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Abstract

Over the recent decades gelatin has proven to be very suitable as an extracellular matrix mimic for
biofabrication and tissue engineering applications. However, gelatin is prone to dissolution at typical
cell culture conditions and is therefore often chemically modified to introduce (photo-)crosslinkable
functionalities. These modifications allow to tune the material properties of gelatin, making it suitable
for a wide range of biofabrication techniques both as a bioink and as a biomaterial ink (component).
The present review provides a non-exhaustive overview of the different reported gelatin modification

strategies to yield crosslinkable materials that can be used to form hydrogels suitable for
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biofabrication applications. The different crosslinking chemistries are discussed and classified
according to their crosslinking mechanism including chain-growth and step-growth polymerization.
The step-growth polymerization mechanisms are further classified based on the specific chemistry
including different (photo-)click chemistries and reversible systems. The benefits and drawbacks of
each chemistry are also briefly discussed. Furthermore, focus is placed on different biofabrication
strategies applying inkjet, deposition and light-based additive manufacturing techniques, and the

applications of the obtained 3D constructs.

1. Introduction

During the last two decades, biofabrication has gained increasing attention within the field of tissue
engineering and regenerative medicine. This is a consequence of the potential to fabricate complex,
patient-specific constructs that closely resemble the complexity and heterogeneity of native tissues
and organs in an automated way according to a computer-aided design (CAD) [1-3]. Within the field
of biofabrication, two main strategies are currently explored, which are either based on the use of a
(bio)material support resembling the extracellular matrix (ECM) or solely on cells along with cell
secreted materials. When a biomaterial is applied, it can either be used as a biomaterial ink or a bioink
depending on the composition. The term biomaterial ink refers to material processing via additive
manufacturing and subsequent cell seeding, while the term bioink corresponds to the use of a mixture
which already contains cells prior to processing via additive manufacturing [1,3].

Gelatin as a bioink or a biomaterial ink - throughout the present manuscript, the term bio(material)ink
is used when referring to both - has attracted considerable attention over the years as it is derived
from collagen, which is the main constituent of the natural ECM of mammals [4,5]. It is a denatured
protein constituting 18 different amino acids characterized by a repetitive unit of glycine — X —Y in
which X and Y can be several different amino acids [6,7]. However, X and Y predominantly consist of
proline and hydroxyproline which enables the formation of triple helices or physical crosslinks via

interchain hydrogen bonds [6,7]. As a consequence, the material is characterized by a dissociation



temperature around 30— 35 °C [6,8,9]. As a result, it dissolves at elevated temperatures, while forming
a swollen hydrogel below this phase change temperature [6,9—11]. Additionally, the presence of the
tripeptide arginine-glycine-aspartic acid (RGD) in the protein backbone results in cell-interactive
properties [12,13]. Furthermore, it is enzymatically degradable by metalloproteases such as
collagenase, which cleaves sequences such as Gly-Pro-GIn-Gly-lle-Ala-Gly-GIn between Gly and lle
allowing cells to remodel it [11,14—17]. Due to the harsh acidic or basic denaturation process, concerns
regarding immunogenicity and pathogen transmittance associated with the use of collagen are
circumvented [4,18]. In addition, it is considered safe by the Food and Drug administration (FDA) with
a wide track record in the food and pharmaceutical industry [6,7,19]. Furthermore, gelatin is a by-
product from the meat industry making it very attractive from an economical point of view [20].
However, due to the solubility at body temperature, the material was originally only applied as a
temporary cell carrier to enable more straightforward cell manipulation [20]. To overcome this
limitation, strategies were developed to stabilise the material at physiological conditions via the
formation of chemical crosslinks. A common approach in this respect, consists of coupling the primary
amines present in (hydroxy)lysine and ornithine with the carboxylic acids from aspartic and glutamic
acid using carbodiimide chemistry thereby resulting in a zero length crosslinked hydrogel network
[18,21]. Alternatively, the nucleophilic functionalities of gelatin can be crosslinked using
glutaraldehyde [22]. However, these stabilisation techniques offer limited control over the design of
the obtained construct, as the material manipulation window is limited in time with little control over
the crosslinking process.

A realm shift occurred in 2000 when Van den Bulcke et al. developed and patented the first photo-
crosslinkable gelatin derivative (i.e. gelatin-methacrylamide (gel-MA))[22,23]. Photopolymerization
exhibits attractive capabilities in terms of material processing including highly controllable gelation
kinetics and predictable degradation enabling convenient and straightforward material processing for
biofabrication purposes [9,23,24]. The functionalization occurs by reacting the primary amines in the

side chains of (hydroxy)lysine and ornithine with methacrylic anhydride, resulting in the formation of



methacrylamide moieties [9]. Ever since, gel-MA has been applied for a plethora of biofabrication and
tissue engineering strategies either as a standalone material or co-crosslinked with other (synthetic)
materials (e.g. PEG) to form biohybrid hydrogels. As a result, it became one of the gold standards in
the field [2,8,25—-33]. Following this success, it has even started to bridge the gap between academia
and industry as it is offered commercially by several companies as a bio(material)ink for research
purposes [34,35]. Besides gel-MA, several other (photo-)crosslinkable gelatin derivatives have
emerged (Figure 1: Non-exhaustive overview of different crosslinkable gelatins including their method
of preparation classified according to their crosslinking chemistry: Chain-growth derivatives (blue):
gel-MOD/gel-MA(A) [9], gel-MOD-AEMA (B) [16], gel-MA-DA (C) [36], GMA (D) [37], gel-AA (E) [38],
gelatin-acrylamide (F) [39], gel-BTHE (G) [40], gel-Boc-AEMA (H) [41], methacrylated poly(ethylene
glycol)-modified gelatin(MPG) (1) [42,43], gelatin-PEG (K) [44]; Thiolated gelatins suitable for
disulphide chemistry of thiol-ene chemistry (purple): gel-SH (J) [44,45], gel-SH (L) [45,46], aminated
gelatin (M) [5,47], aminated-thiolated-gelatin (N) [47], gelatin-Cys-2-MPD (O) [48], gelatin-Cys (P) [48],
gel-PEG-Cys (Q) [49], gelatin-TBA-MNA (R) [50], gel-S (S) [51,52], gelatin-thiobutyrolacton (T) [53];
Derivatives for enzymatic crosslinking (white): gelatin-tyramine (U) [4,11], gelatin/tyramine/heparin
(V) [4]; Derivatives suitable for photo-oxidation (green): gelatin-FA (W) [54], gelatin-FI (X) [55] gel-
FGE (Y) [56,57]; m- nt cycloaddition (yellow): gel-MFVF (Z) [58], gel-AC (a) [59], gel-NC (B) [59];
Derivatives suitable for Diels-Alder click (light green): gel-furan (y) [60], gel-FGE (&) [61], gel-NB ()
[15], gel-T (¢) [15]; ,,ene” derivatives suitable for Thiol-ene chemistry (red) : gelatin-pentenoate (n)
[53], gel-AGE (0) [62], gel-VE (1) [63], gel-NB (k) [46,64], gel-NB (A) [17,65], gel-NB (u) [66] (image
continued on the next page)

). These derivatives can be subdivided into different classes based on the applied crosslinking
mechanism including chain-growth (Figure 1 blue) and step-growth polymerization. Within the step-
growth classification, several other subclasses can be distinguished based on the applied crosslinking
chemistry: thiol-ene (photo-)click chemistry: (thiols: Figure 1 purple; enes: figure 1 red), disulphide

linkages (Figure 1 & 3 purple), Diels-Alder click (Figure 1 & 3: light green), Schiffs-base formation



(Figure 3 grey), m-it cycloaddition (Figure 1 & 3: yellow), photooxidation (Figure 1 & 3: green) and
enzymatic based crosslinking (Figure 1 & 3: white).

Therefore, the present review aims to provide a helicopter view on all aspects related to the use of
gelatin for biofabrication applications starting with raw materials and ending with final applications.
Throughout the review, attention is paid to the physical and chemical properties, different chemical
modification strategies and their implications on material and processing properties. Furthermore, an
overview of different applied additive manufacturing technologies is provided including some final
biomedical applications. Finally, a non-exhaustive overview of all presented gelatin derivatives and

their processability potential towards specific additive manufacturing technologies is provided.



Chain Growth Polymerization Derivatives

Derivatives for Enzymatic Crosslinking
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Figure 1: Non-exhaustive overview of different crosslinkable gelatins including their method of
preparation classified according to their crosslinking chemistry: Chain-growth derivatives (blue): gel-
MOD/gel-MA(A) [9], gel-MOD-AEMA (B) [16], gel-MA-DA (C) [36], GMA (D) [37], gel-AA (E) [38],
gelatin-acrylamide (F) [39], gel-BTHE (G) [40], gel-Boc-AEMA (H) [41], methacrylated poly(ethylene
glycol)-modified gelatin(MPG) (1) [42,43], gelatin-PEG (K) [44]; Thiolated gelatins suitable for
disulphide chemistry of thiol-ene chemistry (purple): gel-SH (J) [44,45], gel-SH (L) [45,46], aminated
gelatin (M) [5,47], aminated-thiolated-gelatin (N) [47], gelatin-Cys-2-MPD (O) [48], gelatin-Cys (P) [48],
gel-PEG-Cys (Q) [49], gelatin-TBA-MNA (R) [50], gel-S (S) [51,52], gelatin-thiobutyrolacton (T) [53];
Derivatives for enzymatic crosslinking (white): gelatin-tyramine (U) [4,11], gelatin/tyramine/heparin
(V) [4]; Derivatives suitable for photo-oxidation (green): gelatin-FA (W) [54], gelatin-FI (X) [55] gel-
FGE (Y) [56,57]; m- it cycloaddition (yellow): gel-MFVF (Z) [58], gel-AC (a) [59], gel-NC (B) [59];
Derivatives suitable for Diels-Alder click (light green): gel-furan (y) [60], gel-FGE (&) [61], gel-NB ()
[15], gel-T (¢) [15]; ,,ene” derivatives suitable for Thiol-ene chemistry (red) : gelatin-pentenoate (n)
[53], gel-AGE (0) [62], gel-VE (1) [63], gel-NB (k) [46,64], gel-NB (A) [17,65], gel-NB (u) [66] (image
continued on the next page)
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2. Classification according to crosslinking mechanism

2.1. Crosslinking via Chain-Growth Polymerization

The most commonly used crosslinkable gelatin derivatives take advantage of a chain growth
polymerization crosslinking approach. Here, crosslinking occurs by polymerizing reactive
functionalities (typically (meth)acrylates/(meth)acrylamides) immobilized onto gelatin resulting in the
formation of short oligomer/polymer kinetic chains in between the gelatin chains [9,16,26,38,62,64]
(Figures 2. A & C). Consequently, a polymer network is generated containing both gelatin polypeptide
chains and synthetic oligomer/polymer chains. Crosslinking usually occurs via photo-polymerization.
However, also other initiating systems can be applied (i.e. APS/TEMED) [21,31,67]. The benefits of
chain-growth polymerization systems include straightforward material handling, consisting of
material dissolution and addition of a suitable (photo-)initiator prior to crosslinking without the need
for any additional crosslinker. Furthermore, the introduction of methacrylamides to gelatin (gel-MA)
involves a straightforward single step reaction resulting in a plethora of applications. (Figure 1: A)
[8,9,25,28,33,68—75]. Besides this success, other derivatives have also been reported to further
tune/improve the material properties. Examples include the introduction of more reactive
functionalities (i.e. acrylates/acrylamides (Figure 1 E,F) or gelatin-PEG-acrylate (Figure 1 K) [38,44]) to
improve the crosslinking rate. Other attempts aim to increase the mechanical properties of crosslinked
gelatin by introducing more crosslinkable sites through modification of the carboxylic acids of
glutamic- and aspartic acid, being predominantly present in gelatin in comparison to lysine and
hydroxylysine which are usually functionalized. Using this strategy, (additional) methacrylates could
be introduced via carbodiimide coupling of 2-aminoethyl methacrylate yielding gel-MOD-AEMA
(Figure 1 B) and gel-Boc-AEMA (Figure 1 H) [16,41,76]. Finally, Ding et al. explored the incorporation
of photocrosslinkable functionalities which already include a photoinitiating moiety (i.e. a
benzophenone group linked to the methacrylate functionalities), thereby overcoming the need for the

addition of a potentially cytotoxic photoinitiator (PI) (Figure 1 G) [40,77].



In comparison to the second predominant gelatin crosslinking chemistry (i.e. thiol-ene based systems
(vide infra)) in which thiolated crosslinkers are applied to crosslink an “ene” functionalized material,
chain-growth gelatin solutions remain stable for longer time periods above the dissociation
temperature (cfr. the half-life of dithiotreitol (DTT), a commonly applied crosslinker, shifts from 11 h
at 0°C to only 0.2 h at 40°C at pH 8.5 whereas during modification gel-MA can be kept at 40°C for at
least 24 hours without any problems). This thermal stability is typically required during most additive
manufacturing processes or for cell encapsulation experiments [16,78]. Moreover, chain-growth
systems typically yield stiffer hydrogels in comparison to step-growth hydrogels as a result of the
kinetic polymer chains which can be a benefit towards stiffer tissue engineering applications including
intervertebral discs (i.e. Storage modulus (G’) ranging from 8 — 93 kPa [79]) (Figure 5 A) [64].

