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SYNTHETIC BIOINK FORMULATIONS
Sequence Listing

(60011 The present application claims the benefit of priority of U.S. provisional
patent application no. 63/382,304, filed on September 13, 2023, the entire contents of

which are hereby incorporated by reference in thewr entirety,

(00021  The mstant application contains a Sequence Listing which has been
submitted electronically in XML file format and is hereby incorporated by reference
in 118 entirety, Said XML copy, created on Julv 25, 2024, is named P23-105-W(-

PCT SLoxmd and 15 11,772 bytes m size.
Field of Invention

[00031  The present invention provides xeno-free, synthetic biomnk formulations
compnsing polymers based on a polv(aspartarmde} (PAspAm) scatfold for 3D
bioprinting applications. The bioink formulations of the present mvention are

brocoropatible. biodegradable. and promote cellular funchions. In addition, they show

formudations of the present mvention can be tuned to extubit beneficial shear thinning

properties.

(00041 There 1s further provided a method for producing a three-dimensional
object, wherein said bioink formulation is applied to a 3D bioprinting techmique to
produce said three-dimensional obiect Moreover, there is provided a three-
dimensional object obtainable by said method. Said three-dimensional obiect can be
used for tigsue engineering, regenerative medicine, cell delivery, drug delivery, drug
discovery, wound dressing, bigsensors, cosmetics, hygiene products, medical devices,

smplantable electronics and/or other hiomedical applications.
Background

[O605]  Biofabrication is an mierdisciplinary field that combines principles of
engineering, hiology, and material science and holds the potential to generate

constructs that closely mimic the composition and higrarchical architecture of native
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tissues. Such consiructs can be applied for various biomedical uses including tissue

engineering, regenerative medicine, and drug discovery.

100061 Among several fabrication methods, 3D bioprinting offers tremendous
potential in the fabrication of funcuonal tissue as it provides betfer control over the
spatial arrangement of the matrix, architectural fidelity, and compositional
reproducibility of the constructs. 3D bioprinting techniques allow precise placement

of cells m spatially predefined locations within confined 3D structures,

[00071  The most coromon 3D bioprinting technigues include DLP-based
bioprinting. droplet-hased bioprinding, extrusion-based bioprinting, forward transfer
bioprinting, inkjet bioprinting, integrated bioprinting, {aser-induced bioprinting,
atereolithography-based bioprinting, magnetic broprinting, and volumetric
broprinting. These 31 bioprinting techniques allow precise placement/positioning in

spatially predefined locations within confined 3P structures.

[0008]  One of the critical components of 3D bioprinting s the bioink used for
creating tissue constructs. The bioink is an aqueous solulion of one or more
biomaterials in the form of a hydrogel, which optionally contains one or more desired
cell types. Hence, however, bioink should be able to transport cells during printing
and support cell growth after printing. To this end, a bioink should satisfy certain

material and biological requirements.

160091 Tvpical material properties include printability, crosslinkability, matrix
stiffness, protection against shear siresses during the printing process, and

dimensional fidelity of printed structures during subsequent cell cultivation.

[0610] Biological requirements mamnly include degradabilitv, eytocompatibility,

and promotion of cell biocactivity during subsequent cell cultivation,

[00611]  Among the different biomaterials, hydrophilic polymers are the most
promunent roatenials which are used n bwink formulations. Hitherto, natural
polvmers, such as collagen, gelatin, hvaluronic acid, alginic acid, chitosan, have
claimed central roles in bioink formulations due to their availability and ability to

provide adapied scallolding sysiems for the structural and funclional organisation of

|
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cells.

(00121 Natural polymers possess unigue properties such as biocompatibiiity and
biodegradability, thus making them well-adapted for many biomedical applications.
However, natural polymers have several inherent disadvantages, including the high
degree of varnability in the siruciure of polymers derived from different animais and
poor batch-to-baich consistency in the mamufacturing process. Natural polyimers are
also structurally more complex and are difficult to chemically modify to achieve
desired rheological and mechanical propertics. Besides, natural polymers also pose a
high risk of adventitious agent contamination. Additionally, there are both regulalory
and ethical problerns with using polvmers sourced from animals. Therefore, there s a
need {or bioink formulations that are derived from xeno-free materials such ag, for

example, synthetic polvmers.

[0613] Bioinks derived from svnthetic polvmers can easily overcome some of the
inherent chalienges of natural polvmer-based bicinks. For example, synthetic
polvmers have well-defined, less complex siructures, and these structures can be
eastly modified using several functionalization strategies to provide cell-mediated
degradation and greater control over the cell functions, including adhesion,
proliferation, and morphogenesis. Besides, synthetic polymers can be mamtactured
on a large scale with a high degree of batch consistency necessary for reproducible

resulis.

10G14] KR 20180025117 A relates to a bioink containing a polyester-based
copolvmer with a controlled melting point. a biocompatible structure containing the
same, and a manufacturing method thereof. The polvester-based copolvimer is
synthesized using at least one alcohol-based inttiator selected from the group
consisting of diethvlene glveol ethvl ether, polypropviene giveol, and

methoxv{ethvlene glycol}.

[O015] KR 20200017606 A relates 1o a scaffold for tissue regeneration, method for
its manufacture, and a bioink material {or 3D printing using the same. The bioink
material for 3D printing is based on a phvsically crosslinked casein-polvvinyl alcohol

hydrogel.

[0016] WO 2019/236891 Al relales to pharmaceutical biotnks, pharmaceutical

]
3
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formulations, and methods of printing pharmaceutical bioinks. The pharmaceutical
bioink comprises a hydrophobic photocurable resin capable of being cured by visible
tight, where, w pariicular, polv{ethviene glycolydiacrvlate (PEGDA) 15 used as such

hvdrophobic photocurable resin.

[O017] WO 2021/234141 Al relates to a hydrogel formed with polv{ethyiene}

glveol {PEG) combined with heparin and a posiiively charged immune molecule.

[0018] Many of these biomk formulations made with synthetic polymers contain
non-degradable backbone structures and can hinder cellular functions. Besides, they
do not contain the structural units that promote celiular functions such as adhesion,

proliferation, and morphogenesis.

100191 Hence, there is still a continuous need to develop improved bioink
formulations suitable for 3D bioprinting applications, which overcome the
disadvantages known from the prior art. In particular, there is a need for improved
bioink formulations suitable for 3D bioprinting, which are xeno-fres, biccompatible,

biodegradable and promoie cellular functions, show better printability and

crosslinkahility 1o ensure hag

vty of prinied

structures created therefrom, and can be tuned to exhibit beneficial shear thinmng

properties.
Obijective

[002¢]  The present invention aims to overcome the disadvantages of the bioinks
known from the prior art, which include bioinks denived from natural polvmers and
svithetic polvmers. These disadvantages include inter alia batch-to-baich
imconsistency, difficulty in fine-tuning the polviner’s propertigs, scale-up
manufacturing, vsk of adventitious agent contamination, non-degradability of

synthetic polvimers and lack of structures promoting cellular functions,

[0021]  Theretore, the main objective of the present invention 18 {o provide bioink

formulaiions suitable for use in 3D bioprinting.

(00221 Another objective of the present invention is to provide bioink formulations
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that are xeno-free (i.¢. free of one or more animal derived componenis).

100231 Another objective of the present invention is fo provide bioink formulations

that are biocompatible, biodegradable, and show no cell toxicity.

100241 Yet ancther objective of the present wnvention is to provide bioink
formulations that mantain high cell viability and promote cellular funcnions
including, but not linuted to, attachment, proliferation, metabolism, differentiation,

and extracethular matnix deposition.

160251 Yet another objective of the present invention 1s {o provide bioimk

-
3

to maintain 30 boprinted structures.

[0026]  Yet ancther objective of the present invention is to provide bicink formula-

tions that exhibit beneficial shear thinning properties.
Summary

160271 The embodiments of the present invention described hereinafier provide a
technical solution to the aforementioned objectives. In a first embodiment. the present
inveniion provides a bioink formulation comprising a polymer, wherein the polymer

comprises a repeating wnit Ul and a repeating wmit 117
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R'is selected from alkylene, preferably from C1-Cy alkylene, more preferably from

Ci-Cio alkylene, most preferably {rom methviene, ethyvlene and propylens;

R s selected from hydrogen or alkyi, preferably from hydrogen or Ci-Cop alkyl,
more preferably from hyvdrogen or C-Cro alkyl, most preferably from hydrogen,

methvl, ethyvl and propvl
Al is a moiety imparting hydrophilicity 1o the polymer;

ol is an integer from 1 to 5,000, preferably from 10 to 5,004, more preferably from

100 to 3,000; and

ml is an integer from 1 to 5,000, preferably from 10 to 5,000, more preferably {rom

100 to 5,000

(00281  Tn asecond embodiment, the present invention provides a method for
producing a three-dimensional object, wherein the hioink formulation according to the
first embodiment of the present invention is applied to a 3D bioprinting technique to

produce sad three-dimensional object.

(00291 In athird embodiment, the present invention provides a three-dimensional
object, which is obtainable or obtained by the method for producing a three-

dimensional object according 1o the second embodiment of the present nvention.

100307 The present invention 1s further described in the embodiments following

hereinaller in the detalled description.
Brief Description of the Figures

[0031]  Fig I A) Schematic synthesis of PAspAm-MA (1. B) 'TH NMR spectrum
of PAspAm-MA (1}

(06321 Fig 2: Rheological analysis of time-dependent shear storage modulus {G7)
and shear loss modulus (G} on visible light (405 nm} irradiated PAspAm-MA (1) at

5% and 10% wt/v concentrations under room temperature.

100331 Fig. 3: Cell viahality in PAspAm-MA (1) hydrogel. A) Live/Dead stained
3T3 fibroblasts encapsulated in PAspAm-MA (1) hvdrogel after 1 and 3 days of
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culture. Scale bar = 300 pm. B) Cell viability calculated as percentage of hive calls
from the Live/Dead staining images. C) Cell metabolism measured by PrestoBlue®

fluorescence assay. ¥p<0.05.

16034 Fig. 4 Pontability of PAspAm-MA (1) biownk by digital light processing

{DLP). A M shape was printed with dimensions at 23mnw I 3mm 0. Grom.

[0035] Fig 5. A) Schematic synthesis of PAspAm-Tyr {2}, B} 'H NMR spectrum of
PAspAm-Tyr 2},

100361  Fig. 6 Rheological analysis of time-dependent shear storage modulus {G7)

on visihle light {405 nm) irradiated PAspAm-Tvr (2}

(00371 Fig 7. Pnintability of PAspAm-Tyr (2} bioink by digital hght processing
{(DLP). A) A grid shape with dimension at 9 mmx 9 mm x (.5 mm. B} A word,

“BIOINK™, was printed with dimension at 34 mm x 7.2 mm x 0.5mm.

100381 Fig. 8 Cell growth (hMSCs) in DLP printed PAspAm-Tyr (2) bioink
hvdrogels. A} Live/Dead stained hMSCs encapsulated i bioprinded PAspAm-Tyvr (2)
hvdrogel after 1. 7 and 14 davs of culture. Scale ba = 730 um. B) Cell metabolism
measwred by PrestoBlue® fluorescence assay. *p<(.05. ) Cell viability calculated as

percentage of live cells {gray) from the Live/Dead staiming images.

