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Abstract 
Polyurethanes (PUs) have adjustable mechanical properties making them suitable for a 

wide range of applications, including in the biomedical field. Historically, these PUs have 

been synthesized from isocyanates which are toxic compounds to handle. This has 

encouraged the search for safer and more environmental-friendly synthetic routes, leading 

today to the production of non-isocyanate polyurethanes (NIPUs). Among these NIPUs, 

polyhydroxyurethanes (PHUs) bear additional hydroxyl groups, which are particularly 

attractive for derivatizing and adjusting their physico-chemical properties. In this paper, 

polyether-based NIPU elastomers with variable stiffness are designed by functionalizing 

the hydroxyl groups of a poly(propylene glycol)-PHU by a cyclic carbonate carrying a 

pendant unsaturation, enabling them to be post-photocrosslinked with polythiols (thiol-

ene). Elastomers with remarkable mechanical properties whose stiffness can be adjusted 

are obtained. Thanks to the unique viscous properties of these PHU derivatives and their 

short gel times observed by rheology experiments, formulations for light-based 3D-printing 

have been developed. Objects were 3D-printed by digital light processing with a resolution 
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down to the micrometer scale, demonstrating their ability to target various designs of prime 

importance for personalized medicine. In vitro biocompatibility tests have confirmed the 

non-cytotoxicity of these materials for human fibroblasts. In vitro hemocompatibility tests 

have revealed that they do not induce hemolytic effects, they do not increase platelet 

adhesion nor activate coagulation, demonstrating their potential for future applications in 

the cardiovascular field.  

Introduction  
Polyurethanes (PUs) are one of the most produced polymers worldwide 1. They are found 

in many diverse applications (flexible and rigid foams, adhesives, coatings, elastomers, 

…) thanks to their wide range of possible structures, which can give them very different 

properties 2. This versatility is itself due to the wide choice of monomers available, i.e. 

isocyanates and polyols. One of the many advantages of PUs is their biocompatibility and 

biostability 1, which is due to their resistance to hydrolysis 3. Therefore, PUs find various 

applications in the biomedical field, such as in drug eluting implants 4–6, catheters, blood 

oxygenators, or even scaffolds for tissue engineering 7,8. Medical PU market size is 

forecasted to reach 5.2 billion U.S. Dollar by 2026, after growing 4.3% annually 9. 

Especially, polyether-based PUs exhibiting elastomeric properties close to several natural 

tissues thanks to their soft polyether segments, and polycarbonate-based PUs showing 

long-term stability are particularly appealing even for highly demanding cardiovascular 

applications 10–14. Currently, the industrial production of these PUs mainly relies on 

isocyanate chemistry which causes health issues such as lung injuries and asthma 15,16 

and requires the handling of highly toxic compounds such as phosgene 17,18. This historical 

process is no longer in line with the current evolution of regulations, such as European 

legislations of Registration, Evaluation, Authorization and Restriction of Chemicals 

(REACH) 19,20. As a result, more environmental-friendly alternative synthetic routes are 

rapidly developing today to avoid the use of these reagents 21–25 and produce the so-called 

non-isocyanate polyurethanes (NIPUs).  

An emerging green chemistry for the synthesis of NIPUs is the addition of an amine to a 

5-membered cyclic carbonate 20,21,26. The latter is less toxic than an isocyanate compound 

and is easily produced by the quantitative catalyzed coupling of CO2 to an epoxide, 

making this process more eco-friendly 26–33. NIPUs produced by this route hold primary 

and secondary hydroxyl groups along their backbone and are called 

polyhydroxyurethanes (PHUs) 34,35. Segmented polyether-PUs, and notably 

poly(propylene glycol)-PUs (PPG-PUs) are exhibiting remarkable elastomer properties as 

well as a high biocompatibility which justifies their application in various medical devices, 

including in the highly demanding cardiovascular field. Therefore, efforts have been 

devoted to apply this green chemistry to the synthesis of PPG-PHU elastomers. 

Nevertheless, in this case, the hydroxyl groups of PHUs prevent the nanophase 
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separation that takes place in classic PPG-PUs (that exhibit thermoplastic elastomer 

properties), which alters the elastomeric behavior of PPG-PHUs, causing them to flow 

under the force of gravity. This effect is even more pronounced when PPG-PHUs are 

hydrated. Several groups have tried to restore the phase separation by incorporation of 

amide chain-extenders 36 or sterically hindered soft segments 37. Some of us have also 

reported the crosslinking of PPG-PHU chains as a way to compensate for this loss of 

mechanical properties 38. However, even though the hydroxyl groups affect the properties 

of these polyether-PHUs, they can also be advantageously used for the 

post-functionalization of PHUs and give them new properties and perspectives 39.  

Since PHUs are relatively recent materials, biocompatibility studies are scarce in the 

literature. Degradable aliphatic polyester-PHUs were reported as biologically benign and 

used for drug delivery systems [40]. Cytotoxicity tests have demonstrated the 

biocompatibility of various PHU networks, such as bio-sourced tannic acid derived PHU 

networks 41 or aliphatic dihydroxyurethane crosslinked via thiol-ene 42 or via 

photopolymerization of acrylic groups 43. As far as polyether-PHUs are concerned, the 

biocompatibility of poly(ethylene glycol) (PEG)-PHUs hydrogels was demonstrated. Being 

non cytotoxic, these hydrogels allow cells spreading and proliferation and are thus 

relevant for tissue engineering 44. This is also the case for segmented PPG-poly(amide 

HU) electrospun as fibrous mats 45. Finally, this green chemistry reaction of a cyclic 

carbonate with an amine was applied to link the blocks of the  thermoresponsive PEG-

HU-PPG-HU-PEG triblock copolymers, and hemocompatibility tests performed on the 

latter demonstrated that the hydroxy-urethane junction did not alter their 

hemocompatibility, showing the high potential of these NIPUs for cardiovascular 

applications 46. 

In this work, we apply this new green chemistry approach, i.e., the reaction of an 

unsaturated CO2-sourced cyclic carbonate with an alcohol 47 for the functionalization of a 

PPG-PHU in order to allow its post-photo-crosslinking. Therefore, we exploit an easily 

accessible CO2-based 5-membered cyclic carbonate, namely αCC (see Scheme 1), for 

the preparation of PPG-carbonate-based NIPUs carrying pendant unsaturations. This 

modified PPG-NIPU is then photo-crosslinked in the presence of various polythiols, 

chosen to adjust the mechanical properties of the resulting elastomers, without the need 

to change the structure of the functionalized NIPU. Formulations are then developed to 

achieve their 3D printing by Digital Light Processing (DLP) (Scheme 1) to allow the 

customization of biomedical implants or prostheses. Finally, we assessed the 

biocompatibility of the materials by quantifying cytotoxic effects towards human primary 

fibroblasts in different in vitro assays. In addition, NIPUs hemocompatibility was also 

evaluated through the measurement of the hemolytic effects towards red blood cells 

(RBCs), the quantification of adhered platelets on NIPUs surfaces and the measurement 
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of clotting times upon contact with NIPUs. The latter demonstrated remarkable 

hemocompatibility, opening new opportunities for the design of blood-contacting drug 

eluting implants and prostheses for cardiovascular applications. This work therefore 

demonstrates that a new emerging green chemistry approach leads to NIPU elastomers 

with mechanical properties adaptable to various natural tissues, and which can be 3D 

printed to design bio- and hemocompatible implants. 
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Scheme 1. Schematic illustration of the synthesis of the poly(propylene glycol)-

polyhydroxyurethane (PPG-PHU) polymer precursor (A), functionalization of the hydroxyl 

groups of PPG-PHU by αCC (B), photo-crosslinking of αCC-PPG-PHU with a varying 

polythiol and a photoinitiator by a thiol-ene reaction (C), 3D printed PPG-NIPU-based 

object obtained by DLP (D), mechanical testing of the PPG-NIPU networks (E) and in vitro 

bio/hemobiocompatibility testing of the PPG-NIPU networks (F). 

