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ABSTRACT: 

Three-dimensional (3D) bioprinting offers a great alternative to traditional techniques in tissue 

reconstruction, based on seeding cells manually into scaffold, to better reproduce the organs 

complexity. When suitable bioink is engineered with appropriate physico-chemical properties, 

such process can advantageously provide a spatial control of the patterning that improve tissue 

reconstruction. The design of an adequate bioink must fulfill a long list of criteria including 

biocompatibility, printability and stability. In this context, we have developed a bioink containing 

a precisely controlled recombinant biopolymer, namely elastin-like polypeptide (ELP). This 

material was further chemo-selectively modified with cross-linkable moieties to provide a 3D 

network through photopolymerization. ELP chains were additionally either functionalized with a 

peptide sequence GRGDS (Gly-Arg-Gly-Asp-Ser) or combined with collagen I to enable cell-

adhesion. Our ELP-based bioinks were found to be printable, while providing excellent 
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mechanical properties such as stiffness and elasticity in their cross-linked form. Besides, they were 

demonstrated to be biocompatible showing viability and adhesion of dermal normal human 

fibroblasts (NHF). Expressions of specific ECM protein markers as pro-collagen I, elastin, fibrillin 

and fibronectin were revealed within the 3D network containing cells after only 18 days of culture, 

showing the great potential of ELP-based bioinks for tissue engineering. 

KEYWORDS. Recombinant elastin-like polypeptide, 3D bioprinting, Bioink, Tissue engineering 
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INTRODUCTION 

Over the past decades, important progresses have been made in tissue engineering for regenerative 

medicine by providing tissue and organ substitutes to replace and restore damaged organ function 

1–4. This strategy can circumvent the limitations of current clinical treatments such as organ 

shortages which lead to patient’s death before transplants are available 5,6. The main approach 

involves seeding specific cells onto scaffolds attempting to lead to the function of the natural 

extracellular matrix and to provide a temporary support for the growth of target tissues. These 

tissue constructs can also replace animal models either for drug screening or disease modeling 7–9. 

Conventional and mainly manual, approaches are moving on to advanced technologies to improve 

biomimetic structures. Among these techniques, three-dimensional (3D) bioprinting has emerged 

as one of the most promising tool to mimic the complexity of human organs while increasing the 

robustness of the reconstruction 10–12. It allows an automated accurate deposition of cells, 

biomaterials and/or bioactive molecules forming the “bioink”, to create a complex pre-

programmed 3D tissue construct with good reproducibility 13,14. The most challenging criterion 

for 3D bioprinting is to design a suitable bioink adapted to the specificities of both bioprinting 

technology and cells to print 15. Shape fidelity, resolution but also biocompatibility and 

biofunctionnality complete the long list of desired properties in a bioink. Additionally, mechanical 

control is also extremely important either for printing process and for construct stability 16. Among 

current biomaterials for bioinks composition, the most versatile ones are based on hydrogels, from 

which the 3D hydrated network can be used as a cell scaffold mimicking the extracellular matrix 

(ECM) 17–20. Such architecture helps providing nutrients, oxygen and other required substrates, for 

the well-being of cells through their porosity 21.  

http://dx.doi.org/10.1021/acs.biomac.1c00861
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In tissue engineering, researchers have used hydrogels with combination to proteins and 

carbohydrate-based materials such as collagen, fibrin, gelatin, hyaluronic acid, etc 22. Indeed, their 

use provide bioinks with cell adhesion, proliferation and biological functionalities 19,23. However, 

such bio-based materials generally suffer from batch-to-batch variations and low mechanical 

properties 12,24,25. To overcome in vivo sourcing, biotechnological processes are being developed 

to produce both proteins and polysaccharides, allowing a better batch-to-batch reproducibility 

compared to bio-extracts. Though, the relatively high cost and the intrinsic difficulty to easily 

modify the structure of expressed proteins or polysaccharides are always detrimental for further 

applications. In this context, researchers have also explored synthetic hydrogels, to easily control 

the chemical design and thus, the physico-chemical properties 26. Nevertheless, these hydrogels 

often lack biological ECM properties 21. Therefore, a biomimetic ink combining the biological 

properties of bioinspired proteins or polysaccharides and the exquisite level of design achievable 

with synthetic polymers, could provide significant benefit for bioprinting and more generally tissue 

engineering. 

Recombinant elastin-like polypeptides (ELPs) are considered as a very promising class of 

biocompatible protein-like polymers. They are composed of repeating sequences of -Val-Pro-Gly-

Xaa-Gly- pentapeptides, where the guest residue Xaa can be any amino acid except proline 27,28. 

They can be designed and produced with controlled sequences and molecular weight by 

recombinant DNA and protein engineering techniques. ELPs are derived from the hydrophobic 

domain of Tropoelastin, the precursor of Elastin, which is a key extracellular matrix protein that 

provides resilience and elasticity to many mammalian tissues, including skin, vasculature, elastic 

cartilage or lungs 27,29–31. ELPs are promising candidates for tissue engineering as highlighted by 

several reports using ELP-based hydrogels 32–43. In two recent studies, they were even used as an 
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ink component for tissue engineering through 3D bioprinting. Rodríguez-Cabello’s team used a 

tetrablock of ELP combined with silk-like sequence for extrusion bioprinting 44. They used one of 

the main properties of ELP which it its thermosensitivity 45 to fabricate their cell-loaded printed 

scaffold. Using amphiphilic ELP solutions at high concentration can lead to the formation of 

physical cross-linked hydrogels 46. However, as several synthetic polymers, their ELP construct 

requires long time prior-dissolution (12 h) for proper use. As for Heilshorn’s team, the scientists 

did not directly print ELPs with cells and their ink required a long-time process (5 to 30 minutes) 

to be cross-linked, which is of concern for cell viability and resolution of printing designs 47. 

In the present study, we have selected an ELP, MW-ELP[V3M1-40], containing valine and 

methionine as guest residues, to fabricate an original and tunable bioink. Although recombinant 

DNA and protein engineering techniques are powerful methods to provide precision protein-based 

polymers, laborious molecular cloning steps can hamper the development of large libraries of 

ELPs. To avoid these steps, we have selectively modified methionine residues of our recombinant 

ELP by chemoselective post-modification reactions in order to confer new functionalities and 

properties 48,49. We have in particular grafted acrylate moieties for chemical cross-linking through 

photopolymerization to form 3D networks, as well as the peptide sequence Gly-Arg-Gly-Asp-Ser 

(GRGDS) to allow cell adhesion. Indeed, GRGDS contains the amino acid sequence RGD which 

is a recognition site for the interactions between ECM macromolecules and cell membrane 

receptors 50. We combined also our ELP with collagen I to enable cell-adhesion.  

We have demonstrated that our different ELP-based bioinks are printable and can provide excellent 

mechanical properties such as stiffness and elasticity. They were shown to be biocompatible and 

enabled dermal normal human fibroblasts (NHF) adhesion and viability in presence of collagen or 

GRGDS peptide. The immunofluorescence studies of the 3D networks containing NHF showed 
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expressions of specific ECM protein dermal markers such as pro-collagen I, elastin, fibrillin and 

fibronectin. All those results show that ELP can be tailored to give specific ELP-based bioinks for 

3D bioprinting in tissue engineering.  
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MATERIALS AND METHODS 

Reagents and characterization techniques used were described in supporting information. 

Recombinant MW-ELP[V3M1-40] synthesis 

Recombinant MW-ELP[V3M1-40] was produced, isolated and purified according to previous 

studies 49. The procedure was validated as described in supporting information via Figures S1-S4. 

