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Abstract
The demands of tissue engineering and regenerative medicine require biomaterials to be accurately deposited into biomimetic shapes, support cellular behaviour, and lead functional tissue formation. Bioinspired yet synthetic biomaterials offer significant advantages over processed, animal-derived products; including high reproducibility and clinical compliance, and specific engineered biomimicry of architecture and biological function. Self-assembling peptides are synthetic highly hydrated scaffolds that are rationally designed to mimic the extracellular matrix of a target tissue.  Due to the potential benefits of chemically synthesised self-assembling peptides for clinical translation, their development into tools for biofabrication is warranted. However, these systems can be poorly suited to the demands of biofabrication, particularly when functionalised toward tissue-specific conditions. Here, we demonstrate how to improve biofabrication of self-assembling peptides. The fibrillar network arising from the self-assembling peptide Fmoc-FRGDF (containing cell attachment motif RGD) is combined with the robust polysaccharides agarose and alginate demonstrating enhanced printability and cellular compatibility. This study provides a robust methodology for the on-demand printing of personalised implants with a clinically relevant material. 
1. Introduction
3D bioprinting holds significant promise for the fabrication of complex tissues and organ scaffolds to relieve transplantation demand 1, 2. Successful 3D bioprinting of functioning tissue is reliant on the development of biomaterials that can be accurately deposited while supporting beneficial cell behaviours 3. The properties of these materials, termed bioinks, are key for creating a conducive environment for 3D cell growth. The relationship of biomaterial properties such as stiffness 4, 5, bioactivity 6 and scaffold architecture 7-12 are known to have significant influence over essential cell behaviours such as proliferation, differentiation and migration 13.  Therefore, the development of multifaceted bioinks that can both be accurately deposited with minimal effect on cell viability, and present tuneable engineered properties to support beneficial cellular behaviour, are desirable positive developments in the bioprinting field. 

Bioinks, to date, rely significantly on methods of crosslinking to ensure gelation for maintenance of shape fidelity, not only during and immediately following fabrication, but also over the extended timescales required to support maturation of the construct. Processes involving permanent crosslinking can result in a highly complex dense scaffold, which may reduce cellular mobility and fluid diffusion 14. Further, covalent crosslinking processes can involve UV-irradiation and chemical agents that create free radicals, resulting in damage to cells 15. An alternative is supramolecular based bioinks, relying on non-covalent, hydrophobic forces, hydrogen bonding, π-π stacking, van der Waals forces and electrostatic interactions to provide a self-supporting hydrogel bioink 16. Bioinks that gel via supramolecular processes offer two significant benefits over permanent crosslinking; 1. Non-covalent gelation processes allow for cell-driven network rearrangement, and 2. Lack of cytotoxic gelation processes may result in improved cellular viability. Bioinks that use supramolecular gelation mechanisms include agarose and alginate, naturally occurring polysaccharide hydrogels 17-19. However, agarose and alginate are inert and lack cell attachment motifs, and without chemical modification often repel cell attachment 20-22.

Further, supramolecular bioinks based on self-assembling peptides (SAPs) offer the additional benefits of being chemically well defined and easy to engineer 23, biocompatible, bioresorbable, high batch-to-batch reproducibility and have engineered bioactivity 24-29. SAPs are made up of short amino acid sequences designed to self-assemble into nanostructures such as nanofibres 30, 31. These structures further entangle to form highly hydrated bioactive and nanofibrous porous scaffolds 29-32 with high biomimicry of the native body’s extracellular matrix (ECM) at physiological pH 30, 31, 33, 34. 

[bookmark: _Hlk79403065]Our previous studies have described the fabrication of the SAP Fmoc-FRGDF, a fluorenyl-methyl-oxycarbonyl (Fmoc) capped pentapeptide that on application of a pH switch, undergoes self-assembly into a nanofibrous network, driven via π-π stacking of the aromatic groups and β-sheet interactions 30, 31. This peptide contains the amino acid motif RGD, which can interact with cell transmembrane integrins αvβ3, αvβ5, αvβ6, αvβ8, α5β1 and αIIbβ3 35. Previously, we have demonstrated the efficacy of bioactive Fmoc-FRGDF scaffolds for 3D cell culture of myoblasts 36, primary human mammary fibroblasts 31, 37 and biocompatibility in vivo 38. Further, we have demonstrated the ability to mechanically tune SAP material properties by varying the assembly rate 39, gelation conditions 39 or presence of other materials 36, 40, 41. With the bioactivity of RGD, nanofibrous topography and ability for mechanical variation, Fmoc-FRGDF alone or in combination with other materials poses great potential as a bioink for 3D bioprinting. Whilst there is a growing body of work highlighting the use of SAPs as bioinks 42, to the best of our knowledge, no reports exist of such epitope-laden Fmoc-SAPs optimised for 3D extrusion printing or 3D patterning. 

Hybrid Fmoc-FRGDF/polysaccharide hydrogels offer an intercalated network of tuneable properties that demonstrate improved control over bulk mechanical properties whilst presenting a bioactive nanofibrous scaffold 36, 40, 41. Our previous work demonstrated that Fmoc-FRGDF in combination with agarose presents a tuneable hybrid material with enhanced control over mechanical stiffness at high concentrations. Building on our previous work with Fmoc-FRGDF (as both a stand-alone hydrogel and as a component of hybrid hydrogels) 36, 40, 41, here we investigate the concept of 3D extrusion printing adapted for the mild conditions of ionic crosslinking to stabilise the printed scaffolds. Two approaches to enhance Fmoc-FRGDF for extrusion printing are demonstrated. Firstly, by exploiting the increased mechanical properties that have been reported in other non-bioactive peptide systems on exposure to ionic solution 43, we demonstrate the fabrication of a macroscale, self-supporting and robust filament underpinned by the bioactive nanofibrous peptide gel  (peptide noodles). Secondly, building on our work in hybrid peptide hydrogels 40, we demonstrate that hybrid Fmoc-FRGDF agarose can support the 3D cell culture of human dermal fibroblasts and be patterned via 3D extrusion printing. Additionally, we consider a second polysaccharide component, alginate. Alginate is a highly researched, seaweed-derived biomaterial with known biocompatibility 44-47. The ability of alginate to undergo ionic crosslinking in the presence of calcium chloride allows great versatility in controlling scaffold mechanical properties post-printing without altering the polysaccharide’s initial concentration and subsequent printability (Figure 1, Table 1).

