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ABSTRACT: Blood vessel generation is an essential process for tissue formation, regeneration and repair. Notwithstanding, vascu-

larized tissue fabrication in vitro remains a challenge, as current fabrication techniques and biomaterials lack translational potential 

in medicine. Naturally-derived biomaterials harbor the risk of immunogenicity and pathogen transmission, while synthetic materials 

need functionalization or blending to improve their biocompatibility. In addition, the traditional top-down fabrication techniques do 

not recreate the native tissue microarchitecture. Self-assembling ultrashort peptides (SUPs) are promising chemically synthesized 

natural materials that self-assemble into three-dimensional nanofibrous hydrogels resembling the extracellular matrix (ECM). Here 

we use a modular tissue engineering approach, embedding SUP microgels loaded with Human Umbilical Vein Endothelial Cells 

(HUVECs) into a 3D SUP hydrogel containing Human Dermal Fibroblast neonatal (HDFn) cells to trigger angiogenesis. The SUPs 

IVFK and IVZK were used to fabricate microgels that gel in a water-in-oil emulsion using a microfluidic droplet generator chip. The 

fabricated SUP microgels are round structures with 300-350 µm diameter in size and ECM-like topography.  Additionally, they are 

stable enough to keep their original size and shape under cell culture conditions and long-term storage. When the SUP microgels 

were used as microcarriers for growing HUVECs and HDFn cells on the microgel surface, cell attachment, stretching and proliferation 

could be demonstrated. Finally, we performed an angiogenesis assay in both SUP hydrogels, using all SUP combinations between 

micro- and bulky hydrogels. Endothelial cells were able to migrate from the microgel to the surrounding area showing angiogenesis 

features as sprouting, branching, coalescence and lumen formation. Although both SUP hydrogels support vascular network for-

mation, IVFK out-performed IVZK in terms of vessel network extension and branching. Overall, these results demonstrated that cell-

laden SUP microgels have great potential to be used as a microcarrier cell delivery system encouraging us to study the angiogenesis 

process, and to develop vascularized tissue engineering therapies.

INTRODUCTION 

Cardiovascular diseases are causing the highest numbers of 

fatalities with more than 30% of global deaths.1 The disease de-

velopment can lead to several organic and tissue failures due to 

insufficient blood supply. Regenerative medicine and tissue en-

gineering aim to develop therapies to generate new blood ves-

sels that restore the flow in ischemic tissue and enhance tissue 

regeneration.2-3 However, the manufacturing of vascularized 

tissue remains a challenge, even with new technologies such as 

3D bioprinting.4 Recently, sacrificial ink is becoming increas-

ingly popular to create a vascular channel using bioprinting, 

though the approach itself does not recreate the native tissue 

microarchitecture.5-6 Therefore, a modular tissue engineering 

can be applied to create more biomimetic engineered tissue.7 

Modular tissue engineering is a bottom-up approach to produce 

vascularized organotypic structures with micro-organization 

driven by pre-formed repetitive units.8-10 The In this approach, 

the use of extracellular matrix (ECM)-like materials is critical 

for cell growth and differentiation in a tissue-like environment. 

The materials should be biocompatible, support vascularization 

and have high translational potential.11-13 A minimalist use of 

materials that satisfies these requirements is best as it decreases 

the complexity and the material limitations. Thus, the use of a 

highly defined material is ideal. 

Our self-assembling ultrashort peptides (SUPs) of interest are 

tri- to hexapeptides with a characteristic amphiphilic motif of a 

hydrophobic tail capped by a polar head.14 This sequence motif 

drives the peptide self-assembling to supramolecular structures 

resembling fibers, then bundles and finally, networks that 

mimic the ECM. The ECM-like feature makes SUP a suitable 

biomaterial for cell culture applications in a chemically defined 

natural-like environment.15-16 Consequently, SUPs have been 

used in tissue engineering and regenerative medicine as cell-

laden hydrogels that can be casted in almost any shape retaining 

up to hundreds of times their dry weight in water.12, 15, 17-21 Not-

withstanding, these applications had been using hydrogels of 

relatively large size (mm- to cm-scale) that are not useful for a 

bottom-up tissue assembly because native tissue has repeating 

functional units on submillimeter scale.9 The challenge in de-

veloping a microgel using a SUP lies in cutting down on hydro-

gel size without losing its physicochemical and biocompatible 

features through a cost-effective methodical approach. Most of 
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the currently available microgels have known drawbacks com-

ing from their material and fabrication method.10, 22-23 For in-

stance, naturally derived materials such as collagen and alginate 

have batch-to-batch variation, potential immunogenicity (itself 

and side products as lipopolysaccharides) and lack appropriate 

mechanical strength, while synthetic polymers need functional-

ization or blending with natural products to improve their cell 

adhesion and biocompatibility. The selection of the most suited 

microgel fabrication method relies mainly on material cross-

linking properties, with thermal, photo, ionic and chemical 

crosslinking among the most commonly used for microgel pro-

duction. Photo- and thermal sensitivity exclude the use of com-

mon sterilization techniques such as autoclaving and UV-

irradiation, while ionic and chemical crosslinking could affect 

cell signaling (Ca2+ is a secondary messenger) and viability, re-

spectively. 

As a synthetic material composed of naturally derived amino 

acids, SUP combines the qualities of both material types, show-

ing optimal performance in biocompatibility and mechanical 

strength.15-16 It is a class of amphiphilic linear peptide, contain-

ing a hydrophobic tail and hydrophilic head group. At physio-

logical conditions, SUP can self-assemble to form a three-di-

mensional nanofiber hydrogel scaffold that closely resemble fi-

bers within the extracellular matrix.18 The assembly is driven by 

non-covalent interactions such as hydrophobic interaction, hy-

drogen bonding, and electrostatic interaction.14Furthermore, as 

its production is based on well-established peptide chemistry, it 

can be easily modified and upscaled. Moreover, it has a very 

low immunogenicity risk due to its ultrashort size that makes it 

almost invisible to the immune system.17, 24-25 

Microgel production using self-assembling peptides is still 

not widely done because of a variety of difficulties. For exam-

ple, the optimization of gelation times during fabrication is 

problematic because gelation occurs too fast and thus clog the 

microfluidics chip, or too slow, thus merging microgels, losing 

shape fidelity and showing a wide size distribution. Microgel 

fabrication based solely on peptides has been done using pep-

tide sequences of 16 and 11 amino acids (RADA16 and Q11). 

In these cases, ionic strength sensitive assembly in emulsion 

processing or microfluidics for fabrication were used.26-27 The 

latter was showing better control and narrower distribution. 

