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Programming Delayed Dissolution Into Sacrificial Bioinks
For Dynamic Temporal Control of Architecture within

3D-Bioprinted Constructs

Bram G. Soliman, Alessia Longoni, Mian Wang, Wanlu Li, Paulina N. Bernal,
Alessandro Cianciosi, Gabriella CJ. Lindberg, Jos Malda, Juergen Groll, Tomasz Jungst,
Riccardo Levato, Jelena Rnjak-Kovacina, Tim B. F. Woodfield, Yu Shrike Zhang,

and Khoon S. Lim*

1. Introduction

Sacrificial printing allows introduction of architectural cues within engineered

tissue constructs. This strategy adopts the use of a 3D-printed sacrificial ink
that is embedded within a bulk hydrogel which is subsequently dissolved to
leave open-channels. However, current conventional sacrificial inks do not
recapitulate the dynamic nature of tissue development, such as the temporal
presentation of architectural cues matching cellular requirements during dif-
ferent stages of maturation. To address this limitation, a new class of sac-
rificial inks is developed that exhibits tailorable and programmable delayed
dissolution profiles (1-17 days), by exploiting the unique ability of the ruthe-
nium complex and sodium persulfate initiating system to crosslink native
tyrosine groups present in non-chemically modified gelatin. These novel
sacrificial inks are also shown to be compatible with a range of biofabrication
technologies, including extrusion-based printing, digital-light processing,
and volumetric bioprinting. Further embedding these sacrificial templates
within cell-laden bulk hydrogels displays precise control over the spatial

and temporal introduction of architectural features into cell-laden hydrogel
constructs. This approach demonstrates the unique capacity of delaying dis-
solution of sacrificial inks to modulate cell behavior, improving the deposition
of mineralized matrix and capillary-like network formation in osteogenic and

vasculogenic culture, respectively.

Biomimicry of native tissue composi-
tion and architecture using cell-laden
hydrogel constructs is widely recognized
as a potential strategy for engineering
functional tissue substitutes.l!l Native
tissue development (formation and matu-
ration) and homeostasis are dictated by a
series of dynamic processes, where cells
are presented with physical and chemical
stimuli in a spatiotemporally modulated
manner.> However, current tissue engi-
neering and regenerative medicine strate-
gies have not yet allowed recapitulation
of these dynamic processes to fabricate
large constructs of clinically relevant sizes.
Given that oxygen and nutrient diffu-
sion in large-scale hydrogels is restricted
due to limitations in passive solute diffu-
sion,P! the introduction of physical archi-
tectures, such as open and interconnected
pores or perfusable channels, into cell-
laden hydrogels has been shown to cir-
cumvent this problem.®”] These physical
architectures can furthermore be used to
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improve in vivo host tissue infiltration into hydrogels, e.g., in
the case of blood vessel ingrowth into implanted constructs!®
and bone ingrowth.’! Cells can also be subsequently seeded
onto hydrogel scaffolds that contain these architectural ele-
ments, e.g. perfusing endothelial cells into open channels to
generate endothelium-lined channels within the hydrogel,
which has been demonstrated to facilitate improved integra-
tion between the scaffold and host tissue.*12 Taken together,
it is clear that introducing physical architectures into hydrogels-
based engineered constructs can influence the overall tissue
interaction and function, including formation, maturation and
homeostasis.

Existing simple methods to impart physical architectures
within hydrogels mainly revolve around micromoulding.!*
Hydrogel-precursor solutions can for instance be cast around
a needle and photo-cross-linked, after which the needle can be
removed to yield an open channel.™ While micromoulding
is attractive for the development of cell culture models to
investigate cellular interactions at the interface of the open
channel and the hydrogel, micromoulding principally lacks
the spatial control to fabricate high-resolution architecturally
relevant features. Over the past decades, the field of biofabri-
cation has generated various technologies that enable spatial
control over the fabrication of cell-free biomaterials and cell-
laden hydrogel-based biomaterials, termed bioinks.[®121>16]
Amongst the range of biofabrication technologies, extrusion-
based printing (EBP),[6121>1 digital light processing (DLP)"!
and more recently volumetric bioprinting (VBP)I"® have been
applied toward the generation of microchannels within large
hydrogel-based constructs. EBP-enabled sacrificial printing in
particular has been used due to its speed, high-precision and
accessibility to 3D extrusion printer technology.'>2%l The sacri-
ficial printing process involves the extrusion of a sacrificial ink
in a layer-by-layer fashion to prepare a sacrificial template. Sub-
sequently, this sacrificial template is embedded within a bulk
biomaterial, typically a hydrogel. At the onset of culture (i.e.,
within the first hours), the sacrificial template is finally dis-
solved or removed to leave open and perfusable features within
the hydrogel construct. While current sacrificial inks allow spa-
tial control over the physical structures, temporal control over
the dissolution of sacrificial inks is lacking, with dissolution
occurring rapidly and without temporal control at the onset of
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culture at physiological temperature.[®'>1>1% Ag a result, cur-
rent sacrificial printing methods fail to introduce architectural
cues within bulk hydrogels in a temporally controlled manner,
which is required to meet the dynamically varying demands of
cells (e.g., oxygen and nutrient levels during tissue formation,
maturation, and homeostasis). As an alternative to sacrificial
printing, low degree of modification (DoM) methacryloyl-
functionalized gelatin (Gel-MA) filaments have been reported
to show cell-mediated enzymatic degradation after 12 days.l?!
Through direct filament stacking with non-degrading Gel-MA fil-
aments, an open channel could be introduced. Filament stacking
is however limited in its ability to introduce architectural cues
when compared to sacrificial printing, and no programmability
into the temporal dissolution of the low DoM Gel-MA filaments
was demonstrated. Thus, there exists a need for a sacrificial ink
that does not dissolve rapidly and without temporal control post-
fabrication, but rather displays a varying or controllable disso-
lution rate to better mimic the dynamics of a developing tissue
transitioning to a more mature, functional tissue.

Different materials have been used as sacrificial inks,
including carbohydrate glass,/® Pluronics F-127,11 and gel-
atin, ' all of which have been successfully used to fabricate
printable features of microscale resolution (<200 pm).[% More
recently, poly(2-cyclopropyl-2-oxazoline) has been used to fabri-
cate sacrificial templates through melt electrowriting, enabling
the inclusion of small diameter (87 um) channels within bulk
hydrogels.l? In this study, we are particularly interested in gel-
atin, which has shear-thinning and thermosensitive viscoelastic
properties that are adaptable to a range of printing technolo-
gies.?’l In addition to its unique rheological profile, gelatin is
water soluble and has abundant cell-adhesive sequences, which
also makes it suitable as a cell-laden bioink — a feature that both
carbohydrate glass and Pluronics F-127 do not possess.[10-12
Furthermore, it has been previously shown that gelatin can be
photo-cross-linked using the ruthenium-bipyridine complex
(Ru) and sodium persulfate (SPS) co- photo-initiating system
via the formation of di-tyrosine cross-links.?*%"] Using chemi-
cally modified gelatin, the use of Ru/SPS as a co-initiating
system has enabled the fabrication of hydrogels that exhibit
a wide range of physico-chemical properties.?®! Likewise, we
hypothesize that by controlling and varying the degree of cross-
linking in pristine gelatin, photo-cross-linked gelatin hydrogels
that exhibit a wide range of physico-chemical properties, such
as swelling and dissolution behavior, may be fabricated. The
combination of gelatin with the Ru/SPS co-initiating system
could consequently be an ideal candidate to design sacrificial
bioink that does not dissolve at the onset of culture, but rather
demonstrates delayed and programmable dissolution rates
within relevant cell culture timeframes. To our knowledge,
there are currently no sacrificial bioinks reported in the litera-
ture that are able to be used as cell-laden bioinks, as well as
possess programmable dissolution features.

The aim of this study was to develop tailorable and program-
mable sacrificial printing inks to allow both spatial and tem-
poral control of physical architectures within large hydrogel
constructs. A further aim was to validate the effect of spatio-
temporal introduction of microchannels within hydrogel con-
structs on cell behavior and functionality. First, the effect of
gelatin, Ru and SPS concentrations on the resultant hydrogel
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Figure 1. Schematic overview of delayed dissolution sacrificial printing platform for temporal introduction of microchannels. A) Fabrication of delayed
dissolution sacrificial bioink consisting of pristine gelatin and the Ru/SPS photo-initiating system through extrusion-based printing (EBP), digital light
processing (DLP), and volumetric bioprinting (VBP). After embedding of the sacrificial template in bulk hydrogel-precursor solution, the bulk hydrogel-
precursor solution and gelatin sacrificial template is exposed to light to initiate photo-cross-linking. B) Where conventional sacrificial templates dissolve
rapidly and without temporal control, leaving open channels, the photo-cross-linked sacrificial gelatin templates demonstrate delayed dissolution,
only leaving open channels over time and in a controllable manner. C) The effect of the timing of sacrificial template dissolution on the behavior and

functionality of encapsulated cells was assessed via osteogenesis and vasculogensis tissue models.

dissolution rate is systematically investigated to establish the
ability of this hydrogel platform for delayed dissolution. Then,
the use of photo-crosslinkable gelatin as sacrificial inks is
explored (Figure 1A) and applied across a range of biofabrica-
tion platforms, where the dissolution rate of sacrificial gelatin
templates embedded within bulk hydrogels is investigated
for the spatio-temporal introduction of physical architectures
within these bulk hydrogels (Figure 1B). Finally, the effect of
delaying sacrificial gelatin template dissolution on osteogenesis
and neo-vascularization is evaluated in vitro (Figure 1C).

Adv. Funct. Mater. 2023, 33, 2210521 2210521 (3 0f2'|)

2. Results and Discussion

2.1. Tailoring Dissolution Profiles of Photo-Cross-Linked Gelatin
Hydrogels for Use as Sacrificial Inks

Although photo-cross-linking of pristine gelatin hydrogels
using the Ru/SPS co-initiating system has been previously
reported,? their dissolution rate has never been systemati-
cally examined. In this study, it was observed that in the pres-
ence of Ru/SPS, mechanically stable gelatin hydrogels could be
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successfully fabricated within 1 min of visible light exposure
(Figure S1A, Supporting Information). Notably, the substitution
of the Ru/SPS photo-initiating system with other popular con-
ventional type-I photo-initiators, such as 1g2959 and LAP, did
not result in hydrogel formation, demonstrating that the ability
to rapidly fabricate pristine gelatin hydrogels was unique to the
use of type-II photo-initiators, such as Ru/SPS (Figure S1B,
Supporting Information).