100391  Fig. 9 Cell growth (3T3 fibroblasts) in DLP printed PAspAm-Tyr-RGDH+
(3) and PAspAm-Tvr () bioink hvdrogels. PEGIDA(6K) 15 used as the control group.
Live/Dead stained 3713 fibroblasts encapsulated in biopnnted PAspAm-Tyr-RGD+
{3}, PAspAm-Tyr (2} and PEGDA(GK) hydrogels after 1, 7, 14 and 21 davs of culture.

Scale bar = 750 um.

160401 Fig. 10: Cell growth (313 fibroblasts) in DLP printed PAspAm-Tyr-RGD+
{3} and PAspAm-Tyr (2} bioink hvdrogels. PEGDA(Sk) is used as the control group.
A) Cell metabolism measured by PresioBlus® flucrascence assay. ¥p<<0.05. B) Cell
viabilily calculated as percentage of hive cells (gray) from the Live/Dread staining

HUages.

(00411 Fig 11 A) Schematic synthests of PAspAm-Nor (4}, B) 'H NMR spectrum
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of PAspAm-Nor {4).

100421 Fig. 12: Crosstinking mechamism of the PAspAm-Nor-RGEDH++ (da) bioink

based on thiol-ene click chemistry,

100431 Fig. 13; Rheological analvsis of ime-dependent shear storage modudus (G7)
on vigible hight (405 nm) irradiated PAspAm-Nor (4) and PAsp-Am-Nor-RGD++ (4a)

bioinks.

[0044] Fig. 14: Cell growth (3T3 fibroblasts) in DLP printed PAspAm-Nor (4) and
P AspAm-Nor-RGD++ (4a) bioink hydrogels. A) Live/Dead stained 3T3 {ibroblasts
encapsulated in bioprinted PAspAm-~-Nort (4) and PAspAm-Nor-RGD++ (4a}
hvdrogels after 1, 7, 14, 21 and 28 days of culture. Scale bar = 15300 um. B) Cell

metabolism measured by PrestoBlue® fluorescencs assay.
Detailed Description

[0045]  In a first embodiment of the present invention, a biowk formulation is
provided comprising a polvmer, wherein the polymer conprnises a repeating unit Ul

and a repeating umt Ui

O 0
H H H H
(i; N CWR"—H—N
R O
n4

' mi
}ﬁo E‘EQR”
A

U Ut

wherein:

R! is selected from alkylene, preferably from C1-Cx alkylene, more preferably from

C1-Cio alkylene, most preferably from methylene, ethviene and propylene;
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RY is selected from hyvdrogen or alkyl, preferably from hydrogen or Ci-Co alkyl,
more preferably from hydrogen or Ci-Cro alkyl, most preferably from hydrogen,

methyl, ethvl and propyl
Al is a moiety imparting hydrophilicity to the polymer;

ni is an integer from 1 to 5,000, preferably from 10 to 5,000, more preferably from

100 to 5,000 and

ml s an integer from 1 to 5000, preferably from 10 to 3,000, more preferably from

100 to 5,000,

(00461 Alin the repeating units Ul and U1 of the polymer is a motety imparting
hvdrophalicity 10 the polvimer. A motety imparting hy drophiicity to the polyimer
means a moiety that comprises at least one polar group and/or 1onic group capable of
titieracting with water by forming secondary bonds such as, for example, hvdrogen
bounds, dipolar bonds, elecirostatic mteraction, and/or van-der-Waals interaction with

water moltecules.

[0047] Preferably, A’ in the repeating uniis Ul and U1’ of the polymer conprises

one or more groups selecied from -OH, -SH, -WNH,, -CO-NH; and -COH.

00481 Preferablv. Al in the repeating units Ut and U1 of the polymer comprises a
water-soluble moiety. Such water-soluble moiety includes water-soluble polymer
moteties such as, but not limited to, polyethylene oxide, polyvinyl alcohol, and

polvacrylamide moicties.

[(349]  Preferablv, A' m the repeating units Ul and U1 of the polymer comprises
an alkylene unit -(CHzke- and/or an ethylene oside wait {CH2-CH2-O)-, wherein x
and v are mdependently {rom cach other mtegers {rom 1 to 2,000, preferably from |

to 100, more preferably from 1 o 1, most preferably 1.

[0050] More preferably, A’ in the repeating mnits Ul and U1’ of the polyiner
compiises one of more groups selected {from ~OH, -SH, -NH., -CO-NH; and -CO:H;
and an atkvlene unit «({CHo)x~ and/or an ethvlene oxide unit -{(CH-CH2-O )y, wherein

x and v are independently {rom each other integers from 1 to 2,000, preferably from |
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to 100, more preferably from 1 to 10, most preferably 1.

{00511 Most preferably, A in the repeating units Ul and UL~ of the polymer is
selected from the list consisting of ~CH-CHL-OH, -CH-CHL-O-CHL-CHR-OH, ~CH-
CH»-O-CH-CH-0O-CH-CH»-OH, -CH»-CH>-O-CH-CH-OCH;, -CHo-CH-0-CH-
CHo-O-CH-CH-OCH;, -CHy-CH-SH, ~CH-CH-G-CH-CHp-8H, ~CH-CH-NH»,
~CH-CHo-O-CH-CH-NHD, -CHo-CHL-CO0H, ~CH-CH-O-CH-CHo-COoH, -CHo-
CH»-COH, and -CH-CH2-O-CH-CHR-CORHL

[O652]  Io g preferred embodiment of the present invention, the polymer {further

comprises a repeating wit U2 and a repeating unit U2

" O ’ [ O ‘l
H H
(E‘\’WLN C""""""R? i l N

R? O J
nd ~ m2
'S fijzd
??ER22 AE
A?_
Uz Uz

wherein:

R? is independently from each other selected from alkylene, preferably from Ci-Cay
alkylene, more preferably from C1-Cio alkylene, most preferably from methylene,

gthivlene and propylene;

R* is independently from each other selected from hvdrogen or alkyl, preferably from
hydrogen or C-Cyp alkvl, more preferably from hydrogen or €-Cip alkyl, most

preferably from hvdrogen, methvi, ethyl and propyl.

A s 3 moiety containing at least one reactive group which can be {urther reacted {o

crosslink two or more polvmer chains;

n2 s an mmteger from 1 1o 5,000, preferably from 10 1o 3,000, more preferably from

100 10 5,000; and

1
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m2 15 an integer from 1 1o 3,000, preferably from 10 {0 3,000, more preferably from

160 10 5,000,

(00531 Preferably, the reactive group contained in A” in the repeating units U2 and
U2’ 13 selected from the list consisting of groups capable to undergo polymerization
crossiinking reactions, groups capable to undergo Michael-type or click chemistry-
tvpe crosslinking reactions, groups capable to undergo oxidative crosslinking

reactions, and groups capable to undergo redox crosslinking reactions.

[0054] More preferably, the reactive group contained in A” in the repeating units
U2 and U2’ of the polvmer 15 selected from groups capable to undergo polvmerization
crossiinking reactions, wherein preferably said groups contain one or more vinyl or

allvl groups.

(00551 More preferably. the reactive group contained in A” in the repeating units
U2 and U2 of the polymer is selected from groups capable to undergo Michael-tvpe
or chick chenustrv-type crossiinking reactions, wherein preferably said groups contain
one or more acrylate, methacrylate, n-alkyne, cyclo-alkyne, amine, azide, carboxyl,
hvdrazide, hvdroxyl, maleimide. norbomene, teirazine and/or thiol groups. Most
preferably. A” in the repeating wits U2 and U2’ of the polymer is selected from

tyramine moteties and tyrosing moieties.

[0056]  More preferably, the reactive group contained in A” in the repeating units
U2 and U2 of the polvmer is selected from groups capable to undergo oxidative
crossiinking reactions, wherein preferably said groups contain one or more aromatic
moteties with one or more aromatic hydroxyl groups, wherein more preferably said
Sroups contain one or wore mono-phenoel, di-phenol, in-phenol, oligo-phenol and/or
polv-pheno! moteties, wheremn particularly preferably said groups contain a raono-
phenol moiety. Most preferablv, A” in the repeating units U2 and U2’ of the polymer

is selected from -CH>-CH-CoHe-OH and -CH{C O H-CHL-CeH4-OH.

[00571  More preferably | the reactive group contained in A? in the repeating units
U2 and U2 of the polymer 18 sedected from groups capable to undergo redox
crossiinking reactions, wherein preferably said groups contain one or more thiol

and/or amine groups. Most preferably, A% in the repeating units U2 and U2’ of the

11
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polymer is selected from glutathione moieties and histidine moieties.

(00581 In apreferred embodiment of the present invention, the bioink formulation
comprises a reactive peptide compound capable to react with A2, Preferably, the
reactive peptide compound comprises one or more functional groups capable to react
with the reactive group contained in A? Preferred functional groups capable to react
with the reactive group contained in A” are selected from the list consisting of aflvi,

styryl, vinyl, acrvlate, methacrylate, maleimide and thiol.

(00591 Preterred reactive peptide compounds are RGED contaning peptide
compounds having one or more functional groups selected from the list consisting of
allvi, styryi, vinyl, acrviate, methacryviate, maleimide and thiol. A particularly
preferred reactive peplide compound is H-Gly-Arg-Gly -Asp-Ser-Pro-Cys-OH (SEG

1D NG: 11) having a thiol group.

{0060 In a more preferred embodiment of the present invention, the polymer
further comprises (1} a repeating unit U3 and a repeating unit U3’ or (11) a repeating
unit U4 and a repeating unit U4’ or (i} a repeating unit U3, arepeating unit U3 a

repeating unit U4 and a repeating unit U4

O O

H H H i

%‘: N CMRLI—E—«N

R? | 0 ,

n3 . m3

O i}\ER&j

E‘;QR% A3

AS
U3 U3
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Q
H
I
I -
nd md

C NR
N R44 }5:\4
A
{id U4

wherein:

R® and R* are independently from sach other selected from alkylene, preferably from
C1-Cae alkylene, more preferably from C1-Cre alkviene, most preferably from

methylene, ethviene and propviene;

R* and R™ are independently from each other selected from hydrogen or alkyl,
preferably from hydrogen or C1-Cx alkyl, more preferably from hydrogen or C-Cro

alkvl, most preferably from hydrogen. methvl, ethyl and propyl:
A’ is a moiety iroparting cellular function to the polvimer;

A*is a moiety imparting shear thinning properties to the polymer,
wherein n case {i)

n3 is an integer from 1 to 5,000, preferably from 10 to 5,000, more preferably from

100 to 5.000:

m3 is an integer {rom 1 1o 5,000, preferably from 10 {0 3,000, more prelerably from

100 10 5,000 and

the sum of nl, n2, n3, mi, m2 and m3 is greater than 5, preferably greater than 50,

more preferably greater than 300; or
wherein in case (i1}

04 is an integer from § to 5,000, preferably from 10 to 5,000, more preferably from

100 to 5.000:
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md 15 an integer from 1 1o 3,000, preferably from 10 {0 3,000, more preferably from

100 10 5,000 and

the sum of nl, n2, nd, mi, m2, and m4 15 greater than 5, preferably greater than 50,

more preferably greater than 500, or
wherein ju case (1)

13 is an deger from 1 to 5,000, preferably from 10 to 5,000, more preferably from

100 10 5.000.

m3 is an infeger from 1 to 5,000, preferably from 10 to 5,000, more preferably from

100 to 5,000,

14 1s an integer from 1 to 5,000, preferably from 10 to 5,000, more preferably from

100 to 5.000;

md 15 an wnteger from 1 to 5,000, preferably from 10 to 5,000, more preferably from

100 to 5.000; and

where in case {iti} the sum of nl, n2, n3, nd, m1, m2, m3 and md 15 greater than 7,

preferably greater than 50, more preferably greater than 300.