Here we report the fabrication of microgels from self-assem-

bling ultrashort tetrameric peptides and their use as endothelial 

microcarriers to trigger vascularization in SUP hydrogels 

loaded with fibroblasts. Two different SUPs were used to fabri-

cate microgels, gelling them in a water-in-oil emulsion in a mi-

crofluidic droplet generator chip. SUP microgels are round, 

with a diameter of 300-350 µm and ECM-like topography. They 

have long shelf life once stored in water and are stable under 

culture conditions without change in either size or shape. The 

SUP microgels were used as microcarriers to grow HUVECS 

and HDFn cells on the microgel surface showing cell attach-

ment, stretching and proliferation. Finally, we evaluated the 

suitability of the endothelial cell-laden SUP microgel to gener-

ate endothelial networks within a SUP hydrogel carrying HDFn 

cells, similarly to current angiogenesis in vitro assays (Figure 

1).28-29  This in vitro 3D tissue construct model can be used to 

study angiogenesis and may be used for cell therapies to de-

velop vascularization in ischemic tissue.  

 

 

Figure 1. Self-assembling ultrashort peptide microgel fabrication by microfluidics for microcarrier culture and angiogenesis model. A) 

Scheme of self-assembling ultrashort peptides IVFK and IVZK. Z stands for the unnatural (bio-inspired) amino acid cyclohexylalanine. Both 

peptides are amphiphilic with three initial aliphatic amino acids capped by a polar lysine. This amphiphilic motif drives the peptide self-

assembly through a β-sheet antiparallel fashion, producing nanofibers, bundles, and a network that traps water as a 3D porous scaffold, 

forming a hydrogel with extracellular matrix-like topography. These hydrogel features are kept in the microscale hydrogels fabricated by 

gelation in water-in-oil emulsion using a microfluidic flow focusing chip. In the microfluidic chip, the SUP solution is focused and broken 

in microdroplets by the oil shear stress.  The oil dispersed sodium chloride diffuses and dissolves in the SUP microdroplets, triggering its 
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gelation. B) SUP microgels are used as endothelial cell (EC) microcarriers where cells attach and proliferate. Then, the EC-laden microgels 

are embedded within a 3D SUP hydrogel loaded with Fibroblasts as the angiogenesis bead assay. ECs sprout from the microgel into the 

surrounding hydrogel, developing branched vessels with a lumen, as a mature vascular network. 

MATERIALS AND METHODS 

Peptide synthesis, purification, LC-MS and elemental 

analysis 

Materials: 

The designed peptides Ac-Ile-Val-Phe-Lys-NH2 (IVFK) and 

Ac-Ile-Val-Cha-Lys-NH2 (IVZK) were synthesized manually 

by solid phase peptide synthesis and purified by reverse phase-

HPLC. The purity of the peptides IVFK and IVZK was >96% 

as calculated by HPLC data. 9-Fluorenymethoxycarbonyl 

(Fmoc) protected aminoacids, MBHA rink Amide resin, and (2-

(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluor-

ophosphate (TBTU), hydroxy benzotriazole (HOBt) were pur-

chased from GL Biochem, Shangai, China. N,N-diisopro-

pylethylamine (DIPEA), piperidine, acetic anhydride, trifluoro-

acetic acid (TFA), triisopropylsilane, N,N-dimethylformamide 

(DMF), dichloromethane (DCM), diethyl ether, and ethanol 

were purchased from Sigma-Aldrich. 

Peptide synthesis: 

The peptide sequences Ac-Ile-Val-Phe-Lys-NH2 (IVFK) and 

Ac-Ile-Val-Cha-Lys-NH2 (IVZK) were synthesized manually 

on rink amide resin using Fmoc-based solid phase peptide syn-

thesis (SPPS) method. Fmoc group on resin was deprotected by 

20% (v/v) piperidine/DMF prior to the first coupling of amino 

acid. Amino acid coupling was performed by adding a mixture 

consisting of TBTU (3eq.), HOBt (3eq.) DIPEA (6 eq.), and 

Fmoc-protected amino acid (3eq.) into the reaction vessel and 

agitated for 90 mins. Kaiser test was performed at the end of 

coupling process to confirm the completion of coupling reac-

tion. Acetylation on the N-terminus of peptide was performed 

by adding a mixture of 2:6:1 (v/v) acetic anhy-

dride:DIPEA:DMF. Finally, the peptide was cleaved from the 

resin using 95:2.5:2.5 mixture of TFA, water and triiso-

propylsilane. The peptide in TFA solution was then dispersed 

in cold diethyl ether and kept standing overnight at 4 °C. Then, 

the aggregated peptide was centrifuged and dried inside a vac-

uum desiccator. Peptide purification was then conducted in re-

versed phase prep-HPLC using C-18 column. Both purified 

peptides were collected with more than 60% in yield after being 

lyophilized. 

Liquid chromatography – mass spectroscopy (LC-

MS): 

1 mg/ml of peptides in water were injected into Agilent 1260 

Infinity LC equipped with Agilent 6130 Quadrupole MS and 

Agilent Zorbax SB-C18 4.6 x 250 mm column. 0.1% (v/v) for-

mic acid – water (A) and 0.1% (v/v) formic acid – acetonitrile 

(B) were chosen as the mobile phases. The flow of mobile phase 

was adjusted at 1.5 ml/min with starting gradient of 98% A – 

2% B. In 18 mins, the flow of B increased until 98% B and 

turned back again to 2% again. LC chromatogram was obtained 

at wavelength of 220 nm. 

1H-Nuclear magnetic resonance: 

5 mg of each peptide were dissolved in 900 µL of 1mM DSS 

in water. Then, 100 µL of D2O were added to each vial and 

mixed well. Spectra were recorded on a Bruker Avance III 600 

Mhz equipped with a 5 mm Z-gradient SmartProbe BB(F)-H-D 

using a pulse program of zgesgp for water suppression. 

Elemental analysis: 

Determination of C, H, and N content of both peptides were 

done using a Thermo Scientific Flash 2000. 2 mg of each pep-

tide was weighted on a tin crucible, which was later used for 

wrapping the samples. Sulfanilamide was chosen as a calibra-

tion standard due to the nearest nitrogen percentage. 

 

Self-assembly characterization of self-assembling ultra-

short peptide (SUP) 

Peptide gelation studies: 

The pre-weighed (as per required final concentration) peptide 

powder was dissolved in 0.9 ml of MilliQ water in a glass vial. 

The solution was vortexed for 5-10 seconds to obtain a clear 

and homogeneous solution. To this peptide solution, 0.1ml of 

PBS buffer (10x, w/o Ca2+ and Mg2+) was added. To ensure ho-

mogeneous distribution of buffer in the solution, glass vial was 

further vortexed for 2-3 seconds. The glass vial was kept undis-

turbed on the bench and the hydrogel formation was observed 

using vial inversion method (Figure S2). The pH of the solution 

of IVFK and IVZK was 5.57 and 5.48 at 5 mg/ml concentration, 

respectively. After the addition of PBS, the pH changed to 7.7 

and 7.6 for IVFK and IVZK, respectively. The pH of the MilliQ 

water and phosphate buffer used was 6.7 and 7.4, respectively. 

