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Abstract

The field of 3D biofabrication faces major challenges on the road to printing fully functional tissues
and organs. One of them is adding functionality to the newly formed tissue for replicating an active
biochemical environment. Native extracellular matrices sequester numerous bioactive species,
making the microenvironment biochemically active. On the other hand, most 3D-printed constructs
have limited activity, serving merely as mechanical scaffolding. Here we demonstrate active
scaffolding through the integration of biocatalytic enzymes within the bioink. Enzymes are an
attractive class of biocompatible and substrate-specific bioactive agents that can improve tissue
regeneration outcomes. However, the difficulty in the application remains in providing enzymes at
the targeted site in adequate amounts over an extended time.

In this work, a durable biocatalytic active enzyme bioink for 3D extrusion-based bioprinting is
developed by covalently attaching the globular enzyme horseradish peroxidase (HRP) to a gelatin
methacrylate (Gel-MA) biopolymer scaffold. Upon introducing methacrylate groups on the surface
of the enzyme, it undergoes photo-crosslinking in a post-printing step with the methacrylate groups
of Gel-MA without compromising its activity. As a result, HRP becomes a fixed part of the hydrogel
network and achieves higher stability inside the gel which results in a higher concentration and
catalytic activity for a longer time than solely entrapping the protein inside the hydrogel. We also
demonstrate the cytocompatibility of this enzyme bioink and show its printing capabilities for precise
applications in the field of tissue engineering. Our approach offers a promising solution to enhance
the bioactive properties of 3D-printed constructs, representing a critical step towards achieving

functional biofabricated tissues.
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1. Introduction

Three-dimensional (3D) bioprinting has rapidly evolved in the field of tissue engineering in the past
few years. The technology enables the precise positioning of cell-laden material for the fabrication of
complex structures with well-defined three-dimensional architecture. The aim to create and replace
fully functional tissues' still faces many challenges such as scalability, preventing immune responses,
maintaining high cell viability and function, vascularization, and creating biocompatible bioinks with
both good mechanical properties and printability.> * The key to solving this requires advanced
fabrication methods and multifunctional bioinks as the main supporting material in the printing
process.* °> These materials are commonly physically or chemically crosslinked hydrophilic polymer
networks. Due to their ability to absorb high amounts of water and resemble native biological tissue,
these hydrogels have been an excellent choice as materials for 3D bioprinting and scaffold
biofabrication.> ¢ They provide physical integrity such as mechanics and regulation of porosity which
enables nutrient and cell diffusion.” 8 One of the most frequently used hydrogel materials for bioink
formulations is gelatin (Gel), a denatured form of collagen.® 1° It shows high biocompatibility, water
solubility, facile preparation, relatively low cost, and thermo-reversible sol-gel transition to form
physically crosslinked hydrogels at low temperatures.!! However, to achieve long-term mechanical
stability, functionalization with methacrylate groups on the amino residues of the polymer backbone
is usually done (Gel-MA). This enables covalent bonds between adjacent polymer chains in a photo-
crosslinking step to create a durable network of the printed structure.!? The ability for physical or
chemical functionalization can additionally lead to better adhesion'?, can control sol-gel transition,
create shape memory or develop self-healing behaviors in response to an external stimulus.'*

Equally important to mechanical integrity to support tissue formation is the introduction and
preservation of biological activity and tissue-specific functions within the hydrogel.> !> Bioactive
compounds, like growth factors, are needed to promote various cellular functions, such as cell
proliferation, differentiation, or ECM production and induce tissue integration.” '® The vascular
endothelial growth factor (VEGF) is a common bioactive molecule that is incorporated into polymer
scaffolds to provide a controlled release of angiogenic signals to encourage vascularization.!”
Similarly, other compounds are added to go beyond the preservation of basic tissue functions,
including facilitating wound healing processes, preventing microbial infection, or acting as diagnostic
systems.'®2° For example, antibacterial agents like silver nanoparticles and antibiotics are
incorporated to combat bacterial infection,?! or antibodies and enzymes can be used as biosensors,

exemplified by the use of glucose oxidase as glucose detector.??4
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One type of bioactive molecules that has received less attention as a building block are enzymes.
They represent a promising class of bioactive materials for applications in biocatalytic reactors,?-’
sensors?> 2839 but also as an additive to aid tissue engineering.'® They are ideal candidates for adding
functionality to biocatalytic hydrogels, due to their biocompatibility and high substrate specificity
and selectivity, respectively. Examples of enzyme-based functionalities include the support of wound
healing processes by quenching reactive oxygen species (ROS) and oxygen generation,>'"3 the

prevention of microbial infections,?! 34

and improved wound repair by controlled degradation of
wound dressings.!'® 33 Notably, in all mentioned studies, enzymes were physically entrapped or co-
incubated within hydrogels. This can result in uneven enzyme distribution and low retention within
biomaterial scaffolds due to enzymes leaching out, leading to short-term effects only.?!: 3¢ Hence,

attempts have recently been made to covalently attach enzymes inside hydrogels,?” 38

e.g. the
conjugation of methacrylated lysozyme to chitosan®> and hydrogels of photocurable bovine serum
albumin (BSA).*® However, these methods are restricted to mold-based casting methods and are not
applicable to 3D bioprinting.

In the field of tissue biofabrication, enzymes have predominantly been used as crosslinkers to catalyze
the formation of covalent bonds between polymers.***? Only a few examples describe the physical
entrapment of enzymes within 3D-printed hydrogels.**-*” This includes the encapsulation of glucose
oxidase and horseradish peroxidase within photocurable polyethylene glycol hydrogels as
chemiluminescent biosensors of glucose,? and the entrapment of alkaline phosphatase and thrombin
within a poly(ethylene glycol) diacrylate (PEGDA) bioink for improved tissue formation.*® Similarly,
BSA was immobilized in a stereolithography approach where its methacrylated form was crosslinked
with PEGDA. However, during an additional thermal post-print curing procedure, the proteins
denatured.”’