We hypothesized that the gelatin hydrogel dissolution rate
could be tailored by controlling the cross-linking density, i.e.,
the amount of di-tyrosine bonds formed. Thus, we investi-
gated the effect of hydrogel-precursor formulation on the
resultant hydrogels’ physico-chemical properties at various time
points. Initially, the SPS concentration was varied (3-10 mwm)
in hydrogel-precursor solutions containing 10 wt.% gelatin
and 0.1 mm Ru. The formation of di-tyrosine bonds within
these hydrogels was verified through UV imaging, exploiting
the autofluorescence of di-tyrosine bonds (A, = 315 nm).2%30
Under UV light, physically cross-linked gelatin hydrogel discs
(10 wt.% gelatin gelled at low temperature, not photo-cross-
linked) did not display any degree of fluorescence, indicating
the lack of di-tyrosine bond formation (Figure S2A, Supporting
Information). Meanwhile, photo-cross-linked gelatin hydro-
gels (10 wt.%, 0.1 mm Ru, 3-10 mm SPS) were visually fluo-
rescent under UV light exposure, confirming the presence of
di-tyrosine cross-links within these hydrogels (Figure S2B,
Supporting Information). Increasing the SPS concentration
in the gelatin precursor solutions did not result in any signifi-
cant difference in the cross-linking efficiency with sol fraction
values of =20% obtained for all compositions (Table S1, Sup-
porting Information), which are in the similar range to other
previously reported gelatin-based hydrogel platforms./'3!
Instead, we observed an effect on the mass swelling ratio
(28.9 + 4.3, 245 £ 1.9, 25.0 £ 0.6, and 20.9 + 1.9 in formula-
tions containing 3, 5, 7, and 10 mm SPS, respectively), where
hydrogels prepared with higher SPS concentration had lower
mass swelling ratio after 1 day (Table S1, Supporting Informa-
tion). These results suggested that although increasing SPS
concentration did not have any effect on the number of gelatin
polymer chains retained within the hydrogel network (sol frac-
tion), higher SPS concentration might instead contribute to the
formation of more di-tyrosine cross-links within the network,
hence the lower swelling observed. This observation was fur-
ther supported through UV imaging of the photo-cross-linked
gelatin hydrogels, where increasing the SPS concentration in
the hydrogel-precursor solutions resulted in a concentration-
dependent increase in fluorescence intensity of the fabricated
gelatin discs (Figure S2C, Supporting Information). We believe
that during light irradiation, the higher SPS concentration led
to higher production rates of the free sulfate radical species,
which subsequently resulted in higher cross-linking density.?®!
This trend was similarly observed when using the Ru/SPS
system in a wide range of different macromers, including
tyramine-functionalized poly(vinyl-alcohol) (PVA-Tyr),?”l Gel-
MA,B? gelatin-norbornene (Gel-NOR)! and allylated gelatin
(Gel-AGE).18)

During incubation at physiological temperature, a gradual
increase in mass-loss (Figure 2A) and mass swelling ratio
(Figure 2B) was observed. All evaluated hydrogel formulations

Adv. Funct. Mater. 2023, 33, 2210521 2210521 (4 0f2'|)

eventually reached a mass-loss of 100%, indicating the com-
plete dissolution of the gelatin hydrogels. It was evident that
the dissolution time of the gelatin hydrogels could be tailored
from 2 to 15 days by adjusting the SPS concentration in the
hydrogel-precursor solutions (Figure 2A). To gain a further
understanding of how the concentrations of each of the com-
ponents in the hydrogel-precursor solution (i.e., gelatin, Ru,
and SPS) could affect dissolution time of the photo-cross-linked
gelatin hydrogels, a systematic investigation into a wide array
of hydrogel formulations was conducted. For this investiga-
tion, hydrogel discs were fabricated over a range of gelatin
(5-10 wt.%), Ru (0.1-1 mwm), and SPS (3-10 mm) concentra-
tions (Figure 2C). A longer dissolution time was observed with
increasing gelatin concentration. More specifically, increasing
the gelatin concentration from 5 to 75 wt.% in formulations
containing 0.5 mm Ru and 10 mm SPS resulted in an increase
in dissolution time from 77 £ 1.5 to 10.3 % 3.1 days, respectively.
While keeping the Ru/SPS concentrations the same, further
increasing the gelatin concentration (to 10 wt.%) led to a longer
dissolution time of 13.7 + 1.5 days. As increasing the gelatin
concentration increased the number of tyrosine groups pre-
sent, it was likely that increasing gelatin concentration resulted
in an increase in the formation of di-tyrosine cross-links,
thereby extending the dissolution time. In line with the results
described earlier (Figure 2A,B), increasing the SPS concentra-
tion in the hydrogel-precursor formulation consistently resulted
in an increased hydrogel dissolution time. However, it is inter-
esting to note that the Ru component plays a minimal part in
tailoring the dissolution time frame of gelatin hydrogels. For
example, increasing the Ru concentration from 0.1 mm to 0.5
or 1 mm in formulations containing 5 wt.% gelatin and 10 mm
SPS did not result in a significant change in dissolution time
(73 £ 2.1 to 77 £ 1.5 and 77 £ 1.5 days, respectively). Overall,
our results indicated that the dissolution time of photo-cross-
linked gelatin hydrogels can only be modulated by the gelatin
and SPS concentration, allowing dissolution to be tailored from
1.7 £ 0.6 to 15.0 + 1.0 days. The nature of the photo-initiation
mechanism utilized in this study explains the differences in the
effect of Ru and SPS concentration on gelatin cross-linking and
dissolution rate. During light irradiation, radical Ru*** species
undergo oxidation by reacting with SPS, forming Ru*" species,
sulfate radicals, and sulfate ions in the process.333Y The Ru**
species subsequently drive photo-oxidation of tyrosines into di-
tyrosine cross-links.*¥ Due to the catalytic and recycling nature
of Ru,3*34 a low Ru concentration was deemed sufficient to
catalyze the photo-oxidative reaction in this study. The Ru3+
species subsequently drive photo-oxidation of tyrosines into
di-tyrosine cross-links.3 Ruthenium is catalytic in nature as
excited Ru species can be converted back to Ru?* through sub-
sequent subtraction reactions with water and oxygen, making
Ru?* available for further excitation.l?®! Due to the catalytic and
recycling nature of Ru,13*34 a low Ru concentration was deemed
sufficient to catalyze the photo-oxidative reaction in this study.
However, SPS is depleted during the photo-oxidative reaction,
forming a sulfate radical and sulfate ion after abstracting an
electron from the excited Ru?* species. Thus, increasing the
SPS concentration likely allows for increased di-tyrosine bond
formation as a result of the higher extent of photo-oxidative
reaction that is possible. This explains why increasing the SPS
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Figure 2. Tuneable dissolution profiles in photo-cross-linked gelatin discs. A,B) Mass loss and mass swelling profiles of 10 wt.% gelatin hydrogel discs
(85 mm, 1 mm height), fabricated with 0.1 mm Ru and 3-10 mm SPS. C) Controlling degradation time of photo-cross-linked gelatin hydrogels by varying
gelatin, Ru, and SPS concentration. D) Schematic overview of in vivo subcutaneous implantation mouse study. Two hydrogel formulations that dis-
solved completely within 4 days in vitro (10 wt.% gelatin, 0.1 mm Ru, and 3 mm SPS) and 15 days in vitro (10 wt.% gelatin, 0.1 mm Ru, 10 mm SPS) were
selected. E) H&E staining of the hydrogel explants after 7 days. F) Quantitative area retention of hydrogel explants after 7 days. Scale bars =1mm. N =3.
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concentration (not Ru) within hydrogel-precursor formulations
led to an increase in dissolution time of the resultant gelatin
hydrogels in this study.

While it was clear that gelatin hydrogels displayed delayed
dissolution in vitro, it was unclear whether gelatin hydrogels
would display a similar capability for delayed dissolution in vivo.
We thus selected two formulations that dissolved in vitro over a
short period of time of 4 days (10 wt.% gelatin, 0.1 mm Ru, and
3 mm SPS) or over a longer period of 15 days (10 wt.% gelatin,
0.1 mm Ru, and 10 mwm SPS) for in vivo characterization. Photo-
cross-linked gelatin hydrogel discs of the selected formulations
(2 mm in height, 5.5 mm in diameter) were subcutaneously
implanted in Balb/c mice directly after hydrogel fabrication
(Figure 2D). Skin explants taken after 7 days clearly showed
intact skin at the subcutaneous implantation site where the
hydrogel formulation that degraded in vitro within 4 days was
no longer visible (Figure 2E). In contrast, the hydrogel formula-
tion that degraded in vitro within 15 days was still clearly visible,
retaining 672 * 2.9% of the initial hydrogel area (Figure 2F).
This proof-of-principle study clearly demonstrated that by con-
trolling the number of di-tyrosine cross-links formed within
gelatin hydrogels, the in vivo dissolution of these hydrogels can
also be tailored in a similar fashion as the in vitro studies.

While it is encouraging that photo-cross-linked gelatin
hydrogels displayed tailorable dissolution profiles within 1-15
days, their exact mode of degradation remains unclear. It is
important to note that the photo-cross-linked gelatin hydrogels
investigated in this study are incubated in phosphate buffered
saline (PBS) that is not supplemented with any enzymes. Non-
enzymatic catalyzed peptide hydrolysis is known to occur over
a long time, with half-life of =500-600 years.[>3¢ Kirchmajer
et al. previously reported that in the absence of matrix metal-
loproteases, gelatin hydrogels cross-linked using genipin did
not degrade after 93 days.””) In another study, gelatin hydrogels
cross-linked using lysine diisocyanate ethyl esters were only
partially hydrolytically degraded (=30% mass loss) over 280
days of incubation at physiological conditions.3 Given that the
di-tyrosine cross-links that formed through the Ru/SPS photo-
initiating system in this study are not known to be suscep-
tible to hydrolysis,*®3% we believe that a different degradation
mechanism exists for the relatively rapid (2 weeks) dissolution
observed. Possibly, degradation of the gelatin hydrogels occurs
through hydrolysis of the gelatin backbone as the hydrolysis rate
of some amino acids at physiological conditions may occur at a
slow, but relevant rate (e.g., 35 days for glycylglycines®>)). Alter-
natively, excessive swelling may cause disruptions of hydrogen
bonds present between gelatin chains and straining of the pol-
ymer network leading to breakage.l*”] In this case, the presence
of di-tyrosine bonds could serve to delay the bulk degradation
of the gelatin hydrogels during this process. While a full under-
standing of the exact mechanism of gelatin hydrogel dissolution
was outside of the scope of the current paper, a clear correlation
between the di-tyrosine cross-linking density and the observed
hydrogel dissolution time existed. Future work could possibly
further aid in providing a full understanding of the degrada-
tion mechanism through analysis of the hydrogel extract
through techniques such as NMR, Fourier-transform infrared
spectroscopy, and mass spectroscopy (see also Figure S3,
Supporting Information).
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2.2. Extrusion-Based Printing (EBP) of Delayed Dissolution
Gelatin Inks as Sacrificial Templates