Figure 1: Schematic of hybrid materials fabrication process. Self-assembling peptide Fmoc-FRGDF undertook a pH switch to form bioactive peptide fibres. Combination with agarose or agarose and alginate resulted in a hybrid peptide bioink. The hybrid peptide bioink could be further crosslinked using CaCl2 to improve the stability of the hydrogel. 
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In this study, the combination of SAP Fmoc-FRGDF, agarose and alginate overcomes the limitations of alginate and agarose alone, which lack bioactive motifs and nanofibrous structures 20-22.  An improved biomimetic network is formed in the hybrid material, with tissue-specific bioactivity conferred from the SAP. To the best of our knowledge, it has not been reported how the combination of both agarose and alginate polysaccharides with Fmoc-FRGDF impacts material properties, and further, how exposure to ionic solutions, such as calcium chloride (which is known to affect both peptide and alginate material properties 43), will impact the resultant material structure and viability of cultured human dermal fibroblast cells. 

[bookmark: _Hlk81395522]Significant research has focussed on evaluating the ability of novel bioinks to be successfully 3D extrusion printed. Material properties such as viscosity 48-50, thixotropic behaviour 50-55 and loss tangent 56 are currently regarded as suitable predictors of successful biofabrication. However, these studies primarily study bioinks such as gelatin and alginate 48-52, 55, 56, which do not contain the unique nanostructures that result in gelation of SAPs. Therefore, the relevance of these properties to SAP bioinks is unknown. Bioinks containing SAPs are a growing field in the literature, with significant questions remaining around which bioink properties are essential for SAP biofabrication and how to design SAPs for successful bioprinting 42. The development of SAP bioinks has significant implications for clinically translatable materials, as SAPs are chemically well defined, can be tailored to contain individual or combined motifs, and are synthetic, demonstrating excellent consistency between batches. Studies of SAP bioinks have reported measures of assessing printability such as viscosity 57-60, loss tangent 57, 58, 61, shear-thinning 58, 59, 62, achievable height 58, 59, 62, 63 and filament assessments 58, 59, 62. 
In this study we describe hybrid macromolecular (agarose-alginate) SAP hydrogels with shear thinning properties that provide a suitable environment for cell attachment and growth. Addition of SAP peptide to the macromolecular hydrogels, to create hybrid hydrogels, is shown to significantly improve the cell compatibility and printability of the hydrogels. The nanofibrous structure of the SAP network is maintained in the hybrid hydrogel systems and calcium based cross linking significantly increases stiffness (storage modulus) in both the peptide only hydrogels and the hybrid gel systems, whilst maintaining cellular compatibility. 

The work presented here aims to contribute to the growing field of SAP bioinks and investigates novel SAP and SAP-hybrid bioink properties, including, viscosity, shear-recovery, shear-thinning, and loss tangent. 

