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Abstract 1 

The native extracellular matrix (ECM) is a complex gel-like system with a broad range of 2 
structural features and biomolecular signals. Hydrogel platforms that can recapitulate the 3 
complexity and signaling properties of this ECM would have enormous impact in fields ranging 4 
from tissue engineering to drug discovery. Here, we report on the design, synthesis, and proof-5 
of-concept validation of a microporous and nanofibrous hydrogel exhibiting multiple bioactive 6 
epitopes designed to recreate key features of the bone ECM. The material platform integrates 7 
self-assembly with orthogonal enzymatic cross-linking to create a supramolecular environment 8 
comprising hyaluronic acid modified with tyramine (HA-Tyr) and peptides amphiphiles (PAs) 9 
designed to promote cell adhesion (RGDS-PA), osteogenesis (Osteo-PA), and angiogenesis 10 
(Angio-PA). Through individual and co-cultures of human adipose derived mesenchymal stem 11 
cells (hAMSCs) and human umbilical vascular endothelial cells (HUVECs), we confirmed the 12 
capacity of the HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA hydrogel to promote cell adhesion as 13 
well as osteogenic and angiogenic differentiation in both 2D and 3D setups. Furthermore, using 14 
immunofluorescent staining and reverse transcription-quantitative polymerase chain reaction 15 
(RT-qPCR), we demonstrated co-differentiation and organization of hAMSCs and HUVECs 16 
into 3D aggregates resembling vascularized bone-like constructs.  17 

Keywords: Self-assembly, peptide nanofiber, 3D cell culture, angiogenesis, bone tissue 18 
engineering 19 
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1. Introduction 1 
 2 
Bone is a complex tissue comprising hierarchically organized and mineralized collagen fibers, 3 
vasculature, and numerous specialized cells. Its architecture consists of a range of fibrous and 4 
porous structures with varying degrees of density, stiffness, and organization expanding the 5 
nano- (e.g. mineralized fibers), sub-micro- (e.g. lamella), and micro- (e.g. osteons) scales. This 6 
structure, and consequently its resulting properties, emerge from a rich organic matrix including 7 
primarily collagens, bone sialoproteins, osteocalcin, and proteoglycans, which additionally 8 
regulate cell metabolism and direct cell behaviors. Given the functionality of this matrix, there 9 
is increasing interest to recreate it in order to engineer bio-inspired 3D materials with precise 10 
biomolecular, chemical, and mechanical properties. 11 
 12 
A plethora of bone biomaterial approaches are being explored that expand from reversible [1] 13 
and supramolecular chemistry [2] to decellularized tissues [3] and biofabrication [4]. Examples 14 
include hyper-elastic calcium phosphates [4], bioactive [5], and self-healing [6] gels and 15 
membranes [7,8], injectable nanogels [9], and growth factor releasing gels [10]. Self-16 
assembling peptides offer an attractive avenue to recreate molecular and physical features of 17 
the native extracellular matrix (ECM) [11]. Peptide amphiphiles (PAs) have emerged as a 18 
leading self-assembling platform to engineer matrices by design and with molecular precision 19 
[12]. PAs consist of a hydrophobic tail that drives self-assembly, a β-sheet forming amino acid 20 
sequence that stabilizes the assembled nanofibres, and a charged functional head group that 21 
facilitates solubility in aqueous environments. These molecules can present bioactive epitopes 22 
to stimulate cell behaviors such as adhesion [13], migration [14], and differentiation [15] as 23 
well as biological processes such as mineralization [5]. However, recreation of the complexity, 24 
diversity, and dynamic nature of the ECM remains an unmet challenge. 25 
 26 
New approaches are being explored to enhance the functionality of PAs such as enabling 27 
responsive behaviors [16] or guiding interactions with other functional biomolecules [17]. 28 
Multicomponent self-assembly offers an opportunity to not only exploit the inherent benefits 29 
of different individual building-blocks but also synergistic effects as a result of their interaction 30 
[18,19]. Through this strategy, PAs have been co-assembled with drugs to enhance tumor-31 
targeting [20], polysaccharides to grow hierarchical membranes and capsules [21], proteins to 32 
engineer complex hierarchical scaffolds [22], or DNA to generate peptide-DNA superstructures 33 
[23] or nanowires [24]. These approaches are enabling the capacity to build more complex 34 
systems that can more accurately recreate specific biological scenarios. 35 
 36 
An ideal matrix designed to recreate bone tissue must primarily promote the growth of bone-37 
forming cells such as osteoblasts and endothelial cells. Towards this goal, bioactive epitopes 38 
have been incorporated into self-assembling materials. For example, the commercially 39 
available RADA-I peptide was used to induce mesenchymal stem cells (MSCs) towards an 40 
osteogenic lineage [25] while PA molecules bearing the Collagen-I mimetic peptide DGEA 41 
were shown to promote adhesion and osteogenic differentiation of MSCs [26]. Moreover, the 42 
combination of DGEA and the cell adhesion ligand RGDS has been reported to promote 43 
osteogenic differentiation [27]. On the other hand, peptides mimicking segments of vascular 44 
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endothelial growth factor (VEGF) such as QK [28], KLTWQELYQLKYKGI [29], and 1 
K2(SL)6K2 [30] or the osteopontin-derived peptide SVVYGLR have been shown to have 2 
angio-inductive properties both in vitro [31] and in vivo [32]. Taking advantage of the versatility 3 
of PAs and multicomponent self-assembly, it may be possible to design more complex 4 
multifunctional ECM-like matrices that present a number of bioactive epitopes as well as key 5 
ECM macromolecules. 6 
 7 
In this study, we report a multicomponent self-assembling 3D hydrogel designed to recreate 8 
key molecular and macromolecular features of the native bone ECM and promote both 9 
osteogenesis and angiogenesis. The material is formed by co-assembling HA with PAs bearing 10 
different bioactive epitopes and taking advantage of both covalent and non-covalent 11 
interactions. We used HA to provide a biocompatible and pro-angiogenic ECM macromolecule 12 
[33], which was functionalized with Tyr (HA-Tyr) to control stiffness and stability through 13 
enzyme-mediated oxidative coupling as described by Eglin and co-workers [34]. The PAs were 14 
designed to promote cell adhesion (RGDS-PA: C16-V3A3E3E3RGDS), endothelial vascular 15 
organization (Angio-PA: C16-V3A3K3SVVYGLR), and osteoblastic differentiation (Osteo-16 
PA: C16-V3E3DGEA) (Figure 1a). Previous studies have reported on the interfacial formation 17 
of co-assembling membranes between a solution of HA and a solution of oppositely charged 18 
self-assembling peptides [21]. Here, to enable the formation of 2D/3D environments, HA-Tyr 19 
was first mixed with the negatively charged Osteo-PA and RGDS-PA and then mixed with the 20 
positively charged Angio-PA to trigger co-assembly and gel formation (Figure 1b). The system 21 
opens opportunities for the development of more complex and biologically relevant in vitro 22 
models of bone tissue as well as materials for bone regeneration.  23 
 24 
 25 
2. Materials and Methods 26 