(00611 A¥in the repeating units U3 and U3 of the polymer is a moiely imparting
cellular function fo the polymer. Preferred cellular function includes, but is not limited
to, attachment, proliferation, metabolism, differentiation, and extracellular matrix

deposition.

00627  Preferably, A in the repeating units U3 and U3 of the polymer contains one
or more synthetic fumctional peptide sequences found in native proteins, wherein
preferably said native proteins are fibronectin. laminin, collagen, elastin, albumin,

immmoglobuiin or sifk

100631 Preferred synthetic functional peptide sequences are selected from the list
consisting of RGD, YIGSRE (SEQ ID NG 1), IKVAV (SEQ ID NGO 2), DGEA (SEQ
113 NO: 33, PHSRN (SEQ 1D NO: 4), PRARI (SEQ ID NO: 5). (GAGAGS), (SEQ ID
NG 6), (VPGXGh (SEQ D NO: 7}, (GPO ), and Gly-Lys-Gly-Tyr-Gly -Arg-Gly -

Asp-Ser-Pro-Gly (SEQ 1D NO: 83, wherein p, n and m arg independently from sach

14
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other integers of = 1.

(0641 A" in the repeating unils U4 and 14° of the polvmer is a moiely imparting

shear thirming properties to the polvruer.

[0065]  Preferably, A* in the repeating units U4 and U4 of the polymer is a moiety

imparting shear thinning properties due o supramolecular interactions,

100661 Preferred supramolecular interactions are host-guest or sel{-assembly
interactions, wherein such interactions preferably include interactions between
cyclodextrin, adamantane, cucurbit]d huril, cholesterol, polvethylene ghveol and

urerdopyrimidinone.

[0067] I a preferred embodiment of the present invention, A* in the repeating units
U4 and U4’ of the polvmer contains one or more cyclodextrin, adamantane,

cucurbii{8junl, cholesterol, polyethylene glycol or ureidopyrimidinone moieties.

[0068]  In a more preferred embodiment of the present invention, A” in the repeating
units U4 and U4 of the polymer 15 a oyclodextrin, adamantane, cucurbit] 8 junl,

cholesterol, polvethviene glvcol or ureidopyrinudinone moiety.

100691  In a particularly preferred embodiment of the present invention, the polymer
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is represented by Formula I

U1 Ut U2 Uz
.. A A A

4 A 4 N I ) e Y
0O o O O

0 NR 0 s}stl?-
??Rﬂ A ?}ER” AZ
A A?
U3 U4’
e N ’ A ~
O O
. g—“—ﬁ R’ émR‘*—LL§
R . E:o - L %:0 i
o E\EJR33 FQ f?RM
E}JR% A3 E?RM A4
A3 A
Formula |
wheretn:

R R® RY and RY are independently from each other selected from atkylene,
preferably from Ci-Cae atkylene, more preferably from Ci-Cae atkylene, most

preferably from methylene, ethylene and propviene;

R'" R* R™ and R* are independently from each other selected from hydrogen or
alkyl, preferably from hydrogen or Ci-Cuo alkyl, yuore preferably from hvdrogen or

C1-Cro alkyl, most preferably from hydrogen, methyl, ethyl and propyi;
Al is a motety imparting hydrophilicity to the polyruer;

i Y . . . . .
A” s a molety containing at least one reactive group which can be further reacted to

crossiink two or more polymer chains;
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A’ is a moiety imparting cellular function to the polymer;
A’ is a moiety imparting shear thinning properties to the polymer;

nl is an integer from 1 to 5,000, preferably from 10 to 5,000, more preferably from
100G 10 3,000
w1l 1s an integer from 1 1o 5,000, preferably from 10 to 3,000, more preferably from
106G 10 5,000
n2 1s an integer from 1 to 5,000, preferably from 10 to 5,000, more preferably from

1006 to 5.000;

m2 is an integer {rom 1 to 5,000. preferably from 10 to 5,000, more preferably from

100 to 5,000,

n3 is an integer from O to 5,000, preferably from 1 to 5,000, more preferably from 10

io 3,000, most preferably from 100 10 5,000

m3 is an integer from O to 5,000, preferably from | tc 5,000, more preferably from 10

to 5,000, most preferably from 100 to 5,600:

nd is an integer from O to 5,000, preferably from 1 to 5,000, more preferably from 10

1o 5,000, most preferably from 100 to 5,000; and

w4 1s an integer from U to 3000, preferably from | to 5,000, move preferably from 10

1o 5,000, most preferably from 100 to §,600;

wherein the sum of nl, n2, n3, n4, mi1. m2, m3 and m4 15 greater than 5, preferably

greater than 7, more preferably greater than 50, most preferably greater than 500,

[0070]  The repeating wuts U1, U1, U2, U2°, U3, U3", U4 and U4 can be
distributed in the polymer represented by Formuda I in any order. The polvmer can
thus be present, for exarople, as a random copolvmer, as an alternating copolvmer,
and/or as a block copolymer. The asterisk * denotes a linkage of the two parts of the

polymer shown in Formuia L

[3071] Preferred embodimenis for the moieties A’ to A" in the polymer represented

L7
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bv Formula I are as indicated above.

100721 In apreferred embodiment of the present invention, the polvimer in the
bioink formulation has a weight average molecular weight (Ma) in the range from
1,000 Da (1 kDa) to 100,000,000 Da (100 MDa), preferably from 10,060 Da (10 kDa)
to 10,060,000 Da (10 MDaj}, more preferably from 20,000 Da (20 kBa) to 5,000,606
Da (5 MDa), most preferably from 30,000 Da (30 kDa) to 1,000,000 Da {1 MDa). The
weight average molecular weight (M) can be determined by any standard method

known to those skilled in the art, such as GPC.

[0073]  In a preferred embodiment of the present invention, the mass concentration
of the polymer 10 the bicink formudation is from 0.1% {wi/v) to 99% {(wi/v),
preferably from 1% (wt/v) to 70% (wi/v), more preferably from 2% (wi/v) to 40%
(wi/v}, particularly preferably from 5% (wi/v) to 30% (wi/v), and roost preferably
from 5% (wit/v} 1o 20% (wt/v}. based on the total volume of the bioink formulation.
Depending on the type of the 3D bioprinting technique applied, a person skilled in the
art 1s able to deternune sutable mass concentrations of the polyvmer in the hioink

formulation.

[0074]  In apreferred embodiment of the present invention, the bioink formulation
comprises one or more diluents. Such diluents typically act as selvents and/or
dispersants diluting the polymer in the bioink formudation. Preferred diluents are
compounds that are hquid at room temperature. Preferred diluents are water, cell
culture media such as, for example, DMEM, RPMI and MEM, or water-based buffer
svstems such as, for example, phosphate buffered saline (PBS), Hank’s buffer, Earle’s

balanced salt solution, Tvrode butfer, HEPES buffer, stc.

[O0751 o apreferred embodiment of the present invention. the bioink formulation
further comprises one or more selected from crosshinking reagents and crosslinking
additives. The crosslinking reagent serves the purpose to crosslink the polymers in the
bioink formulation to form a crosslinked three-dimensional hvdrogel. The
crossiinking additive serves the purpose to react with the polymer in the bicink

formuldation to form a crosslinked three-dimensional hvdrogel.

10076] Preferred crosslinking reagents are selected from the list consisting of
photoinitiators, thermal initiators, basic initiators, oxidative initiators, enzymes

L&
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mediating oxidative crosshinking, and agents mediating redox crosslinking,

[0077]  Preferred photoinitiators are selected from the Hist consisting of
acetophenone, p-anisil, benzil, benzoin, benrzophenone, 2-benzoylbenzoic acid, 4,4°-
bis(diethylanmino)benzophenone, 4,4°-bis(dimethyvlaminolbenzophenone, benzoin
methyi ether, benroin isopropyl ether, benzoin 1sobutvi ether, benzoin ethyl ether, 4-
benzoylbenzoic acid, 2,27-bis{2-chiorophenvi}-4, 47 5.5 -tetraphenyl-1,2"-biimidazole,
methy! 2-benzovibenzoate, 2-{1,3-benzodioxol-53-v1}-4,6-bis(inichioromethyl)-1.3,5-
triazing, 2-benzyl-2-(dimethylamino)-4"-morpholincbutyrophenone, (=3-
camphorguinoneg, 2-chlorothioxanthone, 4, 4 -dichlorobensophenone, 2.2~
diethoxyacetophenone, 2 2-dimethoxy-2-phenviacetophenone, 2,4~
diethvithioxanthen-9-one, diphenvi(2 4, 6~trmethyvibenzoyDphosphine oxide, 1,4~
dibenzovibenzene, eosin Y, Z-ethylanthraquinone, I-hydroxyeyclohexy! phenyl
ketone, 2-hvdroxy-2-methylpropiophenone, 2-hyvdroxy-4'-(2-hydroxyethoxy }-2-
methyipropiophenone, 2-isopropyithioxanthone, lithivm phenyl(2.4,6-
trimethyibenzoviphosphinate, 2-methvi-4’ -(methvlthio}-Z-morpholino-
propiophenone. 2-isonttrosopropiophencne, 2-phenvi-2-{p-toluenesulfonyi-

oxy Jacetophenone, phenvlbis(2 4,6-trimethylbenzoyiphosphine oxide, tns(2,2°-
bipyvridydichiororuthermum(if) hexahydrate, and a combination of tns(2,2°-

bipvridvhdichlororutheriuny(i} hexahvdrate and sodium persulfate.

100781 More preferred photoinitiators are selected from the list consisting of eosin
Y, 2-hydsoxy-4"(2-hy droxyethoxy }-2-methyipropiophenone, lithivm phenyl-2,4,6-
irimethyibenzoviphosphinate, tris{2, 2 -bipyridvidichlororuthentum(i?) hexahydrate,
and a combination of 118(2,2”-bipynidviidichiororuthenium(il} hexahvdrate and

sodium persulfate.

[3079]  Preferred thermal initiators are selected from the list consisting of tert-amyl
peroxybenzoate, 4, 4-azobis{4-cvanovaleric acid), {1~
azobis{cyclohexanecarbonitnile), 2,2 -arobisisobulvronitrie {AIBN), 2,2 -azobis(2-
methylpropionamidine)dihydrochloride, benzoyl peroxide, 2.2-bis(tert-
butviperoxyibutaneg, 1, I-bis{tert-butviperoxy jeyclohexane, 2,5-bis(tert-butylperoxy)-
2.5-dimethvihexane, 2,5-bis{ieri-butviperoxy 3-2.5-dimethy]-3-hesyne. bis{1-{tert-
butviperoxv)-1-methvlethyvbenzene, 1,1-bis(iert-butviperoxy}3-3,3.5-

trimethvicyclohexane, tert-buty! hydroperoxide, tert-butyl peracetate, tert-butvl
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peroxide, tert-butyl peroxybenzoate, tert-butylperoxy isopropyl carbonate, cumene
hvdroperoxide, cyelohexanone peroxide, dicumyvi peroxide, lavrovl peroxide, 2,4~
pentanedione peroxide, peracetic acid, ammonium persulfate, potassium persulfaie.

and sodium persulfate.