Drawbacks associated with chain growth hydrogels include the formation of a more heterogeneous
network due to the presence of these kinetic chains rendering the material prone to shrinkage during
crosslinking [40]. Furthermore, the kinetic profile of free radical chain-growth polymerizations is
usually more complicated as a consequence of chain-length issues and reaction diffusion limitations
resulting in termination which leads to a diminished control over the number of reacted functionalities
[80,81]. Moreover, the crosslinking reaction is prone to oxygen inhibition due to rapid radical
scavenging by oxygen molecules resulting in the formation of hydroxyperoxides and alcohols, which
is undesirable upon targeting cell encapsulation and also influences reaction reproducibility [82].
These oxygen inhibition effects can be circumvented by using higher Pl concentrations in combination
with higher spatiotemporal energy (i.e. higher UV intensity, longer irradiation times) to crosslink the
material [82]. As a result, chain-growth crosslinking typically requires more energy and more Pl
compared to thiol-ene-based, step-growth hydrogels (vide infra) [64]. However, both higher PI
concentrations and higher light intensities can induce cellular damage rendering them less favourable
for direct cell encapsulation [62,82]. As a consequence, increasing attention is paid towards the

development of alternative crosslinking chemistries.
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Figure 2: Illustration of the chain-growth (A.) vs step-growth (B.) crosslinking mechanism using thiol-
ene photoclick chemistry. Influence of applied chemistry on network properties (C.) demonstrating
the presence of kinetic chains in chain-growth crosslinking approaches as compared to a thiol-ene
photoclick-based system. (Adapted from [64]) Influence of physical gelation on network density and
associated mechanical properties (D.). (Adapted with permission from [16] copyright 2017 ACS
(https://pubs.acs.org/doi/abs/10.1021%2Facs.biomac.7b00905))

2.2 Crosslinking via Step-Growth Polymerization

The second major class of photo-crosslinkable gelatin hydrogels involves a step-growth polymerization
crosslinking approach. A step-growth mechanism typically occurs between two complementary
reactive groups which can ideally only react with one another [81]. Of specific interest in this area is
the use of “click chemistry”, a concept introduced by Sharpless et al. in 2001. Click chemistry involves

chemical reactions which typically occur very fast (i.e. “spring-loaded”), with a high degree of control
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at high yields under relatively mild conditions (i.e. physiologically stable), without the formation of
toxic side products, making them ideal to crosslink hydrogels for biomedical applications [60,83]. A
non-exhaustive overview of step-growth crosslinking chemistries applied for gelatin hydrogels is
presented in Figure 3. Furthermore, an overview of the modifications on processability using additive

manufacturing technologies is presented in section 7, table 1.
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2.2.1 Thiol-ene Photo Click Crosslinking
The most common “click” crosslinking chemistry applied for gelatin hydrogels is thiol-ene (“photo”-)
click chemistry (Figure 2. B and Figure 3). These systems can be applied to form networks by reacting
any thiol with any ‘ene’ functionality either following a light-induced, radical-mediated thiol-ene
reaction or by the formation of an anionic species resulting in a thiol Michael-type addition (vide infra)
[81]. The light-induced reaction usually proceeds via hydrogen abstraction of the thiol resulting in the
formation of a thiyl radical which can be generated either in the presence or absence of a photo-
initiator (Figure 2 B: initiation). Next, an anti-Markovnikov addition of this radical to the double bond
present in the ‘ene’ species occurs (Figure 2 B: propagation) [81,84] . After the addition, a radical chain
transfer occurs between the formed carbon-centered radical to another thiol group thereby forming
another thyil radical (Figure 2 B: chain transfer) [84]. Finally, termination occurs when two radical
species recombine forming either a disulphide bridge (i.e. when two thyil radicals combine (Figure 2
B: Termination 1)), a carbon-sulfur bond (l.e. coupling of a thiyl radical with a carbon-centered radical
(Figure 2 B: Termination Il)) or a carbon-carbon bond (i.e. coupling of two carbon centered radicals
(Figure 2 B: Termination IIl)) [84]. The rate limiting step in this process is the chain transfer step,
therefore, thiol-ene reactions proceed slower in systems where this chain transfer is hindered (e.g. in
the presence of methyl in methacrylates leading to steric hindrance in contrast to acrylates) [84].
Furthermore, due to the electrophilic nature of the thyil radical, electron rich enes typically undergo
the fastest reaction [84,85]. However, norbornene, methacrylate, styrene and conjugated diene
functionalities are exceptions to this rule. Thiol-norbornene reactions are extremely fast due to the
ring-strain relief upon thyil addition and the rapid hydrogen abstraction rate [62,65,85]. The
methacrylates, styrenes and conjugated dienes, are all characterised by a conjugated system, enabling
radical stabilisation due to mesomeric delocalisation over multiple atoms, which results in slow
hydrogen abstraction rates and concomitant lower reactivity [85]. Consequently, the reaction rate of

different functionalities relative to each other exhibits the following trend [85]:
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Norbornene > vinyl ether > propenyl > alkene ~ vinyl ester > N-vinyl amides > allyl ether > N-vinyl
amides > acrylate > acrylonitrile ~ methacrylate > styrene > conjugated dienes.

In general, the reaction can proceed with any type of non-sterically hindered ‘ene’ functionality.
However, if a true step-growth polymerization reaction is pursued, an ‘ene’ functionality, which
cannot undergo competitive chain-growth homo-polymerization (i.e. norbornenes and vinyl ethers) is
preferred [81]. As a consequence, superior control over the reaction and concomitant homogeneity
within the resulting network is obtained [81]. To develop a thiol-ene photo-crosslinkable gelatin, it has
to contain ‘ene’ functionalities (typically norbornene, vinyl esters, pentenoyls, allyl ethers or acrylates)
which can be crosslinked using a multi-functional, thiolated crosslinker (e.g. DTT)
[46,53,62,64,65,86,87] (Figure 1 (red), Figure 2. C and Figure 3 (red)). Alternatively, gelatin is
functionalized with thiols and crosslinked using a multi-functional ‘ene’ crosslinker (e.g. polyethylene
glycol-diacrylate PEGDA, gel-NB or gel-AA) [46,53,86,88,89] (Figure 1 (purple)).

Thiol-ene ‘photo-click’ hydrogels pose a benefit over chain-growth hydrogels (vide supra) as more
homogeneous networks are formed with a higher conversion of the functional groups, in combination
with less shrinkage during crosslinking resulting in less post-polymerization stress due to the highly
orthogonal nature of the reaction [62,90,91]. Additionally, the crosslinking reaction is not susceptible
to oxygen inhibition and exhibits lower radical concentrations (i.e. at least one order of magnitude
below chain growth systems) and faster reaction rates as reflected by shorter gel-point times, making
them more suitable for cell encapsulation (Figure 5 B) [62,64,65,81,84,90,92,93]. Furthermore, the
number of reacted functionalities can be fully controlled by varying the thiol-ene ratio prior to
crosslinking [64,81,90]. As a consequence, when using ene functionalities which cannot undergo
competitive homo polymerization (i.e. vinyl ether, norbornene) pendant ene or thiol functionalities
can be retained in the material after crosslinking, thereby allowing post crosslinking grafting or photo-
micropatterning with other compounds (i.e. integrin binding sites, growth factors, proteins,... ) with
spatiotemporal control (e.g. when using photomasks, lithography approaches) thereby providing a

better biomimetic matrix [14,94,95]. Drawbacks include the necessity of a multifunctional, thiolated
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crosslinker present in the reaction mixture which can be susceptible to cross-reactivity with other
thiols leading to disulphide formation, especially in oxophilic aqueous systems, thereby resulting in
poor stability of the crosslinkable solution[96—99]. The probability for disulphide formation increases
over time at elevated temperatures which is essential to maintain gelatin solubility during the main
part of additive manufacturing technologies (with the exception of two-photon polymerization (2PP)
[78]. Additionally, these thiolated crosslinkers can exhibit reactivity with thiol functionalities present
in living cells resulting in cellular damage [100]. Furthermore, the obtained hydrogels are generally
characterised by lower storage moduli as compared to their chain-growth counterparts (i.e. 0.6 — 46
kPa for thiol-ene [62] vs 0.07 [44] — 368 kPa [101] for chain growth,Figure 5 A) [64,65]. Typical gelatin
derivatives prone to thiol-ene photoclick crosslinking reactions are depicted in red (enes) and purple
(thiolated gelatins) in Figure 1. Examples of gelatin derivatives with ene functionalities include: gelatin-
pentenoate (n) [53], gel-AGE (6) [62], gel-VE (1) [63], gel-NB (k,A & ) [17,64,65]. Examples of thiolated
gelatin derivatives include: gel-SH (J) [44,45], gel-SH (L) [45,46], aminated-thiolated-gelatin (M) [47],
gelatin-Cys (P) [48], gel-PEG-Cys (Q) [49], gelatin-thiobutyrolacton (T) [53];

2.2.2. Thiol-Michael Addition Based Crosslinking

Thiol-Michael addition is the reaction between a thiol and an electron deficient, activated double bond
(i.e. alpha, beta unsaturated double bonds: acrylates, acrylamides; maleimides; vinyl sulphones
fumarate esters; acrylonitrile; cinnamates and crotonates) via a slightly alkaline or nucleophilic
catalysed mechanism [102,103] (Figure 3 (red)). Thiol-Michael type additions are highly specific
nucleophilic additions, which take place without the formation of potentially harmful side products
(i.e. radical species) and potentially cytotoxic PI’s and (UV) irradiation [52]. Additionally, in contrast to
the UV induced thiol-ene reaction, no radical-radical termination side products are formed resulting
in quantitative conversion [102]. Furthermore, since the reaction only requires slightly alkaline
conditions, the reaction can occur at physiological pH [52]. Although they are typically slower

compared to thiol-ene photoclick reactions, it still exhibits relatively fast crosslinking kinetics with
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reported gel-points in the range of a few minutes [89] (Figure 5 B). As a consequence, thiol-Michael
addition is an ideal candidate for cell encapsulation purposes [52,89].

Drawbacks include the relatively fast reaction profile, without any spatiotemporal control, making it
less straightforward for biofabrication applications. However, it is anticipated that when printing one
component in a container containing the other component, syringe-based printing becomes
accessible. Examples of gelatin derivatives which have been applied in thiol-Michael type additions
include: gel-SH (Figure 1 J) [44,89] and gel-S (Figure 1 S) [51,52].

2.2.3. Diels-Alder Based Click Systems

2.2.3.1. Inverse Electron Demand Diels-Alder Based Systems
Although thiol-ene photo-click systems pose some benefits over the conventional chain-growth

crosslinking systems, both mechanisms still involve harmful radical species, while for thiol-ene systems
(both thiol-ene photo click as thiol-michael addition), a cross reactivity can occur with thiols present
in other proteins or the cells during cell (photo-)encapsulation [100]. Therefore, researchers are also
exploring alternative “click” crosslinking mechanisms [61,83,103]. Koshy et al. evaluated a
norbornene-tetrazine click system which allows crosslinking in the absence of any other trigger (i.e.
UV irradiation, PI, catalyst, ...) (Figure 1 €, T; Figure 3 (light green)) [100]. The crosslinking occurs via an
inverse electron demand Diels-Alder click reaction with the formation of nitrogen (Figure 3) [94].
Furthermore, the reaction is quantitative with high atom efficiency producing only nitrogen gas as side
product [94,97]. Due to these aspects, tetrazine chemistry is increasingly applied in the field of
polymer chemistry. By preparing a gelatin-norbornene component (gel-NB, figure 1 (g)) and a gelatin-
tetrazine (gel-T, Figure 1 ()) a stable, non-toxic hydrogel can be obtained after mixing (ClickGel)
[94,100]. Furthermore, the gelation time can be tuned by varying the introduced dienophile. In this
respect, norbornene provides a good compromise between reaction rate and sample manipulation
time after mixing [94]. Furthermore, upon encapsulation with 3T3 fibroblasts, higher cell-viabilities
were observed when compared to the gel-MA reference due to the absence of harmful UV irradiation

[100].
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2.2.3.2. Reversible Diels-Alder Based Click Systems
Alternatively, Garcia-Astrain et al. explored the use of a Diels-Alder based “click” type reaction

consisting of a (4 + 2) thermo-reversible cycloaddition between a dienophile and a diene to crosslink
gelatin [61,104] (Figure 3 (light green)). Similar to the earlier discussed norbornene-tetrazine scheme,
the reaction occurs in the absence of light, catalysts or initiators. They introduced furan functionalities
as diene to gelatin (gel-FGE figure 1 §) by reaction of the primary amines with furfuryl glycidyl ether
[61]. Crosslinking of the material occurred using a modified Jeffamine-based bismaleimide as
dienophile [61,104]. Thermal crosslinking occurred at 65°C during 5 hours using a 60 wt% gel-FGE
aqueous solution with different crosslinker amounts. De-crosslinking occurred by heating the hydrogel
to 90°C to induce the retro Diels-Alder reaction. Although the presence of water typically favours the
Diels-Alder reaction over the retro Diels-Alder reaction which complicates network cleavage, the
authors managed to monitor the reaction using UV-VIS spectroscopy, thereby proving reformation of
the diene and dienophile [61]. Another similar Diels-Alder based crosslinking approach applied for
gelatin crosslinking, involves the reaction between a furan moiety introduced onto gelatin (gel-furan,
Figure 1y), which is crosslinked using a bismaleimide [60] (Figure 3).

Gelatin derivatives benefitting from thermoreversible Diels-Alder click chemistry include: gel-furan
(Figure 1 (y) [60], and gel-FGE (Figure 1 (6)) [61].