The ability to exploit the delayed dissolution of gelatin hydro-
gels to introduce physical architectures in the form of micro-
channels within bulk hydrogels was investigated next. Pristine
gelatin has previously only been used as a sacrificial ink without
the addition of initiators or cross-linkers.”l In this paper, we
demonstrated the ability to print sacrificial gelatin templates
(5 to 10 wt.%) using inks composed of gelatin and the Ru/SPS
co-initiators by exploiting the thermo-responsive rheological
behavior and shear-thinning properties (Figure S4, Supporting
Information). To enable EBP, collector temperature was main-
tained at 4 °C and printhead temperature was controlled at 22.0,
24.0, and 28.5 °C for 5, 75, and 10 wt.% gelatin, respectively.
EBP of at least a six-layered (=2.7 mm in height) lattice struc-
ture was successfully achieved, whereby increasing gelatin con-
centrations also resulted in improved print fidelity (Figure 3A).
Scaled-up printing of constructs up to 10 layers (=4.5 mm
height) and 14 layers (= 6.3 mm height) was achieved using a
10 wt.% gelatin bioink, demonstrating minimal fiber sagging
(Figure 3B). We were also able to demonstrate flexibility in
designing the physical architecture of gelatin templates, where
designs of constructs with angled filaments were successfully
fabricated (Figure 3C). Moreover, the physical architectures
can be varied within a single construct, where the fiber size/
diameter (0.4, 0.6, and 0.8 mm diameter, Figure 3C) can vary
not only in the x-y plane, but also in the z-plane (further char-
acterization can be found in Figure S4, Supporting Informa-
tion). These differences were achieved by altering the printhead
movement speed and spindle speed of the printhead auger
during the printing process. Physical architecture (i.e., fila-
ment diameter, shape, and orientation) could have downstream
effects on tissue formation by affecting factors such as media
diffusion and nutrient supply.”*!l Thus, the high flexibility in
gelatin template design demonstrated herein is an important
feature of the developed sacrificial gelatin ink. Moreover, the
wide range for the pristine gelatin inks successfully adopted for
EBP (5-10 wt.%) was remarkable, considering that commonly
used gelatin-based bioinks, such as Gel-MA are generally only
able to be printed at higher polymer concentrations (>7 wt.%)
as this high polymer content is required to maintain construct
shape fidelity post-fabrication.B'* As Gel-MA is a form of
modified gelatin, it is known that the chemical modification
process might reduce the physical interactions between gelatin
chains through interference with hydrogen bonding,!*! dis-
rupting the native gelatin triple helix structures.* Therefore,
the wider printability of the pristine gelatin inks demonstrated
in this study is most likely due to the formation of native phys-
ical cross-links between the gelatin chains.

Next, the ability to exploit the delayed dissolution of gel-
atin hydrogels to introduce physical architectures within bulk
hydrogels was investigated (Figure 3D). Sacrificial gelatin inks
containing 10 wt.% gelatin were selected due to the favorable
printability of the sacrificial inks at this macromer concentra-
tion, ensuring good shape fidelity whilst allowing the largest
possible range in dissolution time of photo-cross-linked sacri-
ficial gelatin templates. For the remainder of this study, the fol-
lowing nomenclature in Table 1 is used to refer to the relevant
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Figure 3. Extrusion-based printing (EBP) of delayed dissolution gelatin inks as sacrificial templates. A) Qualitative analysis of printability of 5-10 wt.%
gelatin formulations, B) Upscaling of printed gelatin templates, and C) Demonstration of flexible print design of different shapes. D) Schematic over-
view of sacrificial printing process using conventional sacrificial ink (i.e., gelatin without Ru/SPS co-initiators) that display rapidly and without temporal
control at the onset of cultivation, and using delayed dissolution sacrificial ink (i.e., gelatin with Ru/SPS co-initiators) that dissolve at a later time point
during cultivation. E) Compatibility of a wide array of biomaterials to be used as bulk hydrogels for embedding of delayed dissolution sacrificial gelatin
templates. F) EBP-enabled sacrificial printing as an off-the-shelf product, demonstrating the ability to freeze dry and rehydrate the constructs whilst
retaining the delayed dissolution capacity of the sacrificial templates. G) Effect of SPS concentration in delayed dissolution gelatin inks on dissolution
time of gelatin templates within the Gel-AGE bulk hydrogels. H) Microfluidics chips developed to investigate the use of multiple different delayed
dissolution gelatin inks. 1) Schematic of a printed gelatin template using two different delayed dissolution gelatin ink, which dissolved at two different
time points as indicated by perfusion after J) 3 and 7 days. Scale bars =1 mm. N =3.
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Table 1. Overview of nomenclature assigned to different sacrificial gel-
atin ink formulations.

Sacrificial ink formulation

Sacrificial ink  Gelatin  Ru[mm] SPS [mm] Dissolution

reference [wt.%] time [days]
Instant dissolution SI-0 10 - - instant
Delayed dissolution SI-1 10 0.1 3 1.0+£0.2
Sl-4 10 0.1 5 40+1.0

SI-T 10 0.1 7 10.7+1.2

SI-15 10 0.1 10 15.0£1.0

sacrificial gelatin ink formulations. The number in the sacrifi-
cial ink nomenclature corresponds to their expected dissolution
time. For example, SI-15 corresponds to sacrificial ink that dis-
solves after 15 days.

Gelatin templates without initiators (SI-0, Table 1) were used
as control where rapid and temporally uncontrolled dissolution
of the gelatin template upon incubation at physiological tem-
perature (37 °C) was observed. Whilst we acknowledge that the
SI-0 template dissolved rapidly at the onset of culture, rather
than instant, the gelatin formulation without initiators was
referred to as “instant dissolution” throughout the remainder of
this work for brevity. Photo-cross-linked “delayed dissolution”
templates were embedded within a secondary bulk hydrogel
(Figure 3D), where it was hypothesized that the sacrificial tem-
plates will dissolve over time. For initial demonstration pur-
poses, we selected S1-4 that was previously characterized to be
dissolved completely after 4 days in vitro. It was demonstrated
that S1-4 templates were successfully embedded within a range
of bulk hydrogels that are of either synthetic or biological origin,
such as methacrylated poly(vinyl alcohol) (PVA-MA), Gel-MA,
Gel-AGE, Gel-NOR, and silk fibroin (Figure 3E). The mode of
cross-linking, i.e., chain-growth polymerization (Gel-MA and
PVA-MA) or step-growth polymerization (Gel-AGE and Gel-
NOR) did not affect the embedding process. Furthermore,
we were also able to show that the sacrificial templates were
mechanically robust and easily adaptable to different cross-
linking initiation methods. For instance, the bulk PVA-MA and
Gel-MA hydrogels could be cross-linked either using photo-
cross-linking (initiator + light) or redox-based cross-linking
(N,N,N’,N’-tetramethylethylenediamine/SPS). Additionally, the
sacrificial templates could also be embedded within silk fibroin
hydrogels that were cross-linked using methanol. Most impor-
tantly, dissolution of the S1-4 templates was achieved within all
the various bulk hydrogels examined in this study. It is clearly
seen from the cross-section images (Figure 3E) that open chan-
nels were present across all the constructs after 5 days of incu-
bation. The application of EBP-enabled sacrificial printing to
fabricate off-the-shelf constructs was also demonstrated. Con-
structs could be lyophilized and rehydrated at a later point
without loss of structure, with the additional advantage of also
retaining the delayed dissolution capacity of the embedded SI-4
templates (Figure 3F).

Sacrificial gelatin templates composed of SI-0, SI-1, SI-4,
SI-11, and SI-15 were next embedded within bulk Gel-AGE
hydrogels to investigate how the sacrificial template formula-
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tion affected the timing of opening of microchannels within the
bulk hydrogels. SI-0 templates dissolved at the onset of culture,
an expected behavior of physically cross-linked gelatin. In con-
trast, SI-1, SI-4, SI-11, and SI-15 were still present within the
bulk Gel-AGE hydrogels after 4 h of incubation (Figure S5, Sup-
porting Information), but dissolved at later time points corre-
sponding to their dissolution time as per Table 1 (Figure 3G).
Crucially, this observation showed that sacrificial gelatin tem-
plates presented here can be used to introduce architectural
cues within bulk hydrogels in a programmable, spatio-temporal
manner. The temporal introduction of open channels into bulk
hydrogels furthermore improved solute infusion (Figure S6,
Supporting Information), which was expected given that pre-
vious studies have similarly demonstrated that the presence of
microchannels in bulk hydrogels promotes solute infusion.[®”]
Another attractive aspect of EBP-enabled sacrificial printing
is the ability to combine multiple inks to allow the fabrica-
tion of constructs with spatially complex arrangements.*! We
thus demonstrated that S1-4 and S1-11 could be co-printed and
embedded within a single bulk hydrogel to facilitate complex
dynamic perfusion once the templates dissolved (Figure 3H,I).
Partial single-channel perfusion after 4 days of incubation was
achieved due to dissolution of SI-4, whereas full dual-channel
perfusion was observed after 11 days of incubation when both
SI-4 and SI-11 had dissolved (Figure 3]).

While a large body of work exists on fabricating hydrogels
with controllable degradability (e.g., using tyramine-functional-
ized poly(vinyl alcohol),?’”] N-(2-hydroxypropyl) methacrylatel®!
and N-isopropyl acrylamide®)) or macromers with degradable
matrix metalloproteinases sequences), the use of these degra-
dable hydrogels for sacrificial printing has to date only been
investigated in a small number of studies.®#9 Murphy et al.
developed an ink composed of star-shaped block co-polypep-
tides (poly(benzyl-L-glutamate)-b-oligo(L-valine)) that could be
printed and cross-linked.*®! These scaffolds demonstrated sus-
ceptibility to partial hydrolytic degradation over multiple weeks
of culture (35-45% mass loss after 30 days, depending on the
initiator concentration).¥! Since these sacrificially printed con-
structs were developed with the aim of drug release in aqueous
solution, the application of this sacrificial ink for fabricating
microchannels within bulk hydrogels has not been explored
to date. In another approach, Lutolf et al. enabled the dynamic
introduction of physical features into hydrogels through laser
ablation.® Exposing poly(ethylene glycol) (PEG)-based hydro-
gels to short nanosecond pulsed lasers (80-150 mW) resulted
in local breakdown of covalent bonds within the PEG polymer
network, allowing the spatiotemporal introduction of channels
within bulk hydrogels. Lutolf et al. were able to exploit this
technique to generate intricate microfluidic channel networks
within PEG hydrogels, albeit channel networks were limited to
non-planar (i.e., 3D) structures. In this study, we demonstrated
the spatio-temporal introduction of physical architectures in
the form of 3D microchannel structures within bulk hydrogel
constructs, using simple elegant chemistry. Temporal control
over the introduction of physical features can be programmed,
thus eliminating the need for post-fabrication manipulation
of fabricated constructs. Moreover, our sacrificial templates
are fabricated from easily available, pristine, non-chemically
modified gelatin, combined with a visible light photo-initiating
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system that has been previously proven to be more cytocom-
patible as compared to conventional UV-polymerization.l3!>1->3
The delayed dissolution of sacrificial gelatin templates is also
expected to cause no cytotoxicity in vitro or in vivo as the deg-
radation products (i.e., gelatin polypeptides) of these templates
are generally considered safe.l>*

2.3. Light-Based Sacrificial Printing of Delayed Dissolution
Gelatin Inks

In recent years, light-based biofabrication platforms, such
as DLP and VBP have been used to fabricate high-resolution
hydrogel constructs.’3l In DLP, a digital micromirror device
is often used to generate a projection of light into a photo-

1) Print Il) Embed
Gelatin resin: Bulk
SlI-1, SlI-4, SI-11 or SI-15 hydrogel
| 'Y

1l1) Incubate (37 °C/ 5% CO,)
Time

Initially blocked
channels

Delayed opening
channels

.