[008CG]  More preferred thermal initiators are selected from the list consisting of 4.4~
azobis{d-cvanovaleric acid), 2.2"-azobisisobutyroniirile (AIBN), 2.2 -azobis{2-
methylpropionamidine)dihvdrochloride, benzovl peroside, tert-buty] peroxide,

aramonium persuifate, potassiwm persulfate, and sodium persulfate.

[00R81]  Preferred basic initiators are selected from the list consisting of hvdroxides,
amines and amides. More preferrad basic mitiators are selected from the list
consisting of MOH, MOR, NH; |, RNH,, and R2NM, wherein M is an alkali metal,
preferably Li, Na, K and R is a carbyl moiely, preferably Ci-Cs alkyl Most preferred

basic initiators are selected from the list consisting of OH ™, NH:z and (PrpNLi (LDA).

[0082]  Preferred oxidative mitiators are selected from the list consisting of
hydrosyl (HOM) and peroxyl (ROG"), peroxynitrous acid/peroxynitrite
{(ONGOH/ONOG™), witrogen dioxide (NO2"), witroseperoxycarbonate (ONGOCO, ),
carbonate {CO:"7}, and lipid hydroperoxides{LOOH), wherein R is a carbyvl motety,

praferably £-Us alkvl, and L is a lipid moiety.

[0083]  Preferred envymes mediating oxidative crosslinking are selected from the

peroxidase fammulies, including horseradish peroxidase, myveloperoxidase, laccase, ete.

100841 Preferred agents mediating redox crosslinking are selected from the list
consisting of peroxides, hvpochlorous acid, chloramines, hypobromous acid,
bromamines, hypothiocvanous actd, nitroxyvl, peroxynitrous acid, and other nitrating

species.

00851 I apreforred embodiment of the present invention, the bioink formulation

coraprises two crossiinking reagents selected from the hsts described above.

[008a1  To amore preferred embodiment of the present invention, the bioink

formulation comprises Hithium phenyvl-2 4 6-trimethyibenzoylphosphinate.
(00871  In amore preferred embodiment of the present invention, the bioink
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formulation comprises a combination of is{2,2”-bipyndyldichlororuthenium(il)

hexahy drate and sodihum persulfate.

[0088]  Preferred crosslinking addifives are compounds comprising two or more
polvmerizable groups with at least one C=C double bond. Prefored polvmerizable
groups with at least one C=C double bond are selected from the list consisting of
acrviate, methacrviate, allvl, styrvl and vinyl groups. Alternatively preferred
crosshinking additives are compounds comprising two or more thiol groups,
preferably three or more thiol groups. more preferably four thiol groups. Examples of

this include 4-armed-PEG-SH.

100891 In apreferred embodiment of the present invention, the conceniration of the
crosshinking reagents in the bioink formulation is from 0.1 mM 1o 100 mM, preferably
from 0.2 mM to 50 mM, more preferably from 0.5 oM to 40 mM, particularly
preferably from 1 mM to 30 mM, even particularly preferably from 5 mM 15 25 mM,

and most preferably from 15 mM 10 25 mM.

100901  The bioink formulations of the present invention are useful for different 3D
hioprinting techoigues including DLP-based bioprinting, droplet-based bioprinting,
exirusion-hased bioprinting, forward transter bioprinting, inkjet bioprinting,
iniegrated bioprinting, {aser-induced bioprinting, stereclithography-based bioprinting,

magnetic bioprinting, and volumetric bioprinting.

160911 In addition, the bioink formulations of the present invention are compatible
with several human and non-human cell types and are therefore useful to print various
tissue contracts. This is ilustrated by the cell lines used in the expenimental examples
hereinbelow such as, for example, mouse 373 fibroblasts, human bone marrow-
denved mesenchymal stem cells, ete., which should not be construed as bmiling in

any way.

(06921 In conclusion, the bioink formulations described herein overcome the
disadvantages known from the prior art. In pasticular, the bioink formulations
described herein are sutable for use in 30 biloprinting, they are biocompatible,
biodegradable, and show no cell toxicity, they maintamn high cell viability and
promate cellular functions including, but not limiled 1o, attachment, proliferation,

metabolism, differentiation, and extracellular matnx deposition, they show better
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printability and crosslinkability to ensure high dimensional fdelity and structwral

T
[T

egrity of punted structures created therefrom so to maintain 3D bioprinted

structures, and they exhibit beneficial shear thioning properties.

(00931 In asecond embodiment of the present invention, a method for producing a
three-dimensional object is provided, wherein the bicink formulation according to the
present invention is applied to a 31 bioprinting technique to produce said three-

dimensional object.

[0694]  Similar to thermoplastics cormmondy used iniraditional 313 printing, bioinks
can be extruded through printing nozzies or needles into filaments that retain their
shape once applied. However, bicinks are sensitive 1o the processing conditions of
conventional 3 printing. Compared to traditional 3D printing materials, biomks
typically require lower printing temperatures (typically 37°C or less) and milder

curing conditions to avoid compromising cytocompatibility and bicactivity.

[0025]  Extrusion-based bioprinting and digatal light processing (DLP)-based
bioprinting are both 3D bioprinting techniques commonly used to produce
hiofabricated three-dimensional objects. In extrusion-based bioprinting, a bicisk 1o
solution or semi~-solution forn 1s loaded into a cartnidge and a mechanical force.
usually air pressure or a motor-drive piston or screw, pushes the bioink through a
nozzle to form a filament that can be deposited taver by laver {0 that the desired three-
dimensional object is produced. DLP-based bioprinting s also a layer-by-layer
process. However, mstead of exiruding the matenial through a nozzle, a source of
tlfumination treats each layer with a still image. This image is projected into a vat of
hight-sensitive hquid, triggering a chemical reaction that causes the hquid to cure 1o
the ilhuminated area. The printed three-dimensional object is obtained by stacking

these cured layers on a build platform.

[0096]  Traditional bioprinting techniques involve depositing material fayer-by-layer
to create the end structure, bul recently a new method called volumetric blopnuting
was reported {see; PN, Bemal, P. Delrot, I3, Loterie, Y. L1, . Malda, €. Moser and R
Levato, Volumetric Bioprinting of Complex Living-Tissue Construcis within
Seconds, Adv. Marer. 2019, 31, 1904209}, Volumetric biopriniing occurs when a

bioink s placed in a hiquid cell and 15 selectively srradiated by an energy source. Thus



WO 2025/058905 PCT/US2024/045168

method will actively polymerize the irradiated material and that will comprise the
final structore. Manufacturing biomaterials using volumetric bioprinting of bioinks
can greally decrease the manufacturing time. fo materials science. thisis a

breakthrough that allows personalized lomatenials to be quickly generated.

(00971  Unlike traditional 3D printing materials such as thenmoplastics that are
essentially fixed once they are printed, twoinks are a dynamic sysiem because of their
high-water content and often non-~crvstaliine stracture. The shape Gdelity of the bioink
after filament deposition must also be taken into account. Finally, the printing
pressure and nozsle diameter must be taken inio account to minimise the shear
stresses placed on the bioink and on any cells within the bioink during the printing
process. Too high shear forces mav damage or lyse cells, adversely affecting cell

viability.

[0098]  Preferred 3D bioprinting techniques for the method for producing a three-
dimensional object according to the prasent invention are selected from DLP-based
bioprinting. droplet-based boprinding, extrusion-based bioprinting, forward transfer
biopriniing, inkjet bioprinting, integrated bioprinting, laser-induced bioprinting,
stereolithography-based bioprinting, magnetic bioprinting, and volumetric
bioprinting. These 3D bioprinting techniques allow precise placement/positioning in

spatially predefined locations within confined 31 structures.

(00991 In a preferred embodiment of the method for producing a three-dimensional
object according to present invention, the bioink formulation is subjected to
irradiation and/or thermal treatment to crosslink the polvmer comprised in the bioink
formudation. Such irradiation and/or thermal treatment s tvprcally performed after the
bioink formulation has been applied to a 3D bioprinting technique and has been

deposited to form a three-dimensional object.

[0100]  Preferred irradiation treaiment includes IR irradiation, VIS irradiation,
and/or UV irradiation. Preferred IR radiation is in the range from 600 nm to 1 mm,
more preferably in the range from 750 nm 0 900 nm, and most preferably in the
range from 770 nm to 790 nm. Preferred VIS radiation is in the range from 400 nm to
700 nm, more preferably m the range from 400 to 500 nm, and most preferably in the

range from 400 o 450 nm. Preferred UV radiation 15 1 the range from 100 nm o 400
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nm, more preferably in the range from 300 nm to 400 nm, and most preferably in the
range {rom 350 nm to 400 nm. Preferred thermal treatment includes exposure to
slevated temperatures up to 120°C, preferably up 1o 100°C, more preferably up to
60°C. Most preferably, thermal treatment includes exposure to elevaied temperatures
between 30°C and 40°C. Depending on the type of bioink formulation and the
polymer comprised therein, a person skilled 1o the art 13 able to determine suitable

irradiation and/or thermal treatment conditions.

[010}]  The irradiation and/or thermal treatment for crosshinking the polymer in the
method for producing a three-dimensional object according 1o the present invention
can be optionally carned out during or after the printing depending on the 3D
broprinting technigue used such as, for example. extrusion-hased bioprinting or DLP-

based bioprinting or any of the other hioprinting technigues mentioned above.

[0102] In athird embodiment of the present invention, a three-dimensional object
obtainable or obiained by the method for producing a three-dimensional object
according to the present invention 1s provided. Preferably, said three-dimensional
object s for use in tissue engineering, regenerative medicine, cell delivery, drug
delivery, drug discovery, wound dressing, biosensors, cosmetics, hvgieneg products,

medical devices, inplantable electronics and/or other biomedical applications.

[0103] It 1s to be undersiood that a skilled person can freely combine the above-
mentioned preterred, more preferred, even more preferred, and most preterred
embodiments relating to the bioink fornndation and refated embodiments of the

present invention.
Definitions

[0104]  As used herein, the term “synthetic boink formulation” means bioink
formulations that are free from animals, plants, and microorganisms-denved producis.
The microorganisms include, but are not linuted to bacteria, protozoa. aigae, and
fungi. The synthetic bioink formulations of the present invention are formulated from
poly{aspartamide} (PAspAm) derived polymers. Bioinks are materials used to
produce engineered/artificial tissue/organs, disease models and organotds using 3D
bioprinting. They must meet certain characteristics, including amongst others

sheological, mechanical, biofunctional and biocompatible properties. Using biomnks

24



WO 2025/058905 PCT/US2024/045168

provides a high reproducibility and precise control over the fabricated consiructs in an
automated manner. These inks are considered as one of the most advanced tools for

tissue engineering and regenerative medicine {TERM).

[0105]  As used herein, the term “polymer” includes, but 1s not linited o,
homopaolymers, copotymers, for example, block, random, and alternating copolvimers,
terpolymers, quaterpotymers, etc.. and blends and modifications thereof. Furthermore,
unless otherwise specifically limited, the term “polymer” shall include all possible
configurational 1somers of the molecule. These configurations include, but are not
fimited to isotactic, syndiotactic, and atactic symmetries. A polvmer 15 a molecule of
high relative molecalar mass, the structure of which essentially comprises the multiple
repetition of units {1 e. repeaiing uruis) devived, actually ot conceptually, from

molecules of low relative mass {(1.e. monomers}.