While these examples show that proteins and enzymes have been incorporated in hydrogels and 3D
printing materials, the challenge of efficient protein retention remains. It can be improved by
increasing the density of gel networks, however, this also limits cell migration and proliferation.*® To
circumvent this, a mild covalent attachment method that maintains enzymatic activity while also

being suitable for 3D bioprinting is required.

In this work, we developed the first functional enzyme bioink by covalently linking the antioxidant
enzyme horseradish peroxidase (HRP) to a gelatin biopolymer scaffold. Both the biopolymer and the
enzyme were modified with methacrylate groups to form stable covalent connections during post-
print photocuring. The mild and biocompatible crosslinking method preserves the functional and

structural activity of the enzyme, while at the same time increasing its retention within the gel. The
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resulting bioink can be used in standard extrusion-based 3D printing methods and provides the
opportunity to obtain functional hydrogels with intrinsic biocatalytic activity. Overall, this work
highlights a versatile approach of conjugating enzymes to bioinks, providing a new methodology to

create functional and bioactive matrices for biofabrication and tissue engineering.

2. Results

2.1 Material Synthesis

All bioink components were prepared separately, starting with the underlying polymer scaffold. For
this, gelatin was chosen due to its facile preparation and common application in the field of 3D
extrusion-based bioprinting.>! To enable photo-crosslinking for post-print stability, free amine groups
on gelatin were functionalized with methacrylate groups using a one-pot synthesis.>>>* 'H-NMR and
fluorescamine assays demonstrate a degree of substitution (DS) of 98%, providing a high amount of
possible crosslinking locations (Figures S1 and S2).

To conjugate HRP to Gel-MA, methacrylate functional groups were introduced at free amino groups
of lysines on the surface of the enzyme, similar to modifications previously performed on bovine
serum albumin (BSA) for the generation of photocurable hydrogels.** 4’ BSA represents a robust and
relatively large globular protein with 30-35 accessible amino groups. In contrast, enzymes, feature
well-designed active sites, either on the surface or buried as deep binding pockets. Hence, substrate
accessibility and structural integrity after the chemical modification play a more important role. HRP
is a relatively small protein with a molecular weight of 44.1 kDa and represents a glycoprotein that
carries heme as a redox cofactor in the core area. Previous work has shown that HRP is relatively
robust®* and can be conjugated with biopolymers.* Here, we chose HRP as proof-of-principle
enzyme due to the easy biotechnological detection of its catalytic activity with colorimetric assays,>>
%6 and its ability to scavenge and detect harmful reactive oxygen species (ROS) like H20,.°7 %8 In
addition, its relatively small physical size is ideal for probing the efficiency of a covalent attachment
to a bioink scaffold, enabling easy distinction between sole physical entrapment and covalent
anchoring. Since HRP only presents 6 free amino residues on its surface,’ we aimed to introduce as
many methacrylate groups as possible.

For the modification with methacrylic anhydrate (MAA), a carbonate-bicarbonate at pH 9 was chosen
as enzyme-compatible buffer to achieve a high buffer capacity and increase the reactivity of the
surface amines. Additionally, reaction time, temperature, and the ratio of MA A/lysine were optimized

to achieve a high degree of substitution of methacrylate groups (Figure 1B).
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Figure 1. (A) Functionalization of the enzyme HRP with methacrylate groups. (B) Optimization of
the methacrylation process in terms of reaction time (20 °C, 5:1 MAA/lysine), reaction temperature
(12 h, 5:1 MAA/lysine), MAA/lysine ratio (12 h, 20 °C) and reproducibility (12 h, 20 °C, 8:1
MAA/Lysine). (C) ABTS enzyme activity assay of HRPnative vs HRP-MA; one-way ANOVA ns P >
0.05. (D) Fluorescamine assay to determine free amino groups on the surface of HRPpasive vs HRP-
MA. (E) Circular dichroism (CD) spectrum to determine changes in the secondary structure of HRP-
MA compared to HRPyative.

The optimized HRP-MA functionalization protocol starts with the dissolution of HRP in CB buffer
followed by the addition of a 0.1 w/v% of a stock solution of MAA in DMSO for a targeted
MAA/lysine ratio of 8:1. The mixture was then stirred at room temperature for 12 hours, purified via
centrifugation filtration, and lyophilized overnight. Successful methacrylation was further verified
via fluorescamine assays and FTIR (Figures 1D, S2, S3). For this, free amino groups on HRP-MA
were determined and compared with the number of free amino groups of non-functionalized HRPyative.
The analysis showed that HRP-MA has around 86% fewer free amines on their surface which means
an average of 5 out of 6 amino groups were functionalized with a methacrylate group.

Circular dichroism (CD) spectroscopy (Figure 1E) showed only minimal changes in the secondary
structure of HRP-MA after the modification process. Additional ABTS activity assays (Figure 1C)

confirmed no significant difference in the activity of the modified enzyme compared to native HRP.
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2.2 Enzyme Bioink Preparation

For the assembly of the final enzyme bioink, Gel-MA and HRP-MA were mixed with a photoinitiator
in preparation for the hydrogel printing. Lithium acylphosphinate (LAP) was chosen as photoinitiator
due to its absorption in the low-energy ultraviolet (UV) light range (370 nm) and low toxicity.®® For
all samples, a stock solution of 11 w/v % Gel-MA was prepared at 40 °C. Next, LAP (2.5 mg/mL)
and enzyme (0.625 mg/mL) were added in absence of light. To avoid contamination, the hydrogel
was filtered once with a syringe filter (33 mm, @ 0.45 um) before further use. To initiate the formation
of covalent bonds between Gel-MA and HRP-MA, the hydrogels were photo-crosslinked at 395 nm

(40 mW cm?) for 1-5 minutes.

substrate7

oxidized

~ LA

¢ catalytically active

Figure 2. Overview of enzyme bioink preparation and catalytic activity. (A) 3D extrusion-bioprinting
of enzyme bioink components and photo-crosslinking of enzymes with biopolymers. (B) HRP can
catalytically transform reactive oxygen species (ROS) into water while oxidizing a colorimetric
substrate. (C) The covalent incorporation of enzymes inside the bioink allows the formation of printed

structures that are biocatalytically active and e.g. can scavenge harmful ROS.