2. Materials and Methods
2.1 Materials
Fmoc-Peptides were purchased from BioMatik, with HCl salt and with a purity of > 98 %. All other reagents are from Merck-Sigma unless otherwise mentioned.
2.2 Fmoc-SAP gel preparation
Fmoc-peptides were prepared at 5 mg mL-1. 5 mg of the peptide was suspended in 400 µL MilliQ water (Milli-Q advantage A10 System, Merck Milipore, Melbourne, Australia). The suspension was then dissolved with a minimal volume (~35 µL) of 0.5 M sodium hydroxide (NaOH), which has been shown to be effective and does not deprotect the Fmoc- from the peptide, as previously described 30, 41, 64, 65 (Sigma-Aldrich Pty. Ltd., Sydney, Australia). The pH of the peptide solution was then slowly acidified by dropwise addition of 0.1 M hydrochloric acid (HCl) until a pH of 7.4 was reached (typically 30–60 µL). The solution was continually vortexed throughout this process. Once a gel was formed at appropriate pH, phosphate-buffered saline (PBS) (Gibco) was added to achieve a final peptide concentration of 5 mg mL-1 and 1 x PBS concentration. The pH of the Fmoc-SAPs was measured using a microprobe pH meter.
2.3 Agarose & Alginate gel preparation
Low melting point (LMP) agarose (3,6-Anhydro-α-L-galacto-β-D-galactan, sulfate (SO42-): ≤0.15 %, ≥1200 g/cm2 (1 % gel) was obtained from Sigma Aldrich. A polysaccharide solution of 6.00 % w/v was prepared by dissolving the polysaccharide in 5 mL of MilliQ at 80 °C. Thorough mixing occurred until a clear solution was obtained, followed by maintenance at 80 °C for further blending with Fmoc-SAP, alternatively agarose gels were made with a final concentration of 2 % w/v and 1 x PBS and allowed to reach gelation at room temperature (RT). Alginate was obtained from Sigma Aldrich (A0682, 4-12 cP.s at 1 % in H20 at 25 °C) and dissolved in MilliQ to a concentration of 3 % w/v. Thorough mixing occurred until a clear solution was obtained, followed by filter sterilisation. Agarose-alginate gels were made with a final concentration of 2 % w/v and 1 x PBS and allowed to reach gelation at room temperature (RT).
2.4 Mixed Fmoc-SAP Agarose & Alginate gel preparation
Fmoc-SAP gels were prepared as above; however, 333.3 µL of LMP Agarose or LMP Agarose and Alginate (prepared as above) was added (Table 1). The resulting solution was briefly vortexed and left at 70 °C for 1 hour before cooling to RT. After gelation, hydrogels were maintained at RT for 16 hours. At this point, the composite hydrogels were considered equilibrated, and ready for further analysis.
2.5 Ionic Crosslinking with Calcium Chloride 
0.2 % w/v calcium chloride solution was used in all experiments.  Materials were exposed to CaCl2 solution for 10 minutes by pipetting of CaCl2 solution on top of the hydrogel at a volume ratio of ~4:1. In the TEM, FTIR, Cryo-SEM and Rheological Analysis a ‘blob’ of hydrogel was surrounded with the solution. In the cell culture study the hydrogel was spread across the well plate and the CaCl2 covered the gel surface. 
2.6 TEM
TEM was undertaken on a JEOL 1010 TEM (JEOL USA, Inc.). Samples were loaded onto holey carbon grids and negatively stained with 1 % uranyl acetate in water 66. An accelerating voltage of 80 kV was used. Images were subjected to manual measurement of fibril width using ImageJ line and polygon tools. Measurements were calibrated against the scale bars on the images. At least 100 measurements were taken per sample, data were then subject to analysis with GraphPad Prism (v9.2.1) as follows: outliers were removed (ROUT, Q = 1%) and subject to a frequency distribution (relative frequency as percentages and automatic bin sizing), data were plotted as histogram, average fibre width was reported as median ± STD from descriptive statistics of the frequency distribution. 
2.7 Cryo-SEM
Hydrogels were made as described above with MilliQ substituted for PBS to avoid salt bridge formation. Cryo-scanning electron microscopy (Cryo-SEM) was performed 67 using an FEI Quanta 200 ESEM (ThermoFisher) with the Gatan Cryo-stage. Samples were plunged into liquid nitrogen slurry, fractured, sublimated at -90 °C for 5 minutes before gold sputter coating for 240 seconds. Imaging was undertaken at 15 kV, spot size 5. Cryo-SEM can be destructive to delicate features 68. Therefore, care was taken, not allowing the beam to sit on the sample for extended periods. 
2.8 Rheological Analysis
Rheology was undertaken on a calibrated rheometer (Anton Paar MCR 301, Anton Paar Pty. Ltd. Austria) fitted with a 15 mm cone plate fixture with a cone angle of 1 ° (CP15-1, Anton Paar Pty. Ltd. Austria) 69. Shear-thinning measurements, firstly structure was allowed to recover for 1.5 minutes followed by exposure to a shear sweep from 0.01 to 300 s-1. Shear-recovery measurements were collected at constant shear, firstly structure was allowed to recovery for 1 minute, followed by alternating measurement at 0.01 s-1 and 300 s-1 shear rates. Frequency sweeps were collected between 0.01 and 100 rad s-1 in the linear viscoelastic range at a constant strain of 0.1 %. Loss tangent was derived from the frequency sweep data. All measurements were carried out in triplicate with the mean shown, calculated, and plotted in GraphPad Prism (v9.1.2).
2.9 Printability Analysis
Bioinks were prepared as above and immediately placed into 3 mL Optimum® syringe barrels (Nordson EFD) and sealed before holding at 70 °C. At the time of printing, cartridges were fitted with conical 22 G (TT) Blue Precision Tips (Nordson EFD) and placed into an Inkredible® Bioprinter (Cellink) where they were prepared for bioprinting as per manufacturer’s recommendations. Briefly, axes were homed, and z-position calibrated. Pneumatic pressure was facilitated through MC mini compressor (MC90, BILTEMA) and further regulated using an AD300C automatic dispenser pressure regulator (Iwashita Instruments). Bioinks were extruded in a grid-like pattern as commanded by in-house developed G-code. 
2.10 Three-dimensional Cell Culture
Human dermal fibroblasts (Lonza) were grown under standard cell culture conditions in standard fibroblast media (Dulbecco’s Modified Eagle’s Medium (DMEM) F-12 with 10% fetal bovine serum (FBS), pen-strep and L-Glutamine, (StemCell Technologies, Canada). Gels were prepared as above, however before gels could set at room temperature, 100 µL was pipetted into 48 well plates and spread across the surface via gentle shaking and spreading with a pipette tip. The gel-laden plates were exposed to a solution of CaCl2 for 10 minutes and rinsed with 1 x PBS then exposed to UV for 1 hour and kept at 4 °C for 1-3 days before cell seeding. Fibroblasts were seeded at 10,000 per well and media was changed daily. At 24 hours and 72 hours in culture, live/dead staining was carried out using Ethium Homodimer (Thermo) and Calcein AM (Thermo) as recommended by the manufacturer. Each gel type was assayed in three replicates and three independent experiments were carried out to ensure consistency. Stained cells were observed under a fluorescent microscope (EVOS, Thermo). 
Metabolic analysis of cellular proliferation on the hydrogels was carried out using a “Cell Titre Blue” kit (Promega), essentially as follows. Hydrogels were prepared in 48 well plates, as described above, before being seeded with 20,000 fibroblasts per well in 200ml of fibroblast culture media. The cells were incubated under standard tissue culture conditions, for 24 and 72 hours, before analysis for cellular content, according to manufacturer instruction. Absorbance readings were taken using a CLARIOstar plate reader (BMG Labtech).   
2.11 Statistical Analysis
Statistical analysis in Figure 5a represents unpaired t-tests and Figure 5b and supplementary figure 4 represents a one-way ANOVA (GraphPad Prism version 9.1.2) where **** corresponds to p < 0.0001, *** corresponds to p ≤ 0.001, ** corresponds to p ≤ 0.01 and * corresponds to p ≤ 0.05.
3. Results and Discussion
3.1 Peptide assemblies are maintained in the presence of polysaccharides and on exposure to calcium chloride
Our previous work has established that in the presence of agarose, the nano-assembly of the fibronectin-derived peptide Fmoc-FRGDF is maintained 40. Here, two new conditions were investigated; 1. The addition of agarose and alginate (Table 1), and 2. The exposure of all materials to calcium chloride (CaCl2) as a crosslinking agent. To demonstrate the effects on the peptide assembly, transmission electron microscopy (TEM) was undertaken. Hydrogels were imaged at the control state (pre-CaCl2) as well as after exposure to 0.2 % w/v CaCl2. 

