous injection of cell-seeded HS and PS gels 207	

in athymic nude mice (6-7 weeks old, Foxn1nu; Envigo) in a protocol approved by the Institutional Animal Care 208	
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and Use Committees at the University of Colorado Anschutz Medical Campus (protocol #00564). Injections were 209	

performed as previously described [23]. Briefly, 500-uL HS and PS gels + 5E5 cells/mL were fabricated in 1-mL 210	

syringes (n = 4 gels per group). The cell suspension contained a 2:1 ratio of GFP-HUVECs (Lonza) and HDFs. 211	

Mice were anesthetized with isoflurane and two gels were implanted into opposite dorsal, posterior pockets. After 212	

7 days, mice were sacrificed and fibrin hydrogels were explanted while retaining the surrounding tissue. 213	

2.13. Histology 214	

Tissues were fixed in formalin for 48h and sent to the Biorepository Core Facility at the University of Colorado 215	

Anschutz Medical Campus for paraffin embedding, sectioning, and H&E staining. For immunofluorescence 216	

analysis, sections first underwent antigen retrieval via incubation in citrate buffer (10 mM citric acid, 0.05% tween, 217	

pH 6.0) at 95C for 10 minutes. To analyze cell delivery and morphology, slides were stained with anti-Vimentin 218	

(Sigma, C9080, 1:200), and DAPI. 219	

2.14. Statistics 220	

Data is presented as mean +/- standard error of mean, unless otherwise noted. One-way analysis of variance 221	

(ANOVA) followed by a post hoc bonferroni correction for multiple comparisons was performed for all 222	

comparisons. A value of p < 0.05 was considered significant in all tests. 223	

3. Results and Discussion	224	

3.1. Fine, transparent fibrin gels can be fabricated by increasing NaCl concentration alone 225	

Motivated by the findings of other groups that fibrin degradation rate is correlated to its opacity (22-24), we 226	

generated fibrin gels with varying pH and concentrations of thrombin, fibrinogen, CaCl2, and NaCl and proceeded 227	

to measure gel opacity. In contrast to the some of these studies we found that fibrin opacity does not depend on 228	

formulation pH or CaCl2 concentration (Figs 1A and 1B) and that fibrin opacity always increases as fibrinogen 229	

concentration increases (Fig 1C). Instead, we report the novel finding that simply increasing the concentration 230	

of NaCl in the fibrinogen solution yields transparent fibrin gels (Figs 1D and 1E). Since this trend plateaus above 231	

a final NaCl concentration of 250 mM (Fig 1D), this formulation (denoted HS fibrin) was selected for the remaining 232	

experiments. 233	
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Having fabricated transparent fibrin gels, we next sought to analyze differences in gel morphology. SEM imaging 234	

confirmed that the turbid, coarse PS gels consist of a loose network of fibrils while the fine HS gels consist of a 235	

dense network of thin fibrils (Figs 2A-C), consistent with previous studies (25, 26). Parallel plate rheology 236	

revealed that increased NaCl did indeed increase the bulk Storage and Young’s moduli of the hydrogels (3.58 237	

kPa for HS gels versus 0.57 kPa for PS gels, Figs 2E and 2F). AFM analysis revealed that the fibrils of the turbid 238	

PS gels were exceedingly varied in Young’s modulus; values ranged from 0.5 kPa to 158 kPa and were clearly 239	

more heterogeneous than HS gels in SEM images (Fig 2D). In contrast, the elastic moduli of the HS fibrils were 240	

more homogeneous at all NaCl concentrations greater than 200 mM, perhaps indicating a critical chlorine 241	

concentration that is able to alter the polymerization of 10 mg/mL fibrinogen. To investigate this hypothesis, 200 242	

mM gels were chosen for SEM analysis. In addition, HS gels were larger in volume than PS gels of equal 243	

fibrinogen content after reaching equilibrium (Fig 2G), implicating altered water-handling due to the differences 244	

in fiber morphology.  245	

Finally, since fibrin is known to sequester growth factors through its heparin-binding domain (11), we 246	

hypothesized that the increased number of fibrils in HS gels would better sequester the angiogenic growth factors 247	