DLP CAD

Post
fabrication

crosslinkable polymer, resulting in solidification of the polymer
only in the regions of light exposure.” VBP is another light-
based biofabrication platform that enables rapid fabrication of
complex 3D hydrogels by exposing a rotating vat of bioresin to
a series of 2D projections, which combined together generate
a 3D anisotropic optical light field within the volume of the
photopolymer.>°!

First, we investigated the application of DLP to fabricate
delayed sacrificial gelatin templates followed by embedding
of these templates in Gel-AGE bulk hydrogels (Figure 4A).
S1-1, S14, SI-11, and S1-15 templates of varying dissolu-
tion rates were successfully fabricated at higher resolution
(0.31 = 0.08 mm) than EBP (Figure 4B; Figure S7, Supporting
Information). Moreover, complex geometries, such as a snow-
flake and flower-like structure could be printed using DLP

Si1 3

sk11 | A

Sia SI-11

SI-15

Perfusion

Perfusion

Gelatin

Before degradation

Bulk hydrogel

Figure 4. Light-based printing of sacrificial delayed dissolution gelatin inks. A) Schematic overview of DLP-enabled sacrificial printing. B) DLP-based
fabrication of delayed dissolution sacrificial 10 wt.% gelatin templates with varying dissolution times. C) DLP-based fabrication of complex shapes
and a hydrogel slab and spiral structure integrating various gelatin ink formulations containing no dye (SI-4), blue food coloring (SI-11), or green food
coloring (SI-15). D) DLP-enabled sacrificial printing of structure (SI-1) resembling a vascular plexus and perfusion of the vascular plexus post template
dissolution after 1 day of incubation. E) DLP-enabled fabrication of sacrificial gelatin templates with multiple delayed dissolution gelatin inks (SI-1 and
Sl-4) and subsequent embedding of templates in bulk hydrogels. Bulk hydrogels could be partially perfused after 1 day of incubation and fully perfused
after 4 days of incubation. F) Two-step multi-material VBP-enabled sacrificial printing, consisting of VBP-enabled fabrication of a bulk hydrogel and
subsequent VBP-enabled fabrication of a delayed dissolution sacrificial gelatin template within the bulk hydrogel. Scale bars =1 mm. N = 3.
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(Figure 4C). The snowflake structure contained smooth tran-
sitions filaments that varied in thickness (0.75-1 mm), which
is a feature that would not be easily fabricated via EBP. Addi-
tionally, a flower-like structure was printed wherein the fila-
ment thickness gradually varied throughout each of the inner
(0.6-2.5 mm) and outer (1-4 mm) petals. Another interesting
capability that we demonstrated using DLP was the fabrica-
tion of a single template containing multiple gelatin formula-
tions. We showed that three types of sacrificial inks could be
spatially patterned in a spiral structure. For clearer visualiza-
tion, we color-tagged the sacrificial inks, where SI-4, SI-11, and
SI-15 were clear, blue, and green, respectively. The various sac-
rificial inks were integrated within a singular structure with
smooth transitions at the interface (Figure 4C). Furthermore,
we printed a vascular plexus-like structure using SI-1, which
post-embedding and dissolution, resulted in open channels that
could be readily perfused (Figure 4D). In another experiment,
gelatin templates containing spatially defined regions com-
posed of SI-1 and SI-4 were fabricated and embedded within
a bulk Gel-AGE hydrogel (Figure 4E). On day 1, the SI-1 com-
ponent of the sacrificial gelatin template dissolved, allowing
partial perfusion of the bulk hydrogel with PBS-containing food
dye. Only at day 4 could full perfusion be achieved as a result
of delayed dissolution of the SI-4 component of the sacrificial
gelatin template. Combining different sacrificial inks thus ena-
bles introduction of physical features within bulk hydrogels in a
temporally controlled manner. DLP has only recently been used
for the fabrication of sacrificial templates.*) Carberry et al. for-
mulated a bioresin composed of thioester-functionalized PEG
and norbornene-functionalized PEG, which could be processed
through DLP, yielding high-resolution (<40 um) features.[*)
While the authors were able to pattern bulk hydrogels on top
of the sacrificial 2D patterns, the embedding of these patterns
in bulk hydrogels to enable the fabrication of enclosed architec-
tural elements was not possible. Moreover, degradation of their
templates occurred within 2 h, as opposed to the wider range
of dissolution rates (1-15 days) achievable using the gelatin sac-
rificial inks reported in this study.

While both DLP and EBP operate in a layer-by-layer fabrica-
tion process, respectively relying on the vertical displacement
of a printing platform or of the extrusion needle, VBP is a lay-
erless fabrication technique that manipulates and cross-links
a whole volume of a bioresin in a contactless fashion (there-
fore, with no mechanical parts immersed or in contact with the
material).ll As such, VBP can be used to non-invasively edit
existing printed parts, by adding, for example, new architec-
tures virtually anytime post-printing. Herein, we leveraged this
possibility to introduce sacrificial structures within 3D-printed
complex architectures. In this approach, VBP-enabled sacri-
ficial printing was performed via a multi-material, sequential
printing process, in which first a “bulk” hydrogel was fabricated
in the form of a complex, centimeter-cube scaled gyroid, fol-
lowed by a secondary step in which the sacrificial template was
printed into the bulk hydrogel. In this proof-of-concept study,
a bulk hydrogel was fabricated through VBP using a Gel-MA-
based bioresin. In the second step, the Gel-MA gyroids were
retrieved and immersed within a second bioresin composed
of 15 wt.% gelatin and 0.3/50 mm/ mm Ru/SPS. Using VBP,
a secondary gelatin disc was printed to entangle across the
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middle of the Gel-MA bulk hydrogel (Figure 4F). Prior to dis-
solution of the sacrificial template, the gelatin disc served as a
plug, preventing full perfusion of the gyroid. After dissolution
of the sacrificial template, full perfusion of the bulk hydrogel
was possible (Figure 4F). This proof-of-concept study demon-
strated the feasibility of using VBP-enabled sacrificial printing
for the rapid generation of well-defined 3D constructs with
dynamically tuneable perfusion.

EBP is an attractive platform as it is widely available, rela-
tively low-cost, and allows layer-by-layer deposition of spatially
well-defined structures as demonstrated in this paper. On the
other hand, DLP offers a higher resolution (ranging between
5-50 pum)B378 than EBP as well as the capability of fabri-
cating complex structures. In our previous studies, we used
DLP to fabricate woven and chainmail-like hydrogel structures,
as well as bulk hydrogels with complex microchannels.l>%]
More recently, we also developed a DLP system that enabled
printing of different structures with a 49 um of resolution
using a range of resins, such as poly(ethylene glycol)-diacrylate
(PEGDA), Gel-MA, and Gel-AGE.[® With respect to VBP, its
major advantage over EBP and DLP lies in its ability to gen-
erate constructs with complex elements, such as overhangs
or well-defined porous structures with fabrication speeds that
exceed those of other biofabrication techniques.'®>%6! Bernal
et al. showed that perfusable hydrogel-based constructs can be
VBP-printed in under 15 s, whereas EBP of similar constructs
requires 25 min.’ Taken together, our results demonstrated
for the first time the possibility of using light-based printing
platforms, such as DLP and VBP to fabricate sacrificial tem-
plates of tuneable dissolution rates. The ability of the delayed
dissolution sacrificial gelatin inks to be applied across EBP,
DLP, and VBP highlights the versatility of this elegant plat-
form. Pristine, non-chemically modified gelatin is also readily
available, requiring no lengthy chemical synthesis protocols. As
a result, these inks can be easily adopted by researchers and
applied across various biofabrication platforms. This versatility
is of particular significance as each of these biofabrication tech-
niques are further associated with different resolution, printing
speed, and template designs, which can now be spatially and
temporally introduced into bulk hydrogel constructs.

2.4. Effect of Delayed Introduction of Microchannels Within
Cell-Laden Bulk Hydrogels on Osteogenic Differentiation of
Encapsulated Cells

The previously characterized 3D-printed sacrificial templates
with unique delayed dissolution capabilities allowed spatial
and temporal control over the introduction of physical archi-
tectures within large-scale hydrogel constructs. This platform
opens up the possibility to present cells within hydrogel con-
structs with spatio-temporally well-defined microenvironments,
that may modulate their behavior and functionality. In our first
proof-of-concept example, we applied these delayed-dissolution
sacrificial templates to mesenchymal stromal cell (MSC)-laden
Gel-AGE constructs that were cultured in osteogenic media to
target bone engineering. Sacrificial templates with instant dis-
solution (SI-0), rapid delayed dissolution (SI-4: 4 days), and
slow delayed dissolution (SI-15: 15 days) were incorporated
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Figure 5. Osteogenesis in bulk Gel-AGE hydrogels with delayed dissolution sacrificial gelatin templates. A) Schematic overview of experimental setup,
investigating the effect of the timing of gelatin template dissolution on mineralization within bulk MSC-laden (5 million mL™") Gel-AGE hydrogel con-
structs after 21 days of culture. B) Effect of gelatin template dissolution rate on mineralization as visualized through Alizarin Red (red) staining at day
21 of culture. C) Quantification of percentage area change as compared to the initial construct area at day 21. D) Quantification of construct mineraliza-
tion as calculated through the percentage of area with positive Alizarin Red staining compared to the total construct cross-sectional area. Scale bars
=1 mm. One-way ANOVA with post hoc Tukey test between experimental groups. Statistical differences are depicted by *(p < 0.05), ***(p < 0.007),

and ***%(p < 0.0001), N = 3.

into bulk MSC-laden Gel-AGE hydrogels (2.7 mm in thick-
ness) to introduce open microchannels through EBP-enabled
sacrificial printing (Figure 5A). These sacrificial templates were
selected in accordance to relevant timeframes for osteogenesis
(2-3 weeks)®d as previously reported in the literature. Bulk
hydrogel discs (8 mm x 8 mm x 2.7 mm) without microchan-
nels were used as controls. We observed that MSCs within
Gel-AGE constructs without microchannels showed limited
osteogenesis/mineralized module formation (0.33 + 0.39%
mineralization of the total construct area, Figure S8A,B, Sup-
porting Information). This result is expected as previous
reports have observed limitations in passive diffusion of
oxygen and nutrients, which negatively impacted cell func-
tionality.[®*®4 Surprisingly, the instant dissolution group (SI-0)
also showed close-to-no mineralization (Figure 5B), with min-
eralization occurring in only 0.4 £ 0.4% of the total construct
area (Figure 5C). Slightly delaying the dissolution rate of the
sacrificial templates to 4 days (SI-4) seemingly improved min-
eralization (Figure 5B), albeit the increase in the area of min-
eralization (1.8 * 0.1%) was not significant (Figure 5C). Most
interestingly, further delaying the dissolution of the sacrificial
template to 15 days (SI-15) resulted in significantly increased
mineralization (12.1 £ 2.6%) from MSCs encapsulated within
the large-sized bulk Gel-AGE hydrogels (Figure 5B,C).