 

Experimental section 
 

Materials 

1-Methyl-2-pyrrolidone (NMP) (≥99.7%, Sigma-Aldrich), 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU) (≥99%, Sigma-Aldrich), 2,2′-(Ethylenedioxy)diethanethiol (95%, Sigma-

Aldrich), argon (Air Liquide), chloroform (≥99.8%, VWR Chemicals), CO2 (N27) 

dimethylformamide (99.8%, DMF) (Acros), ethyl acetate (≥99.8%, Acros), Irgacure 819 

(>95%, Ciba Specialty Chemicals Inc), pentaerythritol tetrakis(3-mercaptopropionate) 

(>95%, Sigma-Aldrich), trimethylolpropane tris(3-mercaptopropionate) (≥95%, Sigma-

Aldrich), Carbothane™ (Lubrizol), Dulbecco's modified Eagle's medium (DMEM, Gibco, 

Thermo Fisher Scientific, USA), fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific, 

USA), non-essential amino acids (NEAA, Gibco, Thermo Fisher Scientific, USA), 

amphotericin B (Gibco, Thermo Fisher Scientific, USA), penicillin/streptomycin 

(Pen/Strep, Biowest, France), phosphate buffered saline (PBS, Gibco, Thermo Fisher 

Scientific, USA), trypsin-EDTA solution (Gibco, Thermo Fisher Scientific, USA), Triton™ 

X-100 (Merck, USA), resazurin (10-oxido-7-oxophenoxazin-10-ium-3-olate, Stemcell 

Technologies, Canada), paraformaldehyde (PFA, Merck, USA), Phalloidin-Alexa Fluor® 

488 (1:100, Molecular Probes), 6-diamidino-2-phenylindole dihydrochloride (DAPI, 3 

μg/mL, Merck, USA), lactate dehydrogenase activity assay kit (LDH, Sigma-Aldrich, USA), 

CRYOcheck™ Pooled Normal Plasma (Cryopep, France), 5-CLOT NaPTT Reagent 

(NODIA, Belgium), CaCl2 solution 1M (Merck, USA) were used as received without any 

further purification. 

 

Characterization Methods 

Fourier transformed infrared spectroscopy (FTIR). Fourier transform infrared spectra 

were recorded using a Nicolet IS5 spectrometer (Thermo Fisher Scientific) equipped with 

a diamond attenuated total reflectance (ATR) device. Spectra were obtained in 

transmission or ATR mode as a result of 32 spectra in the range of 4,000 – 500 cm-1 with 

a nominal resolution of 4 cm-1 and analyzed with an OMNIUMTM (Thermo Fisher Scientific) 

software. 
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Nuclear magnetic resonance spectroscopy (NMR). The samples were prepared by 

dissolving 20 mg of product in 650 µL of deuterated DMSO-d6 or CDCl3. 1H- and HSQC 

(Heteronuclear single quantum coherence) NMR spectra were recorded at 298 K with a 

Bruker advance DRX 400 MHz spectrometer, in the Fourier transform mode. 

 

Size exclusion chromatography (SEC). The number-average molecular weight (Mn), 

the weight-average molecular weight (Mw) and the dispersity (Mw/Mn) of poly(propylene 

glycol)-polyhydroxyurethanes were determined by size exclusion chromatography (SEC) 

in DMF containing LiBr (2.17 g/L) at 55 °C (flow rate: 1 mL/min) with a Waters 

chromatograph equipped with four columns (Waters Styragel HR 1, HR 3, HR4, HR5), a 

dual λ absorbance detector (Waters 2487) and a refractive index detector (Waters 

2414.40 °C). A polystyrene calibration was used. 

 

Tensile tests. The mechanical properties of the samples were realized at 25°C on a Q800 

dynamic mechanical analyzer (DMA) from TA Instruments in DMA controlled force mode. 

Rectangular samples of 25×5×0.5 mm were tested and a starting distance of 7 mm 

between the clamps was chosen. For each sample, an equilibrium of 5 min at 25 °C was 

first applied, before starting to apply a force with a ramp of 0.05 MPa/min at 25 °C until 

breaking the sample. The data was analyzed with the software TRIOSTM (TA Instruments). 

The Young’s modulus (E), the stress at break (σ) and the elongation at break (ε) of 

samples were calculated by averaging at least three reproductive values. Samples were 

analyzed in the dry state (after drying at 120 °C in an oven overnight) and in wet state 

(after immersion in water for 24h). 

 

Swelling measurements. The swelling degrees of the networks were calculated by 

immersing each sample (previously weighed in dry state) in CHCl3 at room temperature 

(average of at least three values). Measurements were taken every 30 minutes until the 

mass stabilized. They were determined by the following equation: 

Swelling degree = (Ws- Wd)/Wd × 100% 

where Ws is the weight of the swollen sample in CHCl3 and Wd the weight of the dried 

sample before swelling. 
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Gel content measurements. The gel contents of the networks were calculated by 

comparing the weight of a sample in dry state before immersion in CHCl3 (before swelling) 

and the weight of a sample after immersion for 24 hours in CHCl3 at room temperature 

(swelling) and drying at 120 °C overnight (average of at least three values). They were 

determined by using the following equation: 

Gel content = Wd,f/Wd x 100% 

Where Wd,f is the weight of the sample dried at 120 °C overnight after immersion in CHCl3 

and Wd is the weight of the dried sample before swelling.  

 

Equilibrium water absorption measurements (EWA). The equilibrium water 

absorptions of the networks were calculated by immersing each sample (previously 

weighed in dry state) in water at room temperature after 24 hours (average of at least 

three values). They were determined by the following equation: 

Swelling degree = (Ws,w - Wd)/Wd × 100% 

where Ws,w is the weight of the swollen sample in water and Wd the weight of the dried 

sample before swelling in water. 

 

Differential scanning calorimetry (DSC). The glass-transition temperatures were 

determined using a DSC 250 by TA Instruments with a baseline flatness ≤10 μW with a 

precision of ± 0.01°C. The procedure is the following: equilibration at -80 °C and 

isothermal step for 2 min (cycle 1), heating with a ramp of 10 °C/min up to 150 °C followed 

by an isothermal step for 5 min (cycle 2), equilibration at -80 °C and isothermal step for 2 

min (cycle 3), heating with a ramp of 10 °C/min up to 200 °C (cycle 4). Thermograms were 

recorded during the fourth cycle and analyzed using the software TRIOSTM (TA 

Instruments). 

