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1 Executive summary

In this Deliverable the prototypes of PEG-fibrinogen -based hydrogel formulations developed
by R EGENTIS and their main features are described

In section 2, the key specifications identified for the hydrogels are reported , also with a
description of the three material type s developed, as well as  of the methods and techniques
used to optimize the hydrogel formulations based on the required specifications.

Then, insection2.1, theresultsof preliminary biologicaltests performed to assess the viability

of human adipose tissue -derived stem cells (AS Cs) after cell encapsulation with in PEG-
fibrinogen printed hydrogels are reported. These tests also served to evaluat e the right
amount of photoinitiator, UV intensity and exposure time to be employed to have a material

respecting the specifications.

Afte r this preliminary analysis, an optimization process for PEG-based hydrogel formulation s
is described in the same section . This implied to vary: i) the total amount of Pluronic and ii)

the ratio of non -cross -linkable and UVA -cross -linkable Pluronic . Materi al characterization in
terms of mechanical and rheological properties, the diffusivity of proteins in the material and

cell viability o f human chondrocytes are also reported in section 2.1 for the different
formulations . Results indicate that t he formulations containing a lower amount of  cross-
linkable Pluronic show a higher swelling, a lower shear modulus ( G') and a smaller Young
modulus (E), correspondingto a few kPa .

Results on protein diffusivity , Obtained by testing some selected formulati  ons, are reported in

section 2.2 and  suggest that the decreased amount of Pluronic increase sthe Aiper meabil ity
of the material to nutrients available in the medium surrounding the hydrogels . However,

even the formulation show ing the highe st diffusivity between the ones tested, does not

guarantee a sufficient level of human chondrocytes  cell viability, highlighting a possible
relevant role played by material chemistry , with the tested cell type

In conclusion ,the PEG-fibrinogen -based hydrogel s do notresu It in good candidate s usable as
the matrix of the ~ nanocomposite material s envisaged in ADMAIORA
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2 Introduction

The specifications for the nanocomposite hydrogel have been refined from the project
proposal according to Deliverable D2.1 , definiing a list of priorities.  Table 1 reports the list of
nanocomposite hydrogel properties, ordered according to their priority for the Consortium.

Table 1: Summary ofthe s pecifications for the fin  al nanocomposite hydrogel to be developed in the

project.
Property Specification Priority Notes
level
Cell viability 90% of ASC viability respect to 1 Biological specification derived from
a 3D hiocompatible control D2.2
hydrogel, 1 day after printing
and after UV irradiation, and
95% after 1 week
Printability Viscosity between 10 2 and 10 ® 2
mPaAs
Stickiness Fast (less than 1 min) 2 Newly added property, important to
primer+hydrogel adhesion to guarantee for a successful clinical
the cartilage tissue. procedure: this specification will
Failure stress at the interface guarantee a stable localization of the
higher than 10 kPa delivered material in the target regions
Piezoelectric Peak piezoelectric coefficient 2
properties (d33): atleast 40  pCIN
Degradation 3-12 months 3
rate
Mechanical Youngds modul us 4 Targeting the natural cartilage
properties between 1 and 1000 kPa, mechanical properties (100 kPa - 100
resilience against in vivo - MPa) is important when  dealing with
mimicking inputs materials to be used as cartilage
substitutes, less when cartilage
regeneration is targeted
Lubrication Friction coefficient: < 0.05 5 Desirable, but not crucial to achieve the
properties project objectives
Permeability N.A. 6 This specification has been removed,
since the first one (cell viability) will
take into account, among different
factors, a suitable permeability of the
hydrogel . Permeability is related to
protein/nutrients diffusion within the
hydrogel
As summarized in the table, the highest priority has been given to the cell viability, an
essential prerequisite to achieve the ambitious goals of the ADMAIORA project.
The workflow for matching such specifications has been further refined after a call conference

between SSSA, IOR and REGENTIS , on June 13, 2019 . Since it is of primary importance for

the project to find a hydrogel in which cells remain viable for the whole hydrogel thickness