 27 
2.1. Synthesis and purification of b-sheet forming PAs 28 
 29 
PAs at 1 mmol scale were synthesized using a solid-phase peptide synthesis technique based 30 
on the 9-fluorenylmethoxycarbonyl (Fmoc) protection chemistry on an automated peptide 31 
synthesizer (Liberty Blue, CEM, USA). Additional notes on this method can be found in 32 
Supplementary Information (SI). The synthesized PAs were purified via Reverse Phase-High 33 
Performance Liquid Chromatography/Mass Spectroscopy (RP-HPLC/MS) and characterized 34 
with Electrospray Ionization-Mass Spectroscopy (ESI-MS) to confirm the molecular weight 35 
(the spectra have been presented in SI). 36 
 37 
2.2. Characterization of PAs with Zeta Sizer, Circular Dichroism (CD), and Transmission  38 

Electron Microscopy (TEM) 39 
 40 
Zeta potentials (ζ) were measured to determine the overall charges of Angio-PA, RGDS-PA, 41 
and Osteo-PA molecules under specific pH at 25 °C on a Zetasizer (MPT-2 Instrument, 42 
Malvern Panalytical, UK). PAs were individually dissolved (0.1%) in HEPES(4-(2-43 
hydroxyethyl)-1-piperazineethanesulfonic acid) buffer with sodium chloride (NaCl, 0.9%), pH 44 
was adjusted to 7.4 with ammonium hydroxide (NH4OH, 0.1 M), and the solutions were 45 
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transferred into cuvettes equipped with electrodes for zeta potential measurement. Each 1 
measurement was repeated three times. 2 
 3 
For the conformational identification of the designed PAs, CD spectra were obtained for PAs 4 
at pH 7.4 and 25 °C. Aqueous solutions of PA molecules (0.1 wt.) were loaded into quartz 5 
cuvettes with 1cm path length and spectra were acquired on CD spectrometer (Applied 6 
Photophysics Limited, UK). Measurements were performed within the range of 180-260 nm. 7 
The spectra were obtained for an average of five accumulations acquired with a scan rate of 8 
100 nm/min. The morphology of the PAs was investigated using TEM. Notes for sample 9 
preparation procedures can be found in SI. 10 
 11 
2.3. Constructing the ECM-like multicomponent 2D and 3D hydrogels 12 
 13 
All PAs were dissolved with PBS, and the pH was adjusted to 7.4 with 0.1% NH4OH or HCl 14 
(hydrogen chloride). To improve PA solubility, ultrasonic treatment was applied at 37 oC. To 15 
prepare the co-assembled peptide gels for the observation of cell adhesion, 40 µL of Osteo-PA 16 
and RGDS-PA/Osteo-PA (2%) was separately placed in 96-wells, then calcium chloride 17 
(CaCl2) (100 mM, 2.5 µL) was added to trigger the hydrogelation. The resulting hydrogels were 18 
then washed with PBS for several times to remove excess calcium ions after 2h incubation. 19 
 20 
HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA multicomponent structures were prepared as follow: 21 
40 µL HA-Tyr –previously synthesized and fully characterized [35]- (including 3U/mL HRP 22 
enzyme) placed in 96-wells. Osteo-PA and RGDS-PA (2%), which had negative electrical 23 
charge like HA-Tyr, were injected into HA-Tyr at 5 µL each, and followed by Angio-PA 24 
addition (1%, 5 µL) which had positive charge. Note the Angio-PA molecules due to their large 25 
molecular weight and excessive hydrophobic amino acid residues cannot easily be dissolved 26 
when their concentration is higher than 1%, therefore higher concentrations were not used. 27 
Addition of positively charged PA commenced the co-assembly reaction both with RGDS-PA, 28 
Osteo-PA and HA-Tyr. Lastly, a mixture of CaCl2 (100 mM, 2.5 µL) and hydrogen peroxide 29 
(H2O2) (1 mM, 5 µL) was added that triggered an instant gelation via oxidation reaction where 30 
H2O2 and horseradish peroxidase (HRP) enzyme took place, in addition to the self-assembly 31 
mechanism. The obtained gels were 6.6 mm in diameter and 2 mm in height, resulting in a 32 
volume of approximately 68 mm3 (macro images can be seen in Figure S3). This system with 33 
gelling time of less than 1 min is thought to be suitable for 3D cell culture applications owing 34 
to its fast gelation property. The hydrogels were then washed with PBS for several times to 35 
remove excess CaCl2 and H2O2. HA-Tyr/RGDS-PA/Osteo-PA and HA-Tyr/RGDS-36 
PA/Angio-PA were prepared following the same way with excluding the PA not to be tested. 37 
 38 
For 3D culture, same procedure with a slight change was applied.  The cells (in 5 µL medium) 39 
in this case were mixed with HA-Tyr in wells before PA additions, instead of seeding on top 40 
after gelation, to ensure a good homogeneity. PAs were injected in the aforementioned order, 41 
and the cross-linking reaction was set by adding CaCl2 and H2O2 subsequently. Since HA-Tyr 42 
works through a very fast gelation mechanism varying between 10 s and 1 min depending on 43 
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the concentration, that is one of the great advantages of use of HA-Tyr for 3D culture, the gels 1 
could be washed immediately after cross-linking that prevented cell damage.  2 
 3 
2.4. Characterization of ECM-like multicomponent hydrogels with Scanning Electron 4 