Fourier-transform infrared spectroscopy (FTIR): 

The qualitative analysis of assembled peptide structure was 

done to investigate the secondary structure of the peptide. First, 

the peptide solution was dropped on a glass cover slip then dried 

overnight. The dried peptide then was analyzed using Nicolet 

iS10 FTIR equipped with a SmartTM iTR Diamond ATR ac-

cessory. The secondary structure was determined by performing 

peak deconvolution of the second derivative of the amide I band 

in the Origin software (OriginLab Corporation, Northampton, 

MA, USA).30-31 The second–derivative of FTIR spectrum was 

inverted by factoring by −1. 

Transmission electron microscopy (TEM): 

TEM imaging was performed using FEI Tecnai G2 Spirit 

Twin instrument with 120 kV emission gun. A drop of diluted 

peptide hydrogel in water was placed on a carbon coated copper 

grid that had been treated with glow discharge plasma prior to 

being used.  The drop was kept on the grid for 10 minutes before 

being blotted using filter paper. The grid was stained with 2% 

uranyl acetate for 30 seconds to get better contrast. The grid was 

then rinsed in water to remove uranyl excess and dried for at 

least one day before imaging. The average diameter of nano-

fibers was measure using ImageJ and Origin software from 100 

fibers 

Rheological characterization of SUP bulk-hydrogels:  

The mechanical stiffness of peptide hydrogels was analyzed 

using TA Ares-G2 Rheometer equipped with parallel-plate ge-

ometries of 8 mm diameter at room temperature. The sample 

gap between upper and lower geometries was set at 1.8 mm. 

The hydrogels were prepared from 135 µl of peptide solution 
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that was mixed with 15 µl of 10x PBS in 8 mm internal diameter 

of Polymethyl methacrylate (PMMA) casting ring and left for 

one day before measurement. The rings were kept inside Petri 

dishes at room temperature with water surrounding and tightly 

sealed to avoid dehydration. To control the accuracy of the 

measurements, six replicates for each peptide hydrogel were 

prepared. The stiffness was analyzed through three successive 

tests, which were time-sweep, frequency-sweep, and ampli-

tude-sweep. Time-sweep was first performed for 5 minutes with 

angular frequency and a strain of 1 rad/s and 0.1 %, respec-

tively. A frequency sweep was subsequently performed on the 

sample for a range of angular frequency of 0.1 - 100 rad/s with 

the same strain of 0.1 %. The tests were completed with the am-

plitude sweep by applying a gradual increase of strain from 

0.01% to 100% at 1 rad/s angular frequency.  

 

General cell culture  

Materials:  

Dulbecco’s Modified Eagle Medium (DMEM), Trypsin-eth-

ylenediaminetetraacetic acid (EDTA) solution, fetal bovine se-

rum (FBS, heat inactivated), Penicillin-streptomycin, Dulbec-

co's phosphate-buffered saline (DPBS), neonatal human dermal 

fibroblasts (HDFn), cell culture incubator Forma II water jacket 

(5% CO2, 95% humidity) and 50 ml polypropylene tubes with 

screw cap were bought from ThermoFisher Scientific Inc. Hu-

man Umbilical Vein Endothelial Cells (HUVEC), Endothelial 

Basal Medium (EBM) and SingleQuots kit were purchased 

from Lonza. T75 cell culture flasks and 15 ml tubes with screw 

cap were bought from VWR. The centrifuge 5810R was pur-

chased from Eppendorf. T25 cell culture flasks are from Greiner 

bio-one. Trypan blue solution 0.4% (w/v) in PBS was bought 

from Corning. Hemocytometer was purchased from Hausser 

Scientific. 

Cell culture:  

Frozen cryo-vials containing each cell line were thawed in a 

37 °C water bath and diluted in complete cell culture medium 

(DMEM with 10% FBS, 100 units/ml of penicillin, 100µg/ml 

of streptomycin for HDFn, Hela, and EBM with singleQuots for 

HUVECs). Cell were seeded in cell culture flask and incubated 

at 37°C, 95% humidity and 5%CO2. The medium was changed 

every other day until the cells were 80% confluent. At this con-

fluency, the cells were split by removing medium, washing with 

DPBS and adding trypsin/EDTA solution. After 5 min incuba-

tion at 37°C, cells detached completely and complete medium 

was added to inactivate trypsin. Cells were transferred to a tube 

and spun down at 300*g for 5 min. Supernatant was discarded 

and pellet was re-suspended in 5 ml of complete medium. Cells 

were counted in hemocytometer by exclusion method using try-

pan blue and seeded at a concentration of 20,000 cell/cm2 

(100,000 cell/ml) for HDFn and Hela, or 2,500 cell/ cm2 

(12,500cell/ml) for HUVECS. They were cultured as described 

until usage or further splitting. 

 

Microgel fabrication and characterization 

Materials: 

Hexadecane, Tween20, Span80 and Sodium Chloride were 

purchased from Sigma-Aldrich Co. Light mineral oil, Dulbec-

co's phosphate-buffered saline (DPBS), Bio-lite 35 mm Petri 

dishes, green fluorescent FluoSpheres 0.1 µm and quantum dot 

(QD) 655 streptavidin were bought from ThermoFisher Scien-

tific Inc. 40 mm soda lime glass petri dish was bought from 

VWR. 18 gauge needle, 25-gauge syringe tip, 1 ml (4.70 mm 

Inner Diameter) and 3 ml (8.66 mm ID) luer-lock syringes came 

from Becton Dickinson Co. 1-mL syringe BD Luer-Lok tip 

(Cat# 309628) and 3-mL syringe BD Luer-Lok tip (Cat# 

309657). Syringe-pumps PHD and plus were purchased from 

Harvard apparatus. Syringe-pump fusion 200 was bought from 

Chemyx. Flow Focussed Droplet Generator (FFDG) 2.50 mi-

crofluidic chip pack, fluidic connect chip holder, Tubing to 

Pump Connection Kit and Teflon tubing (1/16 ” OD, 250 μm 

ID) came from Micronit. MilliQ water purification system was 

purchased from Millipore. For droplet generation on-site imag-

ing Eclipse TS100 or E100 microscope equipped with a digital 

sight DS2Mv cam and a DSL2 controller from Nikon were 

used. For microgel imaging a LSM710 Zeiss confocal micro-

scope and BX-61 Olympus polarized light microscope were 

used. 