Adv. Funct. Mater. 2023, 33, 2210521 2210521 (1 0f21)

Furthermore, we observed that over the culture period, con-
struct shrinkage (defined as the percentage retainment of the
initial construct area) was observed in all experimental groups
(Figure 5C,D). It should be noted that constructs with no cells
did not contract (Figure S8C, Supporting Information), vali-
dating that construct contraction was indeed cell-mediated. We
believe that as MSCs can interact with the Gel-AGE network
through the abundance of native RGD sequences, the resultant
cell-polymer interaction was able to lead to contractile forces that
caused the overall construct to shrink.®] After 21 days of cul-
ture, the instant dissolution group (SI-0) shrunk significantly,
retaining only 274 + 4.1% of its initial construct area (Figure 5D).
As the constructs were shrinking, we also observed that channel
closure occurred, where no open channels could be seen on day
21 (Figure 5B). Delaying the dissolution of the sacrificial tem-
plates significantly reduced the extent of contraction. After 21
days of culture, the retention values of the initial construct areas
were 35.9 + 2.7% and 44.6 £ 1.6% for the rapid (SI-4) and slow
(SI-15) delayed-dissolution samples, respectively (Figure 5D).
Thus, it is shown that the physical barrier provided by the delayed-
dissolution sacrificial gelatin template seemingly mitigated
channel closure otherwise occurring with instant dissolution.

We hypothesize that the different degree of mineralization
observed within the different samples was due to the variation
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Figure 6. Effect of timing of delayed dissolution sacrificial gelatin template on solute availability to cells within osteogenically cultured bulk Gel-AGE
hydrogels. A) MSCs (5 million mL") was encapsulated in bulk hydrogels (8 mm x 8 mm x 2.7 mm), containing no channels, an instantly dissolving
sacrificial gelatin template (S1-0), and two different formulations of delayed dissolving sacrificial gelatin templates (SI-4 and SI-15). B) Representa-
tive images of construct cross-sections stained for pimonidazole (brown) to stain cells in hypoxic state and hematoxylin (blue). C) Quantification of
the percentage cells in hypoxic state in the three experimental groups after 1, 7, 14, and 21 days of culture. D) Quantification of the cell density in the
three experimental groups after 1, 7, 14, and 21 days of culture. Scale bars = 200 um. One-way ANOVA with post hoc Tukey test between experimental
groups. Independent sample t-tests between different time points within one experimental group. Statistical differences are depicted by *(p < 0.05),

#%(p < 0.01), **%(p < 0.001), and **+*+%(p < 0.0001), N = 3.

in oxygen availability presented to MSCs encapsulated within
the hydrogel constructs. This hypothesis was further investi-
gated through characterization of the dynamic changes in cell
hypoxic state in response to the timing of introduction of micro-
channels within MSC-laden Gel-AGE hydrogels. In this study,
we used instantly dissolution (SI-0) and two different formula-
tions of delayed dissolution (SI-4 and SI-15) sacrificial templates,
which were embedded within the MSC-laden bulk hydrogels
(Figure 6A). Bulk hydrogels (8 mm x 8 mm x 2.7 mm) with no
microchannels were used as controls. These constructs were
incubated in media containing pimonidazole to investigate the
hypoxic state of cells.

Adv. Funct. Mater. 2023, 33, 2210521 2210521 (12 Of21)

When cells are experiencing low local oxygen concentrations
(<1.3% 02),1%4 pimonidazole is covalently incorporated within
cells, allowing visualization of these hypoxic cells through
immunohistochemical analysis (Figure 6B). Bulk hydrogels
without channels had limited oxygen permeability, resulting
in a consistently higher percentage of hypoxic cells (=~ 80%
throughout all time points, Figure 6C). Interestingly, when
microchannels were introduced into the Gel-AGE hydrogel
constructs in the instant dissolution group, only a low number
of hypoxic cells were present at day 1 (15.2 £ 2.6%), but the
number of hypoxic cells gradually increased significantly over
time to 35.6 £7.3% (day 7), 65.5 + 4.7% (day 14) and 68.9 + 4.5%
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(day 21). This phenomenon was likely a consequence of the
cell-mediated construct contraction, where the cell-hydrogel
interaction led to complete closure of the introduced micro-
channels (Figure 6B,C). In contrast, the SI-4 group provided
an initial hypoxic environment within the bulk hydrogel as
evidenced by a high percentage of hypoxic cells (58.1 + 3.6%)
on day 1. This result is expected due to the fact that if the S1-4
templates within the Gel-AGE construct had not dissolved, the
overall construct should behave similarly to the bulk hydrogel
control without microchannels. Interestingly, the percentage
of hypoxic cells in the delayed dissolution group decreased sig-
nificantly to 12.1 + 1.4% after 7 days of culture. This low per-
centage of hypoxic cells (7.3 £ 1.8% on day 7 and 70 £ 0.9% on
day 21) within the SI-4 group was maintained for the remainder
of the culture period of 21 days. The SI-15 group followed a
similar trend to the SI-4 group. Initially, a high percentage of
hypoxic cells (679 + 1.3%) was observed on day 1. Over the cul-
ture period of 21 days, the percentage of hypoxic cells reduced
to 59.4 £ 4.3%, 41.5 + 5.7%, and 19.8 * 3.1% for 7, 14, and
21 days, respectively. It is also interesting to note a reduction
in the total cell density could be observed in the bulk hydro-
gels that contained no channels, as well as the bulk hydrogels
in the instant-dissolution samples (Figure 6D). In contrast, the
cell density in the delayed dissolution samples remained stable,
suggesting that the prolonged increase in percentage of hypoxic
cells in the bulk hydrogel and instant-dissolution samples may
have caused cell death over the culture period of 21 days. These
results verified that by controlling the dissolution rate of the
sacrificial templates, we are able to modulate the oxygen avail-
ability within regions of the hydrogels, which can further direct
cellular function.

The effect of hypoxia on in vitro and in vivo bone forma-
tion is not fully understood with a body of work showing con-
flicting results.[°¢®’] Recent studies however suggest that oxygen
regulation could serve to promote osteogenesis depending on
the oxygen profile during culture.®7U In one study, MSCs
were expanded in a hypoxic environment prior to encapsula-
tion within a hydrogel blend of alginate and decellularized
bone matrix. Hypoxia-induced MSCs expressed higher levels
of osteocalcin, a late bone differentiation marker. These effects
were attributed to an increased hypoxia-inducible factor 1-alpha
expression, causing an upregulation of the AKT/mTOR sign-
aling pathway which is associated with increased cell prolifera-
tion and metabolism.[*®l Another study revealed the importance
of the duration of hypoxia in regulating osteogenesis. MSCs
were cultured in hypoxic conditions (3% O,) for 1, 3, 5, or 7 days,
prior to switching to normoxic conditions for the remainder
of the 7 days culture period. Osteogenic markers, such as col-
lagen type I and alkaline phosphatase were upregulated when
exposing MSCs to 3 days of hypoxia compared to a normoxic
control, while this effect was not observed in MSCs exposed to
hypoxia for 1, 5, or 7 days.[*”) Taken together, it is clear that tem-
poral variations in local oxygen concentrations (i.e., the progres-
sion in the percentage of hypoxic cells over time) play a vital
role in regulating osteogenesis. More specifically, our results
indicate that the relationship between the timing/duration of
hypoxia and the differentiation stage of encapsulated MSCs is
vital in steering mineralization. With that in mind, the delayed
dissolution sacrificial gelatin platform provides a valuable tool
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within bone tissue engineering by enabling the temporal con-
trol over the microenvironmental cues (i.e., oxygen availability,
nutrient supply) in engineered constructs.

2.5. Effect of Delayed Introduction of Microchannels Within
Cell-Laden Hydrogels on Formation of Capillary-Like Network

Our delayed sacrificial printing technology was further inves-
tigated in neo-vascularization applications. Instant-dissolu-
tion (SI-0), rapid delayed-dissolution (SI-1: 1 day), and slow
delayed-dissolution (SI-4: 4 days) templates were embedded
within bulk Gel-AGE hydrogels containing green fluorescent
protein expressing human umbilical vein endothelial cells
(GFP-HUVECs) and MSCs (Figure 7A). These templates were
selected in accordance to dissolution rates that are relevant to
neo-vascularization timeframes (1-2 weeks).l’?!

In general, it was observed that the Gel-AGE hydrogel pro-
vided a permissive environment for the GFP-HUVECs to self-
assembly into capillary-like networks (Figure 7B; Figure S9,
Supporting Information). After 10 days of culture, capillary-like
structures were clearly visible in cross-sections of all constructs,
where spreading of endothelial cells (cluster of differentia-
tion 31; CD31, green) and pericyte-like cells (¢SMA, red) was
observed. Interestingly, the extent of capillary-like network for-
mation was significantly affected by the dissolution rate of the
sacrificial templates. While the instant dissolution group facili-
tated the formation of capillary-like networks with an average
vessel length of 0.085 £ 0.014 mm, delaying the opening of
the microchannels for just 1 day (SI-1, rapid dissolution)
already resulted in significantly longer average vessel length of
0.131 £ 0.015 mm. In addition, further delaying the dissolution
of the sacrificial templates to 4 days significantly increased the
average vessel length to 0.271 £ 0.025 mm (Figure 7C). A similar
trend was obtained with the quantification of vessels junction
density, whereby delaying the opening of the microchannels
resulted in higher junction density (Figure 7D).