Microscope (SEM), rheometer, swelling and degradation tests 5 
 6 
Hydrogel microstructures with and without cells were characterized using SEM. Procedures for 7 
sample processing are provided in the SI. 8 
 9 
The mechanical properties of HA-Tyr hydrogels were examined with oscillatory rheology 10 
instrument (Rheo DHR3, TA Instruments, USA). 1, 3, and 6% HA-Tyr hydrogels were 11 
prepared, aged for 2 h, and frequency sweep spectra were obtained. The stiffnesses of the gels 12 
were calculated using the mean G’ value of the spectra. 13 
 14 
For swelling potential of the hydrogels, three replicas of each dried hydrogel were swollen in 15 
PBS at room temperature for 24 h to achieve equilibrium swelling. After 24 h, the hydrogels 16 
were removed from the solution and weighed after excessive solution on the surface was 17 
absorbed. The degree of swelling of hydrogels was measured with calculating the mass 18 
alteration using the following formula:  19 
 20 
Degree of swelling (Qm) = [(Mwet – Mdry) / Mdry] × 100 21 
 22 
For the determination of degradation ability of the hydrogels, that is an important parameter for 23 
in vivo applicability of biomaterials for regenerative medicine purpose, the hydrogels (n=3) 24 
incubated in PBS at 37 oC overnight were weighed. Thereafter, hyaluronidase enzyme (200 U 25 
mL-1) was added in each well where the gels situated. After 12 h incubation in an incubator, the 26 
gels were weighed and mass losses (degradation) were calculated using the following formula:  27 
 28 
Degradation % = [(Minitial – Mfinal) / Minitial] × 100 29 
 30 
2.5. Cell culture study 31 
 32 
The multicomponent hydrogels were treated with UV light in biosafety hood for 30 min for the 33 
sterilization before cell seeding. Human Adipose-Derived Mesenchymal Stem Cells (hAMSCs) 34 
purchased from Thermo Fisher (UK) were cultured in MesenPro medium (Thermo Fisher, UK) 35 
supplemented with antibiotic–antimycotic (1%) and L-glutamine (200 mM, 1%) under standard 36 
conditions (5% CO2, 95% humidity, and 37 oC), while Human Umbilical Vein Endothelial Cells 37 
(HUVECs, C-12203 Promocell, Germany) were cultured in M200 endothelial growth medium 38 
(Thermo Fisher, UK). Passages 3-6 were used for all the experiments. When the cells reached 39 
to 85–90% confluences, they were sub-cultured using trypsin–EDTA (0.25%) and resuspended 40 
in culture medium. Depending on the application, varying cell densities were used including 41 
5K hAMSCs/gel in cell proliferation; 10K hAMSCs/gel in osteogenic differentiation; and 5K, 42 
10K, and 20K hAMSCs/gel in the co-culture study. Also, 40K HUVECs/gel in the 2D/3D 43 
angiogenesis and 10K, 20K, and 40K HUVECs/gel in the co-culture study. The cells were 44 
gently seeded in growth media (GM) consisting of Dulbecco’s Modified Eagle’s Medium 45 
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(DMEM), with Fetal Bovin Serum (FBS, 10%), L-glutamine (1%), and antibiotic–antimycotic 1 
solution (1%) for hAMSCs and in M200 for HUVECs onto UV sterilized gels, and were 2 
incubated for 30 min at 37 oC to allow the cells to settle onto the surface of the materials. Osteo-3 
inductive medium (OIM) consisting of dexamethasone (0.1 µM), sodium β-glycerophosphate 4 
(10 mM), and ascorbic acid-2-phosphate (0.05 mM) in basal medium (Lonza, Switzerland) was 5 
used for positive control experiments in osteogenic differentiation study.  6 
 7 
2.6. Calcein staining and cell proliferation study 8 
 9 
The suitability of HA-Tyr and HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA co-assembled 10 
multicomponent hydrogel for cell culture applications and the effects of some parameters such 11 
as stiffness and PA concentrations on cell viability, adhesion, spreading, and qualitative cell 12 
proliferation were examined with calcein staining. After certain time points, media were 13 
removed from each 96-well, the hydrogels were washed with PBS, and calcein (stains live cells 14 
green) (Molecular Probes, Thermo Fisher, UK) solution (4 µM) was added in each well. After 15 
10 min incubation in the dark at 37°C and 5% CO2, the cells were observed under SP2 Laser 16 
Scanning Confocal Microscope (LSCM) (Leica, Germany) using a 488 nm excitation 17 
wavelength. Three replicates of each gel were studied. 18 
 19 
Proliferation of cells was measured with adenosine triphosphate (ATP) quantification by using 20 
Cell Titer-Glo (Promega, USA), which is a luminescent-based proliferation assay and is 21 
particularly suitable for 3D culture. After definite time points, the media were discarded and 22 
100 µL of reagent was added in each well. After 30 min incubation at room temperature, the 23 
luminescent signals were measured (485 nm excitation/520nm emission) with a 24 
FLUOstarOtpima FL luminescence microplate reader (BMG Labtech, Germany). 25 
Measurements for all types of gels namely HA-Tyr (2D and 3D), HA-Tyr with low PA 26 
concentrations (HA-Tyr/RGDS-PA(0.2%)/Osteo-PA(0.2%)/Angio-PA(0.1%)) (2D) and 27 
high PA concentrations (HA-Tyr/RGDS-PA(2%)/Osteo-PA(2%)/Angio-PA(1%)) (2D and 28 
3D) were repeated three times. 29 
 30 
2.7. Angiogenesis assay 31 
 32 
In vitro angiogenic potential of 2D and 3D HA-Tyr/RGDS-PA/Angio-PA hydrogels were 33 
investigated by observing the branching and vascular tubule formation capability of cells. The 34 
prepared 2D hydrogels were UV-sterilized, and HUVECs were seeded in 40K cells/gel density 35 
on these gels as well as on Matrigel, which was studied as positive control. The aforementioned 36 
3D gel preparation protocol was precisely applied for 3D angiogenesis assay. The cells in 37 
experimental groups were cultured in M200 endothelial cell growth medium, while VEGF (50 38 
ng mL-1) was included to the medium for positive control experiments. The cells were stained 39 
with calcein after 3-days incubation for 2D and after 5-days incubation for 3D gels, and 40 
observed under SP2 LSCM (Leica, Germany). Confocal imaging for in vitro angiogenesis was 41 
studied with three replicates of gels. 42 
 43 
2.8. Pre-stained co-culture study 44 
 45 
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For co-culture study, hAMSCs and HUVECs were pre-stained before seeding by incubating the 1 
cells with Dil or Dio (5 µL in 1 mL cell suspension without FBS) for 10 min. The excess dye 2 
was removed with centrifugation, and the cells were washed with resuspension/centrifugation 3 
for additional 2 times. Finally, the cells were seeded on (2D) or encapsulated in (3D) the gels 4 
(n=3) in desired cell density. 5 
 6 
2.9. Immunofluorescence microscopy for osteogenic and angiogenic differentiation 7 
 8 
Immunofluorescence staining for osteopontin (Osn), alkaline phosphatase (ALP), and runt-9 
related transcription factor 2 (Runx2) antibodies for osteogenic differentiation in addition to 10 
CD31 and a-smooth muscle actin (aSMA) for angiogenic differentiation was carried out as 11 
described in SI. 12 
 13 
2.10. Gene expression study for angiogenic, osteogenic, and co-culture differentiation 14 
 15 
Osteogenic differentiation and angiogenesis were further investigated at the molecular level. 16 
Osteogenic and angiogenic gene expressions for Runx2 (osteogenic), CD31 and VEGF 17 
(angiogenesis) were examined after 14 days of culture for osteogenesis and 5 days of culture 18 
for angiogenesis. For co-culture differentiation, alteration in gene expression was investigated 19 
after a 14 days of co-culture. RNA isolation, cDNA synthesis, and reverse transcription-20 
quantitative polymerase chain reaction (RT-qPCR) protocols were provided in SI. 21 
Quantification of gene expressions of Runx2 (for ostegenic differentiation and co-culture study) 22 
as well as CD31 and VEGF (for angiogenesis and co-culture study) in 2D and 3D conditions 23 
were repeated three times. 24 
 25 
2.11. Statistical analysis 26 
 27 
All Live/Dead assays and proliferation tests were conducted three times. Statistical analysis 28 
was performed using Origin Pro 8. Statistical differences in gene expression results were 29 
determined using a two-way analysis of variance (ANOVA). 30 
 31 
 32 
3. Results  33 
 34 
3.1. Synthesis and characterization of PAs and self-assembly 35 
Angio-PA, RGDS-PA, and Osteo-PA were synthesized by solid-phase peptide synthesis and 36 
purified by HPLC-MS as previously reported [36] and described in the SI. Zeta potentials of 37 
the synthesized PAs were measured to be Osteo-PA (ζ = -17.1 mV), RGDS-PA (ζ = -56.0 mV), 38 
and Angio-PA (ζ = +24.0 mV) (Table S1). PA (0.1% wt.) self-assembly was characterized by 39 
CD spectroscopy. The CD spectra of Angio-PA, RGDS-PA, and Osteo-PA exhibited Compton 40 
effects with negative and positive bands at 205 and 220 nm, respectively. These bands 41 
correspond to a b-sheet secondary structure (Figure 1c) [37]. TEM additionally was used to 42 
confirm the capacity of the individual PAs and their combinations to self-assemble into the 43 
classical high-aspect-ratio PA nanofibrous structure [12, 38] (Figure 1d). 44 
 45 
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3.2. Multicomponent hydrogel formation and characterization 1 
Stable hydrogels comprising all four HA-Tyr, Angio-PA, RGDS-PA, and Osteo-PA 2 
components were formed by means of an oxidation reaction via interaction between H2O2 and 3 
HRP enzyme in addition to the self-assembling mechanism (Figure S3). There was no 4 
significant difference in cell proliferation when H2O2 concentration was kept between 0.68-5 
1.10 mM [39]. Therefore, we used a fixed concentration of H2O2 (1 mM) and changed the 6 
concentrations of other components namely HA-Tyr and PAs in order to investigate cell 7 
behaviour. The hydrogels of HA-Tyr alone were optically transparent while those made from 8 
the individual PAs were translucent (Figure S3). Upon closer inspection via SEM, it was 9 
observed that HA-Tyr displayed a structure with a high density of micropores (Figure 1e,i) 10 
while the pure PA-based RGDS-PA/Osteo-PA/Angio-PA hydrogels exhibited the classical 11 
nanofibrous architecture of PA materials [12] (Figure 1e,iv). In contrast, the HA-Tyr/RGDS-12 
PA/Osteo-PA/Angio-PA hydrogel exhibited a combined microporous (Figure 1e,ii) and 13 
nanoporous (Figure 1e,iii) architecture. 14 