Microgel fabrication using flow-focusing microfluidic: 

Since microgels are intended as cell carriers, fabrication ma-

terials were sterilized before use when it was possible and han-

dled aseptically inside biosafety cabinet (BSC) to reduce con-

tamination risk. Milli-Q water and Hexadecane were sterilized 

by autoclaving at 121 °C for 20 min. Light mineral oil was ster-

ilized by dry heating at 160 °C for 1 h. Peptide powder and So-

dium Chloride were sterilized by UV-irradiation (GE germi-

cidal lamp 30 W) for 30 min inside BSC. Once sterile, Peptide 

powder was dissolved to 27.1 mM (15 mg/ml) in sterile-Milli-

Q water by vortexing for 5 min and incubate at room tempera-

ture (22 °C) for 1 h (pre-assembly). Span80 was dissolved to 

2% (v/v) into light mineral oil and hexadecane, independently. 

Sodium Chloride was added to the light mineral oil + span80 

mix and shacked to disperse the Sodium Chloride crystals. The 

Peptide solution was loaded in a 1 ml syringe while the light 

mineral oil with span 80 2% (v/v) and Sodium Chloride 3 mg/ml 

in a 3 ml syringe. Both syringes were connected with the micro-

fluidic system and both solutions were brought to the droplet 

generator point by pressing the syringes manually. Then, both 

syringes were inserted in the pumps and the flow rate was set at 

10 µl/min for continuous phase (light mineral oil with span 80 

and Sodium Chloride) and 1 μl/min for dispersed phase (peptide 

solution). Droplet generation was monitored by on-site bright 

field microscopy and once it was stable and continuous, the 

droplets were collected in a tube containing light mineral oil 

with span80 2% (v/v). To confirm peptide droplet gelation, Flu-

oSpheres or QD were sometimes incorporated in the peptide so-

lution during the pre-assembly incubation. Microgels were iso-

lated from oil adding same volume of hexadecane containing 

span 80 (2% v/v), centrifuged at 10*g for 5 min and oil layer 

was discarded. Microgels were washed with hexadecane plus 

span80 (2% v/v) two more times, discarding hexadecane layer. 

A volume of DPBS containing tween 20 (10%v/v) was gently 

added on the microgels through the collection tube walls and 

removed after 5 min. DPBS-tween20 washing were repeated 2 

more times, decreasing tween 20 content to 1% v/v and 0.1% 

v/v sequentially. Finally, 250 µl of DPBS were added on micro-

gels to keep them soaked and they were kept on shelf (22 °C) 

until further used. Microgel shape and size was checked by con-

focal laser scanning microscopy (CLSM). 
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Microgel stability under cell culture procedures. 

400 µl of microgels were diluted in 6 ml of DMEM and ali-

quots of 1 ml were seeded in five 35 mm plastic petri dishes and 

one 40 mm glass petri dish. Each dish containing microgels 

were treated as follows: (1) Autoclaving at 121 °C for 20 min 

using the glass dish, (2) UV irradiation for 30 min, (3) 0.125% 

Trypsin-EDTA at 37 °C for 5 min. Additionally, the remaining 

dishes containing microgels were treated for 16-18 days as fol-

low: (4) 37 °C, 95% humidity and 5% CO2, (5) 37 °C, 95% 

humidity and 5% CO2 under rocker conditions at 30 rpm and 

(6) 22 °C on shelf. Microgel imaging was done before treatment 

and follow up every other day. Figure S9 summarizes the ex-

perimental design. 

Microgel imaging and analysis: 

Microgels imaging was done at each condition and time point 

using a CLSM Zeiss 710 or 880 by tile scanning with 15% over-

lapping and on-line stitching to capture as many microgel as 

possible from the dish. The Feret diameter and roundness of 

each microgel was calculated using Image J by manually draw-

ing up to 59 microgel contours per condition. All statistical data 

analysis and microgel descriptor plotting were conducted in 

Origin software. To assess the effect of the treatments on the 

microgel diameter and roundness we applied a Kruskal-Wallis 

test with Post-hoc test pairwise Mann–Whitney U-tests as sum-

marized in Figure 3, S10, S11, Table S1 and S2. 

SEM microgel preparation and imaging: 

The surface topography of microgels was visualized using a 

FEI Magellan XHR Scanning Electron Microscope with an ac-

celerating voltage of 3 kV. The SEM samples were prepared by 

dehydrating peptide microgels in a gradually increasing ethanol 

concentration. The dehydrated microgels were then dried in 

Leica EM CPD300. The dried peptides were sputter coated with 

5 nm Ir before imaging. 

Cell culture on microgels 

Additional materials to the general cell culture:  

Nunclon sphere 24 well low binding plate, Nunc 12 mm and 

27 mm glass bottom dishes, CellTracker Green CMFDA Dye, 

compact digital rocker, Clickt-iT plus EdU imaging kit (Alexa 

Fluor 488 picolyl azide), methanol-free 16% Formaldehyde so-

lution (w/v), Magnesium Chloride, Sucrose, Triton X-100, 

Phosphate Buffer Saline (PBS), Tween 20 and Sodium Azide 

were purchased from ThermoFisher Scientific Inc. FAK100 

Actin Cytoskeleton Focal Adhesion Staining Kit containing 

TRITC-conjugated phalloidin and 2-(4-amidinophenyl)-1H -in-

dole-6-carboxamidine (DAPI) was bought from Millipore.  

Green cell tracker staining: 

In some experiments, cells were stained with green cell 

tracker before seeding on microgels to confirm cell adhesion by 

CLSM. To do so, complete cell culture medium was removed 

from cell culture flask and 10 µM CellTracker Green CMFDA 

Dye in serum free medium was added to stain cells at 37 °C for 

30 min. Subsequently, staining solution was removed, cells 

were counted and used straight away. CellTracker Green stain-

ing is expected to last for at least 72 hours. 

Cell culture on microgels: 

1.2*106 cells suspended in 4 ml of complete cell culture me-

dia (300,000 cell/ml) were mixed with 200 µl of microgels by 

pipetting. The mix was seeded at 0.5 ml/well in a 24-well low 

binding plate and kept at 37 °C, 95% humidity and 5% CO2 

under rocker conditions at 30 rpm for 24 h. After, cell laden 

microgels were transferred into a tube by pipetting and spun 

down at 50xg for 5 min. Then, the upper layer (cells not adher-

ent to the microgels) were discarded. At this moment cell laden 

microgels were either re-suspended with complete cell culture 

media to continue cell culture under rocker conditions or pro-

cessed for staining. 

Cell nuclei staining and cell adhesion imaging: 

The cell laden microgels were fixed with 4% formaldehyde 

(v/v) in PBS and incubated for 30 min at 22°C. Later, formal-

dehyde was removed by centrifugation and cell laden microgels 

were washed twice with PBS in a similar way. Permeabilization 

buffer (6.3 mM MgCl2, 233.7 mM Sucrose, 0.5% (v/v) Triton 

X-100 in PBS) were kept at -20 °C and thawed just before use 

it. Cells on microgels were permeabilized adding cold permea-

bilization buffer for 5 min and washed twice with PBS as be-

fore. Next, cell nuclei were stained with 0.1 µg/ml DAPI in PBS 

for 5 min at 22°C and washed thrice with PBS for 5 min. Fi-

nally, cell laden microgels were transferred to 12 mm and 27 

mm glass bottom dishes and imaged with a CLSM Zeiss 710 or 

880. Z-stack imaging was performed and the maximum inten-

sity projection was presented. 