2.2.4. Reversible disulphide linkage-based crosslinking

Another reversible system, inspired by nature, involves the application of reversible thiol/disulphide
formation. Disulphide bridges between thiols can be formed using an oxidative trigger (e.g. hydrogen
peroxide), while cleaving of these bonds can be realised in the presence of reducing agents (e.g. DTT
or glutathione) [98,99,105-107] (Figure 3 (purple)). An additional benefit associated with thiolated
systems is the fact that thiolation of polymers leads up to a 140-fold improvement of mucoadhesion
via the formation of disulphide linkages between the polymer and glycoproteins within the mucosal
layer [47,48,50,99,106,108]. Due to the combination of this property and the controllable reversible

nature of this chemistry, thiolated gelatins and thiolated hydrogels in general prove to be ideal
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candidates for controlled drug release studies [107,108]. However, although gelatin is a protein
consisting of around 18 different amino acids, it does not contain cysteine in its backbone. Therefore,
disulphide chemistry can only occur after chemical introduction of thiols [44,45,47-53]. To this end,
Van Vlierberghe et al. introduced thiols either via reaction of the primary amines with n-
acetylhomocysteine thiolactone (Figure 1 L) or Traut’s reagent (Figure 1 J) to yield gel-SH [45]. They
reported a linear correlation between storage modulus G’ of the resulting gel and degree of amine
substitution [53]. Using this strategy, a maximum of 300 umol thiols/g of gelatin was achieved [45].
In an attempt to further increase the number of incorporated thiols, Duggan et al. first modified a part
of the carboxylic acid side chains present in the glutamic and aspartic acid amino acids by coupling
ethylene diamine using carbodiimide click chemistry [47,109]. Next, both the native and the
introduced amines were reacted with Traut’s reagent resulting in up to 660 umol of thiols/g of gelatin.
Although crosslinking of the material proved successful, no attempts were made to de-crosslink the
material afterwards by reducing the disulphide linkages [47].

An important drawback associated with thiols and thiolated polymers is their short shelf life due to
the potential of auto-oxidation resulting in premature crosslinking [98]. To overcome this limitation,
it can be useful to incorporate protected thiols onto gelatin [48,50,98]. To this end, Rohrer et al.
applied thiols functionalised with a 2-mercaptopyrimidine-4,6 diol as a protective leaving group for
mucoadhesive drug delivery applications (gelatin-Cys-2-MPD; Figure 1 O) [48] or protected thiolated
gelatin with mercaptonicotinic acid (gelatin-TBA-MNA; Figure 1 R) [50].

Other thiolation strategies include the reaction of the primary amines with gamma-thiobutyrolactone
[53] (Figure 1 T), reaction of the carboxylic acids with cysteamine to yield gelatin-Cys (Figure 1 P) [48],
reaction of the carboxylic acids with 3,3’-dithiobis(propionic hydrazide) (DTP) using carbodiimide
chemistry followed by cleaving of the disulphides with DTT yielding gel-S (Figure 1 S) [51,52], the
reaction of the primary amines with one side of a N-hydroxysuccinimide (NHS)-bifunctional PEG
followed by linking the primary amine of cysteine to the other NHS functionality to yield gel-PEG-Cys

(Figure 1 Q) [49].
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Although the concept of a reversible hydrogel is very interesting due to the aforementioned reasons,
the use of disulphide linkages as crosslinks requires the use of oxidizing chemicals including hydrogen
peroxide which can induce cellular damage. Furthermore, the introduced thiols can undergo side
reactions with thiolated functionalities present in the cell [100]. As a consequence, the system is less
suitable for cell-encapsulation purposes [49,110].

2.2.5. Schiff’s-base reaction

Another step-growth based strategy consists of reacting the primary amine groups from gelatin with
aldehyde groups from a crosslinker in the absence of light (Figure 3 grey). This chemistry is referred
to as a Schiff-base crosslinking reaction [5,111,112]. A potential crosslinker in this respect is dextran
or alginate which can be oxidized with periodate to generate aldehyde functionalities [5,111,113]. As
a consequence, a suitable ECM mimic is formed since the natural ECM also consists of proteins and
polysaccharides. Furthermore, the Schiff’'s base is prone to hydrolysis resulting in reversible
degradation of the crosslinks afterwards [114]. In order to render gelatin water soluble at room
temperature (vide infra) while introducing additional amines to increase the crosslink density, Pan et
al. reacted the carboxylic acids in gelatin with ethylene diamine using carbodiimide coupling chemistry
[5]. In an attempt to increase the mechanical properties of a dextran-gelatin based system formed via
Schiff’s base reaction, Liu et al. first introduced methacrylate functionalities to dextran prior to the
periodate oxidation. As a consequence, a denser network with higher storage moduli could be

obtained which was successfully applied to encapsulate vascular endothelial cells [113].

2.2.6. Photo-Reversible Systems: rt-rt Cycloaddition

A proposed photo-reversible crosslinking system takes advantage of functionalities which can undergo
a photo-reversible dimerization reaction by irradiation at different wavelengths [59] (Figure 3
(yellow)). Examples of such functionalities are Furanic chromophores (gel-MFVF [58] Figure 1 Z) and
nitrocinnamate (gel-NC [59] Figure 1 B) which can undergo a photo-reversible (m2+m2)

photocycloaddition reaction with the formation of a cyclobutane ring as a consequence (Figure 3).
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Alternatively, anthracene (gel-AC Figure 1 a) can also undergo a photo-reversible (4 + m4)
cycloaddition [59,115].

Garcia-Astrain et al. introduced furan containing chromophores (i.e. 5-(2-(5-methyl furylene vinylene))
furancarboxyaldehyde (MFVF)) onto gelatin (gel-MFVF Figure 1 Z), resulting in moderate crosslinking
at 365nm (Figure 3). However, photo-reversibility was not explored in the reported work [58].
Furthermore, Gattas-Asfura et al. introduced nitrocinnamate functionalities onto gelatin (gel-NC)
which was successfully crosslinked in the absence of a photo-initiatior by irradiation at 365 nm, while
subsequent irradiation at 254 nm allowed the (partial) photocleavage of the material (Figure 3). In
another attempt to develop a photo-reversible gelatin, Gattas Asfura et al. synthesized gelatin with
anthracene side groups. Although the modification proved successful, quantification was not possible
due to solubility issues of the synthesized gelatin [59].

The use of a photo-reversible system can have benefits in drug release applications, since the release
of an active compound can be triggered locally using irradiation [59,115,116]. Alternatively, when
using selective photocleavage with a high degree of spatiotemporal control, localised cleaving of a
matrix material can aid towards guiding cell migration [117,118] .

In general, these systems can undergo dimerization in a relatively straightforward way when
immobilized on a polymer resulting in a crosslinked network. However, there are some problems
associated with the reversible reaction as typically the materials do not fully cleave upon irradiation
[59]. Furthermore, using UV light and especially, UV-C light as a trigger also poses some drawbacks,
since it has poor penetration depth into tissue and can additionally pose carcinogenic effects [119].
Therefore, these systems require further development before becoming viable for real biofabrication
applications.

2.2.7. Photo-Oxidation Based Systems

In an alternative approach to previously mentioned systems, Son et al. applied irradiation to activate
a functionality rendering it prone to crosslinking (Figure 3 (dark green). To this end, they took

advantage of photo-oxidation of furfuryl groups introduced onto gelatin (gel-Fl; Figure 1 X) for
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crosslinking purposes [55]. To yield gelatin with furfuryl side groups, two modification strategies have
been reported to date. The first consisted of reaction of the primary amines in gelatin with furfuryl
isocyanate (Fl) to yield gelatin-FI with a DS of 98% (Figure 1 X) [55]. In order to further optimise the
reactivity, another approach applies carbodiimide crosslinking to link the primary amines of furfuryl
amine (FA) to the carboxylic acids of gelatin thereby yielding gelatin-FA [54] (Figure 1 W). Finally, in a
third approach, the primary amines of gelatin were linked to furfuryl glycidyl ether yielding gel-FGE
(Figure 1Y) [56,57].

In order to crosslink the gelatin, first, the furfuryl groups are oxidized using the photo-induced
formation of singlet oxygen by rose bengal upon irradiation with visible light. As a result, a (2 + 4)-
cycloaddition of singlet oxygen to the diene of the furan moiety leads to the formation of an
endoperoxide [120]. Next, the formed endoperoxides on the furfuryl rings can undergo
polycondensation to form a conjugated polymer [55]. Consequently, a crosslinked network can be
formed using visible light. Therefore, the need for potential damage due to UV irradiation is
circumvented [55]. Additionally, the reaction is not prone to oxygen inhibition and even requires the
presence of oxygen in order to proceed [121]. Furthermore, both the rose bengal (a common food
dye) and the gelatin-Fl as such did not exhibit any cytotoxicity [55]. However, the formation of singlet
oxygen is known to negatively influence cellular survival, and is often applied in photodynamic therapy
to efficiently eliminate cancerous cells [29,93]. As a consequence, the chemistry is less suitable for cell
encapsulation. However, Mazaki et al. applied a gelatin furfuryl system (gel-FA; figure 1 W) in
combination with rose bengal as photosensitizer. In their study they indicated that the presence of
the gel-FA (Figure 1 W) exhibited a cytoprotective effect on encapsulated bone marrow-derived
stromal cells in the presence of 0.05% rose bengal in comparison to a blank solution containing only
rose bengal. They reported a viability of 87% 24 hours after encapsulation whereas the reference
solution only exhibited around 10% survival. This effect is probably a consequence of the very fast
reaction of the furfuryl groups in gelatin with the generated singlet oxygen, thereby acting as a singlet

oxygen scavenger [54].
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Furthermore, Son et al. applied gel-FI (Figure 1 X) in combination with rose Bengal as a photosensitizer
in dental pulp regenerating experiments followed by in situ irradiation, thereby outperforming the
calciumhydroxide control [55].

2.2.8. Enzymatic crosslinking

Enzymatic crosslinking approaches can be of interest due to the mild reaction process in combination
with a high specificity of the enzymes to selectively crosslink the required functionalities, rendering it
very suitable for cell encapsulation purposes [4].

Additionally, it is typically faster (i.e. seconds to minutes) in comparison to most other non-light (non-
click chemistry based) induced systems (i.e. glutaraldehyde, carbodiimide) which typically require
multiple hours [4,122].

A typical enzymatic crosslinking approach is the use of peroxidase catalysts for the oxidation of
electron donors using H,0,, enabling linking of polyphenols at the aromatic ring (Figure 3). To benefit
from this approach, Li et al. introduced tyramine side chains onto gelatin in order to provide enzymatic
crosslinking points after material injection (gelatin-tyramine; Figure 1 U) [4,11,122]. Crosslinking can
be achieved by the addition of horseradish peroxidase (HRP) and hydrogen peroxide (Figure 3 (white))
[4,11]. The rate of crosslinking can be increased by increasing the HRP concentration and decreasing
the hydrogen peroxide concentration, resulting in crosslinking within seconds [11]. This is a
consequence of the fact that besides acting as a catalyst, H,O, also deactivates HRP in high
concentrations [11]. The crosslinking approach also proved to be non-cytotoxic despite the use of low
quantities of H,0; and allowed for encapsulation of L929 cells or Bone Marrow Stromal Cells (BMSCs)
with over 95% viability [11,122]. A drawback of this approach is that this reaction is also prone to
oxygen inhibition [123]. Recently, studies also indicated the potential towards photo-crosslinking of
phenolic hydroxyl moieties, thereby clearing the road towards light-based additive manufacturing
technologies [124] (Table 1).

Alternatively, transglutaminase can be used to crosslink gelatin without the prior need of a chemical

modification [18]. Transglutaminase can catalyse the reaction between the gamma-carbonyl group of
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glutamine and the epsilon-amino group of a lysine amino acid resulting in the formation of an amide

bond [18].

3 Overview of Applied Photoinitiators
When using light-based crosslinking chemistries, typically a photo-initiator is required to initiate the

crosslinking reaction. Since gelatin is a hydrogel material, suitable photo-initiators need to be water-
soluble, thereby rendering the options limited. A non-exhaustive overview of photo-initiators applied
for gelatin crosslinking is presented below, which can be classified according to their activation

behaviour.

3.1. Norrish Type | photo-initiators
Norrish type | photo-initiators are typically characterized by photocleavage into different smaller

molecule radical species [125]. This type of Pl is usually active in the UV-region and rarely exhibits
activity in the visible spectrum. The most commonly applied photo-initiator for crosslinking and
biofabrication purposes of gelatin derivatives is Irgacure 2959 (2-hydroxy-1-(4-(hydroxyethoxy)-
phenyl)-2-methyl-1-propanone) which is most efficient at 254 nm (Figure 4). This water-soluble photo-
initiator has been considered as one of the gold standards since it has been commercially available for
a long time [82]. Furthermore, at low concentrations (below 2.24 mM, corresponding to 0.05 wt%), it
is considered highly biocompatible which makes it suitable for biological applications [28,62].
Cytotoxic effects have been reported at concentrations exceeding 0.1 wt% corresponding to around
4.46 mM [62]. Since short wavelength (UV) irradiation has a low penetration depth and can induce
cellular damage, research is shifting towards visible light initiators [17,62,82,126].
Unfortunately, Irgacure 2959 has proven to be very inefficient in the UV-A to visible light spectrum
(i.e. molar absorptivity at 365 nm: 4 Mt cm™ [2]). Therefore, researchers are increasingly substituting
Irgacure 2959 by alternative photo-initiating systems. In this respect, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP or Li-TPO-L) (Figure 4) has witnessed an increased use due to its
higher efficiency in the visual spectrum (i.e. molar absorptivity at 365 nm: 218 M* cm™[17]; at 400
nm: 30 Mt cm™[17] ; at 405 nm: 50 Mt cm™ [2]) and its superior water solubility while exhibiting a
comparable biocompatibility to Irgacure 2959 [17,28]. Alternatively, also the use of VA-086 has been
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reported. VA-086 is an azo initiator resulting in the formation of nitrogen gas upon irradiation leading
to the formation of gas bubbles in the hydrogel network (Figure 4) [27]. The photo-initiator is
substantially less efficient in comparison to Irgacure 2959 as typically, a tenfold increase in
concentration is required to yield comparable hydrogel properties [27]. However, Billiet et al.
indicated an increase in cell viability using hepatocarcinoma cells during cell encapsulation
experiments even at these high concentrations.