The rheological properties of the resulting crosslinked hydrogels were measured with different initial
HRP-MA concentrations, starting with 0.625 mg/mL for Gel(HRP) and 1.0 mg/mL for Gel(HRP ),
up to 2.0 mg/mL for Gel(HRP2,). In comparison, we also prepared a gelatin ink without the addition
of HRP-MA (Gel). Figure 3A shows the variation of storage modulus (G') and loss modulus (G")
against a change in temperature from 40 °C to 10 °C. The gelation temperature or the gelling point
(G"'=G")was 21.2 °C + 0.1 in all types of bioinks, indicating that the addition of HRP-MA did not

result in any significant effect on the gelling temperature (Figure 3A). When the bioinks were cooled,


https://doi.org/10.1101/2024.02.04.577699
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.04.577699; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

the G' values increased rapidly, overcoming the G" value, and transitioning from a liquid state to a
gel-like structure. The yield stress of the hydrogels was also determined by performing shear sweep
tests as shown in Figure S4. At 20 °C, all bioinks, regardless of HRP content, had a robust shear-
thinning behavior showing a linear decrease of viscosity with an increasing shear rate on a log-log
scale, indicating power law behavior, an indicator of good printability (Figure 3B).

To verify the crosslinking of the bioinks, rheological time sweeps were performed while exposing
the samples to UV light. Here, G' increased rapidly to values above 100 kPa ranging from 118 kPa to
132 kPa after only 60 seconds of UV exposure (395 nm, 40 mW c¢m2) at 20 °C with no significant
differences between individual bioinks (Figure 3C). We also successfully achieved the ability to tune
the final stiffness of the hydrogels within a range of 30 kPa to 80 kPa by adjusting the UV light
exposure time. Specifically, by varying the UV light exposure time from 5 seconds to 15 seconds, we

observed the corresponding stiffness values as depicted in Figure S5.

The structural morphologies of all gel combinations were then analyzed post-freeze-drying with
scanning electron microscopy (SEM). All materials presented a microporous structure with uniform
pore sizes and relatively smooth inner surfaces. Figure 3D-H indicate that the hydrogel’s pores were
elliptical in shape and Gel, Gel(HRP), Gel(HRP1,), Gel(HRP:5), and Gel(HRP2,) had an average
pore size (length) of 10.38 um, 9.31 um, 9.28 um, 8.55 um, and 8.38 um respectively (Figure 3I).
While this trend suggests that increased concentrations of HRP may result in a slight decrease in pore
sizes, there were no statistical differences among any samples. The aspect ratio (length of pores
divided by their width) was the lowest for Gel (2.73), and all HRP hydrogels had similar values with
Gel(HRP), Gel(HRP10), Gel(HRP15), and Gel(HRP2,) having aspect ratios of 3.25, 3.16, 3.28, and
3.07 respectively, indicating no statistical difference amongst the different hydrogels (Figure 3J).
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Figure 3. Characterization of hydrogels. (A) Effect of temperature on storage modulus G’ and loss

modulus G". (B) Viscosity as a function of shear rate. (C) Effect of UV light on the storage modulus
G'. (D-H) From left to right, scanning electron microscopy images of unmodified Gel-MA ink (Gel),
followed by HRP-modified inks Gel(HRP), Gel(HRP1,), Gel(HRP15), and Gel(HRP2,). Scale bars
are 10 um. (I) Pore size of hydrogels. (J) Aspect ratio of hydrogels (length of pores divided by their
width). (K) Swelling ratio of hydrogels after 24 hours in PBS. (L) Degradation ratio of hydrogels
after incubation with collagenase I for 48 hours. Error bars represent standard deviation; ns P > (.05,
ANOVA.

Additionally, the swelling and degradation properties of the enzyme bioinks were compared to the
unmodified Gel-MA bioinks (Gel). The swelling ratio describes the capacity to absorb liquids and
impacts the mechanical and functional properties of hydrogels (Figure 3K). Similarly, the degradation
ratio is an important parameter for tissue engineering applications that affect the native cell’s ability
to remodel the bioink. Here, the hydrogels were incubated with a collagenase I solution, and the dry
weights after 24-hour incubations were compared to the starting weights (Figure 3L).

While there are minor indicators that higher HRP concentrations might affect the crosslinking of the
hydrogels and the network strength, the changes are not statistically significant for tangible
differences in the hydrogels. Overall, it can be concluded that the addition of HRP in different

concentrations has only a minimal effect on the hydrogels' mechanical integrity.
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2.3 Enzyme Bioink Activity

To verify that HRP-MA was covalently attached to the Gel-MA scaffold during the photo-
crosslinking step, two tests were performed. First, we compared how much functionalized HRP-MA
was washed out of bioink droplets compared to native, unmodified enzymes. Then, the remaining
enzyme inside each droplet was further analyzed for its catalytic activity and visualized with confocal

microscopy.

2.3.1 Enzyme Bioink Washing Test

An ABTS activity assay was run to quantify the amount of unbound enzyme that can be washed out
of the bioink (Figure 4). Here, 20 uL UV-treated and crosslinked bioink droplets containing equal
amounts of modified and unmodified enzymes were analyzed over time. To mimic physiological
conditions, Dulbecco’s Modified Eagle’s Medium (DMEM, high glucose) media was used at 37 °C
for 1-hour washes. Unbound enzymes may be retained due to electrostatic interactions with Gel-
MA!26! and physical entanglement in the dense crosslinked polymer network. Therefore, we applied
an additional sonication step to help to release loosely entrapped enzymes (Figure 4A).