(target: 7 mm, compatible with the clinical objective firstly defined in the Deliverable D2.1 ),
and based on some preliminary  biological results (see section 2.1) obtained by IOR on ASCs,
it has been decided that
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1 REGENTIS had to send different material formulations to SSSA. The s election had to
take into account  the preliminary IOR experiments

I SSSA hadto testfirst the permeability/diffusivity of these gels, by using fluorescently
marked molecules , used as models of the nutrients available in the culture medium
(see section 2.2) . The idea was that the hydrogels not allow ing a good diffusion of
nutrients should be excluded because they would hardly allow cell viability. Then,
hydrogels had to be tested with human chondrocytes. Only the hydrogels showing
good results in this series of tests could be further tested with ASCs.

The target hydrogel thickness was further revised to 2 mm in the project course , following
the clinici &mthe Prggeti meetimgn held in Tel -Avivon September 18-19,2019 ).

Three different biosynthetic formulations of PEG- and Pluronic -based material s have been
process ed and tested for cell encapsulation:

1. Material 1: A bio-synthetic finely tuned combination of PEG -DA and denatured human
fibrinogen, crosslinkable through UV li ght. A CE-Marked product for the repair of focal
cartilage lesions is based on this composition and commercialized by REGENTIS
(GelrinC). Gelrin Cis as an acellular product for focal cartilage defects , which is cleared
in Europe as a class Ill medical devi ce. This liquid formulation may be advantageous
to encapsulate cells  even if it is more challenging for bio  -printing. A patent deposited
by REGENTIS guide d the development of such hydrogel formulation 1. This material
had been already tested to support chondrogenesis in 2D culture 2;

2. Material 2: Injectable and curable PEG -fibrinogen/Pluronic paste , which is based on
PEG-fibrinogen conjugate, ~ 23% of Pluronic F127 polymer and a photo -initiator.
Patents owned by REGENTIS an d granted in USA, Europe, China and Hong Kong
protect the composition of such material

3. Material 3: A thermosensitive Pluronic ~ -F127 -fibrinogen hydroge |. The Pluronic F127 -
fibrinogen already showed high compatibility with mesenchymal stem cells. 3 Its
compos ition is protected by patents owned by REGENTIS and granted in USA, Europe,

China and Hong Kong. 4.

All the proposed hydrogel formulations are based on covalent conjugation of denatured

fibrinogen to synthetic, biodegradable and biocompatible polymers. All the compositions
harness the natural regenerative properties of fibrinogen, a key component in tissue
regeneration, together with a synthetic polymer that allows t ailoring the hydrogel physical
properties.

The methods and techniques to optimize the basal hydrogel formulation s are summarized
below:

1. Evaluation of the material components:
1.1 PEGylated fibrinogen was measured using the Kjeldahl method;
1.2 Pluronic and Pluronic -DA and photo -initiator were weighed;

2. Evaluation of the crosslinking:

2.1 Mechanical strength (Shear storage modulus , G) was measured using a UV -
coupled and temperature -controlled (Peltier plate temperature -controlled)
rheometer.

2.2 The thermal gelation transition temperature was determined by per forming

temperature swift rheology on the uncured paste. The temperature at which the

1 D. Seliktar and Y. Shachaf. U.S. Patent, No. US 8,846,020 B2 (2014)

2 Goldshmid, Revital, et al. "Steric interference of adhesion supports in -vitro chondrogenesis of mesenchymal stem
cells on hydrogels for cartilage repair." Scienti fic reports 5 (2015): 12607.

3 Goldshmid, Revital, et al. "A method for preparation of hydrogel microcapsules for stem cell bioprocessing and

stem cell therapy." Methods 84 (2015): 35 -43.

4 Y. Shachaf, and A. Wechsler, U.S. Patent, No. 14/901,216 (2016)
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G’ shift ed from liquid to paste was considered the thermal gelation transition

temperature
During the optimization of the hydrogel formulation s, a relevant work concerne d the
adjustment  of polymerization t i me . The polymerizati on ti me mu st

acceptableodo: the mater i al instmeahgdcolmmatble withthedurgicalk a b | e
procedure needed to implant it by using the handheld bioprinter, approximately 10 min per

defect as reported in Deliverable D2.2. In the case of material s with thermosensitive
properties (Material 2 and 3 ), the hydrogel can hold itself (gelate) in the defect until final UV
curing.