 15 
Given the possibility to tune the hydrogels by modifying the amount of HA-Tyr used, we first 16 
conducted rheological measurements on HA-Tyr using concentrations of 1, 3, or 6%. It should 17 
be noted that we could not test upper concentrations of HA-Tyr as it was not possible to 18 
pipette/transfer due to high viscosity. The viscosity of HA-Tyr (3.5% w/v) was measured to be 19 
3.6 kPa.s in a previous report [40]. As expected, upon cross-linking with 1 mM H2O2, 1, 3, and 20 
6% hydrogels reached a G’ of 0.65, 1.8, and 3.2 kPa, respectively (Figure S4). These values 21 
were then exploited for the calculation of elastic modulus, E, as described in the literature [41], 22 
which were found to be 1.95, 5.40, and 9.60 kPa for 1, 3, and 6% HA-Tyr, respectively. 23 
Thereafter, using the 6% HA-Tyr and 2% PA concentration, swelling and degradability tests 24 
were conducted on the multicomponent HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA hydrogels 25 
by calculating changes in mass after either swelling the gels in PBS for 24 h or treating the gels 26 
with hyaluronidase enzyme for 12 h. The results demonstrate that the multicomponent HA-27 
Tyr/RGDS-PA/Osteo-PA/Angio-PA hydrogels were less prone to swelling and enzymatic 28 
degradation compared to HA-Tyr (Figure S5 and 6). Swelling capacity decreased from 24.7% 29 
to 17.3% and degradation decreased from 20.4% to 2.5% on the multicomponent HA-30 
Tyr/RGDS-PA/Osteo-PA/Angio-PA compared to HA-Tyr.  31 
 32 
3.3. Cell adhesion and proliferation depend on hydrogel stiffness and composition 33 
To assess the potential applicability of the material as a cell culture scaffold, we conducted 34 
calcein staining in order to examine the cell viability, adhesion, and spreading by growing cells 35 
on (2D) and within (3D) the hydrogels. In addition, a luminescent-based proliferation assay 36 
(Cell Titer-Glo, Promega, USA) based on the quantification of adenosine triphosphate (ATP) 37 
was conducted to investigate cell proliferation. These experiments were conducted using 38 
different concentrations of PAs and HA-Tyr within the multicomponent hydrogels.  39 

 40 
Although HA is a component of the ECM, it is well known that its distinctive hydrophilicity 41 
prevents cell adhesion (Figure S7) and consequently requires modification to support cell 42 
growth. To test the capacity of our hydrogels to enable cell growth, MSCs were cultured on 43 
preformed hydrogels for 7 days and stained with calcein to qualitatively assess viability as well 44 
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as to observe cell adhesion and spreading under confocal microscope [42,43]. Based on the 1 
physical properties experiments, the concentration of the components was kept at 6% HA-Tyr 2 
and 2% RGDS-PA, 2% Osteo-PA, and 1% Angio-PA. As expected, MSCs growing on HA-3 
Tyr exhibited a spherical (non-spread) morphology and tended to aggregate (Figure S8), as has 4 
been previously reported [44]. In contrast, HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA 5 
hydrogels presented many more cells, which exhibited spread morphology, likely due to the 6 
presence of RGDS-PA (Figure 2a,i). This hypothesis was confirmed by repeating the 7 
experiment on Osteo-PA and RGDS-PA/Osteo-PA, which also resulted in many more spread 8 
cells present on RGDS-PA/Osteo-PA (Figure 2a,ii). In order to reveal the effect of PA 9 
concentration on cell adhesion and spreading, the experiments were repeated using PA 10 
concentrations of 1:2 (1% RGDS-PA, 1% Osteo-PA, and 0.5% Angio-PA) and 1:10 (0.2% 11 
RGDS-PA, 0.2% Osteo-PA, and 0.1% Angio-PA). The results demonstrate that cell adhesion 12 
and spreading increased with ascending PA concentration (Figure 2a,iii). SEM observations 13 
further verified the better cell adhesion and spreading on the multicomponent HA-Tyr/RGDS-14 
PA/Osteo-PA/Angio-PA compared to HA-Tyr (Figure S9).  15 