A final important class of PI’s are 2PP-active PI’s as 2PP gains increasing attention in the field of
biofabrication. The first two-photon activated type | photo-initiator is DAS (tetrapotassium 4,4’-(1,2-
ethenediyl)bis(2-(3-sulfo-phenyl)diazenesulfonate)) which is a diazosulfonate-based initiator suitable
for 2PP applications (vide infra) (Figure 4) [127]. However, DAS is not suitable to function as a
conventional photo-initiator for linear absorption applications. Despite its lower activity in comparison
to other 2PP-PI’s at 800 nm as reflected by a lower two photon absorption cross-section (i.e. 40 GM
at 800nm), it is the only Type | photo-initiator suitable for cell encapsulation experiments during 2PP
processing. Similar to VA-086, it is an azo initiator, implying that it produces nitrogen gas upon

activation [127].
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Figure 4: Overview of different photoinitiators applied for crosslinking of gelatin derivatives classified
according to their initiaton mechanism.

3.2. Norrish Type Il Photo-initiators
Type Il initiators are initiators which can generate radicals without cleaving into smaller molecules

[125]. Typical commercial examples of such molecules include eosin Y, rose bengal and ruthenium/SPS
[17]. In contrast to type | PI’s, most type |l PI’s require a (strong base) co-initiator (i.e. triethanolamine)
to achieve a suitable reactivity for biofabrication approaches [24]. However, a lack of initiator
reactivity can sometimes be overcome by using more reactive crosslinking chemistries. To this end,
thiol-norbornene systems have for example shown to overcome the drawbacks associated with less
efficient initiators [64]. Greene et al. have shown that eosin Y can be applied to crosslink gelatin-
norbornene with thiolated, 4-arm PEG in the absence of a co-initiator using visible light (i.e 550
nm)[17]. Furthermore, they demonstrated its increased initiator efficiency, as 40 times more LAP was
required to reach similar mechanical properties in comparison to eosin Y at visible light irradiation (i.e.
absorptivity of eosin Y: 100000 M cm™ at 525 nm [17]). Additionally, eosin Y at 0.1 mM exhibited an
increased reactivity in comparison to LAP at 4 mM as evidenced by a shorter gel-point time (24 s vs 42
s) [17]. Furthermore, eosin Y exhibits comparable cytotoxicity to LAP [17].

Another example of a type Il visible light initiation system which is gaining increasing attention in the
field of biofabrication is a ruthenium complex (tris-bipyridyl-ruthenium (Il) hexahydrate) and sodium
persulfate (SPS) as co-initiator and is referred to a Ru/SPS [2,62,82,126]. Upon irradiation, Ru?* is
photoexcited to Ru?* followed by donating electrons to SPS, which in turn dissociates into sulphate
anions and radicals [82,128]. Ru/SPS can be considered a very efficient Pl as it is characterized by a
high molar absorptivity: 14600 M cm™ at 450 nm [2].

Finally, the most commonly applied Pl to enable 2PP of hydrogel materials is also a type Il initiator,
namely P2CK (sodium 3,3‘-(((1E,1E‘)-(2-oxocyclopentane-1,3-diylidene)bis(methanylydiebe))bis(4,1-
phenylene))bis(methylazanediyl))dipropanoate) [16,29,64,129-131] which has proven to be very
efficient (i.e. two photon absorption cross section: 140 GM at 800 nm) [127]. However, despite being

a very efficient 2PP PI, P2CK is not really suitable for cell encapsulation, as it can penetrate the cell
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membrane, whereafter upon irradiation, it will generate singlet oxygen, resulting in cytotoxicity

making it an attractive candidate for two-photon based photodynamic therapy [29,93,132].

4. Important Considerations During Gelatin Modification Strategies

Since gelatin is a biopolymer consisting of around 18 different amino acids with various functionalities
in different ratios, the material is characterised by a specific behaviour towards solvents, reaction
conditions, temperature, pH, etc based on the relative amino acid composition.

Therefore, it is important to take a closer look at some of the aspects which are required to be taken

into consideration when modifying or processing gelatin (-based) materials.

4.1. Gelatin Functionalities Suitable for Chemical Modification and Analysis Thereof

Gelatin contains a large number of functionalities in the side chains of the different amino acids which
are prone to reaction. It contains amine functionalities in the side chains of lysine, hydroxylysine and
ornithine (in gelatin type B), carboxylic acids in the side chains of glutamic and aspartic acid and
hydroxyl functionalities in the side chains of serine, threonine and hydroxylysine [133]. Although most
modification strategies discussed above use the primary amines as a handle to introduce
functionalities, also the hydroxyl functionalities exhibit nucleophilic behaviour and can therefore
compete in these reactions [69]. Depending on the reaction conditions, reports show that either both
functionalities participate in the reaction or only one. Recently, Claassen et al. reported that during
the modification of gelatin into gelatin methacryloyl (gel-MA) (Figure 1 A), the hydroxyl functionalities
participate in the reaction when a tenfold excess of methacrylic anhydride is added, while this is not
the case when only 2 equivalents are added [69].

Additionally, Van Hoorick et al. investigated the degree of substitution (DS) of gel-MA and gel-NB using
NMR spectroscopy based on the signals of the introduced functionalities (i.e. methacrylamide or
norbornene signals) using the amino acid composition of the applied gelatin. They compared the
obtained results with a spectrometric indirect amine determination technique based on ortho-
phthalic dialdehyde. Both techniques yielded comparable results in terms of amine DS, thereby

indicating only modification of the primary amines upon adding 1 equivalent methacrylic anhydride
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and upon applying a reaction time of 1 hour or by adding 0.75 or 2 equivalents of 5-norbornene-2-
carboxylic acid succinimidyl ester and reacting for 20 hours thereby confirming that only modification
of the primary amines occurs when using low molar excesses of reagents enabling the introduction
of functionalities as reported by Claassen et al. [64].

Furthermore, Garcia-astrain et al. reported on a comparable DS for the modification of gelatin with
furfuryl glycidyl ether after 24 hours of reaction as obtained via NMR spectroscopy, based on the
signals of the furan ring and through a spectroscopic amine determination assay. This proves that also
during this reaction, the hydroxyl functionalities remained unaffected [61].

In contrast, Shuster et al. reported on the modification of both the primary amines (100%) and the
carboxylic acids (35%) during modification with glycidyl methacrylate at a molar excess of 17.75
equivalents at 40°C during an overnight reaction [134].

Bertlein et al. investigated the predominant site of modification during the functionalization of gelatin
with allyl glycidyl ether. To this end, they calculated the number of reacted amines indirectly using a
TNBSA (2,4,6-trinitrobenzene sulfonic acid) assay and compared this result with the DS as obtained
via 'H-NMR spectroscopy. Furthermore, they looked into the reactivity of other functional groups by
reacting model compounds including poly(allylamine), poly(vinyl alcohol) (PVA) and poly(acrylic acid)
under the same reaction conditions. From this experiment, they observed that only 13% of the
hydroxyl groups in PVA and only 10.8% of the carboxylic acids were reacted whereas full conversion
was obtained for poly(allylamine) indicating the primary amines as the primary sites of reaction.
However, an overestimation of the amount of introduced functionalities via NMR spectroscopy
relative to the TNBSA assay was obtained when performing the modification under strong basic
conditions, which is anticipated to be a consequence of the formation of additional primary amines
due to basic hydrolysis of the amide functions along the backbone as further substantiated by GPC
measurements [62]. Therefore, it can be concluded that indeed the hydroxyl functionalities can

participate in the reactions targeting primary amine functionalization. However, this will only lead to
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a significant contribution when using large molar excesses of the applied reagent and prolonged

reaction times (i.e. more drastic reaction conditions).

4.2. Influence of modification on triple helix formation

As already briefly discussed, gelatin is primarily composed of lysine, proline and hydroxyproline, where
proline and hydroxyproline are responsible for the formation of hydrogen bonds resulting in triple
helix formation [7,133]. Upon cooling below the dissociation/denaturation or gel temperature, the
random coils in the gelatin solution start to aggregate to form microcrystalline junction zones resulting
in physical crosslinks and therefore gel formation [6]. Reports have shown that introducing (bulky)
groups (i.e. acyl groups) to the side chains of gelatin can hamper the triple helix formation and the
associated renaturation properties associated to the physical gelation of gelatin (Figure 1 B, D, C, M)
[16,58,61,100,135]. Since the transition from helix to coil is accompanied by endothermal heat, the
effect of a modification on triple helix formation and associated physical gelation properties can be
quantified using differential scanning calorimetry (DSC). These measurements can either be
performed in solution or in the gel state during which the associated energies related to the physical
gelation around 30°C can be assessed [16,41,136]. Alternatively, also strategies were reported in
which the sample is first dehydrated by heating above 100°C followed by rapid cooling to prevent
renaturation and by performing a second heating run during which differences in the glass transition
(Tg), which is associated to the triple helix formation of gelatin, can be compared [47,58,61].

More recently, another approach to assess the triple helix formation has been elaborated which
involves the use of modulated temperature DSC. In modulated DSC experiments, complex and
overlapping thermal effects can be distinguished by superimposing a sinusoidal wave on the linear
heating ramp. The resulting signal can be subdivided into a non-reversing and a reversing component
via a deconvolution procedure [6,137]. As a consequence, time-dependent processes such as triple
helix dissociation are present in the non-reversing signal whereas specific heat changes are visible in
the reversing signal. Therefore, a straightforward distinction between the dissociation temperature

(T4) and the Tg becomes possible[6]. By performing this method, Steyaert et al. indicated that the Tg
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decreases from about 104 down to 10 °C with moisture levels increasing from 0 to 23 wt%.
Furthermore, this Tg completely disappears in hydrogels, in contrast to triple helices which remain
present both in the dry as in the hydrogel state and decrease with increasing water content since
water acts as a plasticizer in between the gelatin chains [6]. However, at high water content, which is
typically encountered in hydrogels, a plateau is obtained around 30°C [6].

At high modification degrees, typically observed when besides the primary amines, also other
functionalities are modified, the physical gelation is no longer apparent, rendering mammal origin
gelatin accessible to light-based additive manufacturing techniques including stereolithography
[5,16,138,139]. In this respect, several research groups have attempted to render gelatin soluble at
room temperature via the reaction of the carboxylic acids with ethane diamine (Figure 1 J) [5], 2-
aminoethylmethacrylate (Figure 1 B) [16], dopamine (Figure 1 C) [36] or through acetylation of the
hydroxyl groups (Figure 1 D) [138,140]. Another approach is the partial hydrolysis of gelatin, as it is
known that the T4 decreases with decreasing molecular weight [7,43,134].

Bertlein et al. reported on the absence of physical gelation of gel-AGE based on porcine skin gelatin A
at room temperature due to the modification of the primary amines with allyl glycidyl ether in alkaline
conditions (Figure 1 8) resulting in partial hydrolysis of the gelatin, thereby rendering it suitable for
SLA applications [62]. However, when less basic conditions were applied during the synthesis of gel-
AGE, the material did maintain its physical gelation behaviour at room temperature [62].
Alternatively, when aiming at light-based additive manufacturing, the physical gelation behaviour of
gelatin can be overcome by using gelatin originating from cold water fish which is already soluble at
room temperature due to the lower concentrations of proline and hydroxyproline present within the
backbone [141-143].

Finally, drastically increasing the surface to volume ratio for gelatin by electrospinning also results in
cold water solubility. However, it should be noted that although the material becomes cold water

soluble, it forms a hydrogel again within minutes [6].
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4.3, Degradation

3.3.1. Degradation of the Gelatin Backbone
Gelatin is a material which is composed of robust amide bonds and will therefore not degrade under

physiological conditions when crosslinked [60]. However, the material can be degraded by specific
enzymes present in the natural ECM including collagenase, also referred to as matrix
metalloproteinase 1 (MMP-1), which cleaves sequences such as Gly-Pro-GIn-Gly-lle-Ala-Gly-GIn
between Gly and lle, resulting in complete material degradation [16,17]. This effect was further
substantiated by Koshy et al. who observed cell stretching of encapsulated 3T3 fibroblasts in an
inverse electron demand Diels-Alder crosslinked system at low gelatin concentrations due to matrix
remodelling occurring by the cells. In a control experiment where the cells were treated with
marimastat, which is an MMP inhibitor, the cells did not exhibit this stretching behaviour, thereby
proving the enzymatic degradability of the material [100].

Another enzyme which allows gelatin degradation is chymotrypsin, which cleaves C-terminal peptide
bonds preceding large hydrophobic amino acids (i.e. Tryptophan, proline and tyrosine) present in
gelatin [14].

The crosslinking density of the material has a crucial effect on the degradation process [16,60].
Materials with a low crosslink density exhibit a linear correlation between mass loss and time
indicating a surface erosion mechanism [16,17]. Besides longer degradation times, highly crosslinked
gels typically first exhibit an increase in mass (in the hydrated state) due to cleavage of some crosslinks,
while maintaining structural integrity resulting in an increased water uptake capacity. Only after
longer degradation times, the materials start exhibiting a linear decrease in mass as a consequence of
degradation [14,16,17,24,60]. Therefore, highly crosslinked gelatin materials exhibit a combination
of bulk degradation and surface erosion behaviour [14].

The degradation mechanism can be of crucial importance when using gelatin hydrogels for drug

delivery or growth factor as it will influence the release profile [14].
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Furthermore, numerous studies indicate that the gelatin hydrogels degrade in the presence of cells as
evidenced by differences in swelling ratio or storage moduli during culture [14]. Greene et al. observed
a decrease in storage modulus over 14 days of culture in the presence of hepatocytic carcinoma cells,
while the gels (gel-NB/PEG4SH 1-7wt%) remained intact over the course of 14 days [14].

In order to prove the difference in network type between gelatin hydrogels crosslinked via a chain
growth polymerization mechanism (gel-MA) and a step growth polymerization mechanism (gel-AGE +
DTT), Bertlein et al. performed a partial collagenase degradation assay, by carrying out an acidic
hydrolysis treatment followed by GPC analysis of the hydrolysis products. They observed the presence
of non-degradable higher molecular weight fractions in the gel-MA hydrogels in comparison to the
gel-AGE gels, as a consequence of the presence of the kinetic poly(methacrylamide chains) which are

typically present in chain-growth hydrogels as discussed above [62].