The total initial amount of enzyme within each droplet was determined by dissolving equal droplet
volumes without crosslinking in media. An ABTS activity test revealed that both Gel(HRP) and
Gel(HRPhative) droplets contain the same initial enzyme amount and activity (Figure S6). Additionally,
the impact of the photocrosslinking process on the enzyme activity was evaluated after the
degradation of the bioink droplets by collagenase I and quantifying the activity of the released
enzymes. The results show that the enzyme activity was unharmed by the droplet formation and the
photo-crosslinking step (Figure S7). In summary, this confirms, that all initial droplets contain the
same amount of enzymes, and that their native activity is not affected by the covalent attachment to

the polymers.

For the enzyme washing tests, the amount of released unbound enzyme was measured after each
washing cycle by performing activity tests. After 1 hour of shaking in media, around 51 + 8 % of
HRPaive was washed out of the bionk droplets and is detectable in the surrounding solution (Figure
4B). In comparison, the functionalized HRP-MA was retained more effectively inside the gel and
only 16 + 3% of enzymes were detected in the washing solution. As expected, longer UV crosslinking
times (3 min, 5 min), increase the Gel-MA network density and restrict the overall release of both
types of enzymes. Comparing the relative confinement of functionalized HRP-MA within the bioink
shows a 35 % higher retention with 1 min of UV crosslinking (25 % with 3 min, and 20 % with 5

min). For all further studies, we selected a 1 min UV crosslinking time since we observed a high

10
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crosslinking efficiency, while at the same time, having a relatively low network density for good

nutrient diffusion and cell growth.

1a) Pipetting of droplets 2) Shaking at 37 °C + 5 min sonication 3) Extraction of supernatant 4) Enzyme activity measurement via ABTS
b) Photo-crosslinking

¢) Adding of cell media
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Figure 4. Enzyme bioink washing test to determine crosslinking of the enzyme HRP with the polymer
scaffold Gel-MA. (A) Schematic experiment set-up of one washing cycle. (B) Enzyme amount
washed out of a 20 4L droplet measured via ABTS assay of 10 4L washing solution after 1 hour in
% of the total enzyme amount, UV (395 nm) times of 1 min, 3 min, and 5 min were applied. (C)
Enzyme amount washed out of a 20 4L droplet (1 min of UV crosslinking) measured via ABTS assay
of 10 uL washing solution in dependency of time (1-4 washing cycles/hours) in % of the total enzyme

amount. *P < 0.05, **P < 0.01, and ***P < 0.001, two-way ANOVA.

The bioink droplets treated with 1 min of UV light were further analyzed every hour for the next 3
hours (Figure 4C). Between each subsequent time point, less and less enzyme was found to be
released from either hydrogel. In all cases, more HRPpaive is released compared to HRP-MA. After 4
hours, the detected amount of enzyme in the surrounding washing solution reaches a lower limit of
around 5 and 3 %, respectively. This results in a cumulative release of 82 % of HRPpasive and only
27 % of HRP-MA. The low levels of HRP-MA release are most likely caused by a slightly reduced
conjugation efficiency due to oxygen inhibition of the crosslinking reaction in the hydrogels. At the
same time, the reason why not all unbound enzymes are immediately washed out of the gels is an

additional electrostatic interaction between the large biomolecules and the polymer network. Overall,

11
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the washing test results highlight the importance of a covalent enzyme conjugation compared to the
addition of native enzymes which are almost completely depleted after just a few hours.

We expect to see an even more significant relative retention effect of HRP-MA over prolonged time,
increased salt concentrations, changing pH, as well as due to the incorporation of cells. Under these
challenging conditions, covalent conjugation should prove even more beneficial, and weakened non-
covalent interactions or looser network structures will further accelerate the washing out of unbound
enzymes. For example, an ABTS assay conducted on cell-laden hydrogels revealed that those
containing HRP-MA retained the enzyme for a full 7 days and maintained its activity. In contrast,
nearly all of the HRPuaive was depleted under standard physiological cell culture conditions (see
Figure S8). This demonstrates that the enzymes are not only effectively crosslinked and retained

within the hydrogels but also remain fully functional.

2.3.2 Enzyme Bioink Activity Test Inside the Gel

For a direct activity test of enzymes inside of the hydrogels, bioink droplets were exposed to a
minimum of 5 washing cycles (including one overnight cycle) and the remaining enzyme amount
inside the gel was analyzed using a fluorescence method to visualize the enzyme activity via confocal
microscopy inside the gels. Here, the substrate Amplex Red is oxidized to fluorescent resorufin in the

presence of the HRP (Figure 5A).%> %2 Gel-MA (Gel) droplets without HRP served as controls.
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Figure 5: Enzyme bioink activity test inside the gel to determine crosslinking of the enzyme HRP

with the polymer scaffold. (A) Image of a bioink droplet; schematic reaction of Amplex Red oxidation
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to resorufin in the presence of HRP. (B) ImageJ analysis of mean fluorescence in each layer of the
droplets of Gel(HRPyaiive) and Gel(HRP), Error bars represent standard deviation. (C) Left, brightfield
images of Gel(HRPnaive), GeI(HRP) and Gel (objective 5x, NA = 0.35); Middle, confocal images of
z-stack plane images of enzyme bioink droplets after washing treated with Amplex Red and H>O»
taken on Zeiss CD7 LSM 900 (Ex/Em = 568/581 nm); Scale bar = 1 mm; Right, z-stack plane images

from C reassembled into 3D droplets.

For this, confocal z-stack images comprising 7 slices capturing several layers of the full droplet were
measured (Figure 5C). A high fluorescence intensity of resorufin indicates a high enzyme activity
and hence a large amount of enzyme, respectively. As expected, the enzyme-free droplet (Gel) did
not display any fluorescence, whereas the enzyme-containing droplets Gel(HRPnative) and Gel(HRP)
showed fluorescence, with Gel(HRP) displaying a higher intensity than the native form. The
uniformity of the fluorescence signal shows a near homogeneous HRP distribution throughout the
hydrogel, with slightly restricted penetration of the assay substrates to the droplet center. The
enzymatic activity of each droplet was assessed by calculating the mean fluorescence intensity of
each z-slice throughout the full droplet with ImageJ (Figure 5B). Droplets with covalently attached
enzymes have a significantly higher fluorescence and thus enzyme activity. Image analysis showed
that almost twice as much HRP-MA is retained compared to native HRP, which is washed out more
readily.