Table 1: Composition of hydrogels assessed in this study
	Name
	Fmoc-FRGDF (Peptide)
	Agarose (Ag)
	Alginate

	Fmoc-FRGDF
	5 mg mL-1
	-
	-

	Peptide-Agarose
	5 mg mL-1
	2.00 % w/v
	

	Peptide-Ag-Alginate
	5 mg mL-1
	1.67 % w/v
	0.33 % w/v

	Agarose
	-
	2.00 % w/v
	-

	Ag-Alginate
	-
	1.67 % w/v
	0.33 % w/v



TEM indicated that all peptide-containing materials retained a nanofibrous morphology (Figure 2). This was expected, as previous reports of peptide combination systems have demonstrated similar behaviour 36, 40, 41. As evident from the representative images, a broad range of fibre widths were found to occur in the scaffolds. To quantify the range and frequency of the fibres, measurements of the fibre widths of over 100 fibres were taken per sample and plotted in Figure 2. 

The fibre widths and their frequency varied between samples and conditions. The Fmoc-FRGDF control demonstrated fibres with an average width of 12.1 ± 5 nm, and after exposure to CaCl2, this did not significantly change (12.3 ± 8 nm). However, the relative frequency of fibres in the 10-12 nm range decreased with the rise of larger fibre bundles between 20-38 nm, indicating exposure to CaCl2 drives peptide fibre bundling. 

Both the hybrid systems at the control state (pre-CaCl2) presented average increases in fibre width compared to Fmoc-FRGDF. Peptide-agarose and peptide-agarose-alginate hydrogels demonstrated average fibre widths of 16.1 ± 5 nm and 20.3 ± 7 nm, respectively. The hybrid systems demonstrated the presence of globular components on and around the fibres, likely a build-up of polysaccharides, as similar globular structures were seen in the polysaccharide TEM images (Supplementary Figure 1). After exposure to CaCl2, the hybrid materials demonstrated a decrease in measured fibre width, Peptide-Agarose reduced to an average of 11.6 ± 4 nm, and the Peptide-Ag-Alginate decreased to 15.4 ± 13 nm. This reduction is likely due to charge screening increasing the formation of stable peptide fibres due to increased allowance for attractive forces 43. In comparison, in the presence of alginate (in the Peptide-Ag-Alginate material), this effect on the peptide fibres was reduced and instead, a more extensive distribution of structures was demonstrated, likely due to alginate’s interaction with divalent ions.
Self-assembling peptides rely on supramolecular interactions to form hydrogels, which may be affected by the shear processes experienced during extrusion printing. After shearing through the printing apparatus and subsequent exposure to CaCl2 the nanofibre assemblies remained, supporting that nanofibres are maintained under all conditions. This confirmed that the beneficial bioactive nanofibres of Fmoc-FRGDF were retained when in the presence of the polysaccharides and after exposure to CaCl2. 




Figure 2: Nanofibres seen in Fmoc-FRGDF, Peptide-Agarose and Peptide-Ag-Alginate demonstrated the maintenance of overall 1D peptide self-assembly in the hybrid and crosslinked materials. However, distribution of fibre width and bundling varied in the presence of polysaccharides or on exposure to CaCl2.  (A-C) Transmission electron microscope images and (D-F) fibre distribution of Fmoc-FRGDF, Peptide-Agarose and Peptide-Ag-Alginate. (G-I) Transmission electron microscope images and (J-L) fibre distribution after exposure to CaCl2 of Fmoc-FRGDF, Peptide-Agarose and Peptide-Ag-Alginate. Scale bars represent 400 nm, arrows indicate examples of individual nanofibres. 
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3.2 Varied microstructure of peptide, hybrid, and polysaccharide hydrogels
Micro-structures are essential characteristics of the extracellular matrix that promote nutrient and waste transfer from embedded cells 70. To investigate the micro-structure of the developed materials, cryo-SEM was used to image the scaffold (Figure 3). Briefly, materials were snap-frozen by plunging into liquid nitrogen and fractured to expose the fundamental morphology without substantial variation to the underlying network, as previously described 40. Fmoc-FRGDF presented a semi-ordered porous morphology that post-exposure to CaCl2 did not significantly vary (Figure 3e). Similarly, the hybrid materials demonstrated a porous morphology with regions of high network density (Figure 3bi & 3di). Post-exposure to CaCl2, the morphology did not significantly alter in either hybrid material (Figure 3bii & 3dii). Polysaccharide materials agarose and agarose + alginate demonstrated open porous networks and did not demonstrate a significant change in morphology post-exposure to CaCl2, indicating CaCl2 did not have a significant effect on the micro-morphologies of these materials (Figure 3a & 3c). Ai
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Figure 3: The micromorphology of the materials was not significantly impacted by calcium chloride. However, the blending of Fmoc-FRGDF with Polysaccharides demonstrated altered morphology compared to either the peptide or polysaccharides alone. (A) i) Agarose ii) Agarose CaCl2 exposed (B) i) Peptide-Ag ii) Peptide-Ag CaCl2 exposed (C) i) Agarose + Alginate ii) Agarose + Alginate CaCl2 (D) i) Peptide-Ag-Alginate ii) Peptide-Ag-Alginate CaCl2 exposed (E) i) Fmoc-FRGDF ii) Fmoc-FRGDF CaCl2 exposed. Scale bars represent 50 microns 
.