 16 
To further assess the potential of the gels to serve as 2D cell culture substrates, we tested the 17 
proliferation of MSCs growing on gels comprising 6% HA-Tyr and varying PA concentrations. 18 
Cell number increased from day 1 to 7 on the multicomponent HA-Tyr/RGDS-PA/Osteo-19 
PA/Angio-PA hydrogels (Figure 2b). Interestingly, while HA-Tyr exhibited less number of 20 
cells at day 7, cells on these hydrogels exhibited similar levels of cell proliferation (Figure 2b) 21 
to those of cells growing on HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA. Similar to the cell 22 
adhesion results, cell proliferation also decreased with decreasing PA concentration (Figure 23 
2b), thus 2% PA concentration was used in 3D cell culture experiments. 24 

 25 
Based on the 2D experiments, hydrogels were formed using 2% PA concentration and varying 26 
concentrations of HA-Tyr (1, 3, or 6%) in order to assess the effect of hydrogel stiffness, a key 27 
parameter in 3D cell culture [45]. Hydrogels were self-assembled in the presence of cells so as 28 
to embed the cells at the start of the culture. Confocal imaging revealed that cells were present 29 
and viable in both HA-Tyr and HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA with higher number 30 
of cells on the multicomponent hydrogel (Figure 3a). However, in contrast to cells growing 31 
within HA-Tyr, cells within HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA after 7 days of culture 32 
were spread, likely as a result of the presence of RGDS-PA. While cell spreading within 3D 33 
gels is not common, previous studies have reported MSC spreading within a variety of 34 
hydrogels [46-49]. Interestingly, both cell number and cell spreading in 3D were higher in 35 
multicomponent hydrogels exhibiting higher concentration of HA-Tyr (Figure S10). These 36 
observations were supported by the cell proliferation assay as it revealed both higher 37 
proliferation rates within HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA compared to HA-Tyr 38 
(Figure 3b) as well as higher proliferation rates in multicomponent hydrogels comprising higher 39 
HA-Tyr concentrations (Figure S11). Unless otherwise specified, 6% HA-Tyr and 2% PA 40 
concentrations were used in downstream experiments. 41 
 42 
3.4. Gel stimulates vascular tubule formation in vitro in 2D and 3D 43 
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To test the angiogenic potential of the hydrogels, HUVECs were seeded on the hydrogels, 1 
cultured for 3 days in endothelial cell culture medium, and assessed for tubule formation. In 2 
this case, we tested the multicomponent hydrogels HA-Tyr/RGDS-PA/Angio-PA (using 6% 3 
HA-Tyr, 2% RGDS-PA, and 0.5% Angio-PA considering the highest solubility (1%) of Angio-4 
PA) in order to better assess the specific angio-inductive stimuli, without the presence of the 5 
osteogenic one. First, as expected, no angiogenesis or branching was observed on HA-Tyr 6 
(Figure 4a.i). However, upon incorporation of RGDS-PA in the system (HA-Tyr/RGDS-PA) 7 
(negative control), cells adhered and spread (Figure 4a.ii) and on further incorporation of 8 
Angio-PA (HA-Tyr/RGDS-PA/Angio-PA), cells not only adhered and spread but also 9 
exhibited clear branching (Figure 4a.iii), suggesting a strong effect from the Angio-PA. To 10 
confirm this hypothesis, we repeated the experiments doubling the concentration of the PAs 11 
(1%) and indeed cells were able to form large vascular lumens (Figure 4a.iv). Remarkably, this 12 
level of angiogenesis was similar to that of cells cultured on the positive control Matrigel in the 13 
presence of VEGF (50 ng mL-1) (Figure 4a.v). In contrast, cells growing on tissue culture plastic 14 
(TCP, negative control) exhibited a solely adhered monolayer without any signs of angiogenesis 15 
(Figure 4a.vi). 16 
 17 
To further assess the angiogenic potential of HA-Tyr/RGDS-PA/Angio-PA, phenotypic 18 
characterization of angiogenic organization and tubule formation were investigated on 19 
HUVECs cultured for 5 days. Immunofluorescence staining of the two angiogenic markers 20 
CD31 and aSMA was performed on cells growing on HA-Tyr/RGDS-PA/Angio-PA and TCP 21 
(negative control). Here, 6% HA-Tyr and 2% PAs were used as they were previously identified 22 
as the optimal concentrations for cell adhesion and proliferation in 2D and 3D. The results 23 
indicate that cells on HA-Tyr/RGDS-PA/Angio-PA co-expressed CD31 and aSMA, but with 24 
weaker aSMA compared to CD31, which indicates cells organizing and forming functional, 25 
yet not fully matured, tubules (Figure 4b). In contrast, cells on TCP retained their monolayer 26 
property and did not express aSMA, indicating a non-induced phase. In addition, tubule 27 
formation was also assessed on cells growing on HA-Tyr/RGDS-PA/Angio-PA and HA-28 
Tyr/RGDS-PA (negative control) by quantifying the gene expression of CD31 and VEGF. The 29 
results revealed an increase in these markers for cells growing on HA-Tyr/RGDS-PA/Angio-30 
PA compared to cells on HA-Tyr/RGDS-PA (Figure 4c), which supports the 31 
immunofluorescence results (Figure 4b) and confirms the bioactivity of the developed 32 
SVVYGLR epitope presenting nanofibres. 33 
 34 
In order to examine the angio-inductive properties of HA-Tyr/RGDS-PA/Angio-PA (6% HA-35 
Tyr, 2% RGDS-PA, and 1% PAs) in 3D, HUVECs were encapsulated in the hydrogels, cultured 36 
for 5 days in endothelial cell culture medium, and stained with calcein to assess cell 37 
morphology. Confocal imaging revealed that cells encapsulated in HA-Tyr/RGDS-PA/Angio-38 
PA formed branched 3D structures (Figure 4d). On the contrary, cells growing within HA-Tyr 39 
(negative control) remained viable but formed aggregates instead of branching (Figure 4d, S2D 40 
image).  41 