Chemoselective modification of MW-ELP[V3M1-40] 

Synthesis of M(acrylate)W-ELP[V3M(acrylate)1-40] 

MW-ELP[V3M1-40] was dissolved in an acetic acid/1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) 

mixture (9/1 v/v) (20 mg/mL) and the solution was degassed by bubbling argon into the solution 

for 20 min. Glycidyl acrylate was added (10 equiv. per methionine residue) and the mixture was 

stirred for 48 hours under argon at 23°C. The solvents were evaporated under vacuum to give a 

viscous liquid. The latter was diluted with water and transferred to a 3 kDa Amicon centrifugal 

filter unit to be dialyzed against ultrapure water at 4°C. Then, the retentate was lyophilized to 

provide modified ELP as a white powder (yield > 50%). 1H NMR (400.3 MHz, CDCl3, 298K): δ 

6.49 (dd, J = 17.2 Hz, 11H, -CH=CH2), 6.24 (dd, J = 10.4 Hz, 11H, -CH=CH2), 6.05 (dd, J = 10.4 

Hz, 11H, -CH=CH2), 4.64 (t, 11H, αCHMet), 4.44 (m, 80H, 40 αCHVal  and 40 αCHPro), 4.17 (m, 

30H, 30 αCHVal as guest residue), 3.03 (s, 33H, -SCH3), 1.92 (s, 33H, -CH3COO-). To simplify the 

notation, M(acrylate)W-ELP[V3M(acrylate)1-40] is noted ELPA in the following.  

Synthesis of M(acrylate/30%GRGDS)W-ELP[V3M(acrylate/30%GRGDS)1-40] 

ELPA (1 equiv.) and mercaptopropionic acid-(Gly-Arg-Gly-Asp-Ser)-OH (MPA-GRGDS-OH) (5 

equiv. for 30 % targeted-GRGDS) were dissolved in ultrapure water. N-hexylamine (5 equiv.) was 

http://dx.doi.org/10.1021/acs.biomac.1c00861
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added and the reaction mixture was stirred for 24 hours at 40°C. The solution was diluted with 

water and transferred to a 3 kDa Amicon centrifugal filter unit to be dialyzed against ultrapure 

water at 4°C. Then, the retentate was lyophilized to provide modified ELP as a white powder (yield 

> 50%). 1H NMR (400.3 MHz, CDCl3, 298K): δ 6.49 (dd, 7.7H, -CH=CH2), 6.24 (dd, 7.7H, -

CH=CH2), 6.05 (dd, 7.7H, -CH=CH2), 4.44 (m, 80H, αCHVal and αCHPro), 4.17 (m, 30H, αCHVal 

as guest residue), 3.24 (t, J = 6.92 Hz, 6.6H, -NH-CH2-CH2- of Arg side chain), 3.03 (s, 33H, -SCH3), 

1.74-1.62 (br, 6.6H, -NH-CH2-CH2- of Arg side chain). To simplify the notation, 

M(acrylate/30%GRGDS)W-ELP[V3M(acrylate/%GRGDS)1-40] is noted ELPA-30%GRGDS in 

the following. 

Cell culture 

Dermal normal human fibroblasts (NHF) were obtained from patient’s consent, from 18 years old 

Caucasian breast reduction surgery waste. For experiments, NHF present in cryopreserved vial 

were unthawed in a 37°C water bath, counted manually with a Bürker counting chamber 

(Blaubrand®), routinely cultured in fibroblast medium (FM) consisting of a DMEM (1X) + 

GlutaMAX supplemented with 10 % fetal bovine serum (Fe2+ supplemented) and 1 % antibiotic-

antimycotic, and maintained in a humidified culture incubator at 37°C and with 5 % CO2 until 

passage 7. They were cultured in T150 flask (Falcon) at an original density of 1 million cells to 13 

million cells for 6 days in 25 mL of FM. Medium were changed every 2 days. When cells covered 

70 to 90 % of the flask area, they were detached from the flask using 0.05 % Trypsin EDTA (1X) 

(Gibco) treatment for 3 minutes in a humidified culture incubator at 37°C and with 5 % CO2. 

Treated cells were retrieved in FM and centrifuged at 1,000 rpm and used for specific purposes 

including viability, biocompatibility and reconstruction tests.  

http://dx.doi.org/10.1021/acs.biomac.1c00861
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Bioinks formulation 

All bioinks were made of 7.8 wt% of ELPA, dissolved in FM. For the sample containing GRGDS 

(named ELPA-GRGDS), 3.0 wt% of ELPA-30%GRGDS were added to the ELPA solution, while 

for the one with collagen I, (named ELPA-COLL), 0.13 wt% of collagen type I solution prepared 

on ice was added to the ELPA solution. 2 wt% of a stock solution at 6 wt% of CNF were then 

integrated to each solution. 0.025 wt% of lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP) were weighted into each solution and the different sample vials were kept under aluminum 

foil. Solutions were mixed with a dual asymmetric centrifuge mixer (called also Speed Mixer) at 

3,500 rpm during 3 minutes.  

Bioink characterization 

Printing pattern for rheology and swelling analysis  

For these tests, the pattern generated through regenHU’s BIOCAD software consists of three layers 

of a disk formed by a circle of 3.75 mm in radius filled with lines separated by 0.7 µm each. The 

printing process is described in 2.7.  

Rheology measurement  

Frequency sweep and creep experiments were conducted on an Anton Paar MCR-302 stress-

controlled rheometer using the direct strain oscillation mode. The rheometer was outfitted with a 

Peltier heating system with an environmental trap for uniform temperature control. Hydrogels were 

loaded into an 8 mm sandblasted plate-and-plate geometry. A mineral oil barrier was used to 

prevent sample dehydration. Frequency sweeps were acquired from 0.1 to 100 rad/s at controlled 

temperatures with a strain amplitude of 0.1 %. Creep experiments were performed with an applied 

shear stress of 20 Pa and 200 Pa for 300 s followed by 500 s of recovery. The recovery can be 

http://dx.doi.org/10.1021/acs.biomac.1c00861
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calculated via the equation: %R = �γ𝑐𝑐−γ0�−�γ𝑟𝑟−γ0�
�γ𝑐𝑐−γ0�

 *100 where %R is the percent recovery, γ0 the 

strain at the beginning of the creep period at 0 second, γc the strain at the end of the creep period 

at either 300 or 500 seconds and γr the strain at the end of the recovery period. 

Swelling test  

Three replicas of each bioink were printed in Petri dishes. Printed patterns were hydrated in 5 mL 

of FM for 10, 30, 60 minutes and 1, 2, 7 days of hydration for analysis. At each time point, FM 

were removed and excess around the hydrogel were eliminated with absorbent paper. Samples 

were then weighted w’ and compared to non-hydrated initial bioink w0 to determine the swelling 

ratio with the equation: swelling ratio (%) = 𝒘𝒘
′

𝒘𝒘𝟎𝟎
*100. 

Bioprinting procedure  

The formulated bioink was transferred into a 3cc cartridge and connected to a 300 µm diameter 

inkjet needle printhead (Needle CF-300 inner diameter (ID) = 0.3 mm, external diameter (ED) = 

0.5 mm, length (L) = 2.4 mm (Ref. NCF-D0.3L2.41) containing a microvalve CF-300 nozzle 

diameter (ND) = 0.3 mm, stroke (S) = 0.1 mm (Ref. MVC-D0.3S0.1)), on a regenHU bioprinter. 

Prior to printing, a pattern was generated through regenHU’s BIOCAD software. The pattern 

consists of two layers of a disk formed from a circle of 3.9 mm in radius filled with lines separated 

by 0.7 µm each, and two layers of an upper circle round the edge of the disk with 3.75 mm in 

radius. The design file was exported into a BIOCAD file format (.bcd) which was then imported 

into a file containing the G-code (.iso). This latter is readable by the HMI software which was able 

to list the instructions that control the movements and the tools of the regenHU bioprinter. The 

bioink was printed into a well-plate with a pressure set up at 0.030 MPa, a feed rate of 10 mm/s, a 

http://dx.doi.org/10.1021/acs.biomac.1c00861
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dosing distance of 0.1 mm and a valve opening time of 2000 µs. While printed, the pattern was 

cross-linked under 15 seconds of 365 nm UV-light at 76.2 mW/cm². 