3.3 Modular hydrogel stiffness modification 
Cells experience the mechanical properties of their surrounding microenvironment through mechanotransduction, and it is well known that the mechanical properties of the cellular environment can have a significant effect on cell behaviour 71. Therefore, to assess the material stiffness properties of the scaffold pre- and post- CaCl2, oscillatory rheology was performed . to determine the relative magnitude of the storage modulus, (which we refer to as stiffness for clarity), as a comparative measure. Hydrogels were subject to a frequency sweep within the linear viscoelastic range and analysed for storage modulus at 1 Hz (6.87 rad s-1) to compare mechanical properties. Two conditions were assessed. The first was post-printing. To simulate the printing process, materials were manually extruded onto the rheometer plate through the printing apparatus at the minimum pressure required to reach extrusion, and this condition was termed “control”. The second condition was post-printing and post-CaCl2 exposure. Materials were extruded as previously; however, deposited materials were collected into a well plate. Extruded samples were then exposed for 10 minutes to CaCl2 and briefly rinsed with buffer before being transferred to the rheometer plate. This condition was termed “post-CaCl2”.

In the pre-crosslinked “control”, the peptide stiffness was 0.13 kPa, which agreed with previously reported data for this peptide which has demonstrated values of 0.01 kPa to 11 kPa 27, 36, 38-41, 72 in 5 to 20 mg mL-1 gels. Post-CaCl2, the peptide stiffness substantially increased by over 2000% to a value of 243 kPa (*, p <0.05) (Figure 4). Although not reported for this peptide before, this effect was expected, as previous reports of other self-assembling peptides have demonstrated increased mechanical stiffness upon exposure to ionic solution 43. It has been proposed that this effect is due to charge screening effects on the amino acid residues resulting in nanofibre assembly 43. Here, it is likely that a similar charge screening effect occurred, possibly causing bundling of the nanofibres. As seen in TEM images earlier (Figure 2), CaCl2 exposed peptide demonstrated increases in distribution of fibre width suggesting bundle formation. 
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Figure 4: SAP hydrogel stiffness is significantly modified by the addition of polysaccharides and exposure to CaCl2. (A) Each material experienced a significant increase in storage modulus on exposure to CaCl2. (B) The final storage modulus (post-CaCl2) of the materials varied between peptide, polysaccharide, and hybrids however only the peptide demonstrated a statistically significant increase. Error bars represent the SD.

In the polysaccharide samples, a significant increase in stiffness, post-CaCl2 exposure was observed (Figure 4). Agarose stiffness increased from 2.9 kPa to 5.4 kPa (**, p<0.01) and agarose-alginate stiffness increased from 2.6 kPa to 3.4 kPa (**, p<0.01). In the hybrid samples, the peptide-agarose, and peptide-agarose-alginate hydrogels both significantly increased in stiffness post-CaCl2 from 11.7 kPa to 31.5 kPa (***, p<0.001) and 8.1 kPa to 34.7 kPa (**, p<0.01), respectively (Figure 4). These significant increases were likely due to the peptide within the hybrid undergoing changes in conformation, demonstrating the dynamic nature of these materials. This was supported by the TEM images demonstrating nano-scale conformational changes in fibre bundling toward increased fibre bundle widths (Figure 2). 
In both cases, there was no statistically significant difference in final CaCl2 crosslinked modulus between agarose and agarose-alginate polysaccharide conditions, or, between the hybrid’s stiffness’ post-CaCl2 treatment.
The rheological properties (as measured by oscillatory rheology) of decellularized extracellular matrices have been reported for brain73, lung74, bladder7573, heart76, dermis77, skeletal muscle78  and cartilage79 and range from approximately 1 Pa to 3 kPa (cartilage). The hydrogels described in the current study range in stiffness from 0.13 kPa to 243 kPa (peptide gels) and 8.1kPa to 34.7 kPa (hybrid hydrogels) demonstrating a wide range of stiffnesses that would be suitable for a number of softer and stiffer tissues. 


These findings correlate with previous reports of peptide stiffness increase when combined with polysaccharides 40. However, the data reported for peptide-agarose in the pre-crosslinked control varied from previously reported data which estimated the stiffness of Fmoc-FRGDF with 2 % w/v agarose at 1.2 kPa 40. In this study, the discrepancy was likely due to the increased PBS concentration used. Peptide systems have been shown to increase in stiffness with increased PBS concentration 39. However, as the method of loading used here included pre-shearing of the hydrogel (through the printing apparatus), it was possible that the printing process influences stiffness. This has been previously reported for Fmoc-peptides, where compression or extrusion of the peptide results in non-reversible increase in stiffness 62, 80. However, this has not been previously demonstrated in hybrid SAPs. As printing may introduce variance into the mechanical properties of peptide materials prepared for printing, it is recommended that future studies report mechanical stiffness pre- and post-printing. 


3.4 Peptide-hybrids demonstrate successful printing outcomes
The printing conditions were optimised by varying extrusion speed, height and considering the lag time (Supplementary Table 1). To assess printability, a previously reported method was used 55. Briefly, a two-layer grid was printed, and a measure of printability, P(r), was assessed by measuring the circularity of resultant prints in the following equation. 