Cytoskeleton staining: 

Cell laden microgels were fixed, permeabilized and washed 

as before. Then, they were blocked with blocking buffer (5% 

(v/v) FBS, 0.1% (v/v) tween 20 and 0.02% (w/v) Sodium azide 

in PBS) for 30 min at 22 °C and washed twice with PBS. Actin 

filaments in the cytoskeleton were stained with 0.2 µg/ml 

TRITC-conjugated Phalloidin in PBS for 1 h at 22 °C protected 

from the light. After, cell laden microgels were washed thrice 

with PBS, followed by cell nuclei staining as before. Cell laden 

microgels were transferred to 12 mm and 27 mm glass bottom 

dishes and imaged with a CLSM Zeiss 710 or 880. Z-stack im-

aging was performed and the maximum intensity projection was 

presented. 

Cell proliferation staining: 

Proliferative cells were labeled by incubating cell laden mi-

crogels with 10 mM EdU in complete medium for 24 h in rock-

ing culture at 30 rpm. After incubation, medium was removed 

and cell laden microgels were fixed with 3.7% formaldehyde 

(v/v) in PBS and incubated for 15 min at 22 °C. Fixed cell laden 

microgels were transferred into a tube by pipetting and spun 

down at 50xg for 5 min. Fixative was removed and cell laden 

microgels were washed twice with 3% Bovine Serum Albumin 

(BSA, w/v) in PBS. Then, cells were permeabilized with 0,5% 

(v/v) Triton X-100 in PBS for 20 min at 22 °C and washed twice 

with 3% BSA (w/v) in PBS. EdU was detected following man-

ufacturer instructions by incubating cell laden microgels with 

Click-iT Plus reaction cocktail for 30 min at 22 °C protected 

from light. Subsequently, reaction cocktail was removed and 

cell laden microgels were washed once with 3% BSA (w/v) in 

PBS. Afterwards, the samples were processed for cytoskeleton 

staining as described above and always protected from the light 

during incubations. Finally, cell laden microgels were trans-

ferred to 12 mm and 27 mm glass bottom dishes and imaged 

with a CLSM zeiss 710 or 880. Z-stack imaging was performed 

and the maximum intensity projection was presented. 
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Bead assay based solely on SUP as ECM biomaterial 

Additional materials: 

Normal goat serum was purchased from ThermoFisher Sci-

entific Inc. Anti-CD31 antibody [JC/70A] (Alexa Fluor® 647) 

ab215912 and Anti-Vimentin antibody [EPR3776] (Alexa 

Fluor® 488) ab185030 were purchase form Abcam. 

3D SUP hydrogel bead assay coculture: 

This assay was done by iterating the 4 combinations between 

SUP bulk-hydrogels (β) and SUP microgels (µ) (i.e. β-IVFK + 

µ-IVFK; β-IVFK + µ-IVZK; β-IVZK + µ-IVFK; β-IVZK + µ-

IVZK). The next procedure is the same for all combinations, 

using as example β-IVFK + µ-IVFK. HUVECs were culture on 

µ-IVFK for 24 h as describe previously. By the bead assay seed-

ing day, IVFK powder for β-hydrogel was dissolved at 8 mg/ml 

in sterile water 1 hour before seeding. Meanwhile, HDFn cells 

were harvested and resuspended in 2X PBS at 1.2*106 HDFn 

cell/ml, and simultaneously, HUVEC laden µ-IVFK were spun 

down in a tube at 50xg for 5 min. The supernatant was discarded 

and 200 µl of HUVEC laden µ-IVFK were mix with 200 µl of 

HDFn cells in 2X PBS. Immediately, 100 µl of IVFK solution 

at 8 mg/ml were poured on the culture dish and mixed with 100 

µl of HUVEC laden µ-IVFK with HDFn cells in 2XPBS. The 

3D hydrogel bead assay coculture was incubated at 37 °C for 

10 min to guarantee β-IVFK gelation. The final concentration 

of β-IVFK was 4 mg/ml. Afterwards, 2 ml of EGM-2 (EBM 

supplemented with singleQuots) were added to each dish con-

taining the 3D hydrogel bead assay coculture and medium was 

change every other day until fixation for immunofluorescence 

on culture day 8 and day 21. 

Vascular network staining: 

The media was removed from the 3D SUP hydrogel bead as-

say co-culture samples and incubated with of PBS at 37 °C for 

15 min. Samples were fixed with 4% formaldehyde (v/v) in PBS 

for 30 min at 22 °C and washed with PBS for 15 min at 22 °C 

under rocking. Later, samples were detached from the bottom 

of the plate using a bent spatula and transferred to individual 

wells in a 24-well plate where were permeabilized with 0.5 ml 

per well of 0.2% (v/v) Triton X-100 in PBS for 1 h at 22 °C 

under rocking. After, samples were blocked overnight at 4 °C 

in a wet chamber under rocking with 0.5 ml per well of 10% 

(v/v) goat serum in PBS containing 0.01% (v/v) Triton X-100. 

From the next step and on, samples were protected from the 

light all the time. Samples were incubated for 36 h at 4 °C in a 

wet chamber under rocking with anti-CD31 Alexa Fluor 647 

and anti-Vimentin Alexa Fluor 488, both diluted 1/100 in block-

ing buffer. Following, samples were washed with PBS for ∼8 h 

at 22 °C under shaking, replacing the PBS every hour. Then, 

cell nuclei were stained with 0.1µg/ml DAPI in PBS for 5 min 

at 22 °C and washed thrice with PBS for 5 min. Finally, samples 

were transferred to 27mm glass bottom dishes and imaged with 

a CLSM Zeiss 710 or 880. Imaging of the entire samples were 

done by whole mount Z-stack tile scanning and zoom-in images 

were Z-stack imaging with orthogonal views. Maximum inten-

sity projections of the whole mount and zoom-in are presented.  

RESULTS AND DISCUSSION 

SUP design and structural features 

Peptides IVFK and IVZK were synthetized following self-

assembling peptide design rules and based on the shortest SUPs 

IVF and IVK.14-15, 32-33 These self-assembling tri-peptides have 

demonstrated their ability to form hydrogels with nanofibrous 

architecture, however, their use as cell culture 3D scaffolds has 

been hindered by their high critical gelation concentration, long 

gelation time and/or missing gel transparency.15, 33 Therefore, 

we decided to increase the SUP length by just one amino acid 

since it facilitates hydrogel formation and avoids both synthesis 

complexity and monetary cost. 