The in-droplet activity results showed a similar trend as the washing tests earlier. The slightly smaller
difference in enzyme retention can most likely be explained by the aspect that the bioink washing test
favors looking at enzymes closer to the droplet surface, whereas the Amplex Red assay can analyze
the center of a droplet. Non-attached enzymes deeper within the gel are more effectively retained due
to stronger physical entrapment, in contrast to enzymes near the surface, which are more prone to
being washed out.

By printing smaller-sized bioink droplets, we also showed that the size of the structure has minimal
effect on enzyme retention. Lastly, we were also able to demonstrate the tunability of our approach
by conjugating 50% of the initial enzyme amount to a droplet, consequently observing half of the

corresponding activity (Figure S9).
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2.3.3 Enzyme Activity after 3D Printing

Extrusion-based printing has the benefit of positioning the catalytic enzyme hydrogel precisely at
targeted locations and has the potential in further studies to form complex functional 3-dimensional
structures. As proof-of-principle and to explore the general printability, the enzyme bioink was placed
in simple three-dimensional shapes and its enzyme activity was captured via Amplex red oxidation.
For this, a grid structure, the outline of the country of Australia, a star, and a round vessel were printed

with a modified Lulzbot Mini 2 3D printer and captured via confocal microscopy (Figure 6).

Hydrogel Print G-Code

Enzyme Activity

Figure 6. 3D Extrusion-based bioprinting with an enzyme-containing Gel(HRP) ink; 3D structures
from left to right: grid, Australia, star, vessel; Top: 3D models by Slic3r software; Middle: Photos of
the printed structures; Bottom: confocal images of materials treated with Amplex Red and H>O»

(Zeiss CD7 LSM 900). Scale bar 2 mm.

In the case of the circular vessel, we explored the application as a basic reaction vessel. For this, the
cavity inside of the vessel was filled with an Amplex Red solution and H2O. The immobilized HRP
in the vessel walls oxidized the substrate to resorufin, which penetrated the hydrogel walls and stained
them red. These experiments demonstrate the printability of the enzyme bioink with a basic extrusion

bioprinter and exemplify that the enzyme activity was preserved in the printing process.
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2.4 Cytocompatibility of Adipose-Derived Stem Cells (ADSC) in Enzyme Bioink Constructs
To evaluate the general cytocompatibility of HRP-MA modified bioinks, we performed cell viability
tests on ADSC-laden hydrogels. The hydrogels without enzymes (Gel) and crosslinked with enzymes
(Gel(HRP)) were compared after being placed and cultured in square plastic molds. In addition, we
also analyzed the cell viability of extrusion-printed hydrogels (Gel(HRP) 3D-printed). For days 1 and
7, confocal images show high levels of live cells (green) with minimal dead cells (red) for all gel
conditions (Figure 7A). Quantification revealed cell viability above 90% for all conditions across all
time points (Figure 7B). This is notable since high stiffness can affect the cell viability of ADSCs.
For Day 7, the hydrogel without enzymes (Gel) had a viability of 93.5 + 3% while the HRP-MA
containing hydrogels had comparable cell viability. There was no statistical difference between the
control and HRP-MA conditions (P > 0.999), indicating that the inclusion of HRP-MA does not affect
cell viability. In addition, confocal imaging at day 7 indicates better cell spreading in HRP-MA
hydrogels, particularly in the 3D-printed form. Here, the cells also show clear signs of proliferation
with elongated cell structures (Figure 7A). When counting live cells per image, a significantly
increased number of cells (P < 0.001) can be observed in Gel(HRP) 3D-printed, whereas the control
(Gel) shows only a slight increase in cells from day 1 to day 7 (Figure 7B).

To further assess the cytocompatibility of the enzyme inks, we similarly performed live-dead tests on
ADSCs in Gel-MA hydrogels with higher concentrations of HRP-MA (1.0-2.0 mg/mL) (Figure 7D).
Again, cell viability for all concentrations of HRP-MA was more than 90% for all time points (Figure
7E). In addition, we also assessed the average cell area within the hydrogels as an indicator for
improved cell viability (Figure S10). Overall, the results indicate that the HRP-containing gels show
high cell viability, and the inclusion of enzymes does not interfere with the general cytocompatibility

of gelatin bioinks.
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Figure 7. (A) Live (green, calcein AM) dead (red, ethidium homodimer 1) stain of ADSCs-loaded in
Gel, Gel(HRP), and Gel(HRP) 3D-printed hydrogel. (B) Quantification of cell viability of ADSCs

over 7 days. (C) Quantification of the average number of cells per image (n = 5, number of images).
(D) Live (green, calcein AM) dead (red, ethidium homodimer 1) stain of ADSCs loaded in
Gel(HRP10) 3D-printed, Gel(HRP;5) 3D-printed, and Gel(HRP20) 3D-printed hydrogels. (E)

Quantification of cell viability of ADSCs. (F) Quantification of the average number of cells per image

(n = 4, number of images). Scale bar = 50 um. *P < 0.05, **P < 0.01, and ***P < 0.001, two-way

ANOVA.
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3. Conclusion

We demonstrate a universal approach for the preparation of functional and catalytical active bioinks.
Using HRP as a model enzyme, we describe a conjugation approach to covalent link proteins to
standard Gel-MA bioinks and therefore increase their retention and bioavailability. A mild chemical
modification introduces multiple methacrylate groups on the surface of the enzymes, without
denaturing the three-dimensional structure or affecting the biocatalytic activity. This allows a photo-
crosslinking of gelatin with free methacrylate groups after printing. The tethering of the enzyme to
the bioink scaffold significantly decreases their premature loss from the hydrogel and results in a high
sustained catalytic activity.