 

Thermogravimetric analyses (TGA). Thermogravimetric analyses were performed on a 

TGA 2 model by Mettler Toledo with a weight precision of 0.005% and a resolution of 1 

µg. The procedure is the following: samples were placed under air atmosphere (20 

mL/min) and underwent a first heating from 30 to 100 °C, with a heating rate of 20 °C/min 

followed by an isothermal step at 100 °C during 10 min and finally a second heating from 

100 up to 500 °C with a thermal ramp of 10 °C/min. The curves were analyzed using the 

STARe software. 
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Rheological measurements. The curing times of the formulations were determined by 

time sweep experiments performed on an ARES-G2 from TA Instruments equipped with 

parallel plate geometries (diameter of 25 mm, bottom in stainless steel, top in acrylic 

material transparent to UV). Interplate gaps of 0.1 mm were set, and the mixtures were 

deposited so that the geometries were completely filled. Normal forces were monitored to 

be relaxed before any measurement. A UV lamp Omnicure Series 2000 (200 W, 

wavelength = 365 nm) was used to illuminate the samples during the analyses and was 

turned on after 100 s of data collection (in order to reach an equilibrium). The procedure 

is the following: oscillation fast sampling during 200 s at 25 °C with a sampling rate of 1 

pts/s, a strain of 1% and a frequency of 1 Hz followed by oscillation time during 300 s at 

25 °C with a sampling interval of 2 s/pt, a strain of 1% and a frequency of 1 Hz. Flow 

sweep experiments were performed in order to measure the viscosity of the solutions 

using stainless steel parallel plate geometries (diameter of 25 mm) with gaps of 0.3 mm 

and 1% of strain at room temperature. The data was analyzed using the software TRIOS 

by TA Instruments. 

Experimental Procedures 

Functionalization of poly(propylene glycol)-polyhydroxyurethanes 

Poly(propylene glycol)-polyhydroxyurethane (PPG-PHU) was prepared from carbonated 

poly(propylene glycol) diglycidyl ether and 4,4’-methylenebis(cyclohexylamine) (MBCHA) 

following a protocol described in ESI (Figures S1-S5 and Scheme 1.A).38,48,49 This yellow 

PPG-PHU (5 g, 0.025 mol of hydroxyl groups, 1 eq.) was then weighed in a 100 ml round 

bottom flask equipped with a magnetic stirrer. A minimal amount of dry DMF (20 mL) was 

added to the prepolymer under stirring until solubilization. Once the solubilization was 

complete, αCC (3.5 g, 0.025 mol, 1 eq.), synthesized following a protocol described in ESI 

(Figures S6-7) 49 and shown in Scheme 1.B, was added to the solution, followed by 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU, 0.1903 g, 1.25 mmol, 0.1 eq.). The solution was 

placed under inert atmosphere and constant agitation for 24h. The brown solution was 

then purified by three successive precipitations: the product was precipitated in 300 mL of 

diethyl ether, centrifugated for 10 min at a speed of 10,000 min-1
 at 15°C, resolubilized in 

50 mL of CHCl3 before being precipitated again (repeat the operation twice). The obtained 

brown functionalized polymer (αCC-PPG-NIPU, shown in Scheme 1.B) was then dried 

under vacuum. The quantitative functionalization of the alcohol functions (both primary 

and secondary) was checked by NMR and FTIR (Figure S8-10). A SEC analysis was also 

performed on the final product (Figure S11). Mw = 24,400 g/mol, Mw/Mn = 1.73 (PS 

calibration). Figure S12 and Figure S13 show the DSC and TGA curves of αCC-PPG-

NIPU, respectively. 
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αCC-PPG-NIPU: 1H-NMR (400 MHz, DMSO) δ (ppm) = 6.05 (dd, J = 17.5, 10.9 Hz, 1H), 

5.48 – 5.24 (m, 2H), 4.91 (s, 1H), 4.35 – 3.99 (m, 2H), 3.84 – 3.09 (m, 49H), 2.09 (s, 3H), 

1.85 – 0.70 (m, 19H). 

 

Typical procedure for the synthesis of networks 

In the following procedure (see Scheme 1.C), the molar ratios are calculated according 

to the number of moles of alkene functions present on the functionalized PHU determined 

by 1H-NMR for each batch. Irgacure 819 (0.0974 mmol, 0.0407 g, 0.1 eq.) was weighed 

in a glass vial equipped with a magnetic stirrer before adding 100 µL of CHCl3 to solubilize 

it under agitation away from UV light. Trimethylolpropane tris(3-mercaptopropionate) 

(SH3, 0.3214 mmol, 0.1281 g, 0.33 eq.) was then added, and the solution was stirred 

away from UV light. αCC-PPG-PHU (0.3 g, 0.9740 mmol of alkene, 1 eq. alkene vs thiol) 

was weighed in another glass vial equipped with a magnetic stirrer and solubilized in 1 

mL of CHCl3 by agitation. Once the solubilization was complete, the αCC-PPG-PHU 

solution was transferred to the vial containing the Irgacure 819 and the trithiol. The 

resulting solution was stirred and CHCl3 was removed under vacuum away from UV light. 

The formulation was then poured in a Teflon mold (5 x 2.5 x 0.1 cm). The curing occurred 

by placing the mold under a UV lamp (Omnicure Series 2000, 200 W, Hg, wavelength = 

365 nm) for 15 minutes. The mold was then placed at 120 °C in an oven for 24 hours to 

remove any remaining traces of CHCl3. The resulting PPG-NIPU networks were then 

characterized by various techniques (see Figure S14 for FTIR spectra, Figure S15 for 

DSC curves and Figure S16 for TGA curves). Networks synthetized starting from 2,2′-

(ethylenedioxy)diethanethiol (SH2) and pentaerythritol tetrakis(3-mercaptopropionate) 

(SH4) were also prepared following this procedure by adapting the quantities of reagents 

(0.5 eq. and 0.25 eq. of thiols, respectively). 

 

Procedure for the 3D printing of the PPG-NIPU SH3 formulation 

The PPG-NIPU SH3 resin was chosen to conduct 3D printing experiments by digital light 

processing (DLP) in order to demonstrate the printability of the resin. The final formulation 

used for the trials was a solution with a concentration of 0.5 g of αCC-PPG-NIPU per mL 

of 1-methyl-2-pyrrolidone (NMP), a 1:3 molar ratio (0.33 eq.) of SH3 and 10 mol% of 

photoinitiator (Irgacure 819). No photoabsorber was used. The 3D printing trials were 

carried out at room temperature using a Lumen X 3D bioprinter by CELLINK working with 

a fixed wavelength of 405 nm, 100% of light intensity (corresponding approximatively to 

48 mW/cm2), an exposure time of 25 s per layer, a layer height of 50 µm, a first layer time 

scale factor of 1 and a build platform offset set to 0. These parameters are the result of a 
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first optimization, after trying different exposure times (between 20 and 30 s) and different 

first layer time scale factors (between 1 and 3). Each trial was made by pipetting 0.5 mL 

of solution in the center of a Petri dish (see Figure 2.D for the DLP printing experimental 

set-up). The computer-aided design (CAD) used for these printings is shown in Figure 

S18.A and is composed of 20 full layers (base) and 10 layers of cubic-like objects with 

varying dimensions (5×5 mm2, 1×1 mm2, 0.5×0.5 mm2, 0.25×0.25 mm2 and 0.1×0.1 mm2). 

These objects were used to evaluate the resolution of the formulation chosen for the DLP 

process. Postprocessing of the printed objects included thoroughly washing with acetone 

and subsequent post-curing through photoirradiation for 10 min (using a UV lamp, 

Omnicure Series 2000, 200 W, Hg, wavelength = 365 nm). Pictures of the 3D printed 

objects were taken using a Zeiss Axiotech light microscope (see Figure S18.B, C, D, E 

and F). 

 

Procedures for biological testing 

1. In vitro biocompatibility: interactions with human fibroblasts 

Primary cells and culture conditions. In vitro biocompatibility assays were performed 

using primary cultures of human fibroblasts. Cells were expanded in Dulbecco's modified 

Eagle's medium (DMEM) supplemented with 10% volume/volume (v/v) fetal bovine serum 

(FBS), 1% v/v non-essential amino acids (NEAA), 2,5 µg/mL of amphotericin B and 1% 

v/v penicillin/streptomycin (Pen/Strep) at 37 °C, in a humidified atmosphere, containing 

5% v/v CO2. Medium was refreshed every two days. When reaching 90% confluence, 

cells were rinsed with 5 mL of phosphate buffered saline (PBS) (37 °C) and detached from 

culture flasks using 2 mL of Trypsin-EDTA solution. 