Second, we set the aromatic amino acid phenylalanine (F) in 

the third position because it is a well-known self-assembling in-

ductor while keeping the aliphatic amino acids isoleucine (I) 

and valine (V) in the first and second positions and the non-

aromatic polar amino acid lysine (K) in the fourth position. By 

having this arrangement, we can maintain the amphiphilic 

structure of peptide. Third, we replace F by its closest non-nat-

ural aliphatic relative amino acid cyclohexylalanine (Z) to test 

the importance of the aromatic interactions in the self-assembly 

since it has been suggested that hydrophobicity and β-sheet pro-

pensity play a more significant role in the process than aroma-

ticity.14, 34 Fourth, the N-terminus and C-terminus of both SUPs 

were acetylated and amidated, respectively, to suppress the 

charges and facilitate the assembly (Figure S1).14, 32-34  

Thus, both peptides IVFK and IVZK harbor characteristic 

amphiphilic properties, containing a hydrophobic tail and a hy-

drophilic head group (Figure 1A). As per design, these peptides 

should (most likely) self-assemble non-covalently in aqueous 

solutions by molecular recognition via antiparallel stacked fash-

ion, forming fibers and bundles until they condense into a 3D 

nanofibrous network (Figure 1A, 2A and S2).14-15, 20-21  

Both SUP IVFK and IVZK formed clear hydrogels at lower 

critical concentrations and shorter gelation times than their orig-

inal tripeptides IVF and IVK (Figure 2 and S2).15, 33 We as-

sessed the nanostructural components of IVFK and IVZK by 

Fourier-transform infrared (FTIR) spectroscopy and transmis-

sion electron microscopy (TEM). The FTIR spectra of both 

USPs show a similar profile with an evident peak at 1,623 cm-1 

suggesting that both peptides have β-sheet-like arrangement of 

the amide groups via intermolecular hydrogen bonding. Addi-

tionally, there is a second peak at 1,680 cm-1 that corresponds 

to either β-turn arrangement and antiparallel β-sheet (Figure 

2B). 30, 32 The TEM imaging from both SUPs revealed a nano-

fibrous entangled network with long fibers forming bundles 

among them. The single filament thickness is around 3 nm for 

both IVFK and IVZK (Figure S3). The viscoelastic property of 

the hydrogels was determined using oscillatory shear rheology 

tests. The mechanical stiffness of IVFK and IVZK hydrogels 

were found directly proportional to the hydrogel concentration, 

in which IVZK hydrogels showed higher stiffness than IVFK 

hydrogels (Figure 2C, S4). Despite having less stiffness than 

IVZK hydrogel, the Linear Viscoelastic (LVE) region of IVFK 

hydrogel is wider than IVZK (Figure 4C, D). It indicates that 

IVFK hydrogel is more elastic than IVZK.35 Furthermore, the 

stiffness of hydrogels can be tuned from 5 to 67 kPa for IVFK 

and 22 to 107 kPa for IVZK by adjusting the peptide concentra-

tion from 3 to 10 mg/mL. A frequency-independent behavior 

was observed for both peptide hydrogels, as the storage modu-

lus (G') exhibits a plateau in the range 0.1 – 100 rad/s (Figure 

S4E, F). This characteristic is also commonly observed in hy-

drogels.36 Interestingly, these peptide hydrogels were even 

stronger than other ultrashort amphiphilic peptides at the same 

molar concentration.15, 18, 34 
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Figure 2. SUP hydrogel formation and assembly characterization. A) IVFK and IVZK form hydrogel at 4 mg/ml after 10 min at room 

temperature in presence of PBS as shown by table top rheology. Both SUP hydrogels have an ECM-like topography as shown by Scanning 

electron Microscopy (SEM). B) FTIR absorption spectra of IVFK and IVZK. 1623 cm-1 indicates beta sheet and 1680 cm-1 indicates anti-

parallel beta sheet.  C) Storage moduli of IVFK and IVZK hydrogels at different concentrations were taken after 5 min of time-sweep 

measurements at 0.1% strain and at 1 rad/s angular frequency (n=6).

SUP microgel fabrication and physical characterization  

We demonstrated the fabrication of spherical microgels made 

of tetrameric SUP, either IVFK or IVZK, using a water-in-oil 

emulsion in a microfluidic droplet generator chip (Figure 1A, 

3, S5 and Video 1). The microfluidic chip has a flow focusing 

geometry to generate aqueous droplets by the oil phase shear 

stress. Here, the aqueous phase is solely SUP dissolved in water 

(1.5 wt%), while the oil phase consisted of light mineral oil sup-

plemented with both detergent span80 (2%) and dispersed so-

dium chloride fine powder (3 wt%). When the oil-dispersed so-

dium chloride gets into contact with the aqueous phase, it dis-

solves forming ions that speed-up the peptide self-assembly and 

trigger the gelation.15, 26 

To confirm the SUP droplet gelation, we added fluorescent 

nanoparticles in the SUP solution and checked their Brownian 

motion. Surprisingly, we did not observe any nanoparticle 

movement in the droplets once collected, indicating that the ge-

lation already happened before the droplet came out from the 

pipes (Video 2). In fact, the nanoparticles did not move in a true 

SUP solution (1.5 wt%), highlighting the self-assembly of both 

tetrapeptides in water (Video 3). Therefore, we performed the 

microgel fabrication without the oil-dispersed sodium chloride 

and found some of these microgels merged with each other in 

the collection tube (Figure S6). This result indicates that the 

self-assembly in water is not enough to maintain the microgel 

integrity and the oil-dispersed sodium chloride is required to 

speed up the peptide self-assembly and trigger the gelation 

needed to keep the microgel integrity. Similarly, removal of the 

span 80 from the oil mixture hinders the droplet generation and 

produces a single bulky SUP mass in the collection tube (Fig-

ure S7). The use of surfactant span80 is meant to stabilize the 

droplets and improve droplet formation in a quick time frame, 

decreasing the aqueous dynamic surface tension and increasing 

the oil phase shear.37 

Microgel fabrication using flow rates at QSUP: 10 μL/min for 

SUP solution (1.5 wt%) and Qoil: 1 μl/min for light mineral oil 

supplemented with both detergent span 80 (2%) and dispersed 

sodium chloride fine powder (3 wt%) produced spherical mi-

crogels with an average diameter of 300 μm and 350 μm for 

IVFK and IVZK, respectively (Figure 3). However, increasing 

the SUP solution flow rate to QSUP = 2 μl/min generated larger 

microgels that merged in the collection tube, while decreasing 

it to QSUP = 0.5 μl/min stopped the microgel generation, and 

even reversed the flow in the chip. This inability to control the 

microgel diameter through flow rate changes might be attribut-

able to the intrinsic properties of the peptide at high concentra-

tion (1.5 wt%), e.g., viscosity. Therefore, we decrease the SUP 

concentration until the microgel integrity was lost in the collec-

tion tube or during the isolation process. However, as SUP con-

centration decreased, the number of merged microgels in-

creased in the collection tube due to slower gelation at lower 

concentration.15 Regardless of the microgel merging grade after 

isolation in the aqueous phase, we observed many intact micro-

gels at minimum concentration of 0.8 wt% and 0.6 wt% for 

IVFK and IVZK, respectively (Figure S8). These results match 

with the higher critical gelation concentration in bulky hydro-
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gels for IVFK (0.4% wt) compared to IVZK (0.3 wt%). Sum-