Biocompatibility/viability tests 

Prior to use live/dead kit and CellTiter-Glo® 3D kit for viability tests, samples were prepared and 

a circle of 600 µm in diameter of poly(ε-caprolactone)-ring were printed into each polycarbonate 

membrane insert (Skinsert, EpiSkin, #66.0053.302.611), placed in each well from 6-wells plates. 

10 µl of bioink were added into PCL-rings. Each sample was exposed under UV-light at 365 nm 

for 15 seconds. 4 mL of FM were added, and plates were incubated either for 24 hours or 7 days 

in a humidified culture atmosphere at 37°C and with 5 % CO2. In the case of 7 days, media were 

changed once, after 3 days. Then, live/dead kit was used for qualitative analysis. Briefly, samples 

media were removed and a solution containing calcein AM (0.125 µl/mL) and ethidium 

homodimer (0.5 µl/mL) was prepared in DPBS and was put in contact with samples for 30 minutes 

at room temperature in the dark Then, a Leica DMRB fluorescent microscope was used to visualize 

samples at x10 magnification. Samples were then recovered and used with CellTiter-Glo® 3D kit. 

Briefly, after 30 minutes of contact with the reagents provided by the kit, and transferred to a 96-

well white plate (Corning), luminescent signals, more precisely relative light units (RLU) were 

measured with a GloMax® Discover Microplate Reader. Experiments were repeated four times 

for reproducibility. 

Printed cell-laden scaffold  

Construction process  

Cell culture information, bioinks formulation and bioprinting procedure were defined in their 

respective sections, above. Briefly, prior to bioprinting, the dermal normal human fibroblast cells 

http://dx.doi.org/10.1021/acs.biomac.1c00861
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at passage 7 were mixed in the bioink with the Speed Mixer at 1500 rpm during 30 seconds at a 

density of 2 million/mL. The suspension is then transferred into a 3cc cartridge (Nordson EFD) 

and placed onto the bioprinter. Scaffold containing fibroblast cells were printed through inkjet on 

a polycarbonate membrane and exposed under 365 nm UV-light at 76.2 mW/cm² during 15 s to 

immobilize the design. The printed pattern was immersed in FM. Medium was renewed every two 

days. At day 18, differentiated samples were collected and prepared for hematoxylin-eosin-saffron 

(HES) staining and immunohistochemistry analysis.  

Fibroblast’s functionality evaluation 

After 18 days of culture, samples were collected and cut in half for analysis preparation. A part 

was protected by biopsy bag and placed in a histology cassette (Dutscher) which were then fixed 

in 4 % paraformaldehyde (w/v) buffered at pH 6.9 (Carlo Erba Reagents), for Haematoxylin-

Eosin-Saffron (HES) staining. The other half is embedded in Tissue TEK (OCT compound #4583) 

in cryomold biopsy molds (Fisher) and frozen in a dry ice/100 % ethanol bath, for 

immunohistochemistry.  

HES staining  

Briefly, for the HES staining samples, they were dehydrated by a succession of ethanol 70 %, 

ethanol 100 % and xylene baths and were then inserted in paraffin. The samples were cut using a 

microtome at room temperature (RT) with a thickness of sections about 5 µm. Sections were placed 

into microscope slides (SuperFrost Plus, ThermoFischer) then rehydrated by xylene and decreased 

concentrations of ethanol. Sections were then immersed in hematoxylin solution for 2 minutes. 

They were washed and immersed in a bluing solution for 1 minute and washed again. They were 

then stained with 1 % eosin solution during 3 minutes. After the washing step, they were 

http://dx.doi.org/10.1021/acs.biomac.1c00861
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dehydrated with ethanol and incubated in saffron for 2.5 minutes, rinsed in ethanol and xylene, 

and mounted with resin mounting medium. HES stained samples were achieved with a nanozoomer 

and analyzed with NanoZoomer Digital Pathology (NDP) view software.  

Immunohistochemistry  

Briefly, for the immunohistochemistry frozen samples, they were directly cut with a microtome 

connected to a cryostat at – 20°C with a thickness of sections about 7 µm. While cut, frozen 

sections were soaked 10 minutes in cold acetone at -20°C. Then, they were washed in PBS 1X for 

10 minutes at room temperature. In the case of Vimentin, a permeabilization in PBS 1X/0.5 % 

Triton during 5 minutes at RT followed by a rinsing step in PBS 1X during 5 minutes at RT were 

performed. For all samples, non-specific sites were blocked in 3 % bovine serum albumin with 10 

% normal goat serum during an hour at RT and incubated overnight with specific primary 

antibodies (See Table S1 for references). Then, the sections were rinsed 3 times with PBS 1X for 

5 minutes at RT. AlexaFluor 555 conjugated secondary antibodies were added to the sections for 

30 minutes to 1 hour depending on the sample at room temperature in dark chamber (See Table 

S1 for references). All sections were mounted using Prolong with DAPI. Immunofluorescence 

microscopy scans were achieved with a nanozoomer and analyzed with NDP view software. 

http://dx.doi.org/10.1021/acs.biomac.1c00861
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RESULTS AND DISCUSSION 

ELP-based bioink formulation 

ELP functionalization by post-modification on its methionine residues 

To fabricate a new and tunable bioink, an elastin-like polypeptide (ELP) was chosen as biopolymer 

backbone. More precisely, we obtained, using recombinant DNA and protein engineering 

techniques, MW-ELP[V3M1-40] which consists of 40 units of the pentapeptide -Val-Pro-Gly-Xaa-

Gly- containing either methionine or valine residues at the Xaa positions (Figure S1). A methionine 

residue was incorporated every four ELP pentapeptide repeats for subsequent post-modifications 

and valine occupied the guest residue position in the other repeat units, leading to a Val:Met ratio 

of 3:1 at the guest residue position. At the N-terminus of the ELP, methionine and tryptophan 

(MW) residues were introduced (named “Leader”) for proper initiation of the translation in 

Escherichia coli (E. coli) and ultra-violet/visible (UV/Vis) detection, respectively. The production, 

isolation and purification of this ELP are described in supplementary information (Figures S3-S4). 

MW-ELP[V3M1-40] is a perfectly defined biopolymer that can be tuned extensively by 

chemoselective post-modification of the 11 methionine residues, including one in the Leader 

sequence and 10 as guest residues in ELP pentapeptide repeats. At low pH, the thioether of 

methionine is the most nucleophilic group in proteins, over the N-terminal or lysine’ side chain 

primary amines, histidine imidazoles as well as cysteine thiols, allowing them to chemoselectively 

react with various alkylating agents 51,52. This technique can be used to introduce acrylate moieties 

on methionine residues which could then be cross-linked under UV light irradiation and in the 

presence of a photoinitiator. Glycidyl acrylate was therefore chosen for the addition to the thioether 

groups via an epoxide ring-opening reaction in acidic condition (Figure 1A).     

http://dx.doi.org/10.1021/acs.biomac.1c00861
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Figure 1. ELPA used in a bioink. A – Representation of acrylated MW-ELP[V3M1-40] elastin-like polypeptide. B – 
Rheological properties of uncross-linked ELPA-based bioink: viscosity η as function of shear rate �̇�𝜸. C – Storage (G′, 
solid symbols) and loss (G″, open symbols) moduli as a function of angular frequency ω for a 0.1% strain amplitude 
at 22°C of cross-linked bioink compared to uncross-linked bioink. D – Viscoelastic results of creep tests on cross-
linked bioink with shear stress τ = 20 and 200 Pa applied during 200 s followed by 300/500 s of relaxation, 
respectively. E – Swelling test on bioink in fibroblasts medium after 0, 10, 30, 60 minutes and 1, 2, 7 days of incubation 
at 37°C with 5%CO2 with associated photographs of the bioink at time 0 and after 7 days. F - (a) Shear-thinning 
behavior of the ink. (b) Picture of the bioink-printed pattern, taken with a stereo microscope Leica M60 with an 
integrated Leica IC80 high-definition camera, scale bar: 300 𝜇𝜇m. 
 