Indirect Contact (extracts). The cytocompatibility of the synthetized polymers was 

initially evaluated using the indirect contact assay, by incubation of the cells with extracts 

of the materials, which were prepared as described in ISO 10993−12:2004. Firstly, 5-mm 

polymer discs were thoroughly rinsed with NaCl 0.9% for 72 h at 37 °C with agitation (100 

rpm). The NaCl solution was refreshed every 24 h. To prepare the extracts, the washed 

discs were sterilized under UV, and incubated with DMEM for 24 h at 37 °C in an orbital 

shaker at 100 rpm. Cells were seeded in 96-well plates at density of 1 × 105 cells/mL and 

kept in culture for 24 h at 37 °C with 5% v/v CO2. After 24 h, when a cell monolayer was 

formed, the materials’ extracts were added, according to ISO 10993-5:2009(E), and the 

cells were incubated for other 24 h. A solution of Triton (X-100) 0.1% v/v was used as 

positive control of in vitro cytotoxicity. 
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Direct Contact. Polymer discs (diameter of 5 mm) were thoroughly rinsed with NaCl 0.9% 

for 72 h at 37 °C with agitation (100 rpm). The NaCl solution was refreshed every 24 h 

and the washed discs were sterilized under UV. Cells were seeded in 48-well plates at 

density of 1 × 105 cells/mL and kept in culture for 24 h at 37 ºC with 5% v/v CO2. After 24 

h, when a cell monolayer was formed, the sterile polymer discs were added to each well, 

and the cells were incubated for other 24 h. A solution of Triton (X-100) 0.1% v/v was used 

as positive control of in vitro cytotoxicity. 

Measurement of the metabolic activity. Metabolic activity of the fibroblasts was 

quantified using a resazurin-based assay. For that, culture medium was removed from the 

wells and fresh media containing 10% v/v resazurin was incubated with the cells for 4 h 

at 37 °C with 5% v/v CO2. Afterwards, medium was transferred to a black 96-well plate 

and the relative fluorescence units (RFUs) were measured (λex ≈ 530 nm, λem ≈ 590 nm) 

using a micro-plate reader. Results were displayed as a percentage of the negative control 

(metabolic activity of cells contacting with PU/PPG-NIPU relatively to cells in contact with 

DMEM alone). Statistically significant differences between PU and NIPUs were calculated 

through one-way ANOVA with Dunnett's multiple comparisons test.  

Visualization of adherent cells. After 24 h of culture, the fibroblasts were rinsed with 

PBS, fixed using paraformaldehyde (PFA) 4% weight/volume in PBS for 15 min, rinsed 

again with PBS, and prepared for visualization by fluorescent microscopy using a confocal 

Nikon A1R hybrid resonant microscope. For that, cells were stained for the identification 

of deoxyribonucleic acid (DNA) and filamentous actin (F-actin), using 6-diamidino-2-

phenylindole dihydrochloride (DAPI) in a concentration of 3 μg/mL, and phalloidin 

conjugated with Alexa Fluor 488 in a 1:100 dilution, respectively. Incubation with phalloidin 

was performed for 1 h in the dark, under mild agitation. After that, cells were rinsed with 

PBS and kept at 4 °C until confocal microscopy observation. DAPI was added 

approximately 10 min before microscopy imaging. Representative scanned z-series of the 

samples were projected onto a single plane and pseudo-colored using ImageJ software. 

 

2. In vitro hemocompatibility: interactions with blood components 

For hemocompatibility testing, blood samples from healthy donors who did not take any 

aspirin or anticoagulant in the last 20 days prior to the experiment were used. The study 

was approved by the Ethics Committee of the University Hospital of Liege, Belgium, and 

was performed in accordance with EU regulation on collection and use of samples of 

human body material for research purposes (Royal Decree and the provisions of the Act 

concerning biobanks entered into force on 1 November 2018, law 19/12/2008). 
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Hemolysis test (erythrocytes). In vitro hemocompatibility was firstly evaluated through 

hemolysis testing, using red blood cells (RBCs). Fresh human blood was collected from 

healthy donors into citrated tubes (3.8% sodium citrate), and the first tube was discarded 

to avoid tissue factor effects. Whole blood was centrifuged at 150xg for 15 min and 

platelet-rich-plasma (PRP) was removed. RBCs were re-suspended in PBS and 

centrifuged at 800xg for 10 min. RBCs were washed for another 2 times, or until the 

supernatant was clear, and a ratio of 1:7 RBCs/PBS was used for the test. The RBCs/PBS 

solution alone was used as negative control (CTL -). The synthetized polymers were cut 

into 5 mm (diameter) discs and thoroughly rinsed with NaCl 0.9% for 72 h at 37 °C with 

agitation (100 rpm). The NaCl solution was refreshed every 24 h. The washed discs were 

sterilized under UV, and incubated with the RBCs/PBS for 3 h at 37 °C in an orbital shaker 

at 100 rpm. Surface-area-to-volume ratios comply with ISO 10993-12, ISO 10993-4 and 

ASTM Standard F756-13. Using distilled water (dH2O), a solution of RBCs/dH2O (1:7) was 

prepared and used as positive control (CTL +) of hemolytic effect, since water is known 

to induce RBCs’ lysis. After 3 h of incubation, the RBCs solutions were centrifuged at 

800xg for 15 min, the supernatants were transferred to a 96-well polystyrene plate, and 

the absorbance was measured (λ ≈ 545 nm) using a micro-plate reader. Absorbance 

values were compared to the positive and negative controls, and hemolysis rates were 

displayed in percentage. Statistically significant differences between PU and NIPUs were 

calculated through one-way ANOVA with Dunnett's multiple comparisons test. 

Lactate dehydrogenase activity (platelet adhesion). Whole blood was centrifuged at 

150xg for 15 min, PRP was collected, and platelets were counted. The desired 

concentration (250,000 platelets/μL) was obtained through dilution in platelet-poor plasma 

(PPP). The synthetized polymers were cut into 5 mm (diameter) discs and thoroughly 

rinsed with NaCl 0.9% for 72 h at 37 °C with agitation (100 rpm). The NaCl solution was 

refreshed every 24 h. The washed discs were sterilized under UV and incubated with PRP 

for 2 h at 37 °C in an orbital shaker at 100 rpm. After 2 h of incubation, adherent platelets 

were washed with PBS and subsequently lysed with Triton (X-100) 1% v/v. Lactate 

dehydrogenase (LDH) activity in the lysates was measured using a colorimetric assay kit 

from Sigma-Aldrich. Absorbance values (λ ≈ 450 nm) were compared to positive and 

negative controls (platelet adhesion on glass coverslips and absence of platelets, 

respectively), and statistically significant differences between PU and NIPUs were 

calculated through one-way ANOVA with Tukey's multiple comparisons test.  

Coagulation test (clotting time). PPP (CRYOcheck) was thawed at 37 ºC for 5 minutes. 

The synthetized polymers were cut into 5 mm (diameter) discs and thoroughly rinsed with 

NaCl 0.9% for 72 h at 37 °C with agitation (100 rpm). The NaCl solution was refreshed 

every 24 h. The washed discs were sterilized under UV and incubated with the PPP for 2 

h at 37 °C in an orbital shaker at 100 rpm. PPP alone was used as negative control of 
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coagulation activation, while kaolin-coated glass coverslips were used as positive control. 