marizing our optimization efforts, the optimal parameters to 

fabricate SUP microgel were peptide concentration of 1.5 wt%, 

mineral oil supplemented with both 2% span 80 and dispersed 

sodium chloride fine powder 3 mg/ml, and a flow rate ratio of 

Qoil/QSUP = 10/1 (μL/min).  

The microgel extraction from oil phase to aqueous phase gen-

erated a swelling of 50 µm in IVFK microgels but not in IVZK 

microgels (Figure 3). The swelling difference suggests that 

IVFK microgels are more hydrophilic and elastic than IVZK 

microgels, accordingly with the higher stiffness of IVZK bulky 

hydrogel over IVFK (Figure 2C). Additionally, the extraction 

reduced the roundness of both SUP microgels from 0.98 to 0.88 

in average (Figure 3). Nonetheless, the SUP microgel round-

ness change could be negligible considering that roundness val-

ues go from 1.00 for a perfect circle until 0.00 for a very sharp 

and angular object. 

To have a closer look at these microgels, we checked their 

surface topography by scanning electron microscopy. Both SUP 

microgel surfaces showed a nanofibrous network similar to the 

extracellular matrix, with a fiber bundle thickness of around 20 

nm.15-16 Surprisingly, only IVZK microgels at 1.5 wt% were sta-

ble enough to maintain their 3D spherical structure through the 

SEM sample preparation using Critical Point Drier (Figure 3). 

Since we aim to use the SUP microgels as a cell culture plat-

form, we challenged their stability under varying cell culture 

procedures as autoclaving, UV-irradiation, trypsinization, rock-

ing, 37 °C and 22 °C. Both SUP microgels maintain their size 

and shape against all the challenges (Figure S9 – S11). The mi-

crogel stability against the autoclaving (pressurized saturated 

steam at 121 °C for 20 minutes) is something remarkable con-

sidering the non-covalent interactions that hold the assembled 

peptide network. This stability is ideal for developing products 

with long shelf life that are ready to use in cell culture.17 Up to 

date, the microgels have shown stable integrity for more than 6 

months while kept hydrated at 22 °C on the shelf. Additionally, 

the microgel stability in the presence of trypsin and at 37 °C 

under agitation shows its potential for use as microcarriers to 

grow cells in bioreactors.38 

Although we only addressed the effects of: (1) sodium chlo-

ride and span 80, (2) SUP concentration, (3) flow rate ratio and 

(4) several cell culture procedures on both droplet size and mi-

crogel integrity, other parameters such as chip geometry, and 

composition of the oil dispersed-salt could be applied to tune 

the microgel properties. 

SUP microgels as microcarriers 

The use of microgels as microcarrier cell culture platforms 

offers several advantages over the typical adherent 2D culture 

systems. For instance, it increases the cell number in culture be-

cause of its higher surface to volume ratio.38 Additionally, mi-

crogel surface properties can be easily tuned to grow different 

cell types and control cell behavior either by changing the mi-

crogel stiffness or by adding biochemical cues to mimic the na-

tive tissue.39-40 Moreover, microgels can be used as an injectable 

delivery system for cell therapy due to their micro size and sta-

bility.41-45 

We decided to grow the cells on the microgel surface instead 

of encapsulating them because the cells multiply faster on the 

surface, and thus higher cell numbers can be obtained. Although 

the cell encapsulation could resemble the 3D native environ-

ment in a better way, the encapsulation process could affect the 

cell viability considerably, since the cells must be included in 

the SUP solution and must tolerated the microgel fabrication 

stringent conditions.26 
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Figure 3. Microscopic characterization of SUP microgels. Bright-field images of the SUP microgels collected in oil and isolated in PBS. 

100 nm green fluorescent FluoSpheres and 20nm red fluorescent Qdots were incorporated in IVFK and IVZK solution respectively. Scanning 

Electron Microscopy (SEM) of IVFK and IVZK microgels shows an ECM-like nanofibrous topography with a fiber thickness of around 20 

nm. Box plots of microgel diameter and roundness in oil or PBS for IVFK and IVZK. The Box plots show percentile 25, 50, and 75 with 

whiskers at percentile 10 and 90. The dashed line (---) connects the means depicted as squares and values (□). * IVFK microgel diameter 

distribution differed between oil and PBS (M-W, p < 0.05). ** Microgel diameter distribution in PBS differed between IVFK and IVZK (M-

W p < 0.05). *** IVFK microgel roundness distribution differed between oil and PBS (M-W, p < 0.05). **** IVZK microgel roundness 

distribution differed between oil and PBS (M-W, p < 0.05)
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We seeded HeLa, HDFn and HUVECs on both SUP micro-

gels, adding only one cell type per microgel type at once, to test 

the SUP microgel potential as an in vitro culture platform. First, 

we used the HeLa cell line to test the cell adhesion on the mi-

crogels as a microcarrier proof of concept. HeLa cells adhered 

to the microgel as quick as 2 hours and remained attached and 

stretched all around the microgel after 2 days of culture (Figure 

S12). 

 

Figure 4. SUP microgel as endothelial microcarrier. Endothelial cells (HUVECs) were cultured 8 days on IVFK or IVZK microgel surface 

as a microcarrier in vitro culture platform. Cytoskeleton and proliferation staining of representative endothelial cell laden SUP microgels. 

The images are maximum intensity projections of Z-stack imaging. The cytoskeleton top panel shows a merged image including bright-field 

to visualize the SUP microgel. The proliferation top panel shows a merged image to visualize active nuclei (cyan) over total nuclei (blue). 