The Consortium agreed to set 5 mW/cm 2 as safe UV intensity to be applied in the presence
of cells. The radiation intensity was then carefully controlled through a UV dosimeter.

All hy drogel formulations proposed by REGENTIS contain ed Irgacure 2959 as photoinitiator
at a concentration of  0.01 % wt.  This photoinitiator = shows a maximal absorption at 270 nm
However, since at this wavelength , possible damage to DNA may occur, most users apply UV
at 320-365 nm to work with Irgacure 2959 , Which is safer for cells. 5 Thus, a UV source with
a wavelength of 365 nm was used for the experiments.

The final target is to fabricate a material allow ing to obtain 90% viability of
encapsulated cells at 24 h and 95% at 1 week, after UV irradiation. The first day after
crosslinking, we may expect some deleterious short -term effects of curing and radicals on
viability that should be recovered gradually, thus achieving a higher cell viability in the
following days.

® Rouillard, A. D., Berglund, C. M., Lee, J. Y., Polacheck, W. J., Tsui, Y., Bonassar, L. J., & Kirby, B. J. (2011).
Methods for photocrosslinking alginate hydrogel scaffolds with high cell viability. Tissue Engineering Part C:
Methods, 17(2), 173 -179.
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2.1 PEG-fibrinogen based hydrogel formulations:
m aterial optimization

In the beginning, the Consortium analysed the biocompatibility of the original PEG-based
formulations proposed by REGENTIS . All materials were prepared from sterile solutions in

aseptic environment and considered sterile and suitable for cell culture S.

IOR performed preliminary biological tests for assessing the viability of human adipose tissue -
derived stem cells (ASCs) after cell encapsulation with in PEG-fibrinogen based hydro gels,
namely Material 1 and Material 2

Material 1 resulted not printable in its original form , due to the low viscosity of the solution ©.

For this reason, it was casted after mixing  with human adipose tissue -derived human stem

cells (ASCs) and UV cured withina24 -wel | plate (500 11) by varying
(2.5, 5, 7.5 and 10 min). Cell density was set to 1.0 x108 cells/ml. Figure 1 shows the cell

behaviour post -printing up to 7 days.

Post-printin, Day 1 Day 7

No sample
available

Figure 1: Bright images of cell behavior over time within Material 1. Curing time was setto 5 min.

Without UV curing , cells tendedto move to wards the top of the hydrogel , forming aggregates
already after 3 hours . After such a time -point, we observed a modificati  on of the cell

morphology , from a round shape to aggregate s with some spindle -shaped cells . Then the

material dissolved dueto the absence of physical crosslinking (so samples were thus available

at day 7) . On the other hand, upon UV crosslinking , cells resulted entrapped and well
distributed in the hydrogel, showing a relatively nice morphology (round shape and bright
aspect). Starting from day 1 we observed a modification of the cell morphology to a spindle -
like shape. In the meantime, a Live/Dead analysis was performed to evaluate cell viability

within the construct  (Figure 2).

8 Goldshmid, Revital, et al. "Steric interference of adhesion supports in -vitro chondrogenesis of mesenchymal stem
cells on hydrogels for cartilage repair." Scientific reports 5 (2015): 12607.
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Day 4

Figure 2: Live/Dead analysis of ASC within Material 1 after 1 and 4 days

In the absence of the UV light, cells were alive (also cell aggregates) until day 4, whe n we
observed an increment of dea d cells. After UV curing , the visualization of cells within the
hydrogel became more difficult due to the material properties; maybe UV curing could
interfere with L/D test.  In any case, a quite relevant number of dead cells were observed.
Such a hydrogel formulation was not considered suitable for the ADMAIORA project havin g a
low viscosity , and not guaranteeing a high level of cell viability

On the other hand,  Material 2 was considered a printable material , as show n in the example
reported in  Figure 3.