The modified ELP (named thereafter ELPA), was then purified by solvent evaporation and dialysis 

against ultrapure water. The degree of functionalization (> 99 %) was assessed by 1H NMR 

analysis (Figure S5). Acrylates are not only cross-linkable moieties but they can also react through 

thiol-Michael addition which is interesting for ELP functionalization 53. By taking advantage of 

the GRGDS bioactive sequence, we performed a thiol-Michael addition reaction catalyzed by N-

hexylamine in water using MPA-GRGDS-OH containing a thiol group at the N-terminal chain end 

of the peptide and ELPA. We selected 30% of GRGDS functionalization to preserve enough free 

acrylate motifs for the subsequent cross-linking process (named thereafter ELPA-GRGDS). The 

functionalized ELPs (ELPA and ELPA-GRGDS) were then purified by dialysis against ultrapure 

water and characterized by 1H NMR (Figures S5, S6) showing the success of the modification.  

http://dx.doi.org/10.1021/acs.biomac.1c00861
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Moreover, even if elastin-like polypeptides are known to be thermosensitive 54,55, including MW-

(ELP[V3M1-40]), the methionine functionalization yielding ELPA and ELPA-30%GRGDS 

increased protein hydrophilicity as a consequence of the formation of the cationic sulfonium 

groups. Consequently, our modified ELPs do not show any thermoresponsiveness while used at 

concentration over 750 µM i.e., over ∼1.5% wt% for both ELP, in aqueous medium below 70°C, 

allowing a perfect solubility and ease of manipulation, as attested by dynamic light intensity (DLS) 

measurements (Figure S7).  

Choice of a shear-thinning biomaterial and a photoinitiator 

Non-cross-linked ELPA alone was too liquid to print a stable 3D design before reticulation but 

also to avoid sedimentation of cells during printing process. Thus, cellulose nanofibers (CNF) were 

chosen since, they can be 3D printed with specific mechanical properties, and they are 

biocompatible 56. ELPA-based bioinks were thus formulated with a solution of cellulose nanofibers 

(CNF) at 2 wt% for printing, providing an adequate viscosity.  

To cross-link our bioink after printing, we decided to use a LAP as photoinitiator. This compound 

has been used in hydrogel fabrication because of its water solubility and low toxicity in the range 

of efficiency 57–61. Thus, we started to evaluate the range of LAP concentrations to obtain a gel 

with a sufficient macroscopic mechanical strength and stability. Results showed that a cross-linked 

hydrogel with sufficient stiffness and resistance through manipulation, can be obtained starting 

from 0.025 wt% of LAP and 15 seconds of 365 nm UV-exposure, with a minimum amount of 7.8 

wt% ELPA (data not shown). Moreover, the potential cytotoxicity and phototoxicity of the LAP 

were evaluated on adult NHF. To do so, concentrations from 0 to 0.3 wt% of LAP, free in the 

culture media, were tested with or without UV light, and NHF morphology and survival were 

analysed after 24 hours (Figure S8). Results showed that without UV light exposure, LAP did not 
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have any cytotoxicity for all concentrations tested on NHF culture. However, UV-exposed LAP 

was cytotoxic above 0.025 wt%. To conclude, based on the first gelation trials and these 

cytotoxicity experiments, our ELPA bioink composition was fixed at 2 wt% CNF, 7.8 wt% ELPA 

and 0.025 wt% of LAP. 

Printability of the bioink 

To evaluate the printability of ELPA bioink, rheological properties were measured. The flow 

behavior was estimated at 22°C as printing would be performed at room temperature (Figure 1B). 

We observed that, in the range of applied shear rate (0.1 to 10 s-1), the viscosity of the bioink 

decreased with increasing temperature according to a power law which illustrates the shear-

thinning behavior of the ELPA bioinks (Figure 1B) often considered as a strong asset for 3D inkjet 

printing techniques. In addition, the storage and loss moduli (G’ and G’’, respectively) of the 

ELPA-based bioink were also determined in oscillatory shear using frequency sweep tests from 

0.1 to 100 rad/s at specific temperatures: 10°C, 22°C and 40°C (Figure 1C red curves). 

Interestingly, a weak dependence of G’ as well as a predominance of G’ over G” (i.e. G’> G”) 

were retrieved over the probed angular frequency range, highlighting a gel-like behavior. 

Scaffold mechanical properties 

An important criterion for bioink scaffolds is also to have mechanical feature close to the targeted 

tissue while providing ease of manipulation. Accordingly, the storage and loss moduli of the cross-

linked ELP-based gel were measured under oscillatory shear at 22°C using a frequency sweep 

from 0.1 to 100 rad/s. A gel-like behavior was also retrieved over the probed range of angular 

frequency with characteristic G’ values three times higher than the ones obtained for non-cross-

linked bioink (Figure 1C orange curves). These results hinted the formation of an elastic network 
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formed by covalent cross-linking during the photopolymerization process. The high elasticity of 

our samples was also noticed when applying manual stresses. Indeed, as displayed in Figure S9 

and Video S1, the recovery seemed to be complete after the removal of the stresses. To probe this 

behavior, we performed creep-recovery tests for a quantitative evaluation of ELPA elasticity. 

When a stress of 20 Pa was applied, the recovery was 100% while when 200 Pa was applied, the 

recovery was approximately 83 % after 500 s relaxation (Figure 1D). We further described the 

recovery process of the cross-linked bioinks by evaluating the strain recovery behavior after the 

creep tests as described in the supporting information (Figure S10, Table S2). Such analysis leads 

to the description of the recovery process through the characteristic relaxation time tr which is 

related to the viscoelastic recovery process visualized after the instantaneous strain recovery. 

Relaxation times are of the same order of magnitude for both experiments performed (53.33 ± 4.91 

s and 76.65 ± 2.20 s for an initial shear stress of 20 Pa and 200 Pa, respectively) and highlight the 

rapid recovery of the cross-linked bioinks under study. Moreover, no noticeable change in terms 

of macroscopic aspect of the sample, was visible after 7 days of incubation at 37°C with 5% CO2 

of the bioink in FM showing its stability over at least a week (Figure 1E photos). It is noteworthy 

that the red color of the hydrogel was due to the phenol red added in the culture medium, a pH 

indicator used in FM, revealing a homogeneous diffusion of the medium within the hydrogel. Thus, 

we also performed a swelling test by evaluating the amount of medium absorbed by the bioink 

over time, after 0 minute to 7 days (Figure 1E). The maximum swelling ratio did not exceed 8 % 

which was not significant. To summarize this part, our cross-linked bioink has a gel-like behavior, 

with limited swelling and is stable over a 7 day-culture period time. 
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Printing process  

As the bioink exhibited shear-thinning property (Figure 1F(a)), inkjet bioprinting was chosen to 

construct scaffolds. Indeed, as reported, this technique offers a relatively high cell viability 

compared to extrusion bioprinting but needs shear-thinning materials 14,18. The design of the 

scaffold included several layers of bioink containing dermal normal human fibroblast cells, and 

was constructed using a CAD software, as shown in the Figure 1F(b) and Video S2. More 

precisely, a 600 µm thickness patterned disk with an additional upper circle round the edge of the 

disk, was drawn, set up at a radius r = 3.9 mm, and printed to give an exploitable sample for further 

analyses, including hematoxylin-eosin-saffron (HES) staining and immunofluorescence (IF) 

experiments. As demonstrated by the Figure 1F(b) and Figure S11, the resolution given by inkjet 

bioprinting with the bioink was particularly compelling. To achieve this precision, different 

parameters were optimized to control the deposition including the pressure governing the flow 

speed set up at 0.030 MPa which is viable for cells. To avoid a drop-by-drop deposition and obtain 

a fiber-like deposition, we chose a nozzle diameter of 300 µm, a speed rate of the printing at 10 

mm/s, a dosing distance of 0.1 mm and a valve opening time of 2000 µs which all contributed to 

an efficient and precise printing process. Printed pattern was then exposed under 365 nm UV-light 

at 76.2 mW/cm² during 15 s to cross-link the design structure. The printing was estimated at less 

than 1 minute per sample, which is an acceptable time for printing alive materials such as cells. To 

conclude, ELPA bioink was printable with good resolution. 