FGF-2 and VEGF165. As expected, the HS gels released VEGF165 more slowly than the PS gels, however both 248	

gel types released FGF-2 at the same rate and reached the same steady-state value of FGF-2 and VEGF165 249	

retention after 7 days (Fig 2H).  250	

3.2. Transparent HS fibrin is stable and supports formation of capillary-like networks in vitro 251	

Next, we examined how increased salt concentrations and the resulting altered fibrin morphologies influence 252	

encapsulated cell viability, gel degradation rate, and capillary-like network formation. Amniotic fluid cells (AFCs) 253	

were selected for testing because of their mesenchymal stem cell-like potency and their usefulness in pediatric 254	

regenerative medicine (Supp Fig 1) (32, 33). Since cells encapsulated in HS gels are briefly exposed to super-255	

physiologic NaCl concentrations during fabrication, we examined cell viability after encapsulation using a 256	

LIVE/DEAD® immunofluorescence assay (Figs 3A-F). Compared to cells in PS gels, we found no difference in 257	

AFC viability at early (1h, 24h) or late (96h) timepoints (Fig 3I).  258	

We previously demonstrated that PS gels support capillary-like network formation in vitro (13, 14). To confirm 259	

that HS fibrin retains this ability, we co-seeded human dermal fibroblasts (HDF) and green fluorescent protein-260	
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labeled human umbilical vein endothelial cells (GFP-HUVEC). After 7 days, whole gels were fixed, stained with 261	

anti-α smooth muscle actin (α-SMA) and imaged. HS and PS gels both supported branching and network 262	

formation, with clear overlap of GFP-HUVEC and α-SMA-expressing HDF (Figs 3G and 3H). 263	

Finally, PS and HS gel degradation was investigated using a non-specific protease or encapsulated AFCs. When 264	

treated with papain (non-specific protease), the degradation rate decreased as salt concentration increased (Fig 265	

4A). PS gels degraded approximately two times faster than HS gels and also more quickly than gels formed with 266	

an intermediate salt concentration (175 mM NaCl). This confirmed the observation made by Eyrich et al. that 267	

transparent fibrin gels are more stable (24), as well as confirmed our hypothesis that increased ionicity leads to 268	

a more stable gel. A similar trend was observed when gels were degraded by encapsulated AFC. By day 7 post-269	

encapsulation, PS gels were significantly degraded while HS gels remained intact (Figs 4B and 4F). After two 270	

weeks of culture, PS gels were nearly-completely degraded, leaving a few gel remnants and a monolayer of 271	

viable cells on the surface of the plate (Figs 4G-I). In contrast, HS gels retained 80.6 +/- 7.8% of their wet weight 272	

and continued to support 3D culture of proliferating AFC (Figs 4B and G-I). In both groups, fibrinolysis was 273	

prevented with the addition of 1 mg/mL ACA to EGM-2 (Fig 4B), which confirms that gel degradation is due to 274	

plasmin release from seeded cells. Interestingly, while the PS gels degraded significantly after 7 days when 275	

seeded with AFC only, the PS gels were stable after 7 days when seeded with HDF and HUVEC (Fig 3H). This 276	

is likely because HDF rapidly produce extracellular matrix proteins like collagen, which offset the concurrent 277	

degradation of fibrin. 278	

3.3. Transparent HS fibrin is stable in vivo and maintains viability of delivered cells 279	

After determining that HS gels are more stable in vitro when seeded with AFCs or treated with proteases, we 280	

sought to investigate the behavior of the gels in vivo. We have previously shown that the inclusion of PEG in our 281	

PS fibrin gels improves longevity in vivo (13), and we followed the same subcutaneous gel injection protocol to 282	

assess differences between HS and PS hydrogel degradation and ability to support delivered cells. Furthermore, 283	

we included GFP-HUVEC and HDF to see if the gel(s) could support vascularization and angiogenesis once 284	

injected. HS and PS gels were seeded with GFP-HUVEC and HDF, injected subcutaneously into athymic nude 285	

mice, and explanted one week later (Fig 5N). Hematoxylin and eosin staining clearly revealed that the HS gels 286	

remained stable and intact after one week while the PS gels were completely degraded (Figs 5A, B, H, and I). 287	

In vitro, the HDFs prevented even PS gel degradation. However, it is likely that the host innate immune system 288	
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increased proteolysis in vivo, resulting in PS gel degradation despite HDF seeding. Further analysis using anti-289	