After 2 h of incubation, human plasma clotting time was measured through a non-activated 

partial thromboplastin time (NaPTT) test. NaPTT reagent (NODIA) was added to the PPP 

samples and incubated for 1 minute at 37 ºC. A solution of calcium chloride (0.025 M) was 

added to the pre-warmed samples, and clotting endpoints were measured using a STAR4 

apparatus. Statistically significant differences between PU and NIPUs were calculated 

through one-way ANOVA with Dunnett's multiple comparisons test. 

 

Results and discussion 
 

Functionalization of PPG-PHU by αCC  

For the synthesis of elastomers, which is visible in Scheme 1, a CO2-based -alkylidene 

cyclic carbonate (CC, bearing a pendant olefin) was used for the modification of the 

hydroxyl groups of a poly(propylene glycol)-based polyhydroxyurethane (PPG-PHU). The 

latter was synthesized by the solvent- and catalyst-free polyaddition of poly(propylene 

glycol)-bis(cyclic carbonate) (PPG bisCC, synthesized from a 380 g/mol PPG-diglydicyl 

ether precursor) with 4,4’-methylenebis(cyclohexylamine) (MBCHA) at 70 °C for 96 h, as 

already reported in the literature 38,48. The structure of this viscous polymer was confirmed 

by NMR and FTIR spectroscopy (see ESI for details; Figures S1a (1H-NMR), S1b (HSQC-

NMR) and S2 (FTIR-ATR)) and its molecular characteristics were assessed by size 

exclusion chromatography calibrated by polystyrene standards (Mw = 16,100 g/mol, 

Mw/Mn = 2.2, see Figure S3). The hydroxyl groups (both primary and secondary) of the 

polymer backbone were then reacted by the CC to deliver the functionalized NIPU as 

illustrated on Scheme 1.B. This cyclic carbonate, which carries two unsaturations, was 

selected for its high reactivity towards alcohols thanks to the exocyclic C=C bond that 

activates the opening of the cyclic carbonate 47. Therefore, this reaction occurs efficiently 

at room temperature in the presence of a superbase as catalyst 

(1,8-diazabicyclo[5.4.0]undec-7-ene, DBU, 10 mol%) without any side reaction or by-

products 47,50,51, and leads to the oxo-carbonate functionalized PPG-NIPU (CC-PPG-

NIPU). This is also a greener substitute to toxic phosgene commonly used as 

carbonylating agent for the preparation of carbonates from alcohols. Under these 

operating conditions, the quantitative functionalization of both primary and secondary 

alcohols into carbonate moieties bearing C=C double bonds was achieved, as evidenced 

by NMR and FTIR analyses. As shown in Figure S8a & b, the peaks corresponding to 

the functionalization by the αCC are clearly visible, i.e., q (CH3 at 1.52 ppm), r (CH at 

6.10 – 6.00 ppm), s (CH2 at 5.43 – 5.27 ppm) and t (CH3 at 2.09 ppm), as well as the 
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neighboring peaks n (CH2 at 4.35 – 3.99 ppm) and o’ (CH at 4.99 – 4.89 ppm). The similar 

neighboring peaks of the alcohol groups present on the PPG-PHU precursor have 

completely disappeared, as shown in Figure S1a & b and in the stacking of the 1H-NMR 

spectra in Figure S9, such as the peaks b’ (CH of the secondary alcohols at 

4.73 – 4.59 ppm), a (CH2 next to the secondary alcohols at 4.02 – 3.80 ppm), and g (CH2 

of the primary alcohols at 3.53 – 3.41 ppm), which therefore prove the complete 

functionalization. The integrals are also in agreement with the targeted structure. All 

assignments are confirmed by HSQC-NMR study (Figure S8b). The functionalization was 

also confirmed by FTIR (Figure S10), by the decrease of the C=C vibration bands 

(~ 1,680 – 1,640 cm-1), the disappearance of the typical band of the cyclic carbonate, i.e., 

C=O stretching mode (~ 1,820 cm-1) (visible in Figure S7), and appearance of the bands 

corresponding to CH3-CO~ at ~ 1,795 cm-1. The bands in the range ~ 3,500-3,200 cm-1 

also decrease, due to the disappearance of the hydroxyl groups, the N-H stretching mode 

only remaining in this area. Other bands include C=O (chain-ends, ~ 1,795 cm-1), O-CO-

O (~ 1,740 cm-1), and C-O-C of the PPG ether segments (~ 1,080 cm-1). The size 

exclusion chromatography analysis of the viscous functional CC-PPG-NIPU showed a 

Mw = 24,400 g/mol with Mw/Mn = 1.73 (Figure S11). 

The yellow and brown colors observed for the PHU precursor and the functional NIPU, 

respectively, are most likely due to the oxidation of the amine end-groups into strongly 

colored oxides. This would prevent applications where strictly colorless materials are 

mandatory which is rarely the case for biomaterials. 

 

Syntheses and properties of the PPG-NIPU elastomers 

We then studied the ability of the functional NIPU (αCC-PPG-NIPU) to cure under UV light 

in the presence of a polythiol as a crosslinker and a photoinitiator (Irgacure 819, 0.1 molar 

eq.), the two quantities of which were calculated according to the number of moles of 

alkene functions present on the αCC-PPG-NIPU determined by 1H-NMR. Three polythiols 

were tested in order to evaluate their influence on the properties of the final elastomers. 

Therefore, either a di- (SH2), tri- (SH3) or tetrafunctional (SH4) polythiol was used (see 

Scheme 1.C. for their structures), all of them being commercially available and added to 

get a stoichiometric amount of thiol functions towards NIPU unsaturations. The gel time 

of these three different formulations was assessed by rheology through time sweep 

experiments conducted at 25 °C (Figure 1.A, B & C). In each experiment, parallel plates 

were used, one of them being transparent to UV light (λ = 365 nm), which was turned on 

after 100 s of equilibration. Before UV irradiation, the NIPU-crosslinker mixture is viscous 

as shown by the loss moduli (G”) dominating the storage moduli (G’). As soon as the 

irradiation started, both G’ and G” rapidly increased and crossed after short and similar 
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gel times, i.e., around 6 to 8 s, showing the network formation that is here photo-induced 

by thiol-ene addition. The storage moduli reached a plateau with values up to ~ 8,000 Pa 

(with SH2), 55,000 Pa (with SH3) and 58,000 Pa (with SH4), indicating that the 

crosslinking density increases with the crosslinker functionality, as expected. 

In order to investigate the crosslinking efficiency and the impact of the crosslinker 

functionality on the material properties, the three formulations (containing αCC-PPG-

NIPU, one of the polythiols and the photoinitiator) were poured in a flat Teflon mold and 

irradiated with the same UV lamp as used for the rheological measurements (λ = 365 nm, 

2,000 W) for 15 min. Prior to demolding, the networks were exposed to 120 °C for 24 h to 

remove any remaining traces of chloroform before being characterized by various 

techniques. The FTIR-ATR spectra of the networks are shown in Figure S14. 

Swelling tests in chloroform (a good solvent for PPG) were conducted to characterize the 

network formation and revealed that the swelling was strongly dependent on the type of 

polythiol used, and therefore on the network crosslinking density. Indeed, a high swelling 

value (349.7%), due to limited crosslinking, was obtained for the network formed with the 

dithiol SH2. This value strongly decreased for SH3 and went down to 123.8% for the 

tetrathiol SH4, as a result of a higher crosslinking density (see Table 1). High gel contents 

(above 90%) were measured for the SH3 and SH4 formulations, showing the efficiency of 

the reaction performed for 15 min. In case of difunctional thiol (SH2), the gel content of 

63% conveys the lower crosslinking capacity of the difunctional crosslinker keeping still 

soluble a third of the sample after 15 min of irradiation. 