Biocompatibility of the bioink 

To analyze the biocompatibility of our bioink, we first performed experiments on manual 

deposition. Cell viability and attachment on ELPA alone and ELPA containing adhesion sites was 

evaluated using a live and dead kit based on fluorescence observation. To do so, we analyzed cell 
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viability and morphology after 24 hours and 7 days of NHF mixed with either ELPA alone, ELPA 

mixed with 0.13 wt% of collagen I bovine (ELPA-COLL) or 3 wt% of ELPA-30%GRGDS 

(ELPA-GRGDS) (Figure 2A).  

 
Figure. 2. Biocompatibility assays on 3D-cultured normal human fibroblast cells (NHF) in fibroblasts medium in 
ELP-based bioinks: ELPA, ELPA-COLL and ELPA-GRGDS. A – Live/dead test on NHF in ELP-based bioinks: (a, 
b – g, h) ELPA, (c, d – i, j) ELPA-COLL and (e, f – k, l) ELPA-GRGDS at 24 hours and 7 days, respectively scale 
bar = 200µm. B – Relative light units (RLU) via Cell-Titer Glo® 3D luminescent cell viability assay at T0, after 24 
hours and 7 days. C - Live/dead test on NHF in ELP-based bioinks: (a, b) ELPA, (c, d) ELPA-COLL and (e, f) ELPA-
GRGDS, 3 days after printing, scale bar = 200 µm. 
 
Results showed that in ELPA mix, NHF were still alive after 7 days (stained in green) but kept a 

round shape morphology showing that ELPA bioink did not allow NHF adhesion (Figure 2A(g)). 

In comparison, ELPA-COLL and ELPA-GRGDS enabled fibroblasts adhesion after 24 h as NHF 
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presented a characteristic dendritic morphology, associated with high cell survival at day 7 

(Figures 2A(c, d, e, f, i, j, k, l)).  

To confirm these results, quantitative measurements of ATP using CellTiterGlo® 3D kit were also 

achieved (Figure 2B). The data were interpreted and compared to live/dead tests results. Obtained 

luminescence data (RLU) are related to the ATP quantity and correlated to alive cells. 

Measurements were performed just after plating (time 0), 24 hours and 7 days after plating to 

follow cell viability.  

In ELPA bioink, RLU data were non-significantly different between time 0, 24 hours and day 7 

proving that cells remained alive and were metabolically active but did not proliferate. In ELPA-

COLL and the ELPA-GRGDS bioinks, RLU were similar at time 0 and 24 hours. However, we 

observed a significant increase at day 7 for ELPA-GRGDS while it was difficult to observe the 

same phenomenon for ELPA-COLL due to larger data variability. To summarize, ELPA was 

biocompatible but did not allow NHF adhesion and proliferation. Adding an adhesion peptide to 

ELPA, either collagen I protein or GRGDS allowed NHF attachment and proliferation. 

Finally, biocompatibility tests were performed after printing to validate that the printing process 

did not affect cell viability. To do so, ELPA, ELPA-COLL and ELPA-GRGDS were mixed with 

NHF, inkjet-printed, and then analyzed through live/dead test to evaluate the viability of the cells 

after 3 days (Figure 2C). Under stress, NHF within ELPA showed mainly dead cells (red 

fluorescence) with a small amount of viable round shaped cells (Figures 2C(a, b)). In this 

condition, as demonstrated above, cells did not adhere to the network. Thus, stress applied could 

be detrimental to cell viability. On the contrary, in ELPA-COLL and ELPA-GRGDS patterns, no 

dead cell were visible (Figures 2C(d, f)). To conclude, the printing process affected NHF viability 

in ELPA alone but had no impact on cell viability in ELPA-COLL and ELPA-GRGDS. 
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Cell functionality within the 3D bioprinted-networks 

As ELPA, ELPA-COLL and ELPA-GRGDS bioinks, were printable and biocompatible we 

decided to evaluate the functionality of dermal human fibroblast within the bioprinted scaffolds. 

To do so, the different printed samples were submerged in FM and cultivated at 37°C in a 

humidified atmosphere containing 5 % of CO2 for 18 days to let NHF settle down in the matrix 

and start producing extra-cellular matrix components.  

To evaluate fibroblasts adhesion and organization within the 3D networks, samples were harvested 

at day 18 and analyzed by histological and immunofluorescence staining (Figures 3-4). 

First, hematoxylin-eosin-saffron (HES) staining histology was performed allowing the 

visualization of the fibroblast’s organization within the 3D networks, but also the structure of the 

reconstruction (Figure 3).   

 

Figure 3. A – Hematoxylin-Eosin-Saffron (HES) staining histologies of (a) ELPA, (b) ELPA-COLL, (c) ELPA-
GRGDS bioprinted 3D scaffolds with dermal normal human fibroblasts (NHF) in printed and their associated sample 
pictures (scale bar: 100 𝜇𝜇m). B – Immunofluorescence staining on Vimentin of (a) ELPA, (b) ELPA-COLL, (c) ELPA-
GRGDS, (X40, scale bar: 50 𝜇𝜇m) proving the presence of dermal human fibroblasts in ELPA-COLL and ELPA-
GRGDS but not in ELPA scaffold. 
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In ELPA samples, HES showed an absence of NHF (Figure 3A(a)) as expected. In the ELPA-

COLL sample, fibroblasts can be found in the scaffold with a dendritic morphology proving that 

they have attached correctly. However, it was noticeable that many of them were close to the 

bottom of the construction, inducing a heterogeneity in the NHF repartition (Figure 3A(b)). In the 

case of ELPA-GRGDS, NHF was observed throughout the network, with a homogeneous 

distribution (Figure 3A(c)). 

To confirm that the cells observed in ELPA-GRGDS and ELPA-COLL samples were NHF, we 

performed immunofluorescence (IF) on Vimentin, a fibroblast marker (Figure 3B). In the ELPA-

COLL (Figure 3B(b)) and ELPA-GRGDS (Figure 3B(c)) networks, cells expressed Vimentin 

confirming that they were fibroblasts. In accordance with H&E staining, we did not find Vimentin 

expression in ELPA sample, (Figure 3B(a)).  

We then decided to study the presence of extra-cellular matrix components (ECM) within the 

bioprinted scaffolds to assess functionality of NHF. Thus, expressions of Pro collagen I (1), 

collagen I (2), elastin (3), fibrillin (4) and fibronectin (5) were evaluated (Figure 4) in ELPA (a), 

ELPA-COLL (b) and ELPA-GRGDS (c) samples. 
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Figure 4. Immunofluorescence staining on (1) Pro collagen I, (2) collagen I, (3) elastin, (4) fibrillin, (5) fibronectin 
of ELP-based samples: (a) ELPA, (b) ELPA-COLL, (c) ELPA-GRGDS. (X20, Scale bar: 100 𝜇𝜇m). 