 42 
3.5. Gel induces hAMSCs towards an osteogenic lineage  43 
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Another goal of this work was to design a hydrogel that, in addition to promote angiogenesis, 1 
is able to direct cells towards an osteoblastic lineage. To this end, phenotypic changes of MSCs 2 
growing on the hydrogels in growth medium (GM) were investigated with immunofluorescence 3 
microscopy for the osteogenic markers Osn, ALP, and Runx2. In this case, we tested HA-4 
Tyr/RGDS-PA/Osteo-PA (using 6% HA-Tyr and 2% PAs) in order to better assess the specific 5 
osteo-inductive stimuli. We observed that cells cultured on HA-Tyr/RGDS-PA/Osteo-PA 6 
hydrogels began to express osteogenic markers after day 14 of culture (Figure 5a,i-iii). The 7 
expression of these markers appeared to be higher than that of cells growing on HA-8 
Tyr/RGDS-PA (negative control) (Figure 5a,iv-vi) in GM but lower than cells on the positive 9 
control Matrigel in OIM (Figure 5a,vii).  10 
 11 
To corroborate the level of osteogenic differentiation observed on and within our hydrogels, 12 
RT-qPCR was used to study the early osteogenic marker Runx2 gene, which was highly 13 
expressed in the immunofluorescence study. The experiments were conducted on the same 14 
groups as detailed above and both in 2D and 3D. The results in 2D demonstrate that cells 15 
growing on HA-Tyr/RGDS-PA/Osteo-PA (in GM) exhibited a seven-fold increase in Runx2 16 
expression compared to HA-Tyr/RGDS-PA (in GM) (negative control) (Figure 5b). However, 17 
the level of osteogenic differentiation was lower than cells growing on the same HA-18 
Tyr/RGDS-PA/Osteo-PA hydrogels as well as in Matrigel but in OIM (Figure 5b). In 2D, 19 
Runx2 expression of cells on HA-Tyr/RGDS-PA/Osteo-PA (in OIM) was lower than that 20 
those on Matrigel in OIM. However, in 3D, Runx2 expression of cells growing within HA-21 
Tyr/RGDS-PA/Osteo-PA (in OIM) was higher than cells growing in Matrigel (in OIM) 22 
(Figure 5c).  23 
 24 
3.6. Gel as a bone-vascular cell co-culture environment in 2D and 3D  25 
The potential of the hydrogels to enable hybrid bone-vascular cell co-cultures was investigated 26 
by co-culturing pre-stained HUVECs (red) and hAMSCs (green). Here, we harnessed the 27 
simplicity of multicomponent self-assembly to fabricate angio-inductive and osteo-inductive 28 
hydrogels. Cells were cultured at a ratio of 10K:10K (hAMSCs:HUVECs) on the surface of 29 
(2D) and within (3D) HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA.  30 
 31 
In 2D, at day 5, cells formed random cell aggregates on the HA-Tyr (Figure 6a.i). In contrast, 32 
cells growing on the HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA were homogenously 33 
distributed and exhibited a more adhered and spread morphology (Figure 6a.ii). However, no 34 
HUVEC sprouting nor branching were observed (Figure 6a.ii). When the cells were co-cultured 35 
at a ratio of 5K:20K, enhanced angiogenesis was observed evidenced by emergence of HUVEC 36 
sprouting (arrow), branching (arrowhead), and lumen formation (star), while a small number of 37 
hAMSCs adhered (Figure 6a.iii). However, when doubling the cell number (10K:40K), large 38 
vascular lumens were observed (in red) encircling a much larger number of differentiating 39 
hAMSCs (in green) (Figure 6a.iv). This result further demonstrates that HA-Tyr/RGDS-40 
PA/Osteo-PA/Angio-PA is able to promote a vascularized bone-like organization. 41 
Interestingly, this phenomenon was also observed when cells were co-cultured at a 10K:40K 42 
ratio in 3D (Figure 6b). In this case, HUVECs and hAMSCs were encapsulated in the HA-43 
Tyr/RGDS-PA/Osteo-PA/Angio-PA. After 3 days of co-culture, cells growing within HA-44 
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Tyr/RGDS-PA/Osteo-PA/Angio-PA were well-connected (arrow), formed fused cell clumps 1 
(arrowhead), and constructed tubule-like extensions (star).  2 
 3 
To further examine the potential of the multicomponent system to induce the desired bone-like 4 
construct from differentiating hAMSCs/HUVECs, gene expression analyses of Runx2, CD31, 5 
and VEGF were performed at day 14. These osteogenic (Runx2) and angiogenic (CD31 and 6 
VEGF) markers were investigated after hAMSCs and HUVECs (10K:40K) were co-cultured 7 
either on (2D) or within (3D) the different materials, as well as in different conditions including 8 
GM+M200 (experimental group) and OIM+M200 (positive control for osteoinduction). The 9 
cells that were seeded on or within HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA and cultured in 10 
GM+M200 expressed all markers (Figure 6c-h). Compared to TCP (negative control), HA-11 
Tyr/RGDS-PA/Osteo-PA/Angio-PA in 2D showed higher Runx2 expression in co-culture 12 
growth medium (GM+M200) (Figure 6c). However, this expression was lower than that on the 13 
same material (HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA) but in co-culture differentiation 14 
medium (OIM+M200) (Figure 6c). Furthermore, expression of Runx2 was found to be highest 15 
in cells growing on and within Matrigel (Figure 6c,f). On the other hand, higher expression of 16 
angiogenic markers was observed in cells growing on (Figure 6d,e) or within (Figure 6g,h) HA-17 
Tyr/RGDS-PA/Osteo-PA/Angio-PA compared to Matrigel (in OIM+M200) and HA-18 
Tyr/RGDS-PA (in GM+M200) (negative control) (Figure 6d,e).  19 
 20 
In 3D, we compared the HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA (in GM+M200) with HA-21 
Tyr (negative control) (in GM+M200) and Matrigel (OIM+M200). In this case, higher levels 22 
of angiogenic markers were observed in HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA compared 23 
to HA-Tyr and Matrigel (Figure 6g,h).  24 
 25 
 26 
4. Discussion 27 