 

 

 

 

Table 1: Properties of the PPG-NIPU networks formed with SH2, SH3 or SH4 crosslinkers 

(measured at 25 °C). 

Entry Thiol Swelling  
in CHCl3  

(%) 

Gel 
Content 

(%) 

EWA 
(%) 

Tg 

(°C) 
Mechanical  

Properties (dry) 
Mechanical 

Properties (wet) 

  E 
(MPa) 

σ 
(MPa) 

ε 
(%) 

E 
(MPa) 

σ 
(MPa) 

ε 
(%) 

1 SH2 349.7 
± 39.3 

63.1 
± 0.9 

4.2 
± 0.5 

7.9 2.4 
± 0.6 

0.9 
± 0.09 

108.6 
± 1.3 

1.8 
± 0.2 

0.5 
± 0.1 

52.4 
± 1.9 
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Equilibrium water absorption (EWA) measurements showed relatively similar low water 

absorption values for the different networks (4.2, 4.0 and 3.2% with SH2, SH3 and SH4, 

respectively) due to the hydrophobic behavior of the PPG segments. We should point out 

that the water absorption also decreases when the crosslinking density increases, which 

is in line with our expectations. This limited swelling in water, due to the functionalization 

of the hydrophilic alcohol groups by the hydrophobic carbonate moieties, and followed by 

the additional crosslinking of the chains, is particularly important and desired in the case 

of biomaterials in contact with the human body such as implants in order to preserve their 

properties since they are subject to hydration.  

The variation of the crosslinking density brought by the use of the different crosslinkers 

deeply impacts the glass transition temperatures (Tg’s) of the networks. Differential 

scanning calorimetry (DSC) analyses of the networks (Figure S15), show a clear increase 

of the Tg’s, from 7.9 °C (for SH2) to 24.9 °C (for SH3), and to 42.4 °C (for SH4) (see Table 

1), which is in line with the increased crosslinking degree and consequently the decrease 

of chain segment mobility. While the Tg of the SH2 network remains low, the Tg of the SH4 

network is shifted slightly higher than the body temperature. Thermogravimetric analyses 

(TGAs) were also conducted on the materials (see Figure S16) and showed thermal 

degradation temperatures of 10% (Td10%) at 217 °C (for SH2), 190 °C (for SH3) and 

185 °C (for SH4). These values are similar to those obtained before (Td10% = 224 °C) and 

after functionalization (Td10% = 187 °C) of the PPG-PHU precursor, which shows that the 

post-functionalization reaction does not promote faster thermal degradation. 

 

2 SH3 195.2 
± 28.1 

90.2 
± 0.2 

4.0 
± 2.1 

24.9 5.2 
± 1.4 

1.1 
± 0.03 

82.2 
± 0.3 

3.7 
± 1.3 

0.8 
± 0.2 

43.5 
± 2.1 

3 SH4 123.8 
± 0.3 

98.6 
± 0.8 

3.2 
± 0.08 

42.4 16.0 
± 1.0 

1.1 
± 0.1 

40.8 
± 0.05 

9.0 
± 2.2 

0.8 
± 0.4 

21.8 
± 4.1 
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Figure 1: Evolution of the storage (G’) and loss (G”) moduli vs. time of the formulations 

with SH2 (A), SH3 (B) and SH4 (C) under UV irradiation (on after 100 s). Example of 

stress-strain curves of the PPG-NIPU networks formed with SH2, SH3 and SH4 in dry (D) 

and hydrated (E) state. 

Finally, the mechanical properties of the networks were assessed by performing tensile 

tests on rectangular samples of material (25×5×0.5 mm3) using a dynamic mechanical 

analyzer (DMA). These analyses were performed in the dry (Figure 1.D) and wet state 

(after immersion of each sample in water for 24 h, Figure 1.E) in order to observe the 

impact of hydration on the mechanical properties, considering further biomedical 

application as an implanted prosthetic material which would be constantly exposed to 

physiological fluids. The impact of the type of crosslinker on the mechanical properties of 

the networks was also directly visible. In the dry state, the Young’s Modulus (E) increased 

from 2.4 MPa for (with SH2), to 5.2 MPa (with SH3) to even 16.0 MPa (with SH4), showing 

a huge variation in terms of material stiffness, which is in line with the measurements 

performed above or below the Tg of the networks. The stress at break (σ) remained 

interestingly constant, varying from 0.9 to 1.1 MPa, contrary to the elongation at break (ε), 

which varied from 108.6% (SH2) to 82.2% (SH3) and 40.8% (SH4), thereby showing a 
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reduction of more than a factor 2 between the crosslinking agent carrying 2 and 4 thiol 

functions. These results therefore also highlight the crosslinking density variation between 

samples. The same tendencies were observed in the wet state, the Young’s Moduli 

varying from 1.8 to 3.7 to 9.0 MPa for the networks formed with SH2, SH3 and SH4, 

respectively. We can therefore observe lower values than in the case of the 

measurements in the dry state. If water plasticizing effect was already observed and 

reported for other NIPU-based materials (i.e., in foams and coatings) 52–55, in the present 

case, the PPG (polyether) based networks are swelling in water by 3 to 4 % (Table 1, 

EWA) which accounts for this decrease of the mechanical properties. The elongations at 

break in the dry state are for example divided by a factor 2 when changing to the wet state. 

However, even with the hydration impact, the mechanical properties of these networks 

remain attractive for potential uses as biomaterials. Indeed, different biomedical 

applications can be envisioned. Implantable materials such as synthetic vascular grafts or 

heart valve leaflets can be fabricated with these PPG-NIPUs to replace the native tissues. 

The SH2-based network shows for example mechanical properties close to those of 

human carotid artery, which has a E = 2.4 MPa, a σ = 0.95 MPa, and an ε = 105% 

(longitudinal measurements) 56,57. Native heart valve tissues when considering the radial 

orientation show E = 2 MPa, σ = 0.4 MPa and ε = 30%, which are close to the values 

measured for SH3 58,59. The SH3-based network therefore shows great potential to be 

used for instance as biomaterial for new prosthetic heart valves. Lastly, the properties of 

the SH4-based network resemble those of human femoral arteries, which have much 

higher E values (9 MPa) but are not as demanding in terms of ultimate tensile strength 

and strain: 1 MPa and 63%, respectively (circumferential measurements) 60,61. 

 

3D printing by digital light processing 

In order to demonstrate the light-mediated 3D-printability of the NIPU-based formulations 

developed as above, Digital Light Processing (DLP) was selected. This 3D printing 

technique consists of a digital mirror device (DMD) to create 2D projections that selectively 

cure the photocurable resin layer-by-layer to build an object (Figure 2.A). DLP was 

chosen to illustrate this proof of concept due to its high resolution (between 25 and 

150 µm), superior to that of extrusion-based techniques 62,63. In order to adjust the 

viscosity of the PPG-NIPU/crosslinker formulations, a solvent was added to the mixture. 