In ELPA samples, we could not observe any staining (Figures 4(a1-5)) which was consistent with 

our previous observation where no fibroblasts were present in the scaffold. In comparison, in 

ELPA-COLL (b) and ELPA-GRGDS (c) samples, Pro collagen I (1), collagen I (2), elastin (3), 

fibrillin (4) and fibronectin (5) were present which imply that fibroblasts have neo-synthetized 

extracellular matrix in these bioinks. Moreover, it seemed that Pro collagen I, fibrillin and elastin 

were more expressed in ELPA-GRGDS than in ELPA-COLL (b1, b3, b4 vs. c1, c3, c4 

http://dx.doi.org/10.1021/acs.biomac.1c00861


 
Author manuscript of article published in Biomacromolecules, DOI: 10.1021/acs.biomac.1c00861 

 25 

respectively) even if immunostaining is not a reliable quantitative method for proteins. These data 

showed that ELPA containing GRGDS is a great candidate as bioink but also as cell scaffold for 

tissue reconstruction.  

 Discussion 

Since the early 2000s, 3D bioprinting procedures were developed and exploited extensively to 

improve the fabrication of human artificial tissues 62. However, bioprinted constructs still lack of 

resemblance with human tissues 63. This is often caused by the use of non-adapted bioink 

components. Indeed, it is important to choose a bioink which is compatible with bioprinting 

technology, and provide both suitable biological and mechanical properties 16.  

In this study, we have formulated a bioink containing an Elastin-like polypeptide (ELP), MW-

ELP[V3M1-40], produced with excellent purity and control over molecular weight and structure, 

since it was genetically encoded. Inspired from previous work in our laboratory on MW-

ELP[V3M1-40] which has demonstrated the potential of modifying methionine residues through 

epoxide opening reaction to introduce specific functional moieties 49,64,65, we have generated 

acrylated ELP (ELPA) and ELPA-30%GRGDS. The introduction of acrylate groups on ELP 

allowed photo-cross linking, which was necessary to maintain printed patterns, while the 

introduction of GRGDS promoted cell adhesion. It also led to a stiff network that could enhance 

and promote fibroblasts proliferation 66 and could be an advantage in case of using rare cell types 

or to reduce the quantity of printed cells 67,68. Furthermore, after chemical modification, ELPA and 

ELPA-GRGDS lost their thermosensitivity 49,54,55. In a bioink formulation process, this became an 

advantage, as cells are sensitive to temperature 69 and the use of cooling/heating cartridges and/or 

temperature-controlled printing platform is not required. To be able to print liquid ELP bioinks 

with a good resolution, biocompatible cellulose nanofibers were introduced. This biomaterial 
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played a key role to provide adequate bioink consistency during printing and is probably 

responsible of the ELPA bioink shear-thinning behavior 56. CNF has often been used in bioink 

compositions 56. However, we are reporting for the first time, the use of CNF combined with ELP 

for bioink formulation. Moreover, ELPA bioink behaved as a gel-like structure, enabling a good 

support for cells before printing, as cells sediment when suspended in a liquid solution 70.  

We also demonstrated the ability to provide a really good resolution of printed designs which can 

improve the quality of tissue constructs. After cross-linking, swelling tests showed that the 3D 

network remains stable over time (at least 7 days) which is a really interesting feature as many 

hydrogels could swell about a thousandfold their dry weight which is problematic to control the 

evolution of the tissue reconstruction 71. The ink exhibits also an important ability to recover after 

applying a stress up to 200 Pa. This elasticity  is close to human connective tissue environment 

and can play a role in ECM synthesis 72,73. This could explain ECM protein neosynthesis by NHF 

in ELPA-GRGDS and ELPA-COLL after only 18 days of culture without any stimulation. 

Biocompatibility studies of the bioink demonstrated that ELPA alone was not sufficient for cell 

adhesion. Indeed, cells stay round and do not spread into dendritic shape, a typical morphology of 

NHF within a 3D network 74. If NHF cannot attach they die in couple of days 75. This is exactly 

what we observe in ELPA scaffold after 18 days of culture where no remaining cells were present, 

probably evacuated with media changes during culture period. Thus, collagen I was introduced, 

contributing to cell adhesion through its cell-binding domains 76. Collagen I is a commonly used 

biomaterial for organ reconstruction as it is the main protein present in the connective tissues 77. 

However, the animal origin of our collagen I imply batch-to-batch variations. Moreover, collagen 

is also difficult to handle due to its sensitive gelation process and its tendency to contract in the 

presence of fibroblasts 78 over time can change pattern shape 79. In comparison, using ELPA-
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30%GRGDS provides a better cell adhesion, with a typical dendritic morphology of the fibroblasts 

after 3 days, which would suggest that the kinetic of attachment is faster in ELPA-GRGDS than 

in ELPA-COLL and could be a great alternative to collagen. Compared to several contributions 

that focus only on fibroblast viability within printed pattern 80–83, we have demonstrated here that 

our network is suitable for fibroblasts viability but also for correct adhesion, an important point 

for further cell differentiation and proliferation 84.  

In addition, ELPA containing cell adhesion sites enables dermal normal fibroblast to recover a 

secretory behavior in vitro. We have actually found that NHF in ELPA-GRGDS and ELPA-COLL 

were neosynthetizing specific proteins of the dermal ECM as Pro collagen I, elastin, fibrillin or 

fibronectin 85. It is really interesting to find elastin expression as it is relatively rare in skin 

substitute 86. It is even more rare with the use of a bioink for skin tissue engineering 87–95.  Thus, 

our bioink has great potential for skin reconstruction especially skin bioprinting. Based on those 

promising results, it would be interesting to optimize printing conditions to skin bioprinting with 

a dermal-like scaffold with NHF and keratinocytes seeded or printed on top of it.  

 

CONCLUSION 

We developed a unique, easily and precisely tunable ELP and demonstrated a real potential of 

bioinks using ELP containing cell adhesive motifs for tissue substitutes. Our ELP-based bioink 

has demonstrated excellent mechanical properties such as stiffness and elasticity but also when 

combined with GRGDS or collagen, biological properties such as fibroblasts viability, adhesion 

and ECM neosynthesis. These parameters enabled 3D bioprinting easily a physiological network 

with good resolution, As ELP is a controllable and versatile biopolymer, it could be extensively 
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tuned to provide desired properties and thus, to make ideal bioink for various specific purposes in 

regenerative medicine especially in skin reconstruction.  
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a/ Reagents  

Acetic acid, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), N-hexylamine and poly(ε-

caprolactone) (PCL) (Mn 45,000 #704105) were purchased from Sigma-Aldrich (France). 

Glycidyl acrylate and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) were obtained from TCI 

Chemicals (Belgium). Mercaptopropionic acid-(Gly-Arg-Gly-Asp-Ser)-OH (MPA-GRGDS-OH) 

was purchased from Provepharm (France). Ultrapure water (18 MΩ·cm) was obtained by passing 

in-house deionized water through a Millipore Milli-Q Biocel A10 purification unit. DMEM (1X) 

+ GlutaMAX (Dulbecco’s Modified Eagle Medium (DMEM) [+] 4.5 g/L D-glucose, [+] pyruvate, 

Ref. 31966-021), Anti-Anti (100X) (Antibiotic-Antimycotic containing 10,000 units/mL of 

penicillin, 10,000 µg/mL of streptomycin, and 25 µg/mL of Gibco amphotericin B, Ref. 15240-

062) and Dulbecco phosphate buffer saline (DPBS), a saline buffer solution without calcium and 

magnesium, were purchased from Gibco® (France). Bovine calf serum supplemented HyClone® 

(Fe2+ supplemented fetal bovine serum (FBS), Hyclone AXB30110) and live/dead test kit were 

acquired from Thermo Scientific (France). Type I acido soluble Collagen from calf hides (5 mg/ml 

with 0.017 N acetic acid) were ordered from Symatese (France). Cellulose nanofibers (CNF) at 6 

wt% in DPBS were purchased from VTT (Finland). CellTiter-Glo® 3D, cell viability assay kit 

was obtained from Promega (France).  Green 7F (G7F) and green 3F (G3F) was purchased from 

EPISKIN (France).  