Figure 3: Representative images of  a 3D printed scaffold made of Material 2 . This material formulation
was printed through a needle (diameter: 200 Tm) witha pressure of 3 bar at a velocity of 5 mm/s ,

while maintaininga  temperature of 26 °C.

Briefly, 1.5 x 108 ASCs/m L were mixed with Material 2 using three concentrations of Irgacure
2959 (0.1% , 0.05% and 0.01% wt.). ASCs were pre -mixed with the gel and then e xtruded
by using a commercially available bioprinter (total volume of the structure: 5 x5 x 1 mm 3.

Four -layered 3D constructs (each layer with a 200 pm thickness) were designed by using the
BioCAD software (RegenHU, CH) with a length of 5 mm and a width of 5 mm, using an inter -
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fil ament di stance of 1000 T m. The 3D constryuhyts
exposing them at a 365 nm UV light for 5 min at 5mW/cm 2. ASCs viability was evaluated
post - printing and after 2 and 6 days with a Live/ Dead assay.

The results are  reported in  Figure 4.

Post-printing Day2 Day6

Irgacure2959

Figure 4: Live/Dead assay performed on Material 2 hydrogel, at different photoinitiator concentration S.

Cells were stably kept into the printed gel in the case of 0.1% and 0.05% concentration of

the photoinitiator, while at a concentration of 0.01%, the cells flew out from the material (not
shown) . However, a high number of dead cells (in red) were observed when using 0.1%
photoinitiator, starting from post - printing until day 6. Using 0.05% photoinitiator, cellsinitially
suffered , but a higher number of live cells (in green) was observed at day 6 . However , the
cell morphology was clearly spindle -like, so not suitable for subsequent chondrocyte
differentiation . The metabolic activity of encapsulated cells was also evaluated by MTT test.

The results obtained confirmed a better cell behaviour in correspondence to a photoinitiator

concentration of 0.05%, featured by a lower level of crosslinking ( Figure 5).
MTT test
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Figure 5: Results of MTT test carried outon 3D ASCs encapsulated in Material 2 with O .05% and

0.01% photoinithiator Irgacure 2959.
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In a second experiment , ASCs were extruded within Material 2 and then cultured for 14 days

in differentiation (chondrogenic) medium (no FBS) with or without TGF a3. TGFas3
supplementation can initiate chondro -lineage differentiation. Only samples with 0.05%
Irgacure were tested (post  -printing, dayl, day 7 and day 14) with two different cell

concentrations (1 .5 x 10% and 4 x 109 cell/m L). The hydrogel was cured  post -printing with UV
light at 5 mW/cm 2.

The Live/Dead assay (Figure 6) highlighted low viability after printing, and even lower at7
days, especially without FBS (+TGF a3 case) .

Day 7
Post-printing +TGFB; -TGFB,

Figure 6: Live/Dead assay performed on REGENTIS Material 2 hydrogel, at different cell density, and
in presence/absence of TGFas3.
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4 x 106 cells/ml

Figure 7 shows that cells were almost all dead after 14 days , in both cases.
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Figure 7: Live/Dead assay performed on REGENTIS Material 2 hydrogel, at different cell density, and
in presence/absence of TGFa3, 14 days after printing

For these experiments, the control was based on micromass samples ( diameter: ~ 250 pm),
which demonstrated a good cell behaviour in both culture media.

This result ca n be probably due to the chemical cues of the material formulation that,
combined with a relatively low diffusivity of nutrients within the construct after curing (due to
an excessive matrix crosslinking) , led to compa cting the cells inside the hydrogel, making
them suffer.

The exposure time was then lowered to 5 min in order to have ahydrogel formulation inwhich
the cells remain viabl e for the whole hydrogel thickness of 2 mm, as suggested by clinicians.

In addition , REGENTIS worked to modify the material formulation in order to respect the

requirements imposed by the project.

Material 1 was excluded, since it resulted not printable and hard to modify. Concerning

Material 2, instead, s everal formulations were prepared and characterized ( Table 2), by
varying : i) the total amount of Pluronic and ii ) the ratio of non -crosslinkable and UVA -
crosslinkable Pluronic (i.e. Pl uronic -OH and Pluronic -diacrylate or Pluronic  -DA, respectively)

Table 2: Different Material 2 formulation s and their physical properties.