In this study, we designed different types of self-assembling multicomponent hydrogels to 28 
support cell proliferation, adhesion, osteogenic differentiation, vascular organization, and 29 
hybrid bone-vascular co-culture formation. These multifunctional gels not only offer an 30 
opportunity to recreate some of the molecular complexity found in the native ECM but also the 31 
potential to enhance vascularization in tissue engineering and regenerative medicine 32 
applications. We hypothesized that co-assembly between the different PAs would be primarily 33 
driven by electrostatic interactions between the oppositely charged Osteo-PA (ζ = -17.1 mV), 34 
RGDS-PA (ζ = -56.0 mV), and Angio-PA (ζ = +24.0 mV) (Table S1). Similar co-assembly 35 
between oppositely charged PAs has been previously demonstrated [50]. In our case, both CD 36 
spectra and TEM observations confirmed formation of the classical PA nanofiber architecture 37 
(Figure 1c,d). 38 

To achieve homogenous integration of the different components, hydrogels were prepared by 39 
first mixing the negatively charged components HA-Tyr (6%), RGDS-PA (2%), and Osteo-40 
PA (2%) and then injecting the positively charged Angio-PA (1%) into the mixture to trigger 41 
co-assembly and initial gel formation. Then, complete gelation was triggered by immediately 42 
injecting a mixed solution of CaCl2 (100 mM) and H2O2 (1 mM) in order to obtain robust gels 43 
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by means of ionic interactions and covalent crosslinking. Previous studies have reported that 1 
HA-Tyr hydrogels require H2O2 concentrations of 0.65 mM or higher to maintain the 2 
viscoelastic properties [39]. This is an important parameter to control as MSC morphology has 3 
been reported to change depending on the concentration of H2O2 in HA-Tyr gels [39]. 4 
Consequently, we kept constant the concentration of H2O2 at 1 mM and systematically modified 5 
PA and HA-Tyr concentrations in order to investigate their effect on cell adhesion, 6 
proliferation, and viability. Through this approach, various multicomponent self-assembling 7 
gels using 1, 3, and 6% HA-Tyr and 0.2-2% PAs were obtained, exhibiting storage moduli 8 
between 0.65-3.20 kPa. It is important to mention that relatively soft gels [44, 51], including 9 
PA nanofiber-based gels [25], have been found to support the growth of cells from hard tissues 10 
including stimulation of tissue regeneration in vivo [52]. This is likely a result of the soft 11 
scaffolds enabling cells to sense mechanical changes, remodel, and hereby help tissue 12 
regeneration.  13 

An ideal ECM-mimicking material should facilitate cell infiltration and growth. Our results 14 
demonstrate that HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA promoted cell adhesion, spreading, 15 
and proliferation compared to HA-Tyr (Figure 2). The structural properties of the hydrogel 16 
play a key role in this context [25, 51]. The multicomponent HA-Tyr/RGDS-PA/Osteo-17 
PA/Angio-PA hydrogel exhibited lower swelling capacity (from 24.7% to 17.3%) and 18 
degradation (from 20.4% to 2.5%) compared to HA-Tyr hydrogels. We speculate that this 19 
enhanced stability results from interactions between the PA nanofibers and the HA-Tyr 20 
backbone and is likely playing role in the difference in cell behaviors between the two 21 
hydrogels. In addition, the results also suggest that the presence of the bioactive PAs is also 22 
essential as cell proliferation decreased on multicomponent hydrogels with decreasing 23 
concentrations of Pas. Interestingly, while cells on HA-Tyr exhibited decreased adhesion and 24 
spreading, they maintained a high proliferative state, which may arise from cell-to-cell and cell-25 
matrix interactions as has been previously reported [53].  26 

The 3D structure of the native ECM plays a pivotal role on stem cell maintenance and 27 
differentiation [46]. To assess the capacity of the hydrogels to embed cells and support their 28 
growth in 3D, calcein staining and MSC proliferation within the gels was quantified. In both 29 
2D and 3D, RGDS was determined as the key element for cell adhesion and spreading. On the 30 
other hand, both cell number and cell spreading in 3D were higher in multicomponent hydrogels 31 
exhibiting higher concentration of HA-Tyr (Figure 3). These results are in alignment with 32 
previous studies that have reported higher metabolic activities of cells growing within stiffer 33 
hydrogels [46] and in the presence of PAs [54], further evidencing potential benefits of our 34 
multicomponent approach. These results demonstrate that hydrogels comprising 6% HA-Tyr 35 
and 2% PA concentrations elicit optimum levels of cell adhesion, spreading, and proliferation 36 
both in 2D and 3D (Figure 2 and 3).  37 

To test the gels’ angio-inductive and osteo-inductive potential, we compared HA-Tyr/RGDS-38 
PA/Angio-PA and HA-Tyr/RGDS-PA/Osteo-PA with the relevant control gels. Remarkably, 39 
the level of angiogenic organization triggered by HA-Tyr/RGDS-PA/Angio-PA in 2D and 3D 40 
was similar to that of cells growing within the positive control Matrigel in the presence of VEGF 41 
(Figure 4). In addition, HA-Tyr/RGDS-PA/Osteo-PA induced hAMSCs into osteoblastic 42 
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lineage in 2D and 3D (Figure 5). These findings are in alignment with previous efforts reporting 1 
autonomous osteogenic differentiation of MSCs [25,55,56]. Furthermore, osteogenic gene 2 
(Runx2) expression in cells growing on HA-Tyr/RGDS-PA/Osteo-PA was higher in 3D 3 
compared to 2D (Figure 5). This difference in Runx2 expression of cells growing in 2D and 3D 4 
might be attributed to advantages of 3D architecture provided by RGDS-PA and Osteo-PA. 5 
Similar observations asserting that cells express higher levels of osteogenic markers in 3D PA 6 
hydrogels has been reported [25].  7 

The potential of the hydrogels to enable hybrid bone-vascular cell co-cultures was investigated 8 
by co-culturing pre-stained HUVECs (red) and hAMSCs (green) (Figure 6). Such co-cultures 9 
have been conducted through sophisticated techniques such as bioprinting [57] or lithography 10 
[58]. hAMSCs and HUVECs, when seeded on HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA (2D) 11 
in 10K:40K cell ratio, triggered a cellular organization consisting of large vascular lumens 12 
encircling the differentiating MSCs (Figure 6). Similar vascular sprouting and branching have 13 
been reported when co-culturing HUVECs with MSCs but only in the presence of VEGF [57]. 14 
On the other hand, when the cells were seeded in 3D, a bone-vascular micro-tissue with tubule-15 
like extensions was observed (Figure 6). Previous studies have demonstrated the dependence 16 
of HUVECs on growth factors such as HepG2 [59] and VEGF [60] and the capacity of Matrigel 17 
to promote angiogenesis in these conditions. In contrast, here we demonstrate that the 18 
multicomponent HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA provides a growth factor-free 19 
environment with the capacity to promote angiogenic differentiation.  20 

Despite the promising results obtained in this study, further optimization of the material is 21 
required. First, while the immunofluorescence (Runx2, ALP, Osn) and gene expression (Runx) 22 
results demonstrate proof-of-concept of osteogenic and angiogenic induction, investigation of 23 
more markers would be required to fully charaterize the inductive capacity of the material. Also, 24 
bone is a complex tissue where multiple types of cells such as osteoblasts, osteocytes, and 25 
osteoclasts interact in a coordinated manner. Proper recreation of the bone environment should 26 
include all these cell types. On the other hand, PAs offer unique advantages as a result of their 27 
self-assembling nature including the formation of well-defined nanofibers, pores for diffusion 28 
and cell migration, and the display of multiple bioactive epitopes. However, these molecules 29 
can also elicit some toxic reactions when used at high concentrations or depending on their 30 
molecule sequence. For example, reducing alkyl tail length or increasing the b-sheet strength 31 
decrease cell toxicity [61]. Therefore, the multicomponent system could be optimized.   32 
 33 
Lastly, as seen from our characterization of rheological properties, the materials are able to 34 
support cell growth. However, the use of this material for in vivo applications is limited given 35 
the requirement of many hard tissue applications for much robust mechanical properties. 36 
Furthermore, its use as a 3D printing bioink requires further optimization to enable faster setting 37 
properties. Nonetheless, we have demonstrated that the multicomponent HA-Tyr/RGDS-38 
PA/Osteo-PA/Angio-PA material offers a high level of tunable bioactivity that has the capacity 39 
to guide multiple cell populations to form an osteogenic environment. Furthermore, the results 40 
confirm the potential of the multicomponent approach to not only endow bioactivity but also 41 
enhance the structural integrity of the gels. While these characteristics are ideal to develop more 42 
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complex in vitro models, the material may also be used as a component of in vivo therapeutic 1 
strategies that require enhanced bioactivity.  2 