Equation 1: Assessment of printability (Pr), Where Pr is a measure of printability, and C is circularity.
A Pr of 1 is ideal, Pr values over 1 indicate overgelation and under 1 indicate undergelation. In comparison to the poor shape fidelity of the peptide-alone samples, hybrid bioinks demonstrated excellent printability with Pr values of 1.2 (peptide-agarose) and 0.98 (peptide-agarose-alginate), indicating that peptide-agarose was slightly overgelated (Figure 5). These values were similar to the polysaccharide-alone bioinks that demonstrated Pr values of 0.99 (agarose) and 0.94 agarose-alginate. This data indicated that the printability outcome of the hybrid bioinks was substantially reliant on the polysaccharide network. As the peptide material demonstrates significant shear-thinning behaviour, this result was expected as the shape fidelity post-printing was reliant on the less-affected polysaccharide network.

Figure 5: Extrusion Printing of Biomaterials (A) Peptide-alone (B) Agarose-Peptide (C) Agarose-Alginate Peptide (D) Agarose-alone (E) Agarose-Alginate (F) Printability measure
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3.5 Investigating predictors of successful peptide hybrid bioprinting
Bioprinting relies on bioink material properties that can result in high shape fidelity and cellular viability. These properties have been significantly tied to rheological properties such as viscosity 57-60, shear-thinning 58, 59, 62 and loss tangent 57, 58, 61. However, these properties have not been substantially reported in the SAP bioink literature, and it remains unclear if these traditional bioink predictors are applicable to peptide and peptide-hybrid bioinks. 
3.5.1 Viscosity
Viscosity has been identified as an important determiner of shape fidelity (the maintenance of the deposited shape post-printing). Collection of rheological data of samples subject to a shear sweep demonstrated a change in viscosity with increasing shear force. Shear-thinning occurs as bioink viscosity reduces with increasing shear force. During the extrusion process, materials are subject to a range of shear forces determined by printing pressure and printing setup. Here, a shear rate of 300 s-1 was used to simulate the shear experienced during printing. Shear-thinning behaviours of bioinks are important to reduce the shear-stresses experienced by encapsulated cells and improve cellular viability post-printing. 
All materials demonstrated a shear-thinning response as indicated by a drop in viscosity with application of shear (Figure 6a). At 300 s-1, Fmoc-FRGDF’s viscosity dropped to 0.01 Pa.s from an initial value of 12.5 Pa.s. This was the lowest viscosity range reported out of the materials tested. 
Polysaccharide materials demonstrated an increased initial viscosity compared to the Fmoc-FRGDF material. Agarose started at a viscosity of 725 Pa.s and dropped to 0.5 Pa.s at 300 s-1. Similarly, agarose-alginate started at 530 Pa.s and dropped to 0.7 Pa.s at 300 s-1. The hybrid materials demonstrated an increased overall viscosity compared to the polysaccharides and peptide material, demonstrating a combination effect on viscosity. Peptide-agarose started at a viscosity of 2630 Pa.s and dropped to 1.1 Pa.s upon applied shear force at 300 s-1. Similarly, peptide-agarose-alginate started at a viscosity of 1160 Pa.s and dropped to 1 Pa.s at 300 s-1. 
This data indicated a substantial increase in initial viscosity in the hybrid systems, compared to either the peptide or polysaccharides alone. The hybrids demonstrated similar viscosities to the polysaccharides alone after shear, indicating that although the initial viscosity of the hybrids is higher than the polysaccharides, the shear-thinning response of the incorporated peptide results in comparable final viscosities. 
All materials exhibited shear-thinning behaviours indicating these materials were suitable for cellular encapsulation and bioprinting. Although shear thinning is an important characteristic for protecting encapsulated cells, of equal importance is the ability for shear-thinned materials to regain their gelated form after the cessation of shear. This behaviour, shear-recovery, is important so that the deposited material retains its shape post-printing. Shear-recovery behaviours of the materials were investigated by exposing the material to high-shear, followed by a period of low-shear (Figure 6b).
3.5.2 Shear-Recovery
Fmoc-FRGDF exhibited good shear-recovery and the ability to recover some viscosity within a minute (58 % of original viscosity). Over the course of a three-step shear-recovery, the percentage recovery reduced further from 58 % to 55 %. However, at the third cessation of shear, the material was able to regain 79 % of the original viscosity, with little to no variation across tests indicating that the peptide material may undergo a reproducible change in mechanical properties after the shear step method used here. This finding has implications for the use of peptide materials as cell laden bioinks. Future studies may consider pre-shearing peptide bioinks to improve any fluctuations in printing as it is evident that several rounds of high shear impact the peptide’s viscosity. Although the peptide demonstrated adequate shear-recovery within these conditions (Figure 6b), the lack of successful printing outcomes (Figure 5a) indicated that shear-recovery was not a good predictor of printability via extrusion printing. 

In comparison to the peptide materials, polysaccharide materials exhibited incomplete shear-recovery. After exposure to high shear, agarose was unable to regain substantial viscosity within a minute (25 % of original). Over the course of the three-step shear-recovery, the recovery reduced further to 19 % and finally 18 % of the original. The agarose-alginate blend demonstrated improved shear-recovery, with only an initial drop to 53 %, further 43 %, and finally 44 %. 

Hybrid polysaccharide-peptide materials followed a similar shear-recovery pattern to agarose. Over the three-step shear recovery, peptide-agarose material dropped to 23 % original viscosity, followed by 14 % and finally 13 %. Peptide-agarose-alginate blends demonstrated improved performance in the first two steps (first recovery 38 %, second recovery 24 %); however, by the third shear step, the recovery was only able to reach 19 % (Figure 6b). These results indicated that the alginate containing materials demonstrated improved performance in the shear-step recovery test. 