As high boiling point solvent are required for DLP to avoid evaporation during the printing 

process, 1-methyl-2-pyrrolidone (NMP) was selected. Additional rheological experiments 

were therefore performed first to determine the amount of NMP to add to the mixture. The 

viscosity of solutions of different concentrations was measured by flow sweep 

experiments (see Figure S17). A concentration of 0.50 g of αCC-PPG-NIPU/mL was 
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eventually chosen, as it exhibited a viscosity of 0.13 ± 0.005 Pa.s, well below 10 Pa.s, 

generally referred to as the maximal viscosity value suitable for DLP 64. This value also 

represents a good compromise between several factors, such as the ease of 

solubilization, a sufficient flow to replenish each new printed layer, and forces between 

the solution and the printed part which are not too strong in order to prevent the printed 

part from falling into the resin bath during printing. Time sweep experiments were then 

performed under UV irradiation with the same formulations containing NMP and 10 mol% 

of Irgacure 819 (photoinitiator). Gel points of 11 s (for SH2), 7 s (for SH3) and 5 s (for 

SH4) (Figure 2.B, C and D, respectively) were determined and demonstrate that the 

addition of NMP to the formulations does not delay the formation of the networks. Both 

the starting viscosity and the gel times of these formulations are therefore suitable for DLP 

even though the direct correlation between gel points and curing times when printing by 

DLP should be considered with caution as these rheological results were obtained using 

a 365 nm UV irradiation while the DLP machine is working with a 405 nm LED light source. 

A computer-aided design (CAD) was defined with parts featuring dimensions decreasing 

from 5 mm to 0.1 mm in order to show the resolution limit (along the X-Y axis) associated 

with the printing process (Figure S18.A). The final printing parameters are detailed in the 

materials and methods section. The morphology and dimensions of the collected 3D 

printed objects (whose dimensions varies from 5×5 mm2 down to 129×143 µm2) were 

measured either by vernier scale (for the 5×5 mm2) or optical microscopy images, as 

shown in Figure 2.A and Figure S18.B, C, D, E and F. The correlations between 

theoretical and experimentally obtained determined sizes in the X-Y plan are visible in 

Table S1 and show that the printed objects reproduce with very high fidelity the CAD 

model. It should be noted that the printing parameters can still be subject to future 

optimizations and that NMP, considered as a class 2 solvent by the Food and Drug 

Administration (FDA) 65, can be removed from the 3D printed object post-printing by 

several washing steps or successive swelling/drying of the networks. These results 

therefore show the suitability of these NIPU formulations to be 3D printed with sufficient 

resolution to foresee the precise design of small size devices such as implants or 

prosthesis requiring high definition (i.e., heart valve leaflet) 66. 
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Figure 2: Scheme of the DLP printing process and pictures of successfully printed micro- 

and millimeter-scale cubic-like objects with the PPG-NIPU SH3 resin (A). Evolution of the 

storage (G’) and loss (G”) moduli vs. time of the formulations with SH2 (B), SH3 (C) and 

SH4 (D) in NMP. 

 

Biological tests 

For biological testing, medical grade PU (CarbothaneTM) was used as our reference of 

clinically used material. 

 

In vitro biocompatibility: interactions with human fibroblasts 
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According to ISO 10993, materials that are intended to be used as medical devices (or 

one of its components), which will come into direct or indirect contact with the human 

body, should be evaluated biologically to determine their potential in vitro cytotoxicity. For 

novel materials (i.e., materials that have not previously been used in a marketed medical 

device), it is recommended that both direct contact and extracting methods are 

considered. 

Indirect Contact (extracts) 

PU/PPG-NIPUs extracts were prepared by incubation of PU/PPG-NIPU discs with DMEM 

for 24 h at 37 ºC, under mild agitation (100 rpm). The extracts were then added to a 

monolayer of human fibroblasts in culture, which were incubated for another 24 h. 

Incubation with Triton (X-100) 0.1% v/v and DMEM alone were used as CTL + and CTL - 

of cytotoxicity, respectively. Cells were evaluated after the indirect contact (Figure 3.A) 

and fluorescence measurements based on a resazurin-assay revealed similar metabolic 

activities after contact with all materials extracts as with DMEM alone. According to ISO 

10993-5:2009(E) 67, a threshold of 70% in the activity percentages (comparing to CTL -) 

should be set to consider a material as non-cytotoxic. Our results revealed percentages 

of 86%, 98% and 88% after contact with extracts of PPG-NIPUs with SH2, SH3 and SH4, 

respectively. This indicates that the leaching products of the polymer discs were not 

cytotoxic. As for extracts prepared from PU, the metabolic activity was 95%, which is in 

the same range of the percentages obtained for PPG-NIPUs’ extracts. When looking into 

other studies interested in cytotoxicity evaluation of PU-derived materials, it was shown 

by different authors that it is possible to produce biocompatible membranes/scaffolds from 

a wide range of starting materials. Calvo-Correas et al. 68 showed that PUs prepared from 

poly(butylene sebacate)diol, ethyl ester L-lysine diisocyanate and 1,1,1-tris-

(hydroxymethyl)propane have a non-toxic behavior. The viability analysis performed in 

the first 24 h revealed cell viability values around 90% (compared to the negative control), 

higher than the acceptance limit of 70%. Also Valdés et al.69 proved that synthetized PU-

based materials (different combinations of poly(propylene glycol), D-isosorbide, 

4,4′-methylenebis(cyclohexyl isocyanate), and isophorone diisocyanate) exhibit low 

cytotoxicity towards human skin cells. In that study, cell viability (after 72 h of exposure) 

was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

reduction assay and revealed percentages above 80% for all tested samples. Our results, 

shown in Figure 3.A, add to the observations of other authors, and allow us to draw an 

optimistic conclusion, since the fibroblasts metabolic activities were > 85% after incubation 

with all PPG-NIPUs extracts, similar to the percentages obtained for extracts of medical 

grade PU. Figure 4.A shows representative confocal microscopy images of the same 

fibroblasts, where it is possible to observe that cells adhered and proliferated in the wells 

during the 24 h of incubation with the extracts. DNA was stained in blue with DAPI, while 
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F-actin was selectively stained in green using phalloidin-Alexa Fluor 488. Fibroblasts 

display their normal morphology, with evident F-actin stretching and spindle-like shape, in 

all the conditions evaluated (PU, PPG-NIPUs and DMEM). This corroborates the trends 

observed on the metabolic activity measurements. 

 

 

Figure 3: Metabolic activity of primary human fibroblasts after 24 h of indirect contact with 

PU/PPG-NIPUs, assessed by a resazurin-assay (A). Metabolic activity of primary human 

fibroblasts after 24 h of direct contact with PU/PPG-NIPU discs, assessed by a resazurin-

assay (B). A solution of Triton (X-100) 0.1% v/v was used as positive control of in vitro 

cytotoxicity, while DMEM was used as negative control. Statistically significant differences 

between PU and NIPUs were computed using one-way ANOVA (***: adjusted p value < 

0.001). 

Direct Contact 

In the direct contact assays performed to confirm the compatibility of the materials with 

the normal growth of human cells, the same primary fibroblasts were used. Cells were 

seeded and, once a monolayer was formed, they were put in direct contact (covered) with 

PU/PPG-NIPUs discs and cultured for another 24 h. The metabolic activity was monitored, 

and the results (Figure 3.B) confirmed that the polymer discs were non-cytotoxic. 90%, 

89% and 99% were the activity percentages found for PPG-NIPUs with SH2, SH3 and 

SH4, respectively, expressed relatively to the CTL - (DMEM alone). The metabolic activity 

of cells in contact with PPG-NIPU SH4 (99%) was higher than of those that were in contact 

with PU (83%) (p < 0.001). This represents an interesting finding, since we show that 

PPG-NIPUs performed better than PU, which is widely described as an enhancer of cell 

growth and proliferation 70–72. It was therefore shown that our materials are highly 
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biocompatible in vitro. Other authors demonstrated that direct contact of cells with PU-

derived material surfaces was harmless, allowing cells to grow and proliferate. Bonfil et 

al. 73 showed cytocompatibility of castor oil and poly(ethylene glycol)-based polyurethane 

films, in which hexamethylene diisocyanate and 1,4-butane diol were used as 

diisocyanate and chain extender, respectively. In this study, the polymers did not induce 

cytotoxicity, with proliferation ratios of more than 80% for a murine fibroblast cell line (NIH 

3T3) precultured for 24 h. Also Duarah et al. 74 evaluated the survival of primary human 

dermal fibroblasts cultured in polymer membranes of hyper branched biodegradable PU. 