We demonstrate the cytocompatibility of the enzyme bioink and its printing capabilities towards
applications in wound healing, regenerative medicine, and bioactive coatings. We envision that this
approach can be universally applied to other enzymes enabling a wide array of biocatalytic
transformations. Examples include ROS scavenging, antibacterial activity, or oxygen generation,

offering the possibility to incorporate diverse biochemical activities into biofabricated matrices.
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4. Experimental Section

Materials

Gelatin (300 bloom, Type A), methacrylic anhydride (MAA), 2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS), fluorescamine, deuterium oxide (D20), 2,2'-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), horseradish peroxidase (Type II,
150-200 U/mg), Amplex Red, FGF2, and DMSO (anhydrous) were purchased from Sigma-Aldrich;
Dulbecco’s Modified Eagle’s Medium (high glucose, pyruvate, no glutamine, DMEM), collagenase
(type I) was purchased from Thermo-Fischer; Live-dead kit (calcein and ethidium homodimer) was
purchased from Life Technologies Australia; lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) was purchased from Ambeed; hydrogen peroxide (27-30%) and dimethyl sulfoxide (DMSO)
was purchased from Chem-Supply Pty Ltd.

Instrumentation

"H-NMR spectra were recorded using a 300 MHz Bruker Topspin Fourier spectrometer. Infrared (IR)
spectra were recorded using a Nicolet Avatar 330-IR (ATR-unit) spectrometer. Absorption and
fluorescence measurements were performed on a Synergy H4 (BioTek) plate reader. Confocal
microscopy images were captured using a Zeiss LSM 900 CD7 and Zeiss LSM 800 microscope.
Applied Photophysics Chirascan Plus CD was used for CD spectroscopy. Anton Paar MCR 302
rheometer with a parallel plate geometry (25 mm disk, 1 mm measuring distance, 600 xL of liquid
sample) was used for rheological tests. Furthermore, the ultrasonic bath Thermoline Scientific Power
sonic 410, the multi centrifuge OHAUS Frontier FC5706 230V and the freeze-dryer Christ Alpha 1-
2 LDplus were used.

Methacrylation of Gelatin (Gel-MA)

Methacrylate-modified gelatin (Gel-MA) was prepared according to the previously described one-
pot method by Shirahama.”® 3 In brief, gelatin was dissolved in 10 w/v% sodium carbonate—
bicarbonate (CB) buffer (0.25 M, from Sigma Aldrich, pH was adjusted to 9) at 50 °C. MAA (94%,
0.1 mL) was added slowly to a solution of 1g gelatin under vigorous stirring. After stirring the mixture
at 50 °C for one hour, the pH was readjusted to 7.4 with 6 M hydrochloric acid to stop the reaction.
The solution was then purified by filtration and dialysis (MWCO 14 kDa, Thermo Fisher Australia)
against deionized water at 50 °C for 3 days before freeze-dried for 4 days and stored at -20 °C until
further use. The product is a colorless foam-like material (yield 83%). 'H-NMR (Figure S1) and FTIR
(Figure S3) were carried out to verify the amine substitution, and the degree of methacrylation was

quantified via fluorescamine assay.
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Methacrylation of Horseradish Peroxidase (HRP-MA)

For the methacrylation of horseradish peroxidase, the procedure by Ferracci et al.*® and Smith et al.¥’
was adapted in parts. Here, 1 mg (22.73 nmol) of HRP was dissolved in 1 mL of CB buffer (0.25 M,
pH 9) and 1 uL (0.1 w/v %) of a stock solution of MAA in DMSO (86.43 uL in 413.57 uL) was
added to result in an MAA/lysine ratio of 8:1 (1.09 umol MAA, 0.168 mg, 0.173 uL of a 94% MAA
solution). The resulting mixture was stirred for 8 h at room temperature. The product was purified
four times by spin filtration in Amicon® Ultra 15 mL filter devices (MWCO 30 kDa) from Sigma-
Merck Millipore at 6000 rpm for 5 min at room temperature and then lyophilized overnight. The
product is a light brown foam-like material (yield 86%).

Determination of Methacrylation via Fluorescamine Assay

All samples (HRP, HRP-MA) were adjusted to a concentration of 1.6 mg/mL via absorbance
measurement at 280 nm. HRP was used as an external standard in a concentration range of
0.016 mg/mL to 2 mg/mL. For the assay, 125 uL PBS (0.01 M, pH 7.4), as well as 25 uL
sample/standard, was added in triplicates into each well of a 96-black-well-microplate (flat bottom).
Just before the measurement, 50 4L of 0.3 mg/mL freshly prepared fluorescamine solution in DMSO
was mixed in before analyzed with a fluorescence plate reader (Ex/Em = 380/460 nm); The degree

of substitution (DS) of amines to methacrylate groups was calculated as follows:

amine content in Gel-MA or HRP-MA [mmol]
amine content in gelatin or HRP [T]
CD Spectroscopy

CD spectra were recorded at 20 °C with a total enzyme concentration of 0.1 mg/mL in CD buffer
(containing 10 mM potassium phosphate and 50 mM Na>SO4) using quartz cells with a path length of
I mm. Spectra were corrected by subtraction from the background (buffer). Data points were
collected at a resolution of 1 nm. CD spectra were analyzed using the software Pro-Data Viewer

4.7.0.194.

Determination of Enzyme Activity via ABTS Assay

The peroxidase activity of HRP and HRP-MA was measured by using 2,2’-azinobis-(2-
ethylbenzthiazoline-6-sulfonate) (ABTS, 0.25 mM) following a slightly modified protocol.** Briefly,
ABTS was dissolved at a concentration of 2 mM in 10 mM phosphate buffer pH 6. The enzymes HRP
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and HRP-MA were dissolved at a concentration of 40 #M and their concentration was adjusted to the
same values by absorption measurements at 280 nm. The H,O, concentration ranged between 0.4 mM
and 30 mM (in ddH>0). In a 96-clear well plate, 100 xL. ABTS solution and 25 L enzyme sample
were added. 50 uL of the respective H,O, concentrations were added to the mixture and the absorption
was measured at 410 nm for 3 min every 10 s in a kinetic cycle. All measurements were carried out

in triplicate. Data was analyzed using GraphPad Prism 9.