Formulation: 1 2 3 4 5 6 7 8 9 10 11 12

Total Pluronic | 23 23 23 23 21 195 195 195 195 195 18 18
Powder % in
paste [wiw]

DA%/OH% 34/66 25/75 20/80 10/90 10/90 34/66 25/75 20/80 15/85 10/90 20/80 10/90
out of total
Pluronic

DA% in Paste 8 5.7 4.6 23 2.1 6.6 4.8 3.9 2.9 1.95 3.6 1.8
[wiw]

Gel Transition 17 17 17 14 18 20 20 20 20 21 22 22
Temperature
[°Cl ' (not
cured)
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G' at RT (25 20 20 20 21 17 13 13 14 13 11 10 10
°C) [kPa] !

(not cured)

G' after 5 min 50 40 35 30 34 34 30 25 20 16 22 17

Cross linking
at5m Wicm 2t

Swelling %* 2 | 96 128 133 208 225 91 110 119 144 166 119 155
1- G'ismeasured using a rheometer, on a ~500 um layer.
2- Swelling was measured on 200  pL plugs (600um thickness) in PBS for 24h at 37 3 , comparing their weight
before and after
Formulation 1 represent s the original Material 2 tested with ASCs, as reported above. As
expected, the decrease in the total Pluronic concentration yielded a higher gel transition
temperature , from 1 4 (formulation 4 ) to 22 °C (formulations 11 and 12) . All Material 2

formulations underwent swelling after being immersed in liquid (PBS or cell medium) at 37°C

for24 h. The formulation s containing a lower amount of Pluron  ic-DA showed more significant
swelling, caused by the higher amount of Pluronic -OH that diffuse d outo fthe net, allowing a
higher swelling ,and alower G'. This aspect has also been considered during the subsequent
protein diffusivity  tests.

As can be seen in Figure 8, crosslinked plugs made from formulations 4, 5 , 10 and 12 lost
their shape after 48 hours in PBS, due to excessive swelling.

Formulation 11

Formulation 1 Formulation2 Formulation 3 Formulation 4 Formulation 5

-U | =2 d

4

Figure 8:Images of cured hydrogels based on different  Material 2 formulation s at time zero (t=0) and
2 days postimmersion in PBS.

Rheology tests were carried outby  using a AR -G2 rheometer equipped with a Peltier plate for

controlled temperature measurements and a UV curing platform for real -time monitoring of
the curing progression.
Figure 9 shows the Material 2 behaviour in terms of storage modulus G facco rding to different

content of Pluronic F -127 and Pluronic -DA (the first number in the legend identifies the
formulation, from  1to 12) .
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Shear storage modulus of uncured paste -Temperature swift -All formulatio g 1939, (34%DA/66%0H)
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Figure 9: Shear modulus (G') as a function of temperature. The gel transition temperature varie d

depending on  Pluronic concentration.

Figure 10 shows the Material 2 behaviour in terms of storage modulus upon curing with UV
radiation, according to different content of Pluronic F -127 and Pluronic -DA (also here, the first
number in the | egend identifies the formulation, from 1 to 12)
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Figure 10: Shear modulus (G') as a function of curing time at room temperature. The modules var ied
depending on Pluronic concentration.

After these preliminary tests, f ormulations 1, 3,7, 8,9 and 11  were shipped to SSSA for
further characterization

Hydrogels were characterized in terms of compression modulus to assess their mechanical
behaviour with respect to the initial specifications reported in Table 1. Uniaxial compression
tests were performed using a traction test machine (Instron 2444), applying a compression

rate of 1. mm/s. Before mechanical characterization, the samples were UV cured, then Kkeptin
PBS at 37 °C for 24 h. Figure 11 shows an example of  a hydrogel crosslinked with UV light
setting an intensity of 5 mW/cm 2 for 5 min.

Figure 11: Sample of Material 2 (formulation 1), after UV curing.

Figure 12 showsthe compressive modulus for the different hydrogel formulation s.
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