[0106]  As used herein, the term “monomer” refers 1o a molecule which can undergo
polymerization thereby contributing constitutional units {repeating units} (o the

essenfial structure of a polymer or an oligomer.

[0107]  As used herein. the tetm “copolymer”™ generally means any polymer denved
from more than one species of monomer, wherein the polvmer comprises more than
one species of corresponding repeating unit. In one embodiment the copolymer is the
reaction product of hwo or more species of monomer and thus comprises (wo or more
spectes of corresponding repeating urut. It is preferred that the copolymer comprises
two, three, four, five or six species of repeating unit. Copolvimers that are obtained by
copolvmerization of three monomer species can also be referrad to as terpolymers.
Copolymers that are obtained by copolvmenization of four monomer species can also
be referred to as quaterpolvmers. Copolymers may be present as block, random,

and/or aliernating copolymers,

[0108]  As used herein, the term “block copolymer™ refers 1o a copolymer, wherein
adjacent blocks are constitutionally different, 1.2 adjacent blocks comprise repeating
units derived from different species of monomer or from the same species of

monomer but with a different composition or sequence distribution of repeating units.

[0109]  As used herein, the term “random copolymer™ refers to a copolvmer in
which the probability of linding a given repeating unii at any given site i the chaip is
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independent of the nature of the adjacent repeating units. Usually, in a random

copolvmer, the sequence distribution of repeating unils follows Bemoullian statistics.

[0110]  Ag used heretn, the term “alternating copolymer” refers to a copolymer
consisting of macromolecules comprising two species of tepeating untis i alternating

SEQUCHICS.

[0111]  As used herein, the term “crosshinking reagent” refers to a reagent that
provides a reactive species capable of activaling a reactive group 1o react with another
reactive group in a crosshinking reaction. This enables the crosslinking of two or more
polvier chains that carrv reactive groups. Tvpical crosshinking reagents inn the context
of the present invention are photoinitiators, thermal initiators, basic initiators,
oxidative intliators, enzymes mediating an oxidative crosshinking, and agents
mediating a redox crosshinking. The crosshinking reagents mentioned either directly
provide a reactive species or must be activated for this purpose, for example by

irradiation treatment, thermal treatment, eic.

101121 As used heremn, the term “crosshinking additive™ refers to a compound that 1s
capable to react with a reactive group in a crosshinking reaction. For exampie, the
crosslinking additives can react with the reactive groups in the polymer, thereby

roviding additional crosshinking.
o &

[0113]  In the context of the present invention, the term “difuent” as vsed herain,
denotes one or more compounds serving as a solvent, suspending agent, carrier and/or
matrix for the polymer and anv other component comprised in the bioink formulation.
Diluents are typically inert compounds that do not react with said polymers and said
other components. Tvpical diluenis are compounds that are liguid at room

femperature.

[0114]  As used herein, the term “shear thinning” is the non-Newtonian behavior of
ftutds whose viscosily decreases under shear strain. Bioinks with shear thinning
properties enable extrusion at lower extrusion forces thus minimizing damage 1o cells
while bioprinting. The ratio 377/G of the shear loss modudus (G} to the shear
storage modulus (G} in a viscoelastic maternial 1s defined as the tan 8 (loss tangent),
which provides a measure of damping the material. Tan & can also be visualized as the

tangent of the phase angle 3 between the storage and loss modulus. Shear thinning
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means that the viscosity decreases with increasing shear rate. This is crifical during
extrusion-based printing because exiruding highly viscous bioink al a relatively high
speed (high shear rate) would result in high shear stress. thus killing cells. if the
biomk is shear thinning, which means its viscosity is decreasing during extrusion
{high shear rate}, it lowers the shear siress applied on cells and thereby protecting
cells {rom damage. To some extent, a shear thinning broink under extrusion thigh
shear rate} would become less viscous and more liquid, suggesting higher 7 and/or

fower G,

[0115]  As used herein, the term “supramolecular interactions”™ refers (o a class of
molecular inferactions categorized by their non-covalent character. Supramolecular
interactions include host-guest interactions or self-assemblv imteractions based, for
example, on van-der-Waals forces. pi-p stacking, hvdrogen bonding, hvdrophobic

interactions, metal-ligand coordination, and/or electrostatic interactions,

10116]  As used herein, the term “alkvl” refers to a saturated hydrocarbon chain,
such as, but not limited to, methvl, ethyl, propyvl and butyl. The alkyl group mav be
straighi-chain or branched-chain. For example, as used herein. propvl encompasses
both n-propyl and so-propyl: butyl encompasses #-butvl, sec-butyl, ise-butyl and ters-
butvl, and so forth. Divalent alkvl i also referred to as "alkylene” n the present

apphication. Those skilled 1o the art are fanuliar with this nomenclature,

(01171 As used heren, the termn “allvl” refers 1o a substituent with the structural
formuda R-CHo-CH=CH;, where R 15 any other group of atoms or H. [t consists of a

methylene bridge (-CHy-) attached 1o a vinyl group (-CH=CH,)

[0118]  As used herein, the term “vinyl™ refers o a substituent with the structural
formula R-C{R7y=CHa. where R and R are ndependently from each other any other

group of atoms or H. Preferably_ it consists of a vinyl group (-:CH=CH>).

[0119]  The present invention is {urther illusirated by the examples following
hereinafter which shall in no way be construed as limiting. A skilled person will
acknowladge that various modifications, additions and alternations may be made {o

the mmvention without departing from the spirit and scope of the invention as defined
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in the appended claims.
Examples
[0120] Example 1

[0121]  Synthesis of methacrylated poly(aspartamide) (PAspAm-MA) (1)

_ o -
B 0] o NEt; DMF £
0 1, o~NH; : o) N
ol Na2ah | H
p— N—1+— _ N
N - H
S | 2 o NEts, DMF  |a~g#° N~
' AN
L © J HN OH N, 1t, 24 h

f>o
C
cl
OJ\K
i d

OH
PAspAM-MA (1)

T HN_ g
polysuccinimide \I\
h™>o

i\\‘

[0122] PAspAm-MA (1) was synthesized by ring opening of polysuccinimide using
aminoethyl methacrylate. Polysuccinimide (500 mg) was dissolved in 5 mL.
anhydrous dimethylformamide (DMF) and aminoethyl methacrylate hydrochloride
(237 mg) was added to the solution. The reaction was carried out in the presence of
0.72 mL triethylamine under room temperature for 24 h. Then, an excess amount of 2-
(2-aminoethoxy) ethanol (0.79 mL) was added to the reaction mixture and stirred for
24 h at room temperature. Both steps were carried out under a nitrogen atmosphere.
The reaction mixture was first precipitated in diethyl ether and then dissolved in
deionized water, followed by dialysis for 2-3 days and lyophilization. The degree of
substitution of methacrylate groups on polysuccinimide was determined by '"H NMR
(Bruker 500MHz) with D20 as solvent. All spectra were recorded at room

temperature.

[0123] The chemical structure of PAspAm-MA (1) was confirmed by '"H NMR (see
Figure 1). The methylene (2H) and methine (1H) protons on the poly(aspartamide)
backbone showed peaks at 2.5-2.9 ppm and 4.6 ppm. The acrylic protons (2H) of the
methacrylate were located at 5.6 and 6.0 ppm. The peaks at 3.3-3.6 ppm indicated the
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methylene protons (ZH) in 2-(2-aminoethoxy ) ethanol. The degree of substitution of

the methacrylate group calculated from the TH NMR was 7.2%.
101241  Rheological properties of PAspAm-MA (1)

101251 Rheology measurements were performed at 235 °C on a Discovery HR-2
hvbrid Rheometer (T A instruments) fitied with a 20 mum diameter plate-plate
geometry. The PAspAm-MA (1) was photocrosslinked in-situ, and osciilatory time
sweeps were performed under a shear strain of 1% and frequency of 1 Hz for S min.
The saraples were irradiated with visible hght (OmniCure LX500, 405 om, 8.8
mW/cm?) after the time sweep test started for 60 5. About 320 pL PAspAm-MA (1)
solutions (5% and 109% wi/v in deionized water) containing 0.25% wi/v lithium
phenyl(2.4,5-trimethylbenzoyphosphinate (LAP) were used for each test and the

geometry gap was set at | num,

[0126] The time sweep test of the shear storage modulus (G7) and shear loss
modulus {G77) versus time was carried out to determine the gelation behavior during
photo-crosstinking. As shown in Figure 2, both 5% and 10% PAspAm-MA (1)
solutions can form gel rapdly and their shear moduli can reach a plateau within 30 s
and 60 s under light exposure, respectively. The G and G of the cured PAspAm-
MA (1) hydrogsl increased remarkably with increasing polymer concentration. The
5% PAspAm-MA (1) hydrogel had a storage modalus at 6.1 kPa whereas the 10%

PAspAm-MA (1) hvdrogel had storage modulus at 3 kPa.
10127 Cell vigbility in PAspAm-MA (1) hvdrogel

[0i28] Mouse 3713 fibroblasts (ATCCY were cultured in Dulbecco’s Maodified
Eagie’s Medium (DMEM, Gibeo) suppiemented with 10% fetal bovine serum {Gibeo)
and 1% peniciilin-streptomy cin {(Coromg) in a2 humidified atmosphere with 3% €O, at
37 °C. PAspAm-MA (1) polymer and LAP were dissolved 1n phosphate buffered
saling {PBS) and filtered through a 0.2 i {ilter, then mixed with cell suspension. The
final concentrations for each component were 5% and 10% wt/v of PAspAm-MA (1)
polymer, 0.25% wi/v of LAP and 2.5 M/mL of mouse 3T3 fibroblasts, respectively.
The polymer/cell mixture sohution was added fo a 99-well plate at 32 uL. per well and
cured at 405 nm light (8.8 mW/cm?) for 1 min. The cell viability in the cell-laden

PAspAm-MA (1) hydrogel was guantified by PrestoBlue® cell viability agent
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(Invitrogen) at 1 and 3 days {n=4). A Live/Dead cell staining kit {Live, calcein-AM;
Dead, propidiom iodide; MilliporeSigma} was used o visualize the cell growth in the

PAspAm-MA (1) hvdrogel

(01291 Live/Dead staining and resazurin assay were used o qualitatively and
quantitatively evaluate the cell viability in the PAspAm-MA (1) hydrogel over 3 days
of cultuwe {see Figure 3). Live/Dread staining images showed the 373 fibroblasts in
both 3% and [0% PAspAm-MA (1} hvdrogels were considerably viable and a small
portion of cells started to elongate at dav 3 (see Figure 3A). The cell survival rates of
the 313 {ibroblasts inside the PAspAm-MA (1) hydrogels were all above 93% {rom
day 1 1o day 3 {(see Figure 3B}. The PrestoBlue® assay showed the cell metabolism in
106% PAspAm-MA (1) hvdrogel was significantly bigher than that 10 5% PAspAm-
MA (1) hydrogel dunng 3 days of culture {see Figure 3(), which might be because
the S% PAspAm-MA (1) hydrogel network 1s too loose to entrap all the seeded cells,
thus resulting in cell loss mto medium. There was no significant difference on cell
viability between day 1 and dav 3 within each group. The results support the
PAspAm-MA {1} has no significant cell toxicity, thus can be potentially used in

biomedical applicalions.
[O0I30]  Preparation of PAspAm-MA (1) bioink formulation