Enzyme-functionalized Bioink

In a 4 mL glass vial equipped with a magnetic stir bar, an amount of 55 mg Gel-MA (11 w/v %) in
418.74 uL of 1x PBS was put into a water bath at 40 °C for dissolution. 50 4L of a LAP solution
(0.25 w/v %, stock solution: 25 mg/ml in ddH>O) and 31.25 L enzyme (0.625 mg/mL, stock solution:
10 mg/mL) were added and the mixture was filtered once via syringe filter (@ 45 um) before use.
Unless for the rheology experiments which examine the bioink state in its non-crosslinked form
(shear-thinning and viscosity properties), the hydrogels were always further photo-crosslinked at
395 nm using a UV light torch (100 LED 395 nm UV ultraviolet flashlight blacklight torch) at a
power of 40 mW c¢m™ for 1, 3 or 5 minutes.

For the verification of the crosslinking, the functionalized enzyme hydrogel Gel(HRP) was compared
with the hydrogel that contains only native enzyme mixed-in (Gel(HRPrative)). For these experiments,
the concentrations were equalized via absorption measurement at 280 nm. Additional concentrations
(Gel(HRP1,) 1.0 mg/mL, Gel(HRP; 5) 1.5 mg/mL, Gel(HRP2,0) 2.0 mg/mL) were used to investigate
the impact of the functionalized enzyme on the hydrogel material properties such as rheological,

swelling, degradation, and cytocompatibility.

Rheology of Bioink

All the rheological measurements on Gel, Gel(HRP), Gel(HRP1,), Gel(HRP:s), and Gel(HRP2.,)
hydrogels were performed on an Anton Paar MCR 302 rheometer with a parallel plate geometry (25
mm disk, 1 mm gap size, 600 pL of liquid hydrogel). All the hydrogel samples were placed on the
plate at 40 °C to fill the gap between the plates. The temperature gelation measurement was evaluated
by measuring storage modulus (G’ ) and loss modulus (G" ) as a function of temperature ramping
from 40 °C to 10 °C at the rate of 1 °C/min, at a constant frequency of 1 Hz and a constant strain of
0.2 %. The measurements of viscosity and shear stress were performed by varying the shear rate from
0.1 to 1000 s™! to give us the shear thinning behavior of the hydrogel samples. For UV crosslinking

measurements, the storage modulus of the samples was measured for 20 min and a UV lamp (with

20


https://doi.org/10.1101/2024.02.04.577699
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.04.577699; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

395 nm UV light at 40 mW c¢m-?) was placed underneath to illuminate the samples after 4 minutes

with UV light for 1 min through quartz crystal stage.

SEM Imaging

The porous structures of Gel and different Gel(HRP) hydrogels were analyzed using an FEI Nova
NanoSEM 450. The hydrogels were frozen and subsequently freeze-dried. After the samples were
completely dry, they were cut, and their cross sections were coated with 5 nm chromium and 10 nm
platinum layers using Leica ACE600 and EMITECH K575X sputter coaters respectively. SEM

images were captured at a high voltage of 5 kV using secondary electron mode.

Swelling Ratio

50 uL droplets of bioink were photo-crosslinked and submerged with 3 mL of PBS (1x, pH 7.4) in
Petri dishes (Sarstedt, @ 45mm). After shaking at 80 rpm and 37 °C in an orbital shaker for 24 hours,
the samples were removed, lightly blotted dry with a lint-free wipe, and weighed (W sweln). The
swollen samples were then lyophilized and weighed again (W ary)). To determine the initial dry weight
(W(ary,i)), droplets were lyophilized and weighed immediately after the initial preparation and photo-
crosslinking (without PBS treatment). The percentage mass swelling ratio was calculated as follows:

_ W(swell)-W(dry)
R= W(dry, i)

-100% Eq2

Degradation Ratio

For the degradation test, 90 uL. of warm liquid bioink in 1.5 mL Eppendorf tubes were photo-
crosslinked. The gels were then immersed with 0.5 mL PBS containing 2 U mL™! collagenase type I
solution at 37 °C in an orbital shaker at a shaking speed of 80 rpm for 24 hours. The collagenase
solution was discarded, and the tube was washed once with ddH>O water. Excess water was removed,
and 0.5 mL of fresh collagenase solution was added. After another 24 hours, the samples were
lyophilized to determine the dry weight (W(t)). With the initial lyophilized weight (W(0) = dry weight
before soaking) of the bioink gels, which was measured with separate samples, the degradation ratio
could be calculated as follows:

_W(O)-w(®

. 0,
Wy 100% Eq3

Enzyme Bioink Washing Test
The enzyme bioink containing either the native HRP (Gel(HRP,.i.)) or the methacrylated HRP
(Gel(HRP)) was pipetted in 20 uL droplets at 37 °C into separate wells of a 12-well cell culture plate
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(CoStar, 3513). Subsequently, these droplets were photo-crosslinked at 395 nm for 1, 3 or 5 min, and
immersed with 2 mL. DMEM. As a control, 20 yL of enzyme bioink was pipetted directly into a 2
mL media, mixed, and exposed to an equal amount of UV light (395 nm) as the droplet of shaking at
80 rpm and 37 °C well as 5 min of sonication, 10 L supernatant media was extracted and its enzyme
activity was measured via ABTS assay. Therefore, 40 uL ddH,O, 100 L ABTS solution, and 50 uL
of H,0O, (stock solution 0.1 mM in ddH>O) were added additionally into a 96-well plate (Sarstaedt)
and the absorbance was measured immediately at 410 nm for 3 min every 10 s in a kinetic cycle. The
media was discarded, residues removed, and 2 mL of fresh media was added. After another hour in
the incubator and 5 min of sonication, the supernatant was measured for enzyme activity again to

monitor the enzyme washed out over time. The measured values were analyzed via GraphPad Prism

9.