3.3.2. Degradation of Introduced Crosslinks
The degradation behaviour of crosslinked gels can be tuned by selecting appropriate crosslinkers. For

example when using ester-containing crosslinkers (i.e. PEGDA), hydrogels will degrade relatively fast
even in the absence of enzymes. Conversely, when using a crosslinker with a more robust functionality
(i.e. PEGDVS) degradation will only occur in the presence of enzymes [52]. As a consequence, the
gelatin hydrogel composition can be tailored to tune the degradation properties, in particular when
using multicomponent step-growth based systems. Some crosslinking chemistries focus specifically on
the introduction of reversible crosslinks which can be cleaved when subjected to an external trigger
including light resulting in spatiotemporal control over the degradation (Section 2.2.4.) or chemical

triggers (Section 2.2.3.2. and Section 2.2.4.).

5. Controlling the Mechanical Properties of Crosslinked Gelatin Hydrogels

The mechanical properties of photo-crosslinkable gelatin hydrogels can be tuned in various ways

either during gelatin modification or during material processing.
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5.1. Influencing the Mechanical Properties by Chemical Modifications of Gelatin

By varying the number of introduced crosslinkable functionalities, the mechanical properties of the
crosslinked hydrogel can be controlled [8,16,24,140]. For most derivatives, the number of reacted
primary amines (i.e. DS) can be controlled by varying the molar ratio of the functionalizing reagent
(e.g. methacrylic anhydride [8], carbic anhydride [65], 5-norbornene-2-carboxylic acid [64], ...) with
respect to the primary amines present in gelatin. When all primary amines are converted into
crosslinkable functionalities, the mechanical properties can be increased even further by subsequent
modification of the carboxylic acids present in the side chains of aspartic acid and glutamic acid with
additional crosslinkable functionalities (e.g. 2-aminoethyl methacrylate) [16]. As a consequence, up to
5 times stiffer hydrogels can be obtained [16]. However, it should be noted that increasing the degree
of modification will not always lead to an increase in hydrogel stiffness. Indeed, the introduction of
additional functionalities can hamper triple helix formation (vide supra). Covalently crosslinked gels
prove to be stronger when crosslinking occurs after physical gelation, since the triple helices formed
can be ‘locked’ resulting in a smaller mesh size and associated superior mechanical properties
[16,140,144](Figure 2 D). Alternatively, the mechanical properties of gelatin-methacrylamide can be
altered through covalent linking to another biopolymer (e.g. alginate) prior to crosslinking
[13]. Although weaker hydrogel blends have been reported compared to gelatin-methacrylamide, the
modification enabled to fine-tune the mechanical properties through incorporation of divalent cations
to physically crosslink the alginate chains [13]. An additional benefit of this approach is the formation
of a network containing both protein and polysaccharide chains, thereby resulting in a more accurate
ECM mimic with respect to the chemical composition [13]. Further approaches focussing on the
formation of a superior ECM mimic comprising both proteins and glycosaminoglycans (GAGs) include
the use of thiolated hyaluronic acid to crosslink gel-NB [24], the introduction of heparin onto gel-NB
prior to crosslinking via coupling of the primary amines of gel-NB to the carboxylic acids in heparin
using carbodiimide chemistry [14]. The introduction of heparin poses the additional benefit that it has

specific domains to bind growth factors including VEGF and hepatocyte growth factor[4,14].
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Furthermore, heparin even provides a stabilizing effect on growth factors as it protects them from
denaturation and proteolytic degradation [4]. The incorporation of heparin loaded with hepatocyte
growth factor in gel-NB gels resulted in the establishment of increased hepatocyte-specific functions

for hepatocellular carcinoma cells (Huh7) [14].

5.2. Influencing the Mechanical Properties During Hydrogel Processing

After the introduction of crosslinkable functionalities onto gelatin, there are several methods to
influence the mechanical properties of the hydrogel construct during processing. The most
straightforward approach to vary the mechanical properties of a hydrogel is to vary the applied gelatin
concentration for which higher concentrations typically lead to stiffer gels (Figure 5 A)
[8,16,24,38,64,71,89,145,146]. However, evidence suggests that high gelatin concentrations (> 15
w/v%) can compromise the biocompatibility and cellular response due to the presence of a too
densely crosslinked network [38,71,147].

It should be noted that if the mechanical properties are altered by altering the crosslinkable gelatin
content, also the concentration of RGD functionalities alters and therefore, the biological response
cannot only be attributed to the stiffness of the gel [14].

One way to overcome this limitation is through co-crosslinking gelatin with another photo-
crosslinkable material which can either be natural (e.g. polysaccharide) or synthetic (e.g. poly(ethylene
glycol) (PEG) [14,24,65,130,148]. This co-crosslinking approach can be applied for chain-growth as well
as step-growth polymerization systems. However, due to the high degree of supramolecular
interactions occurring between the gelatin chains, which result in triple helix formation, the use of a
secondary co-crosslinking material can result in phase separation as the secondary material can be
excluded during physical gelation [12,149]. For example, Van Nieuwenhove et al. observed the
formation of starch granules when co-crosslinking gel-MA with starch-pentenoate [12].

Examples of co-crosslinked materials using a chain-growth approach include k-carrageenan-MA [148],
Starch-pentenoate (using DTT, via a step growth concurrent approach) [12], PEGDA [130,150], PEGTA

[151], PVA-MA [2], HA-MA [67], pentaerythritol triacrylate (PTA) [43], trimethylolpropane triacrylate
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(TTA) [43], diisobutylacrylamide (DBA) [43], urethane-dimethacrylate (UDMA) [43], tripropylene glycol
diacrylate (P3-A) [43], dipentaerythritol pentaacrylate (PPA) [43].

For step-growth polymerization of materials, a crosslinker is required which has a great influence on
the mechanical properties of the resulting hydrogel. In this respect, especially the number of
crosslinkable groups per molecule is of crucial importance [24]. For example, the use of a 4-arm PEG-
SH in comparison to a bifunctional DTT results in increased mechanical properties [65]. Additionally,
Shih et al. compared the use of 4-arm PEGNB (20 kDa) with PEG-dinorbornene (10 kDa) to crosslink
thiolated PVA hydrogels which resulted in an almost doubling of the hydrogel stiffness [24].
Examples of different applied crosslinkers in thiol-ene systems in which gelatin contains the -ene
functionality (e.g. norbornene, allylether, pentenoyl, etc.) include DTT [64,65], PEG4SH 10kDa
[14,17,65], thiolated polyvinylalcohol (TPVA) [24], thiolated hyaluronic acid (THA) [24,52], thiolated
gelatin [46,53].

Examples of applied crosslinkers in thiol-ene systems in which gelatin contains the thiol functionality
include PEGDA [49,52], hyperbranched acrylated PEG [89], pentenoyl gelatin [53] , PEG-divinylsulfone
(PEGDVS) [52], gel-NB [46].

In some cases, additional co-crosslinked materials can be introduced besides the crosslinker to
influence the mechanical properties of the hydrogel. For example, Greene et al. applied PEGANB
together with a gel-NB/PEG4SH system resulting in a 10-fold increase in storage modulus (i.e. 0.8 kPa
up to 8 kPa) when incorporating up to 1.68 wt% PEG4NB into 2 wt% gel-NB/PEGA4SH gels without
varying the biologically active component (i.e. gelatin)[14]. Shih et al. added PEG4SH to a gel-NB/gel-
SH system to increase the mechanical properties without increasing the total gelatin concentration in
the mixture [24]. Examples of co-crosslinked materials which do not function as crosslinker in thiol-
ene systems include PEG4NB 20 kDa [14] , PEG-dinorbornene 10 kDA (PEGANB) [24] and thiolated-HA

[52].
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Furthermore, Greene et al. observed that the presence of low gelatin concentrations (i.e. 1 - 3 wt%
gel-NB) in crosslinked gel-NB/PEGA4SH gels resulted in lower cell survival of encapsulated Huh7 hepatic
carcinoma cells in comparison to higher concentrations (i.e. 5 - 7 wt%) [14].

When using the same gelatin content, but varying the stiffness of the gel by varying the thiol-ene ratio
in gel-NB gels, it was shown that hepatocyte cells exhibit a higher metabolic activity in gels with lower
stiffness for an identical gelatin content [14].

Thiol-ene systems have another benefit over chain-growth hydrogels in the sense that by varying the
thiol-ene ratio, the gelatin content can be tuned without changing the network density nor the
associated mechanical properties [14,24,64,65,81]. To this end, Greene et al. managed to vary the gel-
NB content from 1 to 7 wt% while keeping the thiolated crosslinker concentration constant, resulting
in similar mechanical properties throughout the complete concentration range [14].

Another handle to tune the mechanical properties of the crosslinked network is a variation in the
applied irradiation dose for crosslinking [9,14,16,27,38,145,146]. Generally, lower doses result in
weaker hydrogels as lower crosslink densities are obtained [14,27,38]. However, influencing the
mechanical properties by varying the irradiation dose also affects the number of unreacted,
potentially cytotoxic functionalities. Additionally, when chain-growth hydrogels are applied, varying
the irradiation dose often is concomitant with a reduced reproducibility due to the complex reaction
kinetic profile in combination with oxygen inhibition occurring during crosslinking [81]. Furthermore,
when using highly reactive thiol-ene systems (e.g. norbornene), the influence of the dose will be less
apparent, since already at very low irradiation doses (during 2PP: 20 mW at 100 mm/s for gel-NB with
a fully crosslinked network from 40 mW onwards vs 2 80 mW for gel-MA with a clear correlation
between irradiation energy and swelling degree), the material will fully crosslink [16,64].

A final strategy is combining gelatin hydrogels with other materials (e.g. polyesters) for their
mechanical properties without covalent linking [68,152]. This can either be done by combining it with
a stiff scaffolding material (e.g. polyesters) obtained either via macro- or microprinting[28,31,68,152].

For example, Visser et al. managed to drastically improve the mechanical properties of gelatin via the
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incorporation of PCL fibres produced via melt electrowriting resulting in a stronger scaffold in
comparison to the pure PCL scaffold or a pure gelatin pellet [68]. Markovic et al. applied a PLA scaffold
obtained via fused deposition modelling and introduced a gel-MA bioink as an ECM mimic containing

pre-osteoblasts inside in order to benefit from the stiff PLA for mechanical properties [28].
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Figure 5: Scheme representing the physico-chemical properties of reported gelatin hydrogels (A.) .Storage moduli of reported gelatin derivatives classified according to crosslinking mechanism
including photooxidation (green): gelatin-Fl and gelatin-FA [54]; Thiol-Michael addition (red, dashed): gel-SH + hyperbranched PEG [89], gel-PEG-Cys [49]; gel-SH/HA-SH + PEGDVS [52];
Disulphide formation (purple): gel-SH [45]; Thiol-ene photoclick (Red, solid): gel-NB DS 65 + HA-SH [24], gel-NB DS 65 + PVA-SH [24], gel-NB DS 65 + PEG4SH (10 kDa) [17], gel-AGE DS 42 [62],
gel-NB DS 63 [64]; Chain growth (Blue): gel-SH-PEGDA [44], gel-MA + photodegradable crosslinker [117], gel-MA DS 49 [153]; gel-MA DS 60 + Ru/SPS [62], gel-MA + PVA-MA [2], gel-MA DS 60
(5-10 w/v%) [8], gel-MA DS 60 (10-30 wt%) [62], gel-MA DS 97 [8,16], gel-MA DS 63 [64], gel-MA DS 68 [101], gel-MA DS 66 [38], gel-MOD-AEMA [16], Gel-MA DS 85 [101], gel-AA DS 66 [38],
gel-MA DS 65 + CS-MA [154], gel-MA DS 100 [101] - in comparison to the mechanical properties of different tissues including: vitreous fluid [155], adipose tissue [156,157], dermis [158], cervix
[159], brain tissue [160], prostate [161], intervertebral disc (IVD): nucleus pulposus [79], annulus fibrosus [79], fibrous tissue [79], human nasal cartilage [101,162], cornea [163].

(B.) Overview of reported gel points for different gelatin derivatives organized according to crosslinking mechanism including: thiol-ene photoclick (red): gel-NB DS 63 [64], gel-NB DS 65 + HA-
SH [24], gel-NB DS 65 + PEGASH (10 kDa) [17], gel-NB + PVA-SH [24]; thiol-Michael (red dashed, orange): gel-SH + PEGDVS [52], gel-SH + hyperbranched acrylated PEG [89]; Chain-growth (blue):
gel-MOD-AEMA [16], gel-MOD DS 63 [64], gel-MA DS 49 [153].

(C.) Mass swelling ratios of different reported gelatin derivatives organized according to crosslinking mechanism and applied solvent: disulphide in water (purple): gel-SH [45], chain growth in
water (blue): gel-MA DS 49 [153], gel-MA DS 66 [38], gel-MA DS 63 [64], gel-AA DS 66 [38], gel-MA DS 97 [8], gel-MA 6 wt% + photolabile crosslinker [117]; Diels-Alder click in water (green):
gel-FA, gel-FI [54]; thiol-ene photoclick in PBS (red): gel-AGE [54], gel-PEG-cys [49], gel-NB DS 41 [65]; thiol-ene photoclick in water (red dashed, orange): gel-NB DS 63 [64]; chain growth in
PBS (dark/dashed blue): gel-MA DS 49 [153], gel-MA DS 60 [82], gel-MA DS 60 (1wt%) + PVA-MA (10 wt%) [2], gel-MA DS 68,85 & 100 [101]

(If the elastic modulus E’ was presented in the original document, an estimation of the shear storage modulus was obtained using E’ = 2G’(1+p)) in which W is 0.5 for ideal rubbery networks)
[164].
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All these aspects render gelatin hydrogels suitable to cover a broad range of mechanical properties. A
non-exhaustive overview of the mechanical property range of earlier reported gelatin derivatives
compared to the mechanical properties of different tissues can be found in Figure 5 [16] . As a
consequence, gelatin-based materials prove to be versatile tools for mimicking the mechanical

properties of a plethora of tissues.