Shear-recovery is an important property for printability. Our results indicate that peptide-alone materials exhibit suitable shear-recovery properties. However, as the shape fidelity of the peptide material post-extrusion was not maintained, this indicates that the shear-recovery test is not suitable as a test for printability of peptide materials. The shear-recovery of the peptide-polysaccharide and polysaccharide alone materials was lower than expected (as materials exhibited printability), with an average final recovery of only 33 %. This may indicate that shear recovery is less critical than viscosity. As the printability outcomes of the hybrids and polysaccharides alone did not greatly differ, it was deemed that there was not sufficient data to tie shear-recovery to outcomes of printing. Future studies could investigate the printability and shear-recovery of a range of peptide and polysaccharide concentrations to fully elucidate whether a relationship exists.


Figure 6: Rheological assessments (A) Shear-thinning behaviours (B) Shear-step recovery behaviour (C) Tan δ (D) Frequency Sweep indicates gelation of materials as seen by G’ storage modulus (solid line) being larger than G” loss modulus (dashed line).
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3.5.3 Loss Tangent
Another measure has been tied to printability, namely loss tangent, which defines the relationship between storage and loss moduli. This property is termed loss tangent or tan δ. Previous reports have indicated a tan δ value of 0.25-0.45 is a predictor of printability outcomes in hybrid gelatin-alginate bioinks 56. To investigate the suitability of this measure to peptide and peptide hybrid materials, an investigation of tan δ was undertaken. 

Peptide-alone material exhibited a tan δ of ~0.35, as the peptide material concentration was on the lower gelation threshold, this value was highly variable (Figure 6c). As the peptide alone was unable to retain shape fidelity post-printing, this result indicated that tan δ was not a suitable predictor of printability in this case. Comparatively, the hybrid and polysaccharide materials demonstrated stable tan δ values. Peptide-agarose and peptide-agarose-alginate materials demonstrated a tan δ of 0.18 and 0.2, respectively, placing these materials slightly below the tan δ range previously reported. Agarose and agarose-alginate materials exhibited a tan δ of 0.1, placing the polysaccharide materials substantially below the reported range. Regardless of this, both hybrid and polysaccharide materials exhibited printability, indicating a range of 0.2 to 0.1 tan δ may be a suitable predictor for hybrid peptide-macromolecule bioinks. 

3.6 Peptide and hybrids demonstrate sustained cell viability and attachment
Next, to demonstrate the cellular compatibility of the developed materials, particularly the effects of peptide addition to the materials, human dermal fibroblasts were seeded on top of cast hydrogels at a density of 10,000 per well (25,000 per mL). 100 µL of each material was cast into each well of a 48 well plate and both pre- and post-CaCl2 conditions were assessed. After casting and CaCl2 exposure, gel-laden cell culture plates were exposed to UV for 1 hour to ensure sterility before cells were seeded. Cast gels were stored for 1-3 days at 4 °C before seeding. Triplicate studies were undertaken with three technical repeats per condition (n=3). 

After 24 hours of culture, cell viability was high at 99 % in both pre- and post-crosslinked peptide and peptide-hybrid materials (Figures 7 & 8). However, in agarose-alginate and agarose materials, cells did not remain evenly distributed and formed cell “clumps” suggesting a lack of interaction with the hydrogel surfaces. This was the case in both agarose-alginate and agarose hydrogels both before (Figure 7a & b) and after (Figure 8a & b) CaCl2 crosslinking at both 24 hours and 72 hrs (Figures 7d & e and 8d & e, respectively). In contrast the Fmoc-FRDGF peptide gels supported a consistent distribution of cells through the hydrogel with little evidence of clumping at 24 and 72hrs culture in both pre-crosslinked (Figure 7c & f) and CaCl2 crosslinked (Figure 8c & 8f) hydrogels. In these gels, fibroblasts demonstrated both rounded morphology and a “spread” morphology suggesting interaction  with the Fmoc-FRGDF nanofibrils (Figures 7c, 7f & 8c, 8f). In addition, in the Fmoc-FRGDF hydrogels, cells demonstrated infiltration into the gels, either by migration or through gravitational force, at both 24 and 72 hours in both pre-crosslinked (Figures 7c & 7f) and crosslinked hydrogels (Figures 8c & 8f). In comparison, the peptide-hybrid materials, which exhibit a denser scaffold, supported fibroblast growth on top of the gel, with little cellular infiltration seen. 
Analysis of cell viability suggested high viability in all gels tested, both pre and post CaCl2 crosslinking, however cell clumping was observed in agarose and agarose-alginate hydrogels suggesting lack of cell adhesion molecules. This was improved by the addition of Fmoc-FRGDF to create a blended hydrogel system that improved cellular distribution (demonstrated at 24 and 72 hours) and facilitated cell spreading, suggesting interaction of the cells with the FRGDF motif present in the hybrid gels.
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Figure 7: Live dead staining indicated human dermal fibroblasts demonstrate high viability in all materials at 24 hr. In agarose (a) and agarose-alginate (Ag-Agarose) blends (b) cell viability was high however cells were clumped and did not remain evenly distributed through the gel. In contrast Fmoc-FRGDF (c) supported high cell viability and an even distribution of cells throughout the hydrogel. This was observed at both 24 (a-c) and 72 hours (d-f). Cell distribution was enhanced in fmoc-FRGDF-Agarose and Fmoc-FRGDF-Ag-Alginate blended hydrogels at 24 hrs (g, h) and 72 hrs (i,j), compared to Agarose and Ag-Alginate only gels (a-f).  Scale bars = 200 µm. 