 Primary antibody Secondary antibody 
Vimentin abcam, ab6328 (1/100) A21422, Mouse (1/500) 

Pro collagen I Millipore, MAB1912 (1/100) A21434, Rat (1/500) 
Collagen I Millipore, MAB3391 (1/200) A21422, Mouse (1/500) 

Elastin Novotec, 25011 (1/200) A21428, Rabbit (1/500) 
Fibrillin Millipore, MAB1919 (1/400) A21422, Mouse (1/500) 

Fibronectin abcam, ab6328 (1/100) A21422, Mouse (1/500) 
Table S1. Primary and secondary antibodies associated to specific markers.  
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b/ Characterization techniques 

i. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)  

ELPs were separated under reducing conditions by SDS-PAGE with 4-15 % Mini-PROTEIN® 

TGX precast protein gel (Bio-Rad) and Tris/Glycine/SDS buffer (Bio-Rad). Polypeptide bands 

were detected by the stain-free technique with Bio-Rad Gel Doc EZ system.  

ii. Matrix-assisted laser desorption/ionization (MALDI)     

Mass spectrometry analysis was performed on a MALDI-ToF-ToF (time of flight) (Ultraflex III, 

Bruker) equipped with a matrix-assisted laser desorption/ionization source. ELP samples were 

prepared as following: freeze-dried compounds were dissolved in cold water (2 mg/mL) and were 

then mixed to the matrix solution: sinapinic acid (10 mg/mL in acetonitrile/0.1% trifluoroacetic 

acid in water (1/1, v/v)). Then, a 1-2 µL of this solution were added to a metal plate. After solvent 

evaporation, the solid residue was exposed under laser (Smartbeam, Nd:YAG, 355 nm). Analysis 

were performed in positive linear mode, and proteins standards mixture were used for external 

calibration of the instrument in a mass range adapted to proteins of interest.  

iii. Nuclear magnetic resonance (NMR)  

NMR spectra of ELP-containing samples in D2O were acquired at 298 K on an AVANCE III HD 

400 spectrometer operating at 400.2 MHz for 1H. The solvent signal was used as the reference 

signal. Data processing was performed using Topspin software.  
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iv. Dynamic light scattering (DLS) for transition temperature measurement 

For ELPs transition temperatures determination, DLS were performed on a NanoZS instrument 

(Malvern, U.K.) at a 178° angle and at a constant position in the cuvette. Solutions of MW-

ELP[V3M1-40] and derivatives were prepared at 750 µM in UP water. Temperature was raised 

from 15 to 70°C. Three independent measurements of eleven 10 seconds, were recorded and 

averaged at every 2°C after a 1 min-temperature equilibration time. The scattering light intensities 

were normalized and plotted as a function of temperature.  

c/ Development and characterization of MW-ELP[V3M1-40] 

An elastin-like polypeptide (ELP) with the primary structure MW[VPGVGVPGMG(VPGVG)2]10 

was designed and produced using recombinant DNA and protein engineering techniques.  

 

Figure S1. MW-ELP[V3M1-40] Elastin-like polypeptide representation. 

The MW-ELP[V3M1-40]-encoding gene was obtained by recursive directional ligation of a 

commercially sourced MW-ELP[V3M1-20] [46]. A clone expressing the ELP was cultured in E. 

coli for 21 hours after induction by isopropyl-β-D-thiogalactoside (IPTG). Soluble proteins were 

extracted from the cell lysate. The ELP was then purified by inverse transition cycling (ITC), 

dialyzed extensively against ultrapure water (UP) and lyophilized to provide pure protein in 150 

mg/L culture yields. The purity of the ELP was assessed by SDS-PAGE (Figure S2). MALDI mass 

http://dx.doi.org/10.1021/acs.biomac.1c00861


 
Author manuscript of article published in Biomacromolecules, DOI: 10.1021/acs.biomac.1c00861 

 5 

spectrometry were performed to determine an experimental mass of 17,040 Da in agreement with 

the theoretical value (Figure S3). The protein was characterized by 1H NMR spectroscopy, 

confirming the ELP structure (Figure S4). 

        (A)                                                                                   (B) 

 

Figure S2. (A) Expression of recombinant MW-ELP[V3M1-40] during bacterial fermentation and (B) purified ELP, 
as analyzed by SDS-PAGE. 

 
Figure S3. MALDI mass spectra of MW-ELP[V3M1-40]. [M+H]+

theo = theoretical mass. 

http://dx.doi.org/10.1021/acs.biomac.1c00861
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Figure S4. MW-ELP[V3M1-40] 1H NMR spectrum in D2O at 278K.  

d/ Characterization of modified MW-ELP[V3M1-40] with acrylates 

The degree of functionalization of modified ELP with acrylates, was assessed by performing 1H 

NMR (Figure S5). Two ways to determine this value have been used: firstly, by using the 

integration at δ = 3.0 ppm corresponding to the three protons of –SCH3 methionine residues (noted 

m in the spectra) and secondly, by integrating the different peaks at δ = 6.0, 6.3 and 6.5 ppm (noted 

s, q, r, respectively) corresponding each to protons on acrylate double bounds. These integrations 

were calibrated by assigning the resonances at δ = 4.5 ppm (noted c, d) to the protons of the valine 

and proline side chains. Thus, excellent degrees of functionalization were obtained for the 

synthesized compound, estimated at > 99 %. The slight decrease in degrees of alkylation were due 

to a small amount of methionine oxidation into sulfoxide during the reaction evidenced by the 

existence of resonance at δ = 2.7 ppm in the 1H NMR spectrum corresponding to –S(O)CH3. A 

single peak integrating for 32.8 protons is noticeable on the spectrum at δ = 1.9 ppm, which 

http://dx.doi.org/10.1021/acs.biomac.1c00861
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corresponds to the CH3 of CH3COO-, counterion of the sulfonium as the reaction was perfomed in 

acidic condition.  

Figure S5. 1H NMR spectrum of modified MW-ELP[V3M1-40]: M(acrylate)W-ELP[V3M(acrylate)1-40]. 

e/ Characterization of modified MW-ELP[V3M1-40] with GRGDS 

To identify peaks associated to protons of modified ELPs with GRGRDS moieties, the 1H NMR 

spectrum of MPA-GRGDS-OH has been performed (Figure S6A), revealing the two protons CH2-

NH-C(NH)-NH2 (noted G) and those from CH2-CH2-NH-C(NH)-NH2 (noted L) of arginine at δ = 

3.25 ppm and 1.68 ppm, respectively. To determine the degree of functionalization, the resonance 

at δ = 4.5 ppm corresponding to the αCH protons of the valine and proline (noted c, d) was 

considered as standard. After modification, for 30 %-targetted GRGDS functionalization, the 

integrations of acrylate protons decreased from 11 to 7.7 meaning that 30 % of acrylates have been 

modified (Figure S6B). Moreover, the two protons CH2-NH-C(NH)-NH2 (noted G) and those from 

CH2-CH2-NH-C(NH)-NH2 (noted L) of arginine at δ = 3.25 ppm and 1.68 ppm, respectively 

http://dx.doi.org/10.1021/acs.biomac.1c00861
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appeared on the spectrum and integrated for 6.7 protons meaning that 3.35 GRGDS moieties have 

been grafted, which is consistent with the 30 % modified acrylates.  