(01311 A bioink is formulated by dissolving 500 mg of PAspAm-MA (1} in 5 mkL
of PBS buffer. To thus solution LAP (25 mg) and tartrazine (2.5 mg) was added and
then vortexed to complete dissohition. The solution was sonicated for 30 min o

remove air bubbles and filtered through a 0.45 micro filter.
[0132]  Printability of PAspAm-MA (1) bioink formulation

(01331  The biocink of the above formulation was printed on a digital light processing
{DLP) broprinter, Lumen X+ (Volumetric Bio and Cellink). The printing was carnied
oul al room lemperature under near visible light exposure (405 nm, 20 mW/em?®). A M

shape print was obtained at a dimension of 25 mm (L)Y*13 mm (W)*0.6 mm (H} (see
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Figure 4).
[0134] Example 2

[0135] Synthesis of tyramine-functionalized polyaspartamide (PAspAm-Tyr) (2)

_ o
[ o ] NH, L
o 1 o) N
DMF, No, 1t, 24 h b H
— N+ HO ~ @)
> N
" 5o
HO a c
0 O 2 "N O wh, L i
- - HN g d
polysuccinimide DMF, No, rt, 24 h I
h>o € OH

PAsSpAM-Tyr (2)

[0136] PAspAm-Tyr (2) was synthesized by derivatizing polysuccinimide with
tyramine by ring opening nucleophilic reaction. Polysuccinimide (1,000 mg) was
dissolved in 10 mL anhydrous dimethylformamide (DMF). Tyramine (144.2 mg) in
10 mL DMF was first added and stirred at room temperature under N2 for 24 h. Then
an excess amount of 2-[2-(2-aminoethoxy)ethoxy]ethanol (2.67 mL) was added to the
reaction mixture and stirring for another 24 h at room temperature under N». The
reaction mixture was first precipitated in diethyl ether and then dissolved in deionized

water, followed by dialysis for 2-3 days and lyophilization.

[0137] The chemical structure of PAspAm-Tyr (2) was confirmed by 'H NMR (see
Figure 5). The methylene (2H) and methine (1H) protons on the polysuccinimide
backbone showed peaks at 2.5-2.9 ppm and 4.6 ppm. The benzene ring protons (-
CsHy-) on the grafted tyramine were located at 6.7 and 7.0 ppm, indicating the success
of tyramine functionalization. The peaks at 3.3-3.7 ppm indicated the methylene
protons (2H) in 2-[2-(2-aminoethoxy)ethoxy]ethanol. The degree of substitution of
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the tyramine group calculated from the 'H NMR was 9.6%.
101381  Rheological properties of PAspAm-Tyr (2)

(01391 Rheology measurements were performed at 25 °C on a Discovery HR-2
hvbrid Rheometer (TA instruments) fitted with a 20 mm diameter plate-plate
geometry. The PAspAm-Tyr (2) was photocrossiinked in-situ. and osciilatory time
sweeps were performead under a shear strain of 1% and frequency of 1 Hz for 5 min.
The samnples were irradiated with visible Hght (OmniCure LX500, 405 nm, 8.8
mW/cm?) afier the time sweep test started for 60 5. About 320 pL PAspAn-Tyr (2)
solutions (10% wi/v in PBS) containing varous amounts of iris(2.2 -bipvridylidi-
chlororuthentum(il) hexahydrate (Ru; 1 mM, 0.5 mM, and 025 miM) and sodium
persulfate (SPS; 20 mM and 10 mM} were used for each test and the geometry gap

was set at 1 mum

101401 The polymer rheological properties with different amounts of co-
photointtiators were assessed by rheological measurements and plotied 1n Figure 6.
The increasing amounts of SPS and Ry led to an increase in shear storage modulus
{(3") of the PAspAm-Tyr (2) hvdrogels. The highest storage modulus was found n the
sample (PAspAm-Tvr-1mM-20mM) crosslinked with 1 mM of Ru and 20 mM of $PS
{26.6 + 0.4 kPa}, while the lowest storage modulus was found in the sample
(PAspAm-Tyr-0.25mM-10mM) containing 0.25 M of Ruand 10 mM of SPS (9.0 £
0.1 kPa) (see Table 1), In addition, whert the SPS amount was fixed, the hydrogel full
crossiinking time increased with decreased Ru concentrations {see Table 1). The
PAspAm-Tyr-0.25mM-20mM needed the longest crosshinking time (73 5) to reach
plateau. 1t 1s worth noting that when the Ru amount is fixed, the higher amount of 8PS
would lead to longer hvdrogel crosslinking time which nught be because of the higher

oxidation/reduction efficiency of Ru in the photopolvmerization reaction. thus
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resulting in higher storage modulus (see Table T and Figure 6).

0.25mM-

10mM

Experiment Polymer Ru{mM) | SPS{(mM) |G at Full cross-

{90} plateau linking
(kPa) {ime {5}

PAspAm-Tyr- |10 i 20 266404 |43

ImM-20mM

PAspAm-Tvr- | 10 i HY P12401 |37

fmM-10mM

PAspAm-Tyr- | 14 0.3 20 256402 |43

0. 5mM-20mM

PAspAm-Tyr- | 10 0.5 10 101 0.9 | 37

.5mM-10mM

PAspAm-Tyr- | 10 0.25 20 231086 |73

0.25mM-

Z0mM

PAspAm-Tyr- | 10 0.25 19 0.0£0.1 55

Table 1. Rheological properties of PAspAm-Tyr {2) under visible hight exposure.

F0141]

[0142]

Preparation of PAspAm-Tvr (2} bioink formulation

Various combination of PAspAm-Tyr (2} bioink solutions were formulated

to study the effects of Ru (1mM, 6.5 ;M. 0.25 mM), SPS (10 mM and 20 M) and

photoabsorber, tartrazine {0.0123% wi/v, 0.025% wi/v, 0.05% wit/v} on the gelation

Kinetics. printability and the cell viability after bioprinting of those bioinks. The
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poly mer concentration was remained at 18% wi/v.
(01431 Printability of PAspAm-Tvr (2} bioink formulation

(01441 The formulated PAspAm-Tyr (2) bioinks were printed on a digital hight
processing (DLP) bioprinter, Lumen X+ (Volursetric Bio and Cellink). The printing
was cartied oul at room temiperature under near visible light exposure (405 nm, 20
mW/cm?). A grid shape and a “BICINK” word were printed at a dimension of Y mm x

9 mm x 0.5 mm and 34 num < 7.2 mm x 0.5mum, respectively {see Figure 7).

101451 Cell printing and cell viability

[0146] Human bone marrow-derived mesenchymal stem cells (WMSCs; ATCC)
were culiured 10 Dulbeceo’s Modified Eagle’s Medium (DMEM, Gibeo)
suppiemented with 10% fetal bovine serum ({ibeo), 1% penuciliim-streptomycin
(Corning} and & pe/mL fibroblast growth factor-basic human (hBFGF, Sigmajyina
humidified atmosphere with 396 COy at 37 °C. PAspAm-Tyr (2) polymer together
with the co-photommtiators, Ru and SPS, and the photoabsorber, tarirazing, were
dissolved in PBS and filtered through a 0.2 um filter, then mixing with the cell
suspension. The final concentrations for each component mcluded 10% wi/v of
PAspAm-Tyr (2) polvmer, 1 mM Ru, 10 mM or 20 mM 8PS, 0.0125% tfartrazine and
1.5 M/mb of hMSCs, respectively. A 4 x 8 round disk array was printed with each
disk dimension at 5 mm (diameter) x T mm (height}. The light exposure intensity was
20 mW/em® and body exposure was 8.25 s for each laver (Javer thickness at 100 um)
for the 10 mM SPS experiment and 6.25 s for the 20 mb SPS experiment. The
obtained gel disks were culiured in ulira-low attachment 24-well plates. The cell
viabilily in the bioprinted PAspAm-Tyvr {2} hvdrogel was quantified by PresioBlue®
cell viabiliiy agent (nvitrogeny at 1, 7 and 14 days (n=4). A Live/Dead cell staining
kit (Lave, calcein-AM; Dead. propidium iodide; MilliporeSigma) was used to

visualize the cell growth in the PAspAm-Tyr (2) hydrogel.

[0147] Live/Dead staining and PrestoBlue® assay were used to qualitatively and
guantitatively evaluate the cell viability in the PAspAm-Tyr (2) bioink hydrogel over
14 days of culiure (see Figure 8). Live&Dead staming images showed hMSCs in both
10 mM and 20 mM SPS crosslinked hvdrogels were considerably viable and showed

the trend to form cell aggerates {see Figure BA}. The PrestoBlue® assay showed the
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hMSCs in both experiments were proliferating from day1 to day14 and the cell
metabolism in 20 mM SPS experiment was significantly higher than that in 10 mM
SPS experiment (see Figure 8B). Without wishing to be bound by theory, it is
believed that this might be due to the higher storage modulus in 20 mM SPS
experiment which would be more favorable to the hMSCs growth. The cell survival
rates of the hMSCs inside the bioprinted PAspAm-Tyr (2) hydrogels were all above
95% in 14 days of culture (see Figure 8C). The results support the PAspAm-Tyr (2)
bioink has no significant cell toxicity and can support h(MSCs proliferation in 14 days

of culture, thus having great potential to be applied in biomedical applications.
[0148] Example 3

[0149] Synthesis of PAspAm-Tyr (PAspAm-Tyr-RGD+) (3) conjugated with RGD

containing peptide

[0150] The subsequent scheme discloses SEQ ID NOS: 9 and 10, respectively, in

order of appearance.