6. Gelatin Processing via Additive Manufacturing

Gelatin-based hydrogels have frequently been processed via additive manufacturing (AM) techniques.
These methods are mostly based on the layer-by-layer fabrication of 3D constructs according to a CAD
model. Printing of the materials can either occur by following a direct approach during which the
material is directly processed in the AM step [27] or by an indirect approach in which a template is
fabricated using AM to control the shape of the secondary material [8,165].

Indirect approaches are either applied to combine the mechanical properties of a stiff polymer with
the desirable cell interactivity of gelatin or to introduce complex 3D structures into materials which
cannot be processed through a direct AM method [8,28,31,70,165]. Van Hoorick et al. were able to
produce self-supporting, low density (i.e. 5 w/v%) gel-MA scaffolds by using a sacrificial polyester
scaffold [8]. Furthermore, besides a bio(material)ink, gelatin is often also used as a coating material
to render scaffolds more cell interactive/cytocompatible [70,166,167].

The direct additive manufacturing techniques applied for gelatin processing can be subdivided into 3
groups: (i) inkjet-based (ii) syringe-based and (iii) light-based techniques, including stereolithography

(SLA), digital light processing (DLP) and 2PP. (Figure 6).
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Figure 6. Overview of additive manufacturing techniques: a) Inkjet-based 3D printing, b) Syringe-based
3D printing, c) Stereolithography (SLA), d) Digital light processing (DLP) and e) Two-Photon
Polymerization (2PP).

6.1. Inkjet-Based 3D Printing

An inkjet-based 3D printer is able to quickly generate 10 — 50 um sized droplets (i.e. picolitres) either
through a thermal or a piezoelectric approach [34,80]. This technique has a low risk of contamination
to occur due to the fact that it is a non-contact and drop-on-demand printing method [138]. Several
studies have already shown that inkjet bioprinting can be successfully applied for processing of viable
mammalian cells including neurons and endothelial cells [168,169]. However, in these studies, printing
occurred in cell culture medium or physiological buffer without a matrix to support the cells.
Therefore, Hoch et al. developed a double chemical functionalized gelatin derivative that can be used
as bioink for piezoelectric, inkjet-based 3D printing (Figure 7). To this end, the authors methacrylated
and acetylated both the primary amines and the carboxylic acid moieties of gelatin respectively to
render it soluble at room temperature (see section 4.2). Irgacure 2959 was applied as photo-initiator
in order to obtain a crosslinked hydrogel network. The cell viability of the encapsulated porcine

chondrocytes close to 100%, even after 240 min incubation.

40



1000 pm

1000 um 250 um 1000 um

[ ——

Figure 7: Piezoelectric printing of porcine chondrocytes. (A) The cells were suspended in a 10 wt%
double modified gelatin-based bioink (1 x 10° cell per mL) and were printed onto swollen gelatin-based
substrates. Subsequently, the constructs were incubated in cell culture medium. The cell viability and
morphology of the printed cells were determined using live/dead staining. (B) Images recorded 3h, (C)
24h, (D) 72h after printing. Reproduced from Hoch et al. [138] with permission.

6.2. Syringe-Based 3D Printing

Probably the most widespread technique used for the fabrication of 3D scaffolds for tissue engineering
applications is syringe-based 3D printing due to its simplicity, relatively low cost and its compatibility
with a wide range of materials. In this approach, the material is either pneumatically or mechanically
(piston- or screw-based) dispensed through a nozzle-based printing head. The strands of the material
will be continuously extruded into 3D constructs by stacking 2D patterns according to a CAD model.
Multiple parameters including the nozzle diameter, the writing speed, the applied pressure and the
mechanical properties of the material will determine the spatial resolution of the 3D-printed

structures [170]. Several literature reports have already stated that different gelatin derivatives can
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be used for syringe-based 3D printing applications [27,34,148,171]. One of the main advantages of
this printing technique is that it enables the extrusion of the material both in the presence or absence
of living cells. When a material is printed into a scaffold and is subsequently seeded with cells, the
material is referred to as a biomaterial ink [172]. On the other hand, when a combination of
biomaterials and cells is applied, it is commonly referred to as bioink [172].

Gelatin derivatives such as gel-MA are widely used as bioink due to their high cytocompatibility and
tunable physical properties [173]. However, previous literature reports have indicated that several
parameters including bioink concentration, printing pressure as well as nozzle type should be taken
into account to produce cell-laden, gelatin-based 3D scaffolds with a high structural fidelity and a high
cell viability using syringe-based bioprinting [27,173,174].

Experimental results and computational fluid dynamics’ simulations obtained by Billiet et al. and Liu
et al. have shown that the nozzle type (conical versus straight) has an influence on the cell viability of
encapsulated hepatocarcinoma cells (HepG2) and human umbilical vein endothelial cells (HUVECs)
respectively in a gel-MA bioink [27,173]. The results indicated that high shear stresses, which are
harmful for the cells, were generated along the entire length of a cylindrical, straight needle, while
high shear stresses only existed at the very tip of conical nozzles resulting in higher cell viabilities.
However, when high printing pressures are applied, cells experience high shear stresses in both types
of nozzles [27].

Furthermore, cell-laden scaffolds with a high structural fidelity could be printed using gel-MA bioink
concentrations between 10 and 20 w/v% and Irgacure 2959 as photo-initiator [27,174]. The obtained
high cell viability results (> 90%) for the encapsulated HepG2 and primary human chondrocytes
respectively indicated that the cells survived the printing process. However, it is known that high gel-
MA concentrations (> 10 w/v%) result in more densely crosslinked networks with a higher stiffness
resulting in a decreased cell proliferation and migration rate for the encapsulated cells [147,173,174].
Therefore, lower concentrations of gel-MA bioinks would be more ideal for biofabrication purposes.

Nonetheless, additively manufactured scaffolds using a low gel-MA concentration (< 7 w/v%)
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exhibited low shape fidelity due to severe internal pore collapse [27]. Malda et al. reported this
phenomenon as being one of the current paradoxes towards successful biofabrication of hydrogel
materials [147]. Consequently, researchers are focussing on different strategies to circumvent the
problems associated with low concentrated gel-MA bioinks in order to fabricate constructs with a high
structural fidelity and a high cell activity using low gel-MA bioink concentrations. One possible solution
would be to add sacrificial materials including unmodified gelatin, sodium alginate, gellan gum and
hyaluronic acid to increase the viscosity of the gel-MA bioink facilitating syringe-based bioprinting
[146,151,175,176]. However, it should be taken into account that the added sacrificial materials
should not be toxic for the cells and should either degrade or carefully removed without destroying
the structure of the scaffold. Yin et al. already combined gel-MA (5 w/v%) with gelatin (8 w/v%) and
0.5 w/v% Li-TPO-L to increase the viscosity of the bioink and to improve the reversible physical gelation
properties of the bioink [175]. The authors successfully printed bone marrow-derived stem cell-laden
(MSCs) scaffolds with a similar geometrical resolution compared to 30 w/v% gel-MA scaffolds. The
gelatin was gradually dissolved from the scaffold when the temperature was increased above 30 °C
without affecting the scaffold geometry. The obtained results indicated that the encapsulated cells
were able to migrate and were still viable (> 90%) after 7 days [175]. Furthermore, Jia et al.
incorporated alginate in a bioink based on gel-MA, 4-arm poly(ethylene glycol)-tetra-acrylate (PEGTA)
and Irgacure 2959 to enable fast ionic crosslinking and shape maintenance of the printed scaffold by
co-delivery a CaCl, solution prior to permanent fixation through UV-induced crosslinking of the gel-
MA and PEGTA precursors (Figure 8) [151]. Afterwards, the alginate was removed and scaffolds with

a high cell viability ( > 80%) were obtained [151].
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Figure 8: (A) Schematic illustration showing the two independent crosslinking processes of a bioink, in
which alginate, gel-MA and PEGTA are ionically and covalently crosslinked, respectively, upon
exposure to CaCl, solution and UV light. (B) Schematic overview of the bioprinting of perfusable hollow
tubes with the cell-encapsulating bioink and subsequent vascular formation. (C) Designed multi-
layered coaxial nozzles and schematic illustration showing fabrication of perfusable hollow tubes with
constant diameters and changeable sizes. Reproduced from Jia et al. [151] with permission.

A second strategy is based on the pre-crosslinking of the bioink prior to syringe-based bioprinting or
before the extruded strands were collected on the substrate. Levato et al. pre-crosslinked the gel-MA
bioink for 10 s in the presence of Irgacure 2959 with UV-A light to improve the viscosity of the bioink
[177]. However, pre-crosslinking typically resulted in high and inconsistent extrusion forces,
heterogeneous 3D printed scaffolds and low cell viability [178]. In situ crosslinking would be a more
promising alternative due to the low and consistent extrusion forces, uniformly printed strands and
high cell viability of encapsulated cells. The advantages associated with this strategy include: (i)

viscosity enhancement or co-polymerization with other polymers is not required, (ii) a wide range of

photo-crosslinkable bioinks can be applied, (iii) the encapsulation of viable cells is allowed and (iv)
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complex and heterogeneous structures can be printed [178]. Indeed, Bertassoni et al. successfully
applied the in situ crosslinking principle to fabricate HepG2 cell-laden 3D printed scaffolds with a high
cell viability (> 80%) [179]. A third option was investigated by Liu et al. who induced physical gelation
in gel-MA by a straightforward cooling process down to 4 °C [173]. No sacrificial materials or pre-
crosslinking steps were required to enable syringe-based bioprinting of 3-5 w/v% gel-MA bioinks. The
results indicated that scaffolds with a high shape and structural fidelity were produced due to the
shear thinning and self-healing properties of the gel-MA physical gel [173]. Subsequently, the scaffolds
were UV crosslinked in the presence of Irgacure 2959 to realize permanent stabilization. Furthermore,
the research indicated that cooling of the gel-MA pre-bioinks in order to obtain a physical bioink did

not exert a noticeably negative impact on the cell viability of the encapsulated HUVECs [173].

Natural and/or synthetic materials are often combined to create 3D scaffolds that closely mimic the
physico-chemical characteristics of the in vivo environment of the ECM. Gelatin has already been
combined with biopolymers including (modified) alginate and hyaluronic acid and/or synthetic
materials such as PEGTA [151,180-183]. To date, methacrylated hyaluronic acid (HA-MA) has already
been successfully applied in various biomedical applications. However, HA-MA is not cell-interactive
and is therefore frequently combined with gel-MA. Indeed, Skardal et al. and Qi et al. printed stable,
cell-laden 3D constructs with a bioink consisting of gel-MA and HA-MA combined with 2,2-dimethoxy-
2-phenylacetophenone or Irgacure 2959 respectively for tissue engineering purposes [181,183].
Furthermore, Ruther et al. and Colosi et al. combined alginate di-aldehyde with gelatin and alginate
with gel-MA respectively for vascular tissue engineering applications following a Schiff’s base
crosslinking approach (vide supra) [180,182]. Synthetic materials are often added to gel-MA bioinks in
order to increase the mechanical properties. Jia et al. for example combined gel-MA with a 4-arm
PEGTA due to the superior crosslinking density and thus increased mechanical strength of PEGTA
compared to linear PEG derivatives [151]. The latter is due to the 4-arm branched structure and

multiple photo-crosslinkable sites resulting in the maintenance of a beneficial porous structure.
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The potential of bioinks based on other gelatin derivatives has also been investigated. Indeed, Yan et
al. used a thiolated gelatin bioink combined with calcium ions and a homobifunctional maleimide-
poly(ethylene glycol)-maleimide crosslinker for the fabrication of 3D scaffolds (Figure 1 L) [184]. The
obtained results indicated that long-term stable scaffolds were formed (> 1 month) and that the
encapsulated SV40 immortalized mouse cholangiocytes survived the printing process resulting in a
high cell viability [184]. Furthermore, Bertlein et al. developed a bioink based on allylated gelatin (gel-
AGE, Figure 1 6) with DTT and Irgacure 2959 which was processable via syringe-based bioprinting. The
encapsulated cells remained viable (> 70%) after 23 days of cell culture [62].

The precise positioning/switching between different cell types remains a major challenge in tissue
engineering [182]. However, the combination of bioprinting of a cell-laden bioink into a scaffold and
post-seeding a different cell type on top of the printed construct holds great potential to produce
scaffolds with co-cultured cells. Colosi et al. created HUVECs-laden gel-MA-alginate based scaffolds
which were seeded afterwards with cardiomyocytes in order to investigate whether or not the
construct could serve as an in vitro platform for cardiac tissue engineering applications [182]. The
obtained results showed that the constructs were soft enough to enable the migration of the
encapsulated HUVECs while being strong enough to support the synchronic beating of

cardiomyocytes.

6.3. Light-Induced Techniques

Photo-crosslinkable gelatin derivatives are also frequently processed via light-induced techniques
including stereolithography (SLA), digital light processing (DLP) and 2PP due to the advantages these
techniques hold over syringe-based 3D printing [150,185-187]. First of all, clogging problems are
eliminated, because these methods are nozzle-free. In addition, shear stresses due to the material
passing through a nozzle-based printing head are avoided rendering this approach suitable for printing
in the presence of living cells [188]. Furthermore, the printing speed and the resolution of light-

induced techniques are generally much higher compared to syringe-based methods [2]. Therefore,
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these techniques exhibit the potential to better mimic the complex and microscale architecture of

biological tissues.