In native tissues, capillaries are found no further than
150-200 um from surrounding cells to ensure adequate oxygen
and nutrient availability to cells as well as ensure efficient waste
removal.”? Therefore, without the presence of open micro-
channels within the bulk Gel-AGE hydrogels, passive diffusion
across the periphery of the construct is insufficient to ensure
adequate oxygen and nutrient delivery to the hydrogel core.l®
As shown in Figure 6, delaying the sacrificial template dis-
solution served as a method to introduce dynamic variations
in oxygen and nutrient supply across MSC-laden Gel-AGE
hydrogels. Similarly, delaying the dissolution of the sacrificial
template enabled the introduction of dynamic variations in
oxygen and nutrient supply during the cellular self-assembly
of encapsulated MSCs and HUVECsS to capillary-like networks
in this experiment (Figure 8). In contrast to the MSC-laden
Gel-AGE hydrogels cultured under osteogenic conditions (Fig-
ures 5 and 6), limited cell-mediated contraction was observed
in all experimental groups in the neovascularization studies.
As a result, a stable normoxic environment was maintained in
the SI-0 group as evidenced by a low number of hypoxic cells
present in this group throughout the entire culture period
(14.4 £ 2.4%, 13.3 £ 1.8% and 14.7 + 1.0% for 1, 3, and 10 days,
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Figure 7. Capillary-like network formation in bulk Gel-AGE hydrogels with delayed dissolution sacrificial gelatin templates. A) Schematic overview of
experimental setup, investigating the effect of the timing of gelatin template dissolution on capillary-like network formation within bulk GFP-HUVEC-
laden (2.5 million mL™") and MSC-laden (2.5 million mL™") Gel-AGE hydrogel constructs after 10 days of culture. B) Effect of gelatin template dissolu-
tion rate on capillary-like network formation as visualized through GFP+ signal at day 10 of culture, as well as representative immunohistochemistry
of construct cross-sections, showing CD31 (green), aSMA (red) and DAPI (blue) around construct channels at day 10 of culture. C,D) Quantification
of capillary-like network formation at day 10 of culture. Scale bars =1 mm. One-way ANOVA with post hoc Tukey test between experimental groups.

respectively, Figure 8C). In contrast, the SI-1 group initially pro-
vided a hypoxic environment (374 + 1.9% hypoxic cells at day
1), but provided a normoxic environment for encapsulated cells
after template dissolution (22.2 £ 8.4% and 21.0 £ 5.9% hypoxic
cells at 3 and day 10, respectively). Similarly, the SI-4 group
demonstrated a hypoxic environment prior to template dissolu-
tion (60.7 £ 6.1% and 59.8 + 4.7% hypoxic cells at 3 and day 10,
respectively) and a normoxic environment after template disso-
lution (178 * 4.9% hypoxic cells at day 10). Oxygen tension is
a well-known regulator of neo-vascularization through cellular
self-assembly of MSCs and HUVECs.”3”¥ One report investi-
gated endothelial cells, that when seeded onto collagen gels,
showed increased sprouting into the collagen gel under hypoxic
conditions as compared to normoxic conditions.”3] Another
report demonstrated that reducing oxygen concentration to 1%
reduced angiogenic sprouting of endothelial cells seeded on top
of fibrin hydrogels.” It is therefore likely that the enhanced
capillary-like network formation within the delayed dissolution
samples was due to the temporally reduced oxygen availability.
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Statistical differences are depicted by *(p < 0.05), ***(p < 0.001), and ****(p < 0.0001), N = 3.

Considering the significant effect these temporal changes had
on capillary-like network formation, the delayed dissolution
sacrificial gelatin ink platform provides an invaluable tool to
investigate the specific temporal demands on oxygen and nutri-
ents required for optimal capillary-like network formation for
application in pre-vascularization strategies.

A limitation of traditionally used sacrificial inks, such as Plu-
ronics F-127 or carbohydrate glass, is the inability of these inks
to incorporate or deliver cells within them in a cytocompatible
manner. In contrast, gelatin sacrificial inks described herein
are cytocompatible due to their water solubility and abundance
of cell-interactive motifs. We, therefore, investigated the possi-
bility of delivering cells within the sacrificial gelatin templates
in a dynamic manner. A key aspect of this approach how-
ever is the successful interaction of cells within the sacrificial
gelatin compartment and cells encapsulated within the bulk
hydrogel. Here, GFP-HUVEC-laden sacrificial templates were
incorporated within bulk Gel-AGE hydrogels containing MSCs
(Figure 9A).
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Figure 8. Effect of timing of delayed dissolution sacrificial gelatin template on solute availability to cells within vascular cultured bulk Gel-AGE hydro-
gels. A) A co-culture of MSCs and HUVECs (2.5 million mL™" each) was encapsulated in bulk hydrogels (8 mm X 8 mm X 2.7 mm), containing no
channels, an instantly dissolving sacrificial gelatin template (S1-0), and two different formulations of delayed dissolving sacrificial gelatin templates (SI-1
and S1-4). B) Representative images of construct cross-sections stained for pimonidazole (brown) to stain cells in hypoxic state and hematoxylin (blue).
C) Quantification of the percentage cells in hypoxic state in the three experimental groups after 1, 3, and 10 days of culture. D) Quantification of the
cell density in the three experimental groups after 1, 3, and 10 days of culture. Scale bars = 200 um. One-way ANOVA with post hoc Tukey test between
experimental groups. Independent sample t-test between different time points within one experimental group. Statistical differences are depicted by
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Based on the previous characterization of endothelial cell
behavior (Figure 7), SI-4 was selected as the delayed dissolu-
tion sacrificial ink formulation. This formulation was further
supplemented with poly(vinyl alcohol) (PVA, 1.5 wt.%) that
served as a porogen.”>”®l Increasing porosity can improve cell
spreading and motility,">”! potentially aiding cellular interac-
tion across the interface of the sacrificial template and bulk
hydrogel. Mass loss and swelling studies revealed that addition
of PVA to the SI-4 templates resulted in a significant increase in
sol fraction (Figure 9B), due to the leaching of PVA out of the
gelatin hydrogel template.’>’%l During this process, micropores
were formed within the SI-4 templates, which also resulted in
an increased swelling ratio (Figure 9C). It should be noted that
the use of a porogen to impart microporosity within a sacrifi-
cial hydrogel network is not possible in conventional sacrificial
inks, such as Pluronics F-127 or carbohydrate glass given that
they instantly dissolve without any hydrogel network remaining
(data not shown). Thus, the ability to introduce porogens within
sacrificial gelatin templates and the subsequent embedding of
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these templates within bulk Gel-AGE hydrogels to introduce
a dynamic physical cue is a unique feature of the technology
reported here.

In the instant dissolution group, both MSCs (aSMA, red)
and GFP-HUVECs (CD31, green) were randomly distributed
within the constructs after 10 days of culture, with very lim-
ited microcapillary network observed (Figure 9D). Interest-
ingly, HUVECs were able to align along the microchannels
introduced via the delayed sacrificial templates (Figure 9D).
The average vessel length and junctions density of formed
capillaries were significantly higher within the channels of the
delayed dissolution samples (Figure 9E,F). The delayed disso-
lution group also showed improved co-localization of the two
compartmentalized cell populations. The presence of aSMA-
positive MSCs around the endothelial structures is significant,
as these MSCs act as pericyte-like cells that stabilize the formed
endothelial network.*78 After 10 days of culture, dense MSC
elongations could be observed around the channels outlined
with gridlines, whilst HUVECs aligned within the construct
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Figure 9. Compartmentalization of stromal cells in bulk Gel-AGE hydrogels and endothelial cells in delayed dissolution sacrificial gelatin templates.
A) Schematic overview of experimental setup, investigating the effect timing of gelatin template dissolution on behavior of GFP-HUVECs (2.5 million mL™)
that were encapsulated within sacrificial gelatin templates and MSCs (2.5 million mL™) that were encapsulated in bulk Gel-AGE hydrogels.
B,C) Effect of addition of porogens to delayed dissolution sacrificial gelatin formulations on mass loss and mass swelling properties of the hydrogels
after overnight incubation. D) Behavior of endothelial and stromal cell types within bulk hydrogels and channels (outlined with gridlines) after 10 days
of culture. Representative immunohistochemistry pictures of construct cross-sections, showing endothelial cells through CD31 expression (green), and
stromal cells through aSMA (red). Nuclei were stained with DAPI (blue). E,F) Quantitative analysis of the capillary-like network formation occurring
within construct channels and within bulk hydrogel after 10 days of culture. Scale bars =1 mm. One-way ANOVA with post hoc Tukey test between

experimental groups. Statistical differences are depicted by *

channels (Figure 9D). As MSCs were only initially encapsulated
within the bulk Gel-AGE region, it is therefore apparent that
the MSCs were able to migrate into the embedded sacrificial
gelatin template/channel. Hydrogel porosity is known to play
a major role in governing cell movement.””! A previous study
demonstrated that MSCs could infiltrate into a poly(lactic acid)
hydrogel with pore sizes as small as 65 um.®% Therefore, it is
likely that the inclusion of the PVA porogen into the delayed
dissolution sacrificial gelatin bioinks allowed the fabrication of
templates with sizeable pores to allow cell infiltration of MSCs
and GFP-HUVECs across the channel-gel interface, hence
improving cellular interactions across this interface. In this
study, capillary-like network formation was facilitated through
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“*(p < 0.001) and *

#% (p < 0.0001), N = 3.

the spatio-temporally controlled transition from porous to open
microchannels within the bulk hydrogel, which is enabled only
through the combination of the delayed dissolution sacrificial
gelatin ink and porogen leaching platforms.

3. Conclusion

By exploiting the unique ability of the visible light Ru/SPS
photo-initiating system to crosslink native tyrosine moieties
present in gelatin, pristine gelatin could be photo-cross-linked
into loosely cross-linked hydrogel with tailorable and pro-
grammable dissolution rates (1-15 days). These gelatin-based
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sacrificial inks were applied across a range of biofabrication
modalities (EBP, DLP, VBP), where sacrificial gelatin templates
with customizable dissolution rates were successfully fabri-
cated. These templates were versatile and could be embedded
within a range of bulk hydrogels composed of various mate-
rials and different cross-linking chemistries. Spatio-temporal
introduction of physical architectures within these hydrogel
constructs was further achieved, where microchannels can
be controlled to open at various time frames ranging from 1
to 15 days depending on the formulation of gelatin sacrificial
ink. This approach allowed modulation of the hydrogel micro-
environment (i.e., oxygen availability), and was proven to be a
useful strategy to direct cell function, including osteogenesis
and capillary-like network formation. Further compartmen-
talization of GFP-HUVECs within the delayed dissolution gel-
atin templates and MSCs within the bulk Gel-AGE hydrogels,
allowed spatial control of vessel formation and an alignment
of formed capillaries within the fabricated channels. Overall,
these results highlighted the importance of replicating dynamic
processes that occur in native tissue formation, maturation,
and homeostasis. With this in mind, the presented delayed
dissolution sacrificial gelatin ink platform provided a tool that
has the unique capacity to spatio-temporally introduce archi-
tectural cues within bulk hydrogels. As this platform is based
on pristine, non-chemically modified gelatin, it can be easily
adopted by the wider scientific community and applied to the
wide range of biofabrication modalities presented in this paper.
This platform for instance allows researchers to investigate how
dynamic physical cues play a role in the development of a wide
range of tissue types and exploit temporal changes in the phys-
ical microenvironment of tissue substitutes to augment tissue
formation. Additionally, the incorporation of more complex
spatio-temporal variations in the presentation of physical cues
(i-e., through combining multiple delayed dissolution sacrificial
gelatin ink formulations) will enable further investigations into
native tissue processes. We believe that this technology thus
offers wide applicability within the biofabrication, tissue engi-
neering, and regenerative medicine fields.