(A) 

 
(B) 

 
Figure S6. (A) 1H NMR spectrum of MPA-GRGDS-OH in D2O. (B) 1H NMR spectrum of 
M(acrylate/30%GRGDS)W-ELP[V3M(acrylate/30%GRGDS)1-40] in D2O. 

http://dx.doi.org/10.1021/acs.biomac.1c00861
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f/ Loss of thermosensitivity through post-modification of ELP 

Dynamic light intensity (DLS) measurements have been performed to conclude on the loss of 

thermosensitivity for chemically modified MW-ELP[V3M1-40] in UP water after chemical 

modification reactions (Figure S7). Moreover, the transition temperature (Tt) is dependent on the 

concentration of the solution: the higher the concentration, the lower the Tt [51]. Thus, 

measurements at relatively high concentration (750 µM) were performed to be able to differentiate 

the modified ELPs thermal behaviors. 

 

Figure S7. Evolution of the scattering light intensity of non-modified ELP, ELPA and ELPA-30%GRGDS solutions 
at 750 µM in UP water, as a function of temperature at a 173° scattering angle. 

The non-modified ELP has a transition temperature associated to a change in structural behaviour, 

classical for an ELP monoblock [51]. The totally soluble ELP chain at low temperature turns to 

form micro-size coacervates at high temperature. In the case of ELPA at 750 µM, the introduction 

of acrylates on ELP methionines eliminates the transition temperature as no change in intensity 

appears along the increase of temperature. The grafting of acrylates creates a sulfonium, which is 

charged; it can increase the hydrophilicity of the ELP chain. As reported, the higher the 

hydrophilicity of the ELP, the higher its Tt would be [50]. Thus, if too hydrophilic, no Tt appears 

anymore. However, sulfoniums may have modified the properties of ELP, eliminating the 

http://dx.doi.org/10.1021/acs.biomac.1c00861
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coacervation event. The same experiments were performed for ELPA-30%GRGDS at 750 µM. 

Similarly, as expected, no transition temperature was visible for each modified ELPs. Indeed, 

GRGDS is a hydrophilic peptide, making ELPA-30%GRGDS even more hydrophilic.  

g/ Evaluation of LAP toxicity and phototoxicity 

The tests consist in a luminescence cell viability assay for each condition. In more details, the cell 

viability assay involves using a kit called Cell-Titer Glo® which determines the number of viable 

cells in culture based on the quantification of the present adenosine triphosphate (ATP), an 

indicator of cell metabolic activity. Briefly, one milliliter containing 15,000 dermal normal human 

fibroblast cells in FM were plated in 24-wells plates and kept in a humidified culture incubator at 

37°C and with 5 % CO2 for 48 hours. Then, 12 concentrations of LAP were considered and 

prepared by serial dilution in FM (2*0.3 % w/v, 0.1 % w/v, 0.05 % w/v, 0.025 % w/v, 0.01 % w/v, 

0.005 % w/v, 0.0025 % w/v, 0.001 % w/v, 0.0005 % w/v ,2*NT (non-treated)), with four 

repetitions. FM was removed from each well and 400 µl of each concentration were added. They 

were incubated in a humified atmosphere at 37°C and with 5 % CO2 for 30 minutes. All wells 

except one condition of 0.3 % w/v and one NT, were exposed under UV-light for 2 min 24 s, under 

UV 365 nm with 7.91 mW/cm² of a solar simulator (SOL-UV-6 equipped with 2 filters: WG360 

and UG11) (corresponding to 15 s under a UV source at 365 nm with 76.2 mW/cm²). Media were 

all removed from wells and 1 mL of FM were added. Plates were kept for 24 hours in a humidified 

culture incubator at 37°C and with 5 % CO2. Then, for each condition, medium was removed and 

they were then treated with CellTiter Glo kit to determine cells viability.  Briefly, after 30 minutes 

of contact with the reagents provided by the kit, and transferred to a 96-well white plate (Corning), 

luminescent signals, more precisely relative light units (RLU) were measured with a GloMax® 

Discover Microplate Reader (Figure S8). 

http://dx.doi.org/10.1021/acs.biomac.1c00861
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Figure S8. Ratio of relative light units (RLU) over control+’s RLU via Cell-Titer Glo® luminescent cell viability 
assay of 2D-cultured human fibroblasts in FM, exposed under UV-light at 365 nm in contact with LAP (from 0 to 0.3 
wt%) after 24 hours, except those quoted with NE (non-exposed). Red line = 80 % viability limit.  
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h/ Bioink elasticity 

i. Macroscopic elasticity  

As shown in Figure S9 and Video S1, when a stress is applied to a cross-linked bioink sample 

(Figure S9(1-2)), and is then removed (Figure S9(3-6)), a complete recovery of its shape is 

retrieved. 

Figure S9. Shape evolution of cross-linked bioink under manual stress. 

Video S1. Shape evolution of cross-linked bioink under manual stress.  

ii. Strain recovery after creep test  

The strain recovery behavior of the cross-linked bioinks was evaluated using an approach based 

on Kohlrausch-Williams-Watts / Weibull distribution function to describe the relaxation process. 

(10.1007/s10853-005-2020-x) 

In this approach, the time-dependent recovery strain, 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, following the instantaneous strain 

recovery, is expressed using a “stretched exponential” function as: 

𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡) = 𝜀𝜀𝑟𝑟𝑣𝑣𝑣𝑣𝑟𝑟(𝑡𝑡) �𝑒𝑒𝑒𝑒𝑒𝑒 �− � 𝑡𝑡
𝑡𝑡𝑟𝑟
�
𝛽𝛽
�� + 𝜀𝜀𝑣𝑣𝑟𝑟𝑟𝑟    (1) 
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Where 𝜀𝜀𝑟𝑟𝑣𝑣𝑣𝑣𝑟𝑟 is the viscoelastic strain recovery, 𝑡𝑡𝑟𝑟 the characteristic relaxation time, 𝛽𝛽 the shape 

exponent of the stretched exponential decay and 𝜀𝜀𝑣𝑣𝑟𝑟𝑟𝑟 the irreversible strain from viscous flow. 

Figure S10 shows the time-dependent recovery strain of the cross-linked bioinks as a function of 

the initial stress loading. The parameters obtained from fitting time-dependent recovery strain 

curves to experimental data are summarized in Table S2. 

 
Fig S10. Time-dependent recovery strain of the cross-linked bioinks as a function of the initial stress loading. A – for 
an initial shear stress of 20 Pa and B – for an initial shear stress of 200. The red continuous lines are best fitting curves 
using equation (1). 

Table S2. Parameters obtained from fitting time-dependent recovery strain curves to experimental data using equation 
(1). 

τ0 (Pa)a εvisc (%)b tr (s)c βd εirr (%)f Reduced χ² 

20 0.075 ± 0.003 53.33 ± 4.91 0.58 ± 0.04 0 6.1 10-6 

200 1.33 ± 0.02 76.65 ± 2.20 0.41 ± 0.01 0.6 4.7 10-5 
a τ0, initial shear stress. b εvisc, viscoelastic strain recovery. tr, characteristic relaxation time. β, Shape exponent of the 
stretched exponential decay (β = 1 refers to a single relaxation time and β < 1 indicates a broader distribution of 
relaxation times). εirr, permanent strain from viscous flow (εirr was fixed to a asymptotic value of εirr(τ0 = 20 Pa) = 0% 
and εirr(τ0 = 200 Pa) = 0.6% during the fitting process). 

  

BA
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i/ Printing fidelity   

 
Figure S11. (A) Numerical 2D design drawn on regen Hu’s BioCAD. (B) Numerical 3D design visualization. (C) 
View of inkjet bioprinting process. (D) Picture taken with a stereo microscope Leica M60 with an integrated Leica 
IC80 high-definition camera, scale bar: 300 𝜇𝜇m. 

Video S2. Inkjet bioprinting process in real time.  
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