6.3.1. Stereolithography
Stereolithography (SLA) is a rapid prototyping technique that exploits a laser light beam, typically UV
light, to polymerize photo-crosslinkable materials in a layer-by-layer scanning approach in order to
fabricate complex 3D scaffolds with a high resolution (Figure 6A) [185]. Several research reports have
already indicated that photo-crosslinkable gelatin derivatives such as gel-MA are processable via
stereolithography [36,150]. Zhou et al. modified the primary amine functionalities of gelatin with
methacrylamide groups and the carboxylic acid moieties with dopamine to obtain a photo-
crosslinkable gelatin derivative that was crosslinked in the presence of Irgacure 2959 (gelMA-DA
Figure 1 C) suitable for neural tissue engineering (Figure 9) [36]. The developed scaffolds exhibited a
homogeneous, highly porous and interconnected 3D environment which was favourable for
supporting the growth and differentiation of the seeded neural stem cells [36]. Furthermore, the
research of Zhu et al. showed that stereolithography can also be applied in the presence of living cells
[150]. However, although the mechanical properties of gel-MA are ideal for soft tissue engineering,
they prove to be insufficient for cartilage regeneration [150]. Therefore, the authors combined gel-
MA with the synthetic PEGDA and the photo-initiator Irgacure 2959 [150]. Moreover, the addition of
a synthetic polymer not only increased the mechanical properties but also enhanced the printing
resolution of the bioink. The results indicated that the compressive modulus could be increased from
1 up to 5 MPa and that the width of a printed line, reflecting the attainable resolution, decreased from
950 to 350 um by adding 5 w/v% PEGDA to 10 w/v% gel-MA. In addition, a high viability (> 75% at day
1) and a high proliferation rate were observed for the encapsulated MSCs in these scaffolds indicating

that the synthetic component did not negatively affect the cells [150].
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Figure 9: Schematic overview of bioink preparation and stereolithography bioprinting. Reproduced
from Zhou et al. [36] with permission.

6.3.2. Digital Light Processing

Digital light processing (DLP) consists of a light source, a digital micromirror device (DMD), a liquid
resin and a motorised stage (Figure 6B). The DMD, i.e. semiconductor array of digital light switches,
controls the light intensity of each pixel. Next, the light is focussed into the liquid resin to selectively
crosslink the photo-crosslinkable precursor [165,189]. When the desired pattern of that layer
according to the CAD model is crosslinked, the motorised stage moves and the next layer is printed.
Via this way, complex 3D structures can be fabricated [165,189]. The major benefit of DLP over
conventional stereolithography is that with each flash, an entire layer is crosslinked, making it
significantly faster in comparison to stereolithography [2].

It is known from various literature reports that gelatin derivatives can be successfully applied for DLP.

The modified gelatins can either be used as a biomaterial ink or as bioink and are often combined with
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other materials to improve the structural fidelity of the scaffolds or to improve their mechanical
properties. Grogan et al. and Gauvin et al. used gel-MA with Irgacure 2959 as a biomaterial ink for the
production of micropatterned scaffolds suitable for meniscus and vascular tissue engineering
respectively [186,187]. Both authors combined the gel-MA with CaCOs in order to improve the
structural integrity of the developed scaffolds. Using this approach, it became possible to produce
micropatterned scaffolds which were able to support cellular alignment of human avascular zone
meniscus cells and HUVECs. After scaffold fabrication, the CaCOs; was removed via incubation in a HCI
solution [186,187].

The nozzle-free DLP technique holds a lot of potential towards printing in the presence of cells. Soman
et al. and Schuster et al. investigated the potential of a gel-MA bioink using Irgacure 2959 and Irgacure
819 as photoinitiators for various tissue engineering applications using DLP [43,134,190]. Soman et al.
combined 10 w/v% gel-MA with murine embryonic fibroblasts (NIH-3T3) to fabricate complex
structures including spiral, pyramid, flower and dome-shaped micro-geometries [190]. The authors
observed that cell encapsulation in complex 3D patterned scaffolds provided long-term control over
cell viability (> 80%), cell proliferation, morphology and geometric guidance compared to conventional
cell seeding methods [190]. Synthetic materials are often added to the gel-MA bioink in order to
increase the mechanical properties rendering the formulation suitable for bone tissue engineering
applications which often require a high mechanical strength. For example, Schuster et al. modified
gel-MA with PEG derivatives (Figure 1 ) to obtain a suitable bioink for osteoblasts and endothelial
cells. The results indicated that the bioink had a negligible cytotoxicity and could be processed using
DLP [43].

Recently, conductive hydrogels have been developed for tissue engineering applications, because they
can serve as a bioactive scaffold that can electrically stimulate cells and modulate their function. By
integrating inherently conductive polymers such as polyaniline in gel-MA hydrogels, it became
possible to produce electro-conductive hydrogels. Wu et al. and Sawyer et al. developed electrically

conductive gel-MA-poly(aniline) (gel-MA-PANi) hydrogels which are suitable as biomaterial ink or
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bioink for DLP respectively using Irgacure 2959 as a photoinitiator [191,192]. Wu et al. showed that
the swelling properties, compressive modulus, cell adhesion and spreading response of the gel-MA-
PANi hydrogels are similar to pure gel-MA [191]. However, the electrical properties are superior
compared to gel-MA [191]. Sawyer et al. developed a gel-MA-PANi-based bioink that is suitable for
the encapsulation of human osteogenic cells. The authors found out that the cell viability of the
encapsulated cells within the gel-MA-PANi hydrogels was similar to pure gel-MA hydrogels.
Furthermore, the cells in the gel-MA-PANi hydrogels demonstrated the capability of depositing
minerals within the hydrogel matrix after being chemically induced for two weeks. Additionally, the
composite hydrogel could be processed into complex shapes using DLP [192].

Miri et al. developed a DLP system which is combined with a microfluidic device containing four on/off
pneumatic valves [193]. This device is capable of fast switching between four different (cell-laden)
hydrogel bioinks based on PEGDA and gel-MA to achieve layer-by-layer multimaterial bioprinting. Via
this way, complex 3D printed structures could be fabricated using three different bioinks including gel-
MA combined with osteoblasts, MSCs or fibroblasts using LAP as a biocompatible photo-initiator. In
conclusion, this system provides a robust platform for on demand bioprinting of high-fidelity multi-
material microstructures for various tissue engineering, regenerative medicine and biosensing
applications, which are otherwise not readily achievable at high speed with conventional
stereolithographic biofabrication systems [193].

Most DLP devices operate using UV or near-UV blue light (405 nm) which may be harmful for cells due
to the long UV exposure times. Therefore, Wang et al. investigated the potential of a visible-light-
crosslinkable gelatin methacrylamide based bioink using an eosin Y PI for SLA bioprinting (Figure 10)
[194]. Eosin Y is a green-light sensitive photo-initiator (500 - 600 nm) which initiates a highly
biocompatible crosslinking reaction [195]. Wang et al. showed that the optimal combination for SLA
bioprinting was 0.02 mM eosin Y with 15 w/v% gel-MA [194]. The results indicated that the NIH-3T3
cells survived the printing process (> 80%) and were able to proliferate and to form 3D intercellular

networks. Furthermore, Lim et al. developed a bioink based on methacrylated PVA, being a promising
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synthetic, non-toxic and hydrophilic material, gel-MA for its cell interactivity and the visible light
photo-initiator system Ru/SPS using MSCs [2]. The cell-laden scaffolds developed using DLP had a
complex architecture with a high resolution in which the encapsulated cells remained viable (> 85%),
homogeneously distributed and functional [2].

The research of Bertlein et al. showed that also different gelatin derivatives could be processed via
DLP. The authors were able to print partially hydrolysed allylated gelatin (gel-AGE) combined with DTT

without the need for any photo-absorber to be present [62].
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Figure 10: (A) Schematic illustration of visible-light-based DLP 3D bioprinting with the various
components. (B) Schematic overview of the principles of single-layer printing. (C) NIH-3T3 cell-laden
bioprinted scaffold at day 5 stained with DAPI for nuclei (blue) and phalloidin 488 for F-actin (green).
The scale bar represents 2 mm. (D) Confocal fluorescence microscopy images of a junction in the mesh
pattern at 10x and 40x magnification. The scale bar represents 300 um (10x) and 50 um (40x).
Reproduced from Wang et al. [194] with permission.
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6.3.3. Two-Photon Polymerization
2PP-is based on the non-linear absorption of laser light to induce crosslinking in a photosensitive resin.
By tightly focusing a femtosecond laser beam into the material, the simultaneous interaction of a
photo-initiator molecule with two photons, each possessing half the required energy to bridge the
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band gap required for photo-initiator excitation can be met to initiate localised free-radical
polymerization [16,196,197]. Compared to conventional light-based additive manufacturing
techniques using linear (i.e. single-photon) absorption, for which polymerization can occur throughout
the entire beam path and is only limited by its penetration depth into the material, 2PP allows the
polymerization only in a small volumetric element (voxel) enabling the fabrication of structures with
resolutions below the diffraction limit. The maximum achievable resolution is determined by the size
of the voxel which depends on the applied optics and laser source [16,198,199]. As a consequence of
this unique principle, this is the only additive manufacturing technology which allows processing of
gelatin in the physically crosslinked state. Moreover, processing in the physically crosslinked state not
only leads to more efficient crosslinking, but also provides support to the structures during
crosslinking, resulting in the possibility to generate more complicated architectures [16,29,64].

In 2011, our research groups (i.e. A. Ovsianikov & S. Van Vlierberghe) were the first to report on 2PP
processing of modified gelatin (gel-MA, Figure 1 A) for the generation of scaffolds for tissue
engineering purposes using primary adipose tissue-derived stem cells (Figure 11 C) [30]. Ever since,
multiple studies reported 2PP processing of modified gelatin being mainly gel-MA [63,131,200,201].
In 2014, Ovsianikov et al. reported the first study on 2PP in the presence of living cells [29]. Although
the cells did not survive direct exposure to the laser during structuring, it was possible to use 2PP to
entrap cells within 3D microstructures [29] . Furthermore, the research indicated that the cytotoxicity
was not a result of the applied laser intensity, but could be attributed to the formation of cytotoxic
species (i.e. singlet oxygen) within the cells as a side-product of P2CK photo-initiator activation [29,93]
. This hypothesis was later substantiated by the development of a macromolecular photo-initiator
based on hyaluronic acid, which did enable 2PP processing combined with the encapsulation of living
cells in the exposed areas as well [132]. The study indicated that the previously observed cytotoxicity
originated from the penetration of the low molecular weight photo-initiator through the cell
membrane, thereby resulting in photo-oxidative damage within the cell during irradiation. By

immobilizing the photo-initiator onto a macromolecule, it could no longer penetrate the cell
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membrane, thereby allowing 2PP in the presence of living cells [132]. Additionally, a different
approach using a type | cleavable diazosulfonate Pl DAS (Figure 4) has been developed for direct
encapsulation of living cells in gel-MA hydrogels. As a result, cell survival was five times higher when
compared to P2CK, while maintaining high writing speeds (1000 mm/s) thereby further demonstrating
its potential as a biocompatible photo-initiator for 2PP [127] (Figure 11 E).

Despite these successful approaches, gelatin-methacryloyl is characterized by some limitations in the
context of 2PP processing. In general, the poor reaction kinetics and associated mechanical properties
require relatively high light doses (e.g. 70 mW at 1000 mm/s scan speed) to crosslink the material.
Furthermore, the subsequent swelling of the 2PP-produced structures can compromise the high-
resolution capacity of this technology [127].

There are several approaches which have already been developed to overcome the poor mechanical
properties and low reactivity associated with gel-MA for 2PP structuring. The mechanical properties
could be improved by using a secondary material to function as/contribute to mechanical support
[50,130,201]. A second strategy consisted of co-crosslinking low concentrations of PEGDA (1%) for the
formation of a co-network. In this respect, processing benefits from the higher mechanical properties
of PEG, along with superior acrylate-based reaction kinetics [130]. Alternatively, benefitting from an
indirect approach, first a stronger material (e.g. a mixture of hydrophobic acrylates) can be structured
to function as support, followed by subsequent gel-MA structuring [201] .

Another approach to improve the properties of gel-MA is to modify the material chemically. To this
end, Van Hoorick et al. developed a gelatin derivative of which all primary amines were modified into
methacrylamides (0.385 mmol/g gelatin), while additional methacrylates were introduced onto the
carboxylic acids, resulting in 1 mmol crosslinkable groups per gram gelatin (Figure 1 B) [16,76]. As a
consequence, a denser gelatin network can be formed exhibiting both higher stiffness along with less
to no occurrence of post-production swelling. Additionally, the reaction kinetics were improved
compared to conventional gelatin-methacrylamide thereby resulting in a broader 2PP spatiotemporal

processing range (Figure 11 A) [16,76]. Furthermore, 2D biocompatibility experiments indicated a
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comparable biocompatibility towards both fibroblasts (L929) and osteoblasts (MC3T3) for gel-MOD-
AEMA and the well-established gel-MA [16] .

Although the introduction of these additional functionalities resulted in a drastic improvement in
terms of 2PP processing, the crosslinking reactions remain subject to the drawbacks associated with
chain-growth polymerizable hydrogels as discussed earlier. Therefore, to further improve the material
processing range, 2PP experiments have also been explored using thiol-ene photoclick hydrogels [63].
Qin et al. reported the synthesis of gelatin hydrolysate vinyl esters which were copolymerized with
reduced derivatives of bovine serum albumin as a thiolated crosslinker. In a different system, gelatin
type B was modified with norbornene functionalities (Figure 1 k) [63]. Gel-NB was processed via 2PP
using DTT as thiolated crosslinker resulting in a drastically improved spatiotemporal 2PP processing
range compared to all previously reported gelatin derivatives. On the one hand, only half of the energy
was required to result in reproducible crosslinking (i.e. 20 mW at 100 mm/s for gel-NB + DTT DS 63 vs
40 mW at 100 mm/s for gel-MOD-AEMA) despite a four times decreased concentration of
crosslinkable functionalities (i.e. 0.24 mmol/g for gel-NB vs 1 mmol/g for gel-MOD-AEMA).
Additionally, from 40 mW onwards, further increasing the laser power did not influence the hydrogel
swelling behaviour, which indicated that the material was already fully crosslinked, in contrast to gel-
MOD-AEMA for which a further increase of the laser power resulted in concomitantly decreasing
swelling ratios [16,64]. Furthermore, also a broader concentration range could be applied for 2PP
processing, since reproducible structuring was reported for the first time below a 10 w/v% gelatin
concentration (i.e. 5 w/v%) [64]. It should be noted that when comparing to gel-MA with a comparable
DS, gel-NB is characterized by significantly lower swelling ratios due to the higher degree of conversion
during structuring [64]. As a consequence, a superior CAD-CAM mimicry is observed when using gel-
NB + DTT in comparison to gel-MA, while the lower required spatiotemporal energy for full conversion
leads to stiffer gels at lower laser powers. As a consequence, the material could also be applied for

the fabrication of complex structures able to support their own weight despite the presence of only
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small support structures or micro-scaffolds, which were fully populated by fibroblasts after 7 days of
cell culture (Figure 11 A) [64] .