4. Experimental Section

Materials: Porcine skin type A gelatin (bloom strength 300 g),
13-23 kDa poly(vinyl alcohol) (PVA) for macromer synthesis,
146-186 kDa PVA as porogen, methacrylic anhydride, allyl glycidyl ether
(AGE), carbic anhydride, phosphate-buffered saline (PBS) tablets,
sodium hydroxide (NaOH), concentrated hydrochloric acid (HCI),
sodium hydroxide (NaOH), cellulose membrane dialysis tubing, lithium
bromide, sodium carbonate, tris(2’-2"-bipyridine)dichloro-ruthenium(ll)
hexahydrate (Ru), sodium persulfate (SPS), dithiothreitol (DTT),
N,N,N’,N’-tetramethylethylenediamine (TEMED), L-ascorbic acid-2-
phosphate sesquimagnesium salt (AsAp), [-glycerophosphate (B-GP),
dexamethasone (Dex), sodium azide (SA), Triton X-100, 12-14 kDa
molecular weight cut-off (MWCO) dialysis membrane, alizarin Red S
solution (pH 4.2), 4% neutral buffered formaldehyde, alcian blue were
obtained from Sigma-Aldrich (MO, USA). Irgacure 2959 (1g2959), or
2-Hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone was obtained
from BASF. lithium phenyl-2 4 6- trimethylbenzoylphosphinate was
purchased from TCI Chemicals (Japan). Gibco oMEM media, penicillin-
streptomycin (10 000 units mL™, PS), Gibco fetal bovine serum (FBS),
Gibco trypsin, and Coomassie Plus Assay Reagent were obtained
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from Thermo Scientific (New Zealand). Basic fibroblast growth factor
(bFGF), primary mouse anti-human cluster of differentiation 31 (CD31)
antibody and primary rabbit anti-human alpha-smooth muscle actin
(aSMA) antibody were purchased from R&D Systems (MN, USA).
Secondary fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse antibody was purchased from Life Technologies (CA, USA).
Secondary tetramethyl rhodamine (TRITC)-conjugated donkey anti-
rabbit antibody was purchased from Abcam (Australia). Vascular cell
basal media, endothelial cell growth kit-VEGF, trypsin for primary cells,
and trypsin neutralizing solution were purchased from ATCC (VA,
USA). Pimonidazole hydrochloride, FITC-labeled anti-pimonidazole
mouse |gG1 monoclonal antibody, and HRP-conjugated anti-FITC rabbit
antibody were purchased from Hypoxyprobe Inc (MA, USA).

Macromer Synthesis and Characterization: Methacrylated poly(vinyl
alcohol) (PVA-MA) was synthesized according to the published
protocol.Bl PVA (10 wt.%) was dissolved in deionized water at
80 °C. After dissolution, the PVA solution was allowed to cool down,
after which methacrylic anhydride was added (0.39 g gelatin). The
reaction was maintained at room temperature for 48 h. Afterward,
the pH of the reaction mixture was adjusted to eight. Methacryloyl-
functionalized gelatin (Gel-MA) was synthesized according to the
published protocol.B" Gelatin (10 wt.%) was dissolved in deionized
water at 50 °C and methacrylic anhydride was added (0.6 g g™' gelatin).
The reaction was maintained at 50 °C for 1 h. Afterward, the reaction
was quenched by 3x dilution in deionized water. The reaction mixture
was finally centrifugated, removing the solute fraction containing
unreacted methacrylic anhydride. Allyl-functionalized gelatin (Gel-AGE)
was synthesized according to published protocol."l Briefly, gelatin
(10 wt.%) was dissolved in deionized water at 65 °C. AGE and NaOH
(2.4 and 0.4 mmol g' gelatin, respectively) were added after which the
reaction was maintained at 65 °C for 8 h to be subsequently quenched
by 5x dilution in deionized water and pH was adjusted to 7.4 using 4 m
HCI. Norbornene-functionalized gelatin (Gel-NOR) was synthesized to
published protocol.”l Gelatin (10 wt.%) was dissolved in deionized water
at 50 °C. 20 wt.% carbic anhydride was added, after which 10 m NaOH
was added dropwise (1 mL g™' gelatin) to dissolve the carbic anhydride.
The reaction was maintained at 50 °C for 24 h. Afterward, the reaction
was quenched by 3x dilution in deionized water. The reaction mixture
was finally centrifugated, removing the solute fraction containing
unreacted carbic anhydride. After reaction, the reaction products for all
macromer syntheses were individually dialyzed against deionized water
(MWCO: 12-14 kDa) for 3 days at room temperature. After dialysis,
the final product was collected, filtered through a 0.22 pm sterile filter,
frozen, and lyophilized. The reaction products were verified through
"H NMR spectroscopy. The degree of modification (DoM) of PVA-MA
was calculated from the proton integral of methacrylate vinyl groups
relative to protons present on the PVA backbone. The DoMs of Gel-
MA, Gel-AGE, and Gel-NOR were calculated from the proton integral of
methacryloyl for Gel-MA and alkene groups for Gel-AGE and Gel-NOR.
The proton peak from aromatic groups present on the gelatin backbone
was used as a reference. Phenylalanine residues were assumed to be
responsible for the aromatic group peak and contributed to 2.1% w/w,
or 0.143 mmol per g gelatin, in accordance with the gelatin handbook.[?’]

Isolation of Silk Fibroin: Silk fibroin solution was isolated from Bombyx
mori silkworm cocoons as previously described.B!l Cocoons (Tajima
Shoji, Japan) were cut into small pieces and boiled in 0.02 M sodium
carbonate solution for 30 min in a degumming process to remove sericin
from silk fibroin. The degummed silk fibroin fibers were dissolved in
9.3 ™ lithium bromide at 20 wt.% for 2—4 h at 60 °C until fully dissolved.
The silk fibroin solution was dialyzed against deionized water (MWCO:
12-14 kDa) for 3 days at room temperature. The solution was stored at
4 °C for further use. An aliquot was taken of the silk fibroin solution to
determine the concentration of the silk fibroin solution (2.56 wt.%).

Preparation and Fabrication of Casted Hydrogels: Gelatin precursor
solutions consisted of gelatin (5-10 wt.%) and visible light-sensitive
photo-initiators Ru (0.1-1 mm) and SPS (3-10 mm). To fabricate casted
discs, precursor solutions were pipetted into a silicone mold (5.5 mm@,
1 mm height). Photo-cross-linking was then induced using an S1500
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Spot UV Curing (Omnicure, MA, USA) equipped with a light filter (Rosci
IR/UV filter, CT, USA) through exposure to visible light (30 mW cm?,
3 min, 400-450 nm).

Mass Loss and Swelling: Mass loss and mass swelling studies of
casted hydrogel discs were performed after 1, 3, 7, 10, and 14 days. For
each experimental group, three hydrogels were lyophilized immediately
after obtaining their wet weight (M) to determine their dry
weight (mgy) for calculating the macromer fraction (M%) through
Equation 1. The initial wet weights (mgyolient0) Were recorded for three
further hydrogels for each time point. Hydrogels were then incubated
at physiological conditions (37 °C/5% CO,) in PBS supplemented with
0.1% w/v SA, refreshing the liquid every 2 days. At each time point,
swollen weight of hydrogels (Mgyolientn) Were recorded and hydrogels
were subsequently lyophilized to obtain the dried hydrogel weight
(Mdryen). Mass loss was defined as the relative loss of polymer in
hydrogels as determined through Equation 2. Mass swelling ratio g was
determined through Equation 3. The mass-loss at day 1, i.e., sol fraction,
is defined as the percentage of polymers unbound in the initial polymer
network after cross-linking, and was therefore be taken as a measure of
cross-linking efficiency.l?%.3

m,
M9% = 10 )
Minitial, t0
M% x m 1 — my
Mass loss = ( Swo en'to) Y 100% (2)
(M% X mswollen,to)
Swelling ratio = Mgy cfien,tn + Mary, n (3)

Animal Experiments, Surgical Procedures, and Sample Processing: The
animal experiments were performed with the approval of the University
of Otago Animal Ethics Committee (AUP-21-24) and in accordance
with the Animal Welfare Act and the ARRIVE guidelines for animal
experimentation.®? Three 10 weeks old female Balb/c mice were housed
together in IVC cages at the Christchurch Animal Research Area (CARA)
of the University of Otago. Animals received standard food pellets and
water ad libitum, under climate-controlled conditions (=22 °C; 12 h
light/12 h darkness). Prior to surgery, mice received a dose of Temgesic
subcutaneously (0.1 mg kg™' body weight). Subcutaneous pockets were
created aseptically under general anesthesia (2-3.5% isoflurane in
oxygen) from 6 mm dorsal incisions and blunt dissection as previously
described.’? In each pocket, one casted hydrogel disc (5.5 mm initial
diameter, 1 mm height) composed of 10 wt.% gelatin, 0.1 mm Ru, and
3 or 10 mm SPS was implanted (n = 3 per group). The skin was closed
with Mono Q resorbable 5-0 sutures. As pain relief treatment, mice
received one additional Temgesic injection subcutaneously (0.1 mg kg™
bodyweight) 4-6 h post-surgery and a single subcutaneous injection
of Carprofen (5 mg kg™ of body weight) for the following 2 days. Mice
were euthanized a week after surgery with an intraperitoneal overdose
of barbiturates (phenobarbital; 100 mg kg™ body weight). Implants were
retrieved and fixed in 4% w/v formaldehyde. Afterward, samples were
sequentially rinsed in PBS with 0.3 m glycine, PBS and embedded in a
tissue freeze medium (Leica Biosystems, Germany). Cryosections of
30 um of thickness sections were achieved using a Leica Biosystems
cryostat microtome (CM1860). Sections were stained with H&E.

EBP-Based Sacrificial Printing and Construct Characterization: Extrusion
of gelatin sacrificial bioinks was done using an auger-driven dispenser
on a Bioscaffolder (SYS+ENG, Germany) by extruding sacrificial gelatin
bioink through a 23G cylindrical needle. Bioink (22, 24, and 28.5 °C for
5,7.5, and 10 wt.% gelatin, respectively) and collector (4 °C) temperature
were separately controlled by two external Thermocubes (SSC Systems,
NY, USA). Six-layered sacrificial gelatin templates (10 wt.% gelatin,
0-0.1 mm Ru, 3-10 mm SPS) were printed (23G needle, 500 mm min~',
auger speed 7 rpm) in a 0-90° lattice pattern. After printing, the
construct was submerged into a silicone mold (5 x 5 x 2 mm) filled
with matrix hydrogel-precursor solution (10 wt.% PVA-MA with 0.1 wt.%
1g2959 or 5/5 mm/ mm TEMED/SPS, 10 wt.% Gel-MA with 0.1% 1g2959
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or 5/5 mm/ mm TEMED/SPS, 10 wt.% Gel-AGE with 36 mm DTT and 0.1
wt.% 122959, 10 wt.% Gel-NOR with 36 mm DTT and 0.1 wt.% 1g2959,
10 wt.% Gel-AGE, 36 mm DTT, 0.5/10 mm/ mm Ru/SPS) and exposed
to light to induce photo-cross-linking (30 mW cm™2, 400-450 nm,
3 min). Constructs were incubated at physiological temperature in PBS
supplemented with 0.1% w/v SA. To investigate the gelatin dissolution
rate, constructs were submerged in colored PBS at various time points
(4 hand 1, 3, 7,10, 14, and 17 days), looking at infiltration of colored
PBS into the lattice structure within the matrix hydrogel. In addition,
cross-sections were stained with Coomassie Plus Assay Reagent for 4 h
to verify the presence of gelatin internal structure or open channels (see
Supporting Information).