 3 
 4 
5. Conclusion 5 

 6 
Bioactive environments that can recreate key properties of the native ECM and induce multiple 7 
cell types are essential for the kind of cell differentiation and organization properties required 8 
in effective in vitro models. We have developed a multifunctional hydrogel designed to promote 9 
osteogenesis and angiogenesis by recreating key structural and signaling elements of the native 10 
bone environment. The system takes advantage of both non-covalent and covalent interactions 11 
and enables the incorporation of specific bioactive epitopes and ECM components within a 12 
nanofibrous and microporous architecture. We have demonstrated how the multicomponent 13 
HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA hydrogel can promote hAMSC adhesion and 14 
osteoblastic differentiation in addition to inducing HUVECs to grow into vascular tubules. By 15 
co-culturing these cells, we verify the capacity of the hydrogel to generate bone-like constructs 16 
in vitro. The results demonstrate the potential of these hydrogels to serve as complex in vitro 17 
environments as well as potential in vivo materials for bone tissue engineering.  18 
 19 
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FIGURE CAPTIONS 

Figure 1. Synthesis and characterization of PAs. a) Molecular structures of each component 
namely HA-Tyr and PAs. b) Illustrations of 2D and 3D ECM-like co-assembled 
multicomponent hydrogels. Numbers in parenthesis depict the order in which the components 
were added during gel formation. c) CD spectra indicating the E-sheet formation and co-
assembly process for the PA systems at 0.1% concentration. d) TEM images of Pas (Blue 
arrows indicate high aspect ratio nanofibers). e) SEM images of (i) 6% HA-Tyr hydrogel, (ii) 
HA-Tyr/RGDS-PA/Osteo-PA-Angio-PA hydrogel using 6% HA-Tyr and 2% PAs, and (iii) 
co-assembled PAs (2%) without HA-Tyr. 

Figure 2. Multicomponent hydrogel promotes hAMSC viability, adhesion, and spreading 
in 2D. a) 2D cell viability, adhesion, and spreading for calcein stained hAMSCs in different 
conditions. (i) Cell adhesion on HA-Tyr/RGDS-PA/Osteo-PA/Angio-PA at different time 
points. (ii) Enhanced cell adhesion on RGDS-PA-containing hydrogels. (iii) Effect of PA 
concentration on cell adhesion. b) Cell proliferation in 2D on HA-Tyr with and without 
RGDS-PA/Osteo-PA/Angio-PA at different concentrations. (* indicates p<0.05; ** indicates 
p>0.05). 

Figure 3. Multicomponent hydrogel promotes hAMSC viability, adhesion, and spreading 
in 3D. a) Cell viability, adhesion, and spreading in 3D HA-Tyr hydrogels with and without 
RGDS-PA/Osteo-PA/Angio-PA at different time points. b) Cell proliferation in 3D HA-Tyr 
hydrogels with and without RGDS-PA/Osteo-PA/Angio-PA. (* indicates p<0.05; ** 
indicates p>0.05). 

Figure 4. Multicomponent hydrogel supports vascular tubule formation in 2D and 3D. a) 
2D angiogenesis assay with 40K HUVECs per hydrogel after 3 days on (i) HA-Tyr, (ii) HA-
Tyr/RGDS-PA, (iii) HA-Tyr/RGDS-PA/Angio-PA (0.5% Angio-PA), (iv) HA-Tyr/RGDS-
PA/Angio-PA (1% Angio-PA), (v) Matrigel (1:4 dilutions, +VEGF), and (vi) TCP. b) 2D 
immunofluorescence images of the angiogenic markers CD31 and DSMA at 5-days 
incubation of 40K HUVECs on HA-Tyr/RGDS-PA/Angio-PA and TCP (negative control). 
c) RT-qPCR quantification of CD31 and VEGF genes expressed by HUVECs growing on 
HA-Tyr/RGDS-PA/Angio-PA and HA-Tyr/RGDS-PA (negative control). d) 3D 
angiogenesis assay for cells growing within HA-Tyr (negative control), HA-Tyr/RGDS-
PA/Angio-PA, and Matrigel (positive control, +VEGF) at 5-days incubation using 40K 
HUVECs per hydrogel. S2D: Stacked multilayer 2D image. * p<0.05. 

Figure 5. Multicomponent hydrogel supports osteogenic differentiation in 2D and 3D. a) 
Characterization of osteogenic differentiation of hAMSCs seeded on HA-Tyr/RGDS-
PA/Osteo-PA (in GM), Matrigel (in OIM) (positive control), and HA-Tyr/RGDS-PA (in 
GM) (negative control) by immunofluorescence staining for Osn, ALP, and Runx2 at day 14 
of culture. RT-qPCR quantification of Runx2 expressions for 2D (b) and 3D (c) hydrogels in 
different conditions. * p<0.05, ** p<0.01, ns: not significant. 

Figure 6. Multicomponent hydrogel induces bone-like construct formation. a) 2D co-
culture at 5 days of pre-stained hAMSCs and HUVECs on HA-Tyr and HA-Tyr/RGDS-
PA/Osteo-PA/Angio-PA with different cell ratios including (i) hAMSCs and HUVECs 
(10K:10K) on HA-Tyr, (ii) hAMSCs and HUVECs (10K:10K) on HA-Tyr/RGDS-
PA/Osteo-PA/Angio-PA, (iii) hAMSCs and HUVECs (5K:20K) on HA-Tyr/RGDS-
PA/Osteo-PA/Angio-PA, and (iv) hAMSCs and HUVECs (10K:40K) on HA-Tyr/RGDS-
PA/Osteo-PA/Angio-PA. hAMSCs were stained with DiO (green) while HUVECs were 
stained with Dil (red) using Vybrant™ Multicolor Cell-Labelling Kit, Thermo. b) Images of 
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co-cultures of hAMSCs and HUVECs (10K:40K) in 3D at 5 days of culture including 3D 
(top) and stacked multilayer 2D (bottom) images. Gene expression related to Runx2, CD31, 
and VEGF indicating a co-differentiation of cells towards the development of a vascularized 
bone-like construct on both c-e) 2D hydrogels and f-h) 3D hydrogels after 14 days of co-
culture. * p<0.05, ** p<0.01, ns: not significant. 
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