Another application of 2PP-assisted photomanipulation of gelatin-based hydrogels has been reported
by Pennacchio et al. They incorporated an azobenzene crosslinker into acrylamide-modified gelatin
(Figure 1 F, Figure 11 D) hydrogels. Upon 2PP illumination, the azobenzene molecules undergo
isomerization from the more planar (trans) to a bent (cis) conformation. This transformation triggers
changes in the material properties such as the mesh size, stiffness and/or its swelling behaviour

resulting in a dynamic hydrogel platform for 3D cell culture (Figure 11 D) [39].
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OH
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3 WIEN
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F|gure 11: (A) Scheme demonstrating the thiol-ene photoclick crosslmkmg of gelatin into a
microscaffold, subsequent cell culture in the presence of L929 fibroblasts after 2 and 7 days cell culture
(reproduced from [64] with permission). The scale bar represents 100 um. (B.) Difference in shape
fidelity between gel-MOD and gel-MOD-AEMA due to post-production swelling as compared to the
CAD model. (scale bars represent 100 um) (Image adapted from [16] with permission; copyright 2017
ACS (https://pubs.acs.org/doi/abs/10.1021%2Facs.biomac.7b00905)). (C) First reported gelatin
scaffold obtained via 2PP seeded with primary adipose-derived stem cells. The scale bars represent
from top to bottom 1000 um, 300 um and 200 um respectively) (Reprinted with permission from [30]
under the CC BY 3.0) (D) Micropattern of a photoresponsive gelatin derivative, enabling light-based
control over swelling properties (reprinted with permission from [39]). The scale bar represents 100
um (E) 2PP structures recorded in gel-MA hydrogels, using DAS (left) and P2CK (right) as PI, thereby
proving viability of the cells (green cells) inside the structured material when using DAS. The red signal
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shown for the P2CK samples is caused by the autofluorescence of the 2PIl. The dimensions of the
structures are 500 x 500 x 125 um? (reprinted with permission from [127]).

7. Processability of gelatin derivatives using additive manufacturing technologies.
Table 1 provides a non-exhaustive overview of the processability of all reported gelatin derivatives

using additive manufacturing technologies. Furthermore, if a specific derivative hasn’t been reported
for a certain processing technology to date, a reasonable estimation of processability using that
particular technology is presented based on the properties of the derivative. The symbol ‘v is applied
if no difficulties towards processing are anticipated based on previous experiments with similar
derivatives, ‘%’ represents improbable processability while ‘v'/x’ refers to the fact that processability
is anticipated upon thorough adaptation of the printing technology (i.e. heating of the resin bath for
SLA/DLP, or in situ UV crosslinking during deposition when using syringe based printers) and/or severe
optimisation of the printing parameters (e.g. slower printing speed).

The hypotheses were based on the following criteria:

For inkjet processing, it can be anticipated that the derivative will only exhibit the correct viscosity
range if the modification induces solubility at room temperature as reported by Hoch et al. and
discussed in section 4.2 [37]. Furthermore, syringe-based processing is likely to be possible if the
material exhibits physical gelation at room temperature while enabling either subsequent crosslinking
or crosslinking during deposition. For example, when a multicomponent system is used for which
spontaneous crosslinking occurs upon mixing, this can be accomplished either by using a mixing
needle or if one component is printed in a container containing the other material.

For the light-based processes (i.e. SLA, DLP, 2PP), processability is anticipated if photo-crosslinking
occurs within a reasonable time frame (i.e. seconds to minutes depending on the applied technique).
As a second requirement, for SLA and DLP, the derivatives should still be soluble at room temperature
as discussed in section 4.2. If the material forms a gel, it is denoted with ‘v//x to indicate that the
material is likely to be processable if the process occurs at elevated temperatures thereby inducing
gel to sol transition. Finally, for 2PP processing, the material can be crosslinked both in liquid and in

gel state, and therefore a derivative is considered processable if the material is photo-crosslinkable
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within a reasonable time frame(i.e. seconds to minutes) and if there is a possibility to add a 2PP- active

photoinitiator to the formulation.

Table 1: Non-exhaustive overview of additive manufacturing processability of the gelatin derivatives
discussed in Figure 1 based on crosslinking mechanism. In colour, the references in which the specific
printing technology was reported are presented. In grey, the anticipated processability using the
respective technologies is depicted.

Derivative Figure 1 | Inkjet Syringe SLA DLP 2PP Ink Syrin | SLA DLP 2PP
ref. jet ge

Chain Growth Polymerization Derivatives

gel-MA A [371[202] [27][203][204][205] [206] | [207][208] [127][29]
[132][30]
[200]
gel-MOD-AEMA B [64][76] v v[x v v
gel-MA-DA C [36] v v[x v v
GMA D [37] [209] \4 \4 v
gel-AA E x v v /x v /x v
gelatin- F [39] x v v[x | V[x
acrylamide
gel-BTHE G V% v v /% v [x v [xa
gel-Boc-AEMA H v vix | vV v v
MPG | [43] [42] v v[x v
gelatin-PEG K x 4 Vix | V[x | V
Thiolated Gelatins
gel-SH J x 4 Vxb | v /xb | vb
gel-SH L [46]° X v V[xb | v [xb | vb
Aminated- N v [x V[x | V[xb | V[xb | vb
thiolated-gelatin
gelatin-Cys-2- o X v X X X
MPD
gelatin-Cys P x 4 V[xb | vV[xb | vb
gel-PEG-Cys Q - v V[xb | v[xb | vP
gelatin-TBA-MNA | R X v X X X
gel-S S X v v/ [xb v/ [xb v’b
gelatin- T X v V[xb | v [xb | vb
thiobutyrolacton
Derivatives for Enzymatic Crosslinking
gelatin-tyramine u [210][211][212] | [124] Vix | V[x | V
gelatin/tyramine/ | V V% v v v v
heparin
Derivatives for Photo-Oxidation
gelatin-FA W x v Vix | V/x | V
gelatin-Fl X x v vVix | V[x | ¥V
gel-FGE Y [56](57] x vix | Vx| VY
Derivatives for n-rt Cycloaddition

gel-MFVF Z x v /x v /x v /x v /x
gel-AC a x x x x x
gel-NC B X v v/x v/x v/x

Derivatives for Diels-Alder Click Chemistry
ge|-furan y X \//X \//Xc \//Xc Ve
gel-FGE ) x V% vxe | v[xe | Ve
gel-NB € Vxe | v Vxd | v/xd | vd
gel-T g vixe | v x x x

“ene” Derivatives for Thiol-ene Chemistry
gelatin- n x vd Vxd | v/xd | vd
pentenoate
gel-AGE 0 [62]¢ [62]¢ ke vd vd
gel-VE L [63]¢ x v V/xd | v//xd
gel-NB K [46]d [64]4 x V[xd | v [xd
gel-NB A x vd Vxd | v/xd | vd
gel-NB u x vd Vx4 | v/xd | vd

3t is anticipated that 2PP the coupled benzophenone moiety is 2 photon active as there are numerous reported benzophenone based 2PP
Photoinitiators[213][214][215].
bIn the presence of an ene-containing crosslinker.
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¢Using a photo-oxidation approach
9In the presence of thiolated crosslinker
eWhen using a drop on drop method of both components if the correct viscosity is obtained

8. Conclusions

Throughout the past two decades, a plethora of photo-crosslinkable gelatins suitable for tissue
engineering purposes have emerged. Although a large number of crosslinkable chemistries, each
characterized by their specific benefits and drawbacks, have been reported, the majority of the
reported gelatin derivatives apply a chain growth crosslinking system (e.g. gel-MA). However, a second
important chemistry which is gaining increasing attention in the field is thiol-ene (photo-)click
chemistry, which exhibits substantial benefits for light-based biofabrication strategies due to an
increased reactivity and material tunability. Besides the most important crosslinking chemistries, a lot
of alternatives have also been investigated. Unfortunately, most of these alternatives still remain in
the proof of concept stage without actual applications. However, the reported successful
biofabrication strategies of the more conventional derivatives in combination with a desirable
biocompatibility, cell interactivity and cost-effectiveness, have resulted in the commercialisation of
the most common crosslinkable gelatin derivative (gel-MA) for research purposes. Due to the recent
successes accomplished with thiol-ene based systems for biofabrication purposes, it is anticipated that
thiol-ene derivatives will also penetrate into the research market. It is anticipated that off-the-shelf
availability of these materials can drastically decrease the applied research learning curve. This, in
combination with gelatin’s wide applicability and the declining cost trend characteristic for additive
manufacturing technologies, can likely induce a paradigm shift towards high-end biofabrication
breakthroughs along with their integration into a clinical setting. Since gelatin is already FDA-approved
with widespread applications in the food and pharmaceutical industry, it is only a matter of time until

biofabrication strategies using photo-crosslinkable gelatins will be conventional in the clinic.
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DSC Differential Scanning Calorimetry

DTP 3,3’-dithiobis(propionic hydrazide)

DTT Dithiotreitol

ECM Extracellular matrix

FI furfuryl isocyanate

FA furfuryl amine

G’ Storage modulus

G” Loss modulus

GAGs glycosaminoglycans

gel-AA gelatin-acrylamide

gel-AC gelatin-anthracene

gel-AGE gelatin allylglycidyl ether

gelatin-cys gelatin-cystein

gelatin-Cys-2-MPD

gelatin modified with cystein and 2-mercaptopyrimidine-4,6 diol
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gelatin-FA gelatin furfuryl amine

gelatin-Fl gelatin furfuryl isocyanate

gelatin-PEG Gelatin modified with poly(ethylene) glycol acrylate

gelatin-TBA-MNA gelatin-thiobutylamidine modified with 2-mercaptonicotinic acid
(MNA)

gelatin-tyramine gelatin modified with tyramine

gelatin/tyramine/heparin gelatin modified with tyramine and heparin

gel-boc-AEMA gelatin with boc protected primary amines and
aminoethylmethacrylate coupled to the carboxylic acids

gel-BTHE gelatin-3,3’,4,4’-benzophenone tetra carboxylic
dihydroxyethylmethacrylate

gel-FGE Gelatin furfuryl glycidyl ether

gel-MA Gelatin-methacrylamide

gelMA-DA Gelatin-methacrylamide-dopamine

gel-MFVF gelatin-5-(2-(5-methyl furylene vinylene)) furancarboxyaldehyde

gel-MOD Gelatin-methacryloyl

gel-MOD-AEMA Gelatin-methacryloyl-aminoethylmethacrylate

gelN Gelatin-norbornene

gel-NB Gelatin-norbornene

gel-NC gelatin-nitrocinnamate

gelatin-PEG gelatin-poly(ethylene glycol)

gel-PEG-cys gelatin-poly(ethylene glycol) cysteine

gel-S thiolated gelatin

gel-SH thiolated gelatin

gel-T Gelatin tetrazine

gel-VE gelatin-vinylester

Gln Glutamine

Gly Glycine

GMA Gelatin-methacryloyl-acyl

Hv UV irradiation

HRP horseradish peroxidase

Irgacure 2959 (2-hydroxy-1-(4-(hydroxyethoxy)-phenyl)-2-methyl-1-propanone)

lle isoleucine

LAP lithium phenyl-2,4,6-trimethylbenzoylphosphinate

Li-TPO-L lithium phenyl-2,4,6-trimethylbenzoylphosphinate

MPG methacrylated poly(ethylene glycol)-modified gelatin

MFVF 5-(2-(5-methyl furylene vinylene))furancarboxyaldehyde

MMP-1 Matrix metalloproteinase

MSC mesenchymal stem cell

NHS n-hydroxysuccinimide

NMR Nuclear magnetic resonance spectroscopy

P2CK Sodium 3,3‘-(((1E,1E‘)-(2-oxocyclopentane-1,3-diylidene) bis

(methanylydiebe))bis(4,1-
phenylene))bis(methylazanediyl))dipropanoate

P3-A tripropylene glycol diacrylate

PBS Phosphate buffered saline

PEG Poly(ethylene glycol)

PEGDA Poly(ethylene glycol) di acrylate
PEGANB Poly(ethylene glycol) dinorbornene
PEG4ANB 4-arm poly(ethylene glycol)-norbornene
PEGA4SH 4-arm poly(ethylene glycol)-tetra thiol
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PEGTA
Pl

PPA

Pro

PTA
PVA
PVA-MA
Ru/SPS

SLA

SPS

Td

Tg

TTA

TNBSA

UDMA

uv
K-carrageenan-MA

4-arm poly(ethylene glycol) tetra acrylate

Photoinitiator

dipentaerythritol pentaacrylate

Proline

pentaerythritol triacrylate

Poly(vinyl alchohol)

Polyvinylalcohol-methacrylate

Photoinitiator based on a ruthenium complex (tris-bipyridyl-
ruthenium (ll) hexahydrate) and sodium persulfate (SPS)
stereolithography

sodium persulfate

dissociation temperature

glass transition temperature

trimethylolpropane triacrylate

2,4,6-trinitrobenzene sulfonic acid
urethane-dimethacrylate

Ultraviolet

kappa-carrageenan-methacrylate
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