DLP-Based Sacrificial Printing and Construct Characterization: Sacrificial
gelatin templates were fabricated by exposing sacrificial gelatin bioresin
(10 wt.% gelatin, 0-0.1 mm Ru, 3-10 mm SPS) to predesigned light
patterns using a LumenX (Cellink, Bico Group, Sweden). To combine
different sacrificial gelatin bioresins, the thermo-reversible nature of
gelatin inks was exploited. Individual gelatin bioresins were sequentially
cast into a silicone mold that was stuck to a glass slide. The slide was
then left at room temperature to include temperature-induced physical
cross-linking of the gelatin bioresin. The silicone mold was then
removed to allow extrusion of a second and third ink on either side of
the first ink. To obtain smooth interfaces, the glass slide was heated by
the base plate of the LumenX (60 °C) for 1 min prior to exposing the
bioresin to predesigned light patterns. After fabrication of the sacrificial
templates, uncross-linked bioresin was washed using warm water, after
which the sacrificial templates were left to cool on ice for 10 min prior
to embedding the sacrificial templates in bulk hydrogel. For embedding,
a thin layer (<1 mm) of bulk Gel-AGE hydrogel-precursor solution was
cast into a mold and exposed to light (30 mW m=2 400-450 nm, 10 sec)
to initiate partial cross-linking. The sacrificial template was thereafter
placed on top of the bulk hydrogel. Finally, the mold was filled with bulk
Gel-AGE hydrogel-precursor solution and exposed to light (30 mW cm™,
400-450 nm, 3 min) to achieve complete cross-linking of the Gel-AGE
bulk hydrogel. Constructs were incubated at physiological temperature
in PBS supplemented with 0.1% w/v SA. To investigate the dissolution
of the sacrificial gelatin template, bulk hydrogels were infused with dyed
PBS after 1, 4, and 11 days.

VBP-Based  Sacrificial ~ Printing and  Construct ~ Characterization:
Volumetric bioprinting was achieved using a Tomolite printer (Readily3D,
Switzerland) as previously described.l VBP-based sacrificial printing
consisted of a two-step process, namely fabrication of the bulk hydrogel
and subsequent fabrication of the sacrificial template within the
bulk hydrogel. First, VBP was used to fabricate bulk 10 wt.% Gel-MA
hydrogels using a light dose of 210 m) cm™2. Post fabrication, Gel-MA
hydrogels were heated to 37 °C to melt the uncross-linked bioresin.
In the second step, the Gel-MA bulk hydrogel was placed inside the
sacrificial gelatin bioresin (15 wt.% gelatin, 0.3 mm Ru, 50 mm SPS),
after which a disc-shaped structure was printed across the circumference
of the Gel-MA bulk hydrogel at a light dose of 550 m) cm=2 The hybrid
VBP-based sacrificial printed constructs were subsequently washed and
post-cured in a Ru/SPS bath. Constructs were incubated at physiological
temperature in PBS supplemented with 0.1% w/v SA. To investigate
the dissolution of the sacrificial gelatin template, bulk hydrogels were
perfused with Alcian Blue staining solution through the inlet of the
printed structure.

Fabrication and Analysis of Perfusion Microfluidics Chips: Perfusable
microfluidics chips were fabricated using a Form2 SLA printer (MA,
USA). A bottom hydrogel layer (10 wt.% Gel-AGE, 36 mm DTT,
0.5/10 mm/ mm Ru/SPS) is dispensed into the microfluidics chip and
allowed to cool down for 10 min on the collector plate (10 °C) of the
Bioscaffolder that is cooled using a Thermocube. Gelatin inks were
then dispensed on top of the bottom hydrogel layer. Subsequently, a
top hydrogel layer with the same composition as the bottom hydrogel
layer was dispensed to fill the microfluidics chip. The total construct
was finally exposed to light to induce photo-cross-linking (100 mW cm2,
400-450 nm, 3 min). Constructs were incubated at physiological
temperature (37 °C) in PBS supplemented with 0.1% w/v SA. To
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investigate gelatin dissolution, PBS supplemented with food coloring
was pumped through the chips at various time points using a
microfluidics pump (Harvard Apparatus, MA, USA).

Cell Isolation, Culture, and Encapsulation: Mesenchymal stromal
cells (MSCs) were obtained from RoosterBio (MD, USA) and used at
passage 3. MSCs were cultured (3000 cells cm™2) in MSC expansion
media (MEM), consisting of @MEM media supplemented with 20 mm
AsAp, 5 ng mL™ bFGF, 10% FBS, and 1% PS. Green fluorescent protein-
transfected human umbilical vein endothelial cells (GFP-HUVECs)
were purchased from Caltag Medical (UK). GFP-HUVECs were cultured
(3500 cells cm™) in endothelial media, consisting of vascular cell basal
media supplemented with endothelial cell growth kit-VEGF according to
manufacturer’s instruction and PS. For cell encapsulation experiments, a
bulk hydrogel consisting of 5 wt.% Gel-AGE, 18 mm DTT, 0.1/5 mm/ mm
Ru/SPS was used. Sacrificial gelatin templates were incorporated
within these bulk hydrogels as described earlier. Three different
experiments were conducted, one aimed at osteogenesis and two
different experiments aimed at neo-vascularization. Table 2 summarizes
the cell concentrations for MSCs and GFP-HUVECs within the gelatin
and Gel-AGE compartments for these studies. Osteogenic constructs
were cultured for 3 weeks in osteogenic differentiation media (ODM)
consisting of dMEM media supplemented with 20 mm AsAp, 10 mm GP,
10 nm Dex, 10% FBS, and 1% PS, changing media three times per
week. Experiments looking into neo-vascularization were conducted for
10 days, during which constructs were incubated in endothelial media
which was changed every 2 days.

Qualitative Analysis of Mineralization: Constructs cultured under
osteogenic conditions were collected after 21 days, washed in PBS,
and fixed in 4% w/v formaldehyde for 1 h. To visualize mineralization
in constructs cultured under osteogenic conditions, constructs were
incubated in alizarin red S solution (pH 4.2) for 5 s. The constructs
were then washed in deionized water multiple times before imaging the
constructs using an Axioimager Z1 fluorescence microscope (Carl Zeiss,
Germany).

Histological ~Evaluation and Quantification of Cellular Hypoxia:
Hypoxia was investigated in osteogenic constructs with pimonidazole
following manufacturer’'s protocol. Pimonidazole was reduced in
hypoxic cells, resulting in the formation of stable covalent bonds
between pimonidazole and proteins, peptides, and amino acids within
hypoxic cells. Hypoxic cells could therefore be identified through
staining for pimonidazole. Osteogenic constructs were incubated in
ODM supplemented with 220 um pimonidazole hydrochloride for 24 h
after 1, 3, and 7 days of incubation. These constructs were then fixed
in 4% w/v formaldehyde overnight and washed in PBS. Constructs
were infiltrated with optimal cutting temperature compound at 4 °C
for 49 h and frozen at —20 °C. Samples were then cryo-sectioned into
10 um thick sections using a Leica Biosystems cryostat microtome
(CM1860). Sections were stored at —20 °C prior to staining. For
staining, sections were washed with distilled water and washing buffer
(PBS supplemented with 0.2% v/v Tween20) for 2 min each. Section
peroxidation was achieved through incubation of the sections in 0.3%
v/v H,0, for 10 min at room temperature and subsequent boiling of
the sections in citrate buffer (pH 6) for 20 min at 90 °C. After rinsing
sections with washing buffer, sections were blocked using 5% w/v BSA

Table 2. MSC and HUVEC concentrations within the sacrificial gelatin
templates and bulk Gel-AGE hydrogels.

Cells within bulk
Gel-AGE hydrogel

Cells within sacrificial
gelatin template

Targeted application

Bone - MSCs
(5 million cells mL™)

Neo-vascularization — MSCs, GFP-HUVECs

(each 2.5 million cells mL™)

GFP-HUVECs MSCs
(2.5 million cells mL™)

Neo-vascularization
(2.5 million cells mL™)
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for 30 min at room temperature. Sections were then in after which they
were stained with primary FITC-labeled anti-pimonidazole mouse 1gG1
monoclonal antibody (1:100) and secondary HRP-conjugated anti-FITC
rabbit antibody (1:100) in subsequent incubation steps of 1 h separated
by washing steps using washing buffer. Sections were peroxidized for
6 min in DAB and counterstained with hematoxylin. Sections were finally
rinsed in distilled water and dehydrated. The dehydrated sections were
mounted using DPX and imaged on an Axioimager Z1 fluorescence
microscope. The number of hypoxic cells and non-hypoxic cells were
manually counted in Image) and the percentage of hypoxic cells was
then calculated using Equation 4.

Hypoxic cell count

1O,
Total cellcount .~ 100% “)

Hypoxic cells% =

Immunohistochemical Evaluation of Capillary-Like Network Formation:
Vascular constructs were collected after respectively 10 days, washed in
PBS and fixed in 4% w/v formaldehyde for 1 h. Samples were washed
in PBS and permeabilized with 0.25% v/v Triton X-100. Subsequently,
samples were blocked with 2 wt.% BSA for 1T h and washed with
PBS. Samples were incubated with primary in 1% w/v BSA overnight,
after which they were stained with primary antibodies against CD31
(10 ug mL™) and oSMA (5 ug mL™). Samples were washed with 1%
w/v BSA and subsequently incubated for 1 h with FITC- and TRITC-
conjugated secondary antibodies. Then, samples were incubated with
DAPI for 2 min and finally washed in PBS before imaging samples on
an Axioimager Z1 fluorescence microscope. The autofluorescence of the
bulk hydrogels was exploited to identify the channel positions, allowing
the addition of gridlines to qualitative images to indicate the channels.

Quantification of Capillary-Like Network Formation: Capillary-like
network formation was assessed through imaging a 100 um Z-stack
of endothelial constructs after 10 days of culture using an Axioimager
Z1 fluorescence microscope. For each construct, image brightness and
contrast of three representative images were adjusted in Image) prior to
quantifying average vessel length and junction density using AngioTool
software.®3l The autofluorescence of the bulk hydrogels was exploited
to identify the channel positions, allowing the addition of gridlines to
qualitative images to indicate the channels.

Statistical Analysis: Raw data were analyzed without pre-processing.
Data were expressed as mean * standard deviation. All in vitro studies
were repeated three times (N = 3), including triplicates (n = 3) each
time, resulting in a total of nine tested samples. Results between
experimental groups were analyzed by a one-way ANOVA with Tukey
post hoc test. Statistical differences between different time points within
one experimental group were compared through an independent sample
t-test. Statistically S|gn|ﬁcant differences between experimental groups
of interest were depicted as *(p < 0.05), **(p < 0.01), ***(p < 0.001), or

ik (p < 0.0001), N = 3. Statistical analyses were made using GraphPad
Prism software, version 9.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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