O —
- 0 vd
_ O - H
0 1 Ac-Gly-Lys-Gly-Tyr-Gly-Arg- 0
0 | Gly-Asp-Ser-Pro-Gly-NH, Q N
T RGD containi tid b O H
| N ( containing pepti e):\ N “RGD+
N H
0] NH, 0
0] 2.
. O . DMF, Ny, 11, 24 h
HO

polysuccinimide
HO
3. \/\O/\,O\/\NH2
DMF, N,, rt, 24 h

RGD+ = Ac-Gly-Lys-Gly-Tyr-Gly-Arg-Gly-Asp-Ser-Pro-Gly- PAspAM-Tyr-RGD+ (3)

[0151] PAspAm-Tyr-RGD+ (3) was synthesized by first reacting polysuccinimide
with the RGD containing peptide Ac-Gly-Lys-Gly-Tyr-Gly-Arg-Gly-Asp-Ser-Pro-
Gly-NH:> (SEQ ID NO: 9). Polysuccinimide (680 mg) was dissolved in 10 mL
anhydrous dimethylformamide (DMF). RGD containing peptide (100 mg) in 10 mL
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DOMF was first added and stirred at room temperature for 24 hre. Then, {yraming
(107.9 mg) dissolved 10 10 mEL DMF was added to the reaction mixture and reacted
for another 24 h at room temperature. The final step was the addition of an excess
amount of 2-]2-(2-aminoethoxy yethoxy jethanol (1.82 mL) and stirring for 24 h at
room temperature. All the steps were carried out under N> atmosphere. The final
solution was {irst precipitated in diethyl ether and then dissolved in detomized water,
followed by dialvsis for 2-3 days and lyophilization. The degree of substitution of
RGD contaming peptide and tyramine groups on polysuccinimide backbone were
determined by H NMR (Bruker 500MHz) with IO as solvent. The molar feeding
ratio of RGD containing peptide and tyramine to the succmimidyl nogs m the

backbone were §.78% and 10.3%, respectively.
[0152]  Preparation of {(PAspAn+-Tyr-RGD-+) (33 bicink formulation

10153] PAspAm-Tyr-RGDH (3) bioink was composad of 10% wi/v polvmer, 1 mM
of Ru, 20 mM of SPS and (.0125% of tartrazine. The PAspAm-Tvr {2} containing
10% wt/v polymer, T mM of Ry, 20 mM of SPS and 0.0125% of tartrazine was used
as a comparnson. Poly{ethyiene glvcol) diacrviate (PEGDA; Mn = 6000) was
formulated into the bioink with 10% wi/v polymer concentration, 0.5% wi/v
photoimiiaior, lithiom phenvl-2,4, o-trimethyvibenzoviphosphinate (LAP}, and 0.01%

tartrazine as the condrol.
(01547  Cell printing and cell viability

101551 Mouse 373 fibroblasts (ATCC) were cultured in Dulbecco’s Maodified
Eagle’s Medium (DMEM, Gibeo) supplemented with 109% fetal bovine serum {Gibeo)
and 1% penicillin-streptomy cin (Coming) in a humidified atmosphere with 3% CO; at
37 °C. The above formulated bioinks were filiered through a 0.2 pum filter, then
muxing with the cell suspension. The final cell density was | M/mi. A 4 x 8 round
disk array was printed and the dimension of each disk was 5 mm (diameter) » 1 mm
(height). The light exposure intensity was 20 mW/om? and body exposure was 825 s
for each layver (layer thickness at 100 iy for the PAspAm-Tyr-RGD+ (3) expeniment
and 6.25 s for the PAspAm-Tyr () experiment. The PEGDIA{(GK) bioink needed
fonger body exposure at 20 s for each layer. The obtained gel disks were cultured in

ultra-low attachment 24-well plates. The cell viabiluy in the bioprinted PAspAm-Tyr
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(2} hydrogel was quantified by PrestoBlue® cell viability agent (Invitrogeny at 1, 7,
14 and 21 days (n=4). A Live/Dead cell staimng kit (Live, calcein-AM; Dead,
propidium wodide: MilliporeSigma) was used to visualize the cell growth inthe PSI-

MA hydrogel.

[0156] Live/Dead staining and PrestoBlue® assay were used to qualitatively and
quantitativelv evaluaie the cell viabtlity in the PAspAm-Tyvr-RGDH (3} bioink
hvdrogel over 21 days of culture (see Figures 9 and 10). Live/Dead staimung images
showed 3713 fibroblasts 1n both PAspAm-Tyr-RGD+ (3) and PAspAm-Tvr (3)
hvdrogels proliferated vigorously with minimal dead cells (see Figure 9). Cells in the
PAspAm-Tyr-RGD+ (3) hvdrogel showed elongated shape and secreied their own
extracetinlar matrix. fn contrast, cells m the PAspAm-Tyvr (2} hvdrogel formed
numerous cell aggregates. However, a large mumnber of dead cells were observed in
PEGDA(Ok) hydrogel {see Figure 9}. The PrestoBlue® assay showed the 373
fibroblasts in both groups were proliferating dramatically from dayt {o day 21 (see
Figure 104). The metabolism activity of the cells in PAspAm-Tyr-RGIH (3) bioink
hivdrogel formuldation increased by 28 times from day 1 to day 21, while the
metabolism activity of the cells o PAspAm-Tyr (2} bioink hydrogel formulation
mereased by 17 times over 21 days of culture. The metabolic activities in PEGDA(6K)
bioink hvdrogel formulation were close to O since day 1. indicating most of the cells
were dead from the first day after printing. The cell survival rates of the 373
fibroblasts inside the bloprinted PAspAm-Tyr-RGD+ (3) and PAspAm-Tyr (2}
hvdrogels were all above 95% m 21 days of culture (see Figure 10B). The resulis
confirmed the high cell affinity of the PAspAm-Tyr-RGD+ (3} bioink due to the
RGD+ peptides serving as cell binding sites which can boost cell attachment and
proliferation. Compared to the synthetic PEGDA bioink in which majonity of 373
fibroblasts died at the first day of culture, our synthetic PAspAm-Tyr-RGD+ (3} and

PAspAm-Tyr (2) bioinks are cell-supportive and much potential to be used in various
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biomedical applications.
[0157] Example 4

[0158] Synthesis of norbornene-functionalized polyaspartamide (PAspAm-Nor) (4)
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DMF, Ny, 1t, 24 h b H
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S 5 H2N/\/O\/\OH a O HNl ¢
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O ;
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m n

OH
PAspAM-Nor (4)

[0159] PAspAm-Nor (4) was synthesized by derivatizing polysuccinimide with 5-
norbornene-2-methylamine by ring opening nucleophilic reaction (see Figure 11A).
Polysuccinimide (1,000 mg) was dissolved in 10 mL anhydrous dimethylformamide
(DMF). 5-norbornene-2-methylamine (414.4 mg) in 10 mL DMF was first added and
stirred at room temperature under N2 for 24 h. Then 1.48 mL of 2-(2-amino-
ethoxy)ethanol was added to the reaction mixture and stirring for another 24 h at room
temperature under N2. The reaction mixture was first precipitated in diethyl ether and

then dissolved in deionized water, followed by dialysis for 3 days and lyophilization.

[0160] The chemical structure of PAspAm-Nor (4) was confirmed by 'H NMR (see
Figure 11B). The methylene (2H) and methine (1H) protons on the polysuccinimide
backbone showed peaks at 2.5-2.9 ppm and 4.6 ppm. The peaks at 5.9 and 6.1 ppm
were assigned to the double bond (CH=CH) on the norbornene group. The peaks at
3.3-3.7 ppm indicated the methylene protons (2H) in of 2-(2-aminoethoxy)ethanol.

The degree of substitution of the norbornene group calculated from the 'H NMR was
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32%.
[03163] Preparation of PAspAm-Nor {4) bicink fornmdation

[0162] A bioink {(PAspAm-Nor} composed of PAspAm-Nor {4) polymer was
formulated by mixing it with a thiol functionalized crosshinking molecule in water.
The crosslinking molecule was 4-armed-PEG-SH (MW = 5 kDBa). The toial mass
concentration of the PAspAm-Nor (4} polymer and 4-armed-PEG-SH in water was
10% wi/v. 0.5% wi/v lithium phenyi(2,4, S-trimethyvibenzoy Dphosphinate (LAP) and
0.025% tartrazine were included as the photo-initiator and photo-absorber,

respectively.

[0163]  The crosslinking occurs by click chemistry reaction between the norbornene
and thio groups of PAspAnm-Nor (4) polymer and 4-armed-PEG-5H respectively,

when irradiated with 405 nm hight at ambient condition.
[0164] Preparation of PAspAm-Nor-RGD++ (4a) biomk formulation

101651 In order to enhance the biological funciionahiy of the PAspAm-Nor (4)
broink, a thiol group-containing RGD-containing pepiide with the sequence of H-Gly-
Arg-Gly-Asp-Ser-Pro-Cys-OH (SEQ ID NO: 11) (RGD++) was added to the above
formudated bioink {i.e. pre-crosslinked PAspAm-Nor (4) bioink) with a molar ratio to

the nuraber of the norbomene functional groups at 10%.

[0166]  The crosslinking occurs by click chemisiry reaction between the norbomene
of PAspAm-Nor {4) polymer and the thiol groups of 4-armed-PEG-SH and the thick-
group of the RGD containing peptide, when trradiated with 403 v Hight at ambient

condition as shown in the reaciion scheme n Figure 12,
101671  Rheological propetties of PAspAm-Nor (4) and PAspAm-Not-RGD+H (4a)

[0168] Rheology measuremenis were performed at 25 °C on a Discovery HR-2
hvbrid Rheometer {TA instruments) fitied with a 20 mm diameter plate-plate
geometry. The above formulaied bioinks with {4} and {(4a) were photocrosslinked in-
s, and oscillatory fime sweeps were performed under a shear sirain of 1% and
frequency of 1 Hz for 5 nun. The samples were irradiated with visible hight

(OmniCure LXS00, 405 nm, &8 mW/em?) after the time sweep test started for 60 s.
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The geometry gap was set at 1 mm.

[0169]  The tme sweep test of the storage modulus (G} and Joss modubus (G7)
versus time was carried oul to determine the gelation behavior during photo-
crosshinking. As shown mn Figure 13, both PAspAnm-Nor (4) and PAspAm-Nor-
RGO+ (4a) bioinks crosslinked into mechanicaily strong hvdrogel rapidly within 2
s. The (37 of the cured PAspAm-Nor {(4) hvdrogel was 34 5k + 2.1 Pa, while that of
the cured P AspAn-Nor-RGD++ (da) hvdrogel was 327 + 1.8 kPa, indicatimg that the
addition of RGD++ pepuide at 10% meolar ratio to the number of the norbornene

groups had no significant impact on the hydrogel stiffness.
[0170]  Cell printing and cell viability

[0171]  Mouse 373 fibroblasts (ATCC) were cultwred in Duibecco’s Modified
Eagie™s Medium (DMEM. Gibeo) suppiemented with 10% fetal boving serum {(Gibeo)
and 1% pentcillin-streptomycin (Coming) in a humidified atmosphere with 5% C(s at
37 °C. PAspAm-Nor (4) and PAspAm-Nor-RGD++ (4a} bininks were filtered
through a 0.2 pm {ilter, then mixing with cells at a density of 1 M/mE. A 4 x 8 round
disk array was printed with each disk dimnension at 5 mun (diameter) x | mm theight).
The light exposure intensity was 20 mW/cm? and body exposure was 2.25 s for each
fayer (layer thickness at 100 umy). The obtained gel disks were cultured in ultra-low
altachment 24-well plates. The cell viability 1 the bioprinted PAspAm-Nor (4} and

P AspAm-Nor-RGDH++ (4a) hyvdrogels were quantified by PrestoBlue® cell viabiliy
agent {(Invitrogen} at 1. 7. 14, 21 and 28 days (n = 4). A Live/Dead cell staining kit
{Live, calcein-AM; Dead, propidium iodids; MilliporeSigma} was used to visualize

the cell growth 1o the PAspAm-Nor (4) and PAspAm-Nor-RGDH++ (4a) hvdrogels.