Vimentin staining and fluorescent imagining revealed viable HDF throughout the stable HS gels interspersed 290	

with GFP-HUVEC, but little to no capillary formation (Figs 5C-G). While α-SMA was used for in vitro staining, 291	

vimentin was used for the in vivo portion of this work because we found that it specifically labeled the delivered 292	

HDFs. In contrast, the explanted skin and underlying fat and muscle tissue surrounding the PS gels revealed no 293	

surviving HDF, no GFP-HUVEC, and no gel remnants (Figs 5J-M). Initially, we hypothesized that the HS gels 294	

would be most useful for large tissue defect applications and that the PS gels would be most useful for rapid cell 295	

delivery applications, however this experiment suggests that the HS gels maintain cell viability better than the 296	

PS gels and may be superior for both applications.		297	

3.4. HS and PS fibrin gels are both capable of iPSC maintenance in 3D	298	

Recently, several studies have sought to identify materials capable of supporting iPSC for expansion and tissue 299	

engineering. Fibrin(ogen) has been found to be capable of this maintenance (34, 35). Because our group is 300	

interested in 3D stem cell differentiations with multiple stem cell types, we sought to corroborate these findings 301	

and determine if gel structure influences 3D iPSC culture. We encapsulated iPSC in PS (coarse) and HS (fine) 302	

gels and assessed pluripotent gene expression and qualitative cell morphology. Previous groups have shown 303	

that encapsulated iPSC must be allowed to proliferate for at least three days after seeding to lead to successful 304	

differentiations, so we assessed pluripotent gene expression after 1 and 3 days (35). After culturing iPSC within 305	

the two gel formulations and on Matrigel® (2D culture), we observed no difference in pluripotent gene expression 306	

(POU5F1 and NANOG) 1 and 3 days after passage among any of the culture groups (Figs 6E and 6F). 307	

Interestingly, iPSC in the fine HS gels formed compact, spheroid-like colonies, while iPSC in the looser PS gels 308	

appeared to remain mostly singularized, though this finding was purely qualitative and was not measured (Fig 309	

6). 	310	

4. Conclusions 311	

In the field of tissue engineering, there is a need for simple scaffolds that support angiogenesis, cell proliferation 312	

and remodeling, and exhibit tunable degradation rates. Fibrin gels are particularly promising because of their 313	

bioactivity; fibrin modulates the healing response in situ during wound healing. However, the rapid degradation 314	

rate of fibrin has limited its usefulness in 3D cell culture and tissue engineering. In this work, we demonstrated 315	
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that the fiber architecture and degradation rate of PEGylated fibrin can be tuned simply by changing the NaCl 316	

concentration in the fibrinogen solvent. Using our simple four-step fabrication method, increasing the NaCl 317	

concentration in the fibrinogen solvent from 145mM to 565mM results in HS PEG-fibrin gels with a final NaCl 318	

concentration 250mM. These HS gels exhibit fine fiber morphology, rendering them transparent compared to the 319	

opaque, coarse-fiber PS gels. The increased transparency of HS gels could be useful for 3D imaging 320	

experiments, but perhaps even more useful is our finding that HS gels degrade approximately three times more 321	

slowly than PS gels without affecting seeded cell viability, capillary-like network formation, or maintenance of 322	

iPSC. Furthermore, HS fibrin gels are stable in vivo and maintain the viability of delivered cells better than PS 323	

gels. Our previous work demonstrated that PEGylation of the fibrinogen also lowers the degradation rate of fibrin 324	

hydrogels, and for this reason we used only PEGylated fibrin gels. Howeer, we expect that even without 325	

PEGylation, HS fibrin gels would exhibit superior transparency and degradation kinetics versus PS gels. To our 326	

knowledge, this work represents the simplest reported method for controlling the transparency and degradation 327	

rate of fibrin without the need for fibrinolysis inhibitors. In our future studies, we will differentiate AFC and iPSC 328	

within the stable HS fibrin to create useful tissues for therapeutic implant, disease modeling, and drug screening. 329	

Specifically, we are interested in differentiating cardiac tissues and assessing this stable fibrin formulation in the 330	

repair of structural heart defects. Other future work should investigate the utility of this stable, transparent fibrin 331	

in other clinical and tissue engineering applications including wound healing (perhaps using a murine diabetic 332	

wound model), surgical glues (perhaps using AFM adhesion testing), cell delivery, developmental studies, and 333	

3D cell culture and imaging. 334	
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