 
At the next stage, we decided to use two types of primary 

cells, HDFn and HUVECs, due to their well-known synergy to 

develop vascular networks in fibrin hydrogels.46-49 Again, both 

cell types showed cell adhesion and stretched morphology on 

both SUP microgels in the first 24 hours of culture (Figure 

S13). Later, the cells proliferated all around the microgels after 

8 days of culture and, most of the cells remained in a prolifera-

tive state at that time (Figure 4 and S14). It is worth mentioning 

that HDFn formed cellular bridges connecting the microgels at 

longer culture periods, similar to the cellular overgrowth seen 

in commercial microcarrier cultures (Figure S15).50-51 

Furthermore, this structure of grouped microgels intercon-

nected by cells resembles the 3D growth and network formation 

seen in wound-healing microporous annealed particle scaf-

folds.41 Together, these results support the use of SUP microgel 

as a suitable microcarrier platform for different cell types 

Endothelial network development by SUP microgels em-

bedded in SUP hydrogels 

Blood vessel generation by vasculogenesis and angiogenesis 

is a process tightly related to tissue development, remodeling 

and repair. Therefore, an unsuitable vascular development is 

characteristic of pathological conditions such as ischemia and 

cancer. Consequently, a better understanding will generate a 

positive impact on medicine, biology and specifically in tissue 

engineering.28-29, 46-49, 52 However, both in vitro research models 

and therapeutic approaches rely on the use of natural materials 

such as collagen and fibrin. These materials have well-known 

limitations such as batch-variability, immunogenicity and in-

fectious diseases transmission risk, limiting its clinical applica-

bility, especially for therapeutic implants.28-29 

The bead assay is a 3D in vitro model for angiogenesis that 

encapsulates collagen coated dextran microcarriers loaded with 

endothelial cells within a fibrin matrix with fibroblasts cells on 

top to promote vessel formation.28-29 We decided to evaluate the 

suitability of our HUVEC-laden microgels to generates vascu-

lar networks within a SUP bulky hydrogel loaded with HDFn 

cells, in a similar way as the bead assay, although based solely 

on SUP and excluding the microcarrier collagen coating (Fig-

ure 1B).  

To do so, we test the 4 combinations between SUP bulky hy-

drogels (β) and SUP microgels (µ) (i.e. β-IVFK + µ-IVFK; β-

IVFK + µ-IVZK; β-IVZK + µ-IVFK; β-IVZK + µ-IVZK). Both 

SUP bulky hydrogels developed an evident endothelial network 

regardless of the used SUP microgel. However, the endothelial 

network developed in IVFK bulky hydrogel looked more ex-

tended and complex than the ones observed in IVZK bulky hy-

drogels (Figure 5). 

We observed that endothelial cells extended and migrated ra-

dially from the surface of the microgels into the peptide matrix, 

spanning across adjacent microgels and even distant ones. The 

endothelial network looked more complex in regions with mul-
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tiple beads, where presumably, the inosculation take place con-

necting neighboring microgels. Additionally, HDFn cells were 

distributed along the hydrogel in a layer-like fashion, co-local-

izing with both microgels and HUVECs cell in some spots (Fig-

ure S16). 

The lumen development is a vessel network maturation hall-

mark. Thus, we looked for this feature in the endothelial net-

work using the orthogonal view of the confocal Z-stack.46-49 We 

found evidence for lumen formation in the developed endothe-

lial networks in all bulky hydrogels (Figure 5). These multicel-

lular branched hollow structures were more visible and also 

larger in IVFK than IVZK bulky hydrogels, suggesting once 

more the favorability of this SUP hydrogel to develop vascular-

ized tissue constructs. 

In this investigation, the SUP microgels provide an endothe-

lial cell monolayer that proliferates, sprouts radially and 

branches into fibroblast-loaded SUP bulky hydrogels, produc-

ing a mature vascular network. This result resembles the pro-

cess of angiogenesis, in which blood vessels are generated 

through sprouting and elongation of existing vasculature.52 The 

system modularity would allow it to adapt to resemble the vas-

culogenesis process in which generated blood vessels de novo 

by mesodermal lineage cell coalescence into tubular structures. 

To do so, the microgels must be vascularized previously by a 

HUVECs/HDFn co-culture at the microgel either on the surface 

or at the interior, or even both.40, 47-48 

This 3D in vitro assay based on SUP allows for testing how 

blood vessel formation is modulated by parameters such as cell 

type, cell ratio, cell location, matrix stiffness and pore size. As 

a matter of fact, stiffer SUP hydrogels (10 mg/ml) do not sup-

port endothelial network development as compared to softer 

SUP hydrogels (4 mg/ml), which show initial endothelial 

sprouting signs after 8 days in culture, invading the surrounding 

matrix (Figure 2C and S17). 

Another advantage of this modular approach is that cell-laden 

microgels can be delivered by injection to support implantable 

cellular therapies, trigger vascularization and wound healing.41-

45 Several studies have proved this concept using natural mate-

rials, thus hindering the clinical translation. In contrast, our sys-

tem does not have such translational limitations, since it is based 

on synthetic, but natural molecules that do not pose any infec-

tious or immunoreactive risk.17, 24-25 In addition, the peptide syn-

thesis is highly reproducible and tunable, contrary to natural 

origin materials. 

 

Figure 5. Vascular network formation in 3D SUP matrices using a SUP microgel-based angiogenic in vitro assay. Endothelial network 

development after 20 days of co-culture, stained for CD31 (red) and DAPI (blue). The top panel images are maximum intensity projections 

of whole mount tile scanning Z-stack imaging from SUP bulky hydrogels. The white dotted line depicts the SUP hydrogel contour. The 

middle panel images are maximum intensity projections of Z-stack imaging from the squares in the top panel. The white dashed line depicts 

the encapsulated SUP microgel contours. The bottom panel images are orthogonal sections of the confocal z-stacks from the middle panel 

images showing lumen formation. 
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CONCLUSION 

This study shows vascularized tissue fabrication suitability 

based on solely self-assembling tetrameric peptides by endothe-

lial cell-laden microgel delivery into a fibroblast loaded hydro-

gel in vitro. We achieve the vascularized tissue construct in 

vitro, starting from the design and synthesis of the tetrameric 

peptides IVFK and IVZK, which self-assemble in a fibrous net-

work generating hydrogels with an ECM-like topography. 

IVFK and IVZK can be used to fabricated micron-scale hydro-

gels by water in oil emulsion using a flow-focusing microfluidic 

droplet generator. The SUP microgels keep the ECM-like to-

pography and maintain their size and shape against several cul-

ture procedures favoring their use as a microcarrier cell culture 

platform. Three cell lines (Hela, HDFn, and HUVECs) showed 

cell attachment, stretched morphology, and proliferative state 

when culture on the surface of the SUP microgels. Finally, 

HUVEC cells grown on the microgel surface were encapsulated 

in SUP bulky hydrogels loaded with HDFn to evidence the an-

giogenic potential of the SUP material and the cell-loaded mi-

crogel delivery system in vitro. The 3D in vitro tissue construct 

model can be used to study the angiogenesis process and may 

be used as a cellular therapy to develop vascularization in is-

chemic tissue. The system’s versatility and simplicity provide a 

high translational potential to impact several cardiovascular 

conditions. 
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