No cell death was observed after 7 days of culture in all the studied membranes, 

suggesting materials’ biocompatibility. Our results point at the same direction, in this case 

for NIPUs, and were confirmed by visual inspection of the cells, using confocal microscopy 

(Figure 4.B). The cells survived in the wells throughout the 24 h of culture in direct contact 

with the polymer discs. The observation of the preserved morphology of the cells, 

combined with the high percentages of metabolic activity found for the fibroblasts in direct 

contact with PPG-NIPUs, allow us to point out NIPUs as potentially implantable 

biomaterials, harmless to human fibroblasts, thus fulfilling the biocompatibility 

requirements. 
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Figure 4: Fibroblasts morphology after 24 h of incubation with PU/PPG-NIPUs extracts 

and DMEM. Images represent projections of at least 50-μm height z-stacks. Scale bar: 

200 μm (A). Fibroblasts morphology after 24 h of direct contact with PU/PPG-NIPUs discs 
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and DMEM. Images represent projections of at least 50-μm height z-stacks. Scale bar: 

200 μm (B). 

 

In vitro hemocompatibility: interactions with blood components 

In case of use of these materials in blood-contacting applications, these materials must 

exhibit hemocompatibility. Today, very few studies if any have focused on the 

hemocompatibility of NIPU-based biomaterials. The hemocompatibility of our different 

PPG-NIPU-based materials was evaluated through hemolysis tests (Figure 5.A) by 

incubating discs of the different elastomers with human RBCs. The Standard Practice for 

Assessment of Hemolytic Properties of Materials 75 describes 3 different categories: 

hemolytic materials, with a percentage of hemolysis greater than 5%; slightly hemolytic 

materials, with a hemolytic index between 5% and 2%; and non-hemolytic materials, with 

the hemolysis percentage below 2%. According to these criteria, all PPG-NIPUs (with 

SH2, SH3 and SH4) were non-hemolytic (with hemolysis rates of 0.3%, 0.2% and 0%, 

respectively), similar to our PU reference. These results revealed that all the produced 

PPG-NIPUs are harmless to RBCs, thus apparently safe for blood-contact applications. 

Other authors have described a wide range of hemolytic/non-hemolytic behaviors of PU-

derived materials. Mystkowska et al. 76 found that the tested samples (different poly(ester-

carbonate-urea-urethane)s produced from diisocyanates) had variable hemolytic effects, 

ranging from 3% to 10%. One of the materials, PACD-51-IPDI, derived from an 

oligo(pentamethylene adipate-co-carbonate), induced a much higher hemolysis rate 

(35%). On the other hand, Zhu et al. 77 observed that for all PUs - in this case produced 

using poly(1,6-hexanediol)carbonate diols as the soft segment and 4,4′-

methylenebis(cyclohexyl isocyanate), 1,6-hexamethylene diisocyanate and 1,4-

butanediol as the hard segment - the hemolysis rates were relatively low, always < 5%. 

Indeed, when compared to most studies evaluating PU-derived materials, all compositions 

of the PPG-NIPU-based materials here described show extremely low hemolysis rates 

and are therefore promising candidates to be used in the manufacturing of blood-

contacting devices. 

Platelet adhesion on the material surfaces (Figure 5.B) was evaluated in LDH assays, 

after incubating the PU/PPG-NIPUs discs with PRP for 2 h. Glass coverslips were used 

as CTL +, promoting platelet adhesion. The mean value of absorbance for glass was 1.18, 

while it was much lower for PU, PPG-NIPU SH2, PPG-NIPU SH3 and PPG-NIPU SH4 

(0.23, 0.32, 0.36 and 0.45, respectively). This indicates very low levels of platelet adhesion 

on the surface of all tested elastomers. Nevertheless, we observed more platelet adhesion 

on PPG-NIPU SH4 than on other NIPUs and PU. 
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Contact activation of the coagulation cascade was studied in human PPP upon incubation 

(2 h) with PU/PPG-NIPUs discs, using non-activated partial thromboplastin time (NaPTT) 

testing (Figure 5.C). PPP alone was used as CTL -, while kaolin-coated glass coverslips 

were used as CTL + of coagulation activation. Plasma incubation with PU led to a mean 

clotting time of 180 s. Among tested NIPUs (PPG-NIPU SH2, PPG-NIPU SH3 and PPG-

NIPU SH4), PPG-NIPU SH2 showed longer clotting times (mean value of 303 s) than PU 

(p < 0.001), indicating some superiority of this NIPU over the two others in terms of 

preventing contact activation. Prolonged clotting times often correlate with improved 

thromboresistance of the biomaterial 78 and different authors describe longer clotting times 

for modified/coated PUs. For instance, Zheng et al. 79 showed a statistically significant 

increase in plasma clotting times when comparing pristine PU surfaces with Gastrodin/PU, 

suggesting the enhanced anti-coagulation nature of Gastrodin by delaying intrinsic 

pathways. According to our results, NIPUs also appear to have a more interesting anti-

thrombogenic behavior than PU when it comes to contact activation of plasma 

coagulation. Applications of these NIPU-based biomaterials for blood-contacting implants 

and prostheses with application in the cardiovascular system is therefore very promising. 

 

 

Figure 5: Hemolysis rate in RBCs after 3 h of direct contact with PU/PPG-NIPU discs, 

assessed by absorbance measurements in the supernatants (A). LDH activity of adhered 

human platelets after 2 h of direct contact with PU/PPG-NIPU discs, assessed by a 

colorimetric assay (B). Clotting endpoint times of PPP after 2 h of direct contact with 

PU/PPG-NIPU discs (C). Statistically significant differences between PU and NIPUs were 
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computed using one-way ANOVA (*: adjusted p value ≤ 0.05; ***: adjusted p value < 

0.001). 

Conclusion 
 

New elastomeric biomaterials were prepared based on a poly(propylene glycol) 

polyhydroxyurethane (PPG-PHU) in which the hydroxyl groups were successfully 

quantitatively functionalized by an αCC carrying a pendant unsaturation and synthesized 

starting from CO2. The subsequent thiol-ene reaction between these unsaturations and 

various polythiols allowed the photo-crosslinking of this polymer into PPG-NIPU networks 

exhibiting remarkable thermal, mechanical, and biological properties. The impact of the 

polythiols used on the thermo-mechanical properties of the final materials was 

demonstrated by DSC and DMA experiments and showed values suitable for several 

biomedical applications, such as synthetic vascular grafts or heart valve prostheses. 

Rheology experiments demonstrated the compatibility of the different formulations with 

light-based 3D-printing processes. Small objects were then 3D-printed by DLP, proving 

the future possibility to customize parts of biomedical devices or implants after further 

optimization of print parameters. Finally, the in vitro bio/hemocompatibility tests, 

performed upon contact between the materials and human fibroblasts, red blood cells, 

human platelets, or platelet-poor plasma, showed NIPUs bio- and hemocompatible 

profiles, proving the suitability of these materials to be used in a biomedical context, 

including as blood-contacting implants. 
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