Figure 8: Live dead staining indicated human dermal fibroblasts demonstrate high viability in all CaCl2 crosslinked hydrogel materials at 24 hrs. In agarose (a) and agarose-alginate (Ag-Agarose) blends (b) cell viability was high however cells were clumped and did not remain evenly distributed through the gel. In contrast Fmoc-FRGDF (c) supported high cell viability and an even distribution of cells throughout the hydrogel. This was observed at both 24 (a-c) and 72 hours (d-f). Cell distribution was enhanced in fmoc-FRGDF-Agarose and Fmoc-FRGDF-Ag-Alginate blended hydrogels at 24 hrs (g, h) and 72 hrs (i,j), compared to Agarose and Ag-Alginate only gels (a-f).  Scale bars = 200 µm. 
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In the polysaccharide alone conditions, it was evident that there was no/very little cell-material interaction with all cells rounded in a spheroid-like morphology (Figure 7 & 8). 
Cells exhibited an increased incidence of spreading in the peptide-alone materials. In the hybrid materials, the inclusion of bioactive peptide Fmoc-FRGDF was likely the cause of improved cell attachment due to the inclusion of RGD motifs. RGD motifs in self-assembling peptide materials have previously been shown to facilitate cell attachment, compared to an RGE motif presented on similar nanofibres 81. As seen in the TEM images, in the hybrid materials, the polysaccharides colocalise with the bundles of peptide fibres, and therefore, the reduced cell spreading may be due to the polysaccharide  reducing cellular access to the attachment motifs on the bioactive fibres and preventing cellular migration through the reinforced material. Human dermal fibroblast growth on these peptide and peptide hybrid materials and the high cell viability indicates that the peptide and hybrid materials may demonstrate excellent bioprinting outcomes which, with future optimisation, can be developed into an application specific material. 



4. Conclusions
In the bioprinting field, synthetic yet bioinspired materials offer significant benefits over natural material classes that either require significant modification to biofabricate, or conversely synthetic materials that require significant functionalisation to provide a tissue specific response. In this work, several self-assembling peptide hybrid materials were characterised and evaluated for use in bioprinting and as biomaterials. We demonstrated that the hybrid materials retain the desirable bioactive properties of nanofiber formation to yield a  shear-thinning hydrogel that can provide a suitable microenvironment to support cells during the mechanically challenging conditions of biofabrication. We also investigated several bioprinting rheological assessments of viscosity, shear-thinning, shear-recovery and tan δ and demonstrated that viscosity was a suitable predictor for printability using the materials in this study. 
Exposure to CaCl2 post fabrication was confirmed as an effective strategy to enhance mechanical properties post-printing, resulting in substantial increases in stiffness in both the peptide-only and hybrid hydrogels. Assessment of the final material properties indicated that minimal change occurs in the micro-morphology of the materials when exposed to the CaCl2, indicating the mechanical changes are likely due to the reinforcement of the underlying peptide fibrillar network. 
Finally, the cellular assessment of the materials indicated that the peptide-containing materials were a good environment for cell survival, demonstrating high viability. Importantly, the addition of the peptide to the agarose/alginate composite hydrogels was observed to both improve cellular distribution throughout the material and prevented cellular “clumping”; a state where attachment-based cells resort to through lack of suitable cell-material interactions. Together, these results indicate that by careful engineering of complementary properties of materials,  peptide materials can lend their tailored biological properties to polysaccharide hydrogels, conferring their biodesigned cell interactive properties to the hybrid gel systems. The use of synthetic supramolecularly defined peptide/polysaccharide bioinks may provide new avenues for clinical translation of bioinks obliviating concerns of natural animal-derived materials and enabling a tissue specific toolkit. 
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Supplementary Data
Biodesigned bioinks for 3D printing via divalent crosslinking of self-assembled peptide-polysaccharide hybrids
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Supplementary Figure 1: Polysaccharides demonstrate alternate morphology to peptide fibres. Transmission electron microscopy of i) Agarose ii) Agarose + Alginate and post exposure to calcium chloride iii) Agarose iv) Agarose + Alginate.  Scale bars represent 400 nm.
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Supplementary Figure 2: Manual extrusion of Fmoc-FRGDF into calcium chloride bath demonstrates formation of peptide noodles. (A-C) 10µL pipette tip extruded noodles into a CaCl2 bath, layered. Image taken after CaCl2 removal (D) Printing apparatus extruded noodles into a CaCl2 bath. Image taken after CaCl2 removal.
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Supplementary Figure 3: Viability (Live/Dead) staining of human dermal fibroblasts used in this study demonstrated high viability at 24 and 72 hours.
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Description automatically generated]Supplementary Figure 34: Viability (Live/Dead) staining of human dermal fibroblasts used in this study demonstrated high viability at 24 and 72 hours.Analysis of fibroblast proliferation between 24-72 hours (h) on peptide samples (Fmoc-FRGDF) and peptide-polysaccharide (Agarose (Ag) and Alginate (Alg)) blends on non-crosslinked (A) and crosslinked (B) hydrogels. A significant increase in cellular content was seen in non-crosslinked and crosslinked Fmoc-FRGDF as well as polysaccharide materials containing Fmoc-FRGDF over 72 hours with the exception of non-crosslinked Fmoc-FRGDF + Ag, which showed an increased trend over 72 hours that did not reach a statistically significant level. No increase in cellular content was not seen on agarose or alginate only polysaccharides (without Fmoc-FRGDF) over 72 hours for both non-crosslinked and crosslinked samples. Error bars represent SD.






Supplementary Table 1: Printing Parameters

	
	Speed (mm/s)
	Layer height (mm)
	Lag on time (ms)
	Lag off time (ms)
	Pressure
(kPa)

	Agarose 2%
	300
	0.08
	300
	100
	120

	Alginate/Agarose 2%
	480
	0.01
	240
	0
	80

	Fmoc-FRGDF 5mg/mL
	N/A
	N/A
	0
	0
	8

	Fmoc-FRGDF 5mg/mL Agarose 2%
	600
	0.2
	160
	0
	54

	Fmoc-FRGDF 5mg/mL Alginate/Agarose 2%
	400
	0.3
	250
	0
	117
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