[0172]  Live/Dead stanung and PrestoBlueR assay were used to gqualitatively and
guantitatively evaluate the cell viahility in the PAspAm-Nor {4} and PAspAm-Nor-
RGD++ {4a) bioink hydrogels over 28 dayvs of cultwre {see Figure 14}, Live/Dead
staining images showed 3713 {ibroblasis in both PAspAm-Nor-RGD++ (4a) and
PAspAm-Nor (4) hydrogels proliferated vigorously with minimal dead cells {(see
Figure 14A). Cells in the PAspAm-Nor-RGD++ {4a) hvdrogel showed elongated
shape and secreted their own extracellular matrix. In contrast, cells in the PAspAm-

Nort (4} hydrogel remained round. The PrestoBlue® assay showed the 373 fibroblasts
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in both groups were proliferating dramatically from day 1 to day 28 {see Figure 14B}.
The metabolism activity of the PAspAm-Nor-RGD++ (4a) group increased by 28
times fromo day 1o day 28, while that of the PAspArn-Nor (4) group increased by 5
times over 28 days of culture. The results confirmed the hugh bioactivity of the
PAspAm-Nor-RGD++ (4a) bioink as the RGD contatning peptides serving as the cell

binding sites which can boost cell altachmeni and proliferation.

(01731 The examples provided herein are not intended 0 any way to hmit the scope

of the invention as set forth in the claims.
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We claim

I. A bioink formulation comprising a polvimer, wherein the polymer comprises a

repeating unit Ul and a repeating wmit U™

nt mi
O NRY
;\fRﬂ 'é"i
Al
L Ut

wherein:

R is selected from alkvlene, preferably from C;-Co alkylene, more preferably from

C1-Cre alkvlens, most preferably from methylene, ethylene and propylene;

R is selected from hydrogen or alkyl, preferably from hydrogen or Ci-Cop alkyl,
more preferably from hydrogen or Ci-Chy alkyl, most preferably from hydrogen,

methyl. ethyl and propyi;
Alis a moiety iroparting hyvdrophilicity {0 the polymer:

nl is an integer from 1 to 5,000, preferably from 10 to 5,000, more preferably from

100 to 5.000: and

ml is an integer {rom 1 1o 3,000, preferably from 10 {0 3,000, more preflerably from
160 1o 5,000

2. The bioink formulation according to clairn 1, wherein A comprises one or

more groups selected from ~OH, ~SH, -NH;, ~-CO-NH; and -CO:H.

3. The bioink formulation according (o claim | or 2, wherein A! comprises an
afkylene unit {CHb )~ and/or an ethylene oxide unit -(CHz-CHz-O)y-, whersm x and v

are independently from each other integers from 1 to 2,000



WO 2025/058905 PCT/US2024/045168

4. The bicink formulation according o one or more of claims 1 to 3, wherein the

polyvmer further comprises a repeating unit U2 and a repeating woit U27

O O

- = oo H

Re ) O )

Nz " mz

Q ?;ER?!

NR? A

8
Uz Uz

wherein:

27 is independently from each other selected from atkylene, preferably from (1-Cx
alkylene, more preferably from C-Ci¢ alkyvlene, most preferably from methylene,

ethviene and propylene;

R# is independently from sach other selected from hydrogen or alkyi, preferably from
hvdrogen or C1-Co alkyvl, more preferably from hvdrogen or C1-Crs alkvl, most

preferably from hydrogen, methyl, ethyl and propvi:

A?is a moisty cobtaining at least one reactive group which can be further reacted 1o

crosshink two or more polymer chaing;

12 is an nteger from 1 to 5,000, preferably from 10 to 5,000, more preferably from

100 1o 5,000; and

m?2 1s an integer from 1o 5,000, preferably from 10 to 3,000, more preferably from

100 10 5,000,

A

The bioink fornudation according to claim 4, wherein the reactive group
containad in A” is selected from the list consisting of groups capable to undergo
polvmerization crosslinking reactions, groups capable to undergo Michael-type or
click chemustry~type crosshinking reactions, groups capable to undergo oxidatve

crossiinking reactions, and groups capable to undergo redox crossiinking reactions.
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6. The bicink formulation according o claim 4 or 5, wherein the reactive group
contained in A? is selected from groups capable (o undergo polvmerization
crosslinking reactions, wherein preferably said groups contain one or more viovl or

allyl groups.

7. The hioink formulation according to claim 4 or 3, wherein the reactive group
contained in A? is selecied from groups capable to undergo Michael-type or click
chemistry~type crosshinking reactions, wherein preferably said groups contain one or
more acrylate, methacrvlate, n-alkvne, cvclo-alkyne, anineg, azide, carboxyl,

hvdraside, hydroxyl, maleimide, norbormene, tetrazine and/or thiol groups.

8. The bicink formulation according to claim 4 or 5, wherein the reactive group
contained in A% is selected from groups capable to undergo oxidative crosslinking
reactions, wherein preferably said groups comtain one or more aromatic moteties with
ong or more aromatic hydroxyi groups, wherein more preferably said groups contain
one or more mono-phenol, di-phenol. tri-phenol, oligo-phenol and/or poly-phenoi

moteties, wherein particularly preferably said groups contam a mono-phenol moiety.

9. The bioink forruvlation according 1o clavm 4 or 3, wherein the reactive group
contained in A’ is selected from groups capable to undergo redox crosslinking
reactions, wherein preferablv said groups contain one or more thiol and/or amine

LYOUpS.

10 The bigink formulation according {o any one of ¢laims 4 10 9, further
comprising a reactive peptide compound capable o react with A%, wherein preferably
the reactive peptide compound comprises one or more functional groups capable to
react with the reactive group contained in A%, wherein said fumctional group is
preferably selected from the bist consisting of allyl, vinyl, acrviate, methaciylate,

maleinude and thiol.

il. The bivink formulation according 1o one or more of claims 1o 10, wherein
the polvmer further comprises {i} a repeating unit U3 and a repeating unit U3™; {ii} a
repeating enit U4 and a repeating wmit U4 or (11} a repeating unit U3, 3 repeating

unit U3®, a repeating untt U4 and a repeating unit U4™
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O O
H H Mo H
({‘? N CWR5J“EWN
R’ E:o
3 ) ma

E’;&R33 :3\3
A3
U3 ux
O O
H H H 4
(E: N CmR“‘-ﬂ“N
R4 o)
nd md
O NR4
NRH 2\4
A
4 L4’

wherein:

RS and R* are independently from each other selected from alkylene, preferably from
C1-Cop alkylene, more preferably from Ci-Cre alkviene, roost preferably from

methylene. ethviene and propviene;

2% and R™ are independently from each other selected from hvdrogen or alkyl,
preferably from hyvdrogen or Ci-Coo alkyl, more preferably from hvdrogen or Ci-Coo

alkvl, most preferably from hydrogen, methvi, ethyl and propvl:
A i3 a moiety imparting cellular function to the polvmer;

A*is a moiety imparting shear thinning properties to the polymer,
wherein n case (i}

n3 is an mmteger from 1 1o 5,000, preferably from 10 1o 3,000, more preferably from
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m3 15 an integer from 1 1o 3,000, preferably from 10 {0 3,000, more preferably from

100 10 5,000 and

the sum of nl, n2, n3, m1, m2 and m3 is greater than 5, preferably greater than 50,

more preferably greater than 500; or
wherein in case (i)

04 is an tdeger from 1 to 5,600, preferably from 10 to 5,000, more preferably from

100 10 5.000.

md is an infeger from 1 to 5,000, preferably from 10 to 5,000, more preferably from

100 to 5,000, and

the sum of nl, 02, nd, ml, m2, and m4 15 greater than 5, preferably greater than 50,

more preferably greater than 500, or

n3 is an integer from 1 to 5,000, preferably from 10 to 5,000, more preferably from

100 1o 5,000,

m3 is an integer from 1 to 3,000, preferablv from 10 {0 5,000, more preferably from

100 10 5,000;

n4 is an integer from 1 to 5,000, preferably from 10 to 5,000, more preferably from

100 to 5,000,

m4 is an integer from 1 to 5,000, preferably from 10 to 5,600, more preferably from

100 1o 5,000: and

where in case (it1) the sum of 01, 02, n3, nd, m1, m2, m3 and m4 is greater than 7,

preferably greater than 50, move preferably greater than SG0.

12. The bicink formulation according to claim 11, wherein A° contains one or
more synthetic functional peptide sequences found in native proteins, wherein
preferably said native proteins are fibronectin, laminin, collagen, elastin, albumin,

immunoglobulin or sifk.
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13. The bioink formulation according to claim 11 or 12, wherein A” contains one
or more synthetic functional peptide sequences selected {rom the list consisting of
RGD, YIGSR (SEQ D NG: 1), IKVAV (SEQ 1D NG 2y, DGEA (SEQ 1D NO: 3).
PHSRN (SEQ ID NO: 4), PRARI (SEQ 1D NO: 5), (GAGAGS), (SEQ ID NO: 6),
{(VPGXG), (SEQ ID NG 7), (GPO)h, and Gly-Lys-Gly-Tyr-Glv-Arg-Glv-Asp-Ser-
Pro-Gly (SEQ 1D NOG: 8), whereln p, n and m are independently {rom each other

integers of > 1.

14, The bicink formulation according o one or more of claims 11 to 13, wherein

A'is a moiety imparting shear thinning properties due (o supramolecular interactions.

15, The bicink formuiation according to claim 14, wherein the supramolecuiar
interactions are host-guest or self-assembly interactions, wherein such interactions
preferably include interactions between cycdlodexinin, adamantane, cucurbit] 8juri,

cholesterol. polyethylene ghveol and ureidopyrimidinone.

16. The bioink formulation according to claim 14 or 15, wherein A* contains one
or more cvelodexinn, adamantane, cucurbitf 8lurl, cholesterol, polvethviene glveol or

urerdopyrimidinone moigies.

17. The bioink formulation according 1o one or more of claims 1 (o 16, wherein
the mass concentration of the polymer is from 0.1% {wi/v} to 99% {wi/v), preferably
from 19 (wit/v) to 70% {wi/v), more preferably from 29 (wi/v) to 40% (wiiv),
particularly preferably from S% {(wi/v} to 30% {wi/v), and most preferably from 5%

{wi/v}) to 20% {(wi/v), hased on the total volume of the bicink formulation.

18. The bioink formuiation according to one or more of claims 1 1o 17, further
comprising ong or more selected from crosslinking reagents and crosslinking

additives.

19, The bioink formudation according to claim 18, wherein the crosslinking
reagents are selected from the list consisting of photownitiators, thermal inthators.,
basic initiators, oxidative initiators, enzymes mediating oxidative crosshinking, and

agents mediating redox crosshinking.
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20. The bicink formulation according o claim 18 or 19, wherein the crosslinking
additives are cornpounds comprising two or more polvimerizable groups with at least
one C=C double bond, wherein preferably said polymerizable groups with at least one
C=C double bond are selectad from the kst consisting of acrvlate, methacryvlate, alivl

styryl and vinyl groups.

21 The bioink formulation according to claim 18 or 19, wherein the crosslinking
additives are compounds comprising twao or more thiol groups, preferably three or

more thiol groups, more preferably four thiol groups.

22. A method for producing a three-dimensional object, wherein the bioink
formulation according to one or more of claims 1 to 21 is applied to a 3D bioprinting

technigue 1o produce said three-dimensional object.

23 The method according to claim 22 wherein the btoink formudation 15 subjected
to irradiation and/or thermal treatment to crosslink the polvmer comprised m the

broink formulation.

24 A three-dimensional object obtainable by the method according to claim 22 or
23.
25. The three-dimensional object according o claim 24, wherein said three-

dirnensional object is for use in {issue engineering, regenerative medicine, celi
delivery, drug delivery, drug discoverv, wound dressing. biosensors, cosmetics,
hivgiene products, medical devices, implantable electronics and/or other biomedical

apphications.

4%
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Fig. 4
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