Enzyme Bioink Activity Test Inside the Gel

After five washing cycles, the activity inside the gels was visualized via confocal microscopy through
the oxidative conversion of Amplex Red to resorufin. Tile images of different bioink droplets (Gel,
Gel(HRP) and Gel(HRPraiive)) were visualized in brightfield and confocal mode (objective 5x, NA
0.35; Ex/Em = 568/581 nm). Tile images of identical size and z-height from the plate bottom are
comprising 10 slices of z-stack covering a full droplet.

Before imaging, media was removed, and the droplets were rinsed once with ddH>O. Afterward, 2
mL of PBS (0.01 M, pH 7.4) was added to each of the wells containing the bioink droplets. Then, 10
uL of Amplex Red solution (stock solution 10 mM in DMSO) was added, mixed, and incubated for 5
min before adding 10 uL of H2O (stock solution 0.1 mM in ddH20) and incubated for additional 10
minutes. The solution was discarded, and any excess was removed gently with lint-free wipes. Image
analysis was performed with Imaris software (version 9.9.0). The fluorescence intensity was
calculated with ImageJ by selecting the droplet area of each plane and carrying out a mean

measurement which was then summed up to a total value.

Printing of Enzyme Bioink

The 3D bioprinter was modified from the commercial Lulzbot Mini 2 3D printer by replacing the
preinstalled printhead with a screw extrusion syringe head. All bioprinting steps were conducted at
21 °C except for the cell studies, which were performed at 19 °C due to the preset local room
temperature. The bioprinting speed was kept constant at 1.66 mm/s. Printing GCode was generated

with help of the slicing software Slic3r, and the extrusion rate was standardized via Python to obtain
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a constant extrusion per distance value of 0.06 throughout the full 3D structure. Additionally, the
GCode was modified in order to avoid a printing delay at the start and to a pull-up of the printed
structure at the end.

After preparing the hydrogel mixtures at 40 °C, the bioink-containing syringe was cooled down to
room temperature before being extruded by the bioprinter equipped with a 21G Nordson EFD
precision needle. Immediately after printing into separate wells of a 12-well cell culture plate, the
structures were further UV-photo-crosslinked at 395 nm for 1 min at a power of 40 mW cm™,
Afterward, 2 mL of PBS (0.01 M, pH 7.4) was added to each of the wells containing the bioink
structures. Then, 10 uL of Amplex Red solution (stock solution 10 mM in DMSO) was added, mixed,
and incubated for 5 min before adding 10 uL of H>O: (stock solution 0.1 mM in ddH>O) and incubated
for additional 10 minutes before the solution was discarded and any excess was removed gently with
a lint-free wipe. For the vessel structure, 0.5 mL of 1x PBS was inserted into the center of the vessel
structure. Then, 2 L. Amplex Red solution (10 mM in DMSO) was added and incubated for 5 min
followed by the addition of 2 4L of H>O; (0.1 mM in ddH>O) with a 10 min incubation time. The
vessel was imaged while still having the solutions present. Image analysis was performed with Imaris

software (version 9.9.0).

Cell Culture Methods

Adipose-derived stem cells (ADSCs) were cultured in low glucose DMEM supplemented with 10
vol% fetal bovine serum (FBS) and 1 vol% penicillin/streptomycin and 0.01 vol% FGF2 at 37 °C,
5% COz in a humidified incubator. The media was changed every 48 hours, and cells were passaged

at 85-90% confluency. All cells used in this work were between passages 5—11.

Preparation of Cell-laden Hydrogels

To prepare cell-laden hydrogel hydrogels, 11 w/v% concentration of Gel-MA (DS 98.6%) with 2.5
mg/mL LAP was used in all samples and dissolved in 1x PBS at 40 °C. The enzyme-modified
hydrogels (Gel(HRP)), contained in addition 0.625 mg/mL. HRP-MA (DS 86%). After complete
dissolution, ADSCs (1.5 million/mL) were loaded into the hydrogel solutions. Subsequently, 80 uL
of gels were placed into 6x6x2.5 mm plastic molds and crosslinked using a 395 nm UV light torch
(eBay; 100 LED 395 nm UV Ultraviolet Flashlight Blacklight Torch) at 40 mW c¢m™ for 1 minute.
For 3D-printed hydrogels, Gel(HRP) with 1.5 million ADSCs per mL were loaded into a 1 mL
Livingstone syringe and kept at room temperature for 15 minutes. The syringe was then loaded into

the 3D bioprinter to print grid-like structures with a 21G Nordson general-purpose tip. The grids were
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then crosslinked using the UV torch light for 1 min. All cell-laden hydrogels were placed in well
plates and cultured for 7 days with 1 mL media. Media changes were made during days 1, 3 and 5.
Hydrogels with higher concentrations of HRP-MA were 3D-printed to evaluate the toxicity of HRP-
MA in high concentrations. These three different concentrations of HRP-MA (1.0, 1.5, and 2.0
mg/mL) were mixed with Gel-MA, corresponding as Gel(HRP1,) 3D-printed, Gel(HRP15) 3D-
printed, and Gel(HRP2.0) 3D-printed.

Cell Viability of Incorporated ADSCs in Hydrogels Using Live-Dead Staining

On days 1, 3 and 7 after the preparation of cell-incorporated hydrogels, the viability of ADSCs within
the hydrogels was investigated using a live-dead staining assay. Here, media was removed, and gels
were washed once with 1x PBS. Then 500 uL of 1x PBS with calcein-AM (2 uM) and ethidium
homodimer-1 (4 uM) was added, and the gels were incubated at 37 °C for 45 minutes before washing
two times with 1x PBS for 5 min each. The gels were then imaged immediately on a Zeiss LSM 800
confocal microscope (ZLSM) by taking z-stack scans (10x objective, 10 slices over 18 um). The
images were analyzed using Fiji ImageJ software. For every hydrogel, 3 replicates and from each
replicate, 2 images with multiple z-stacks from different parts of the gel were analyzed. First, the
individual z-stack images of calcein-AM (green) channel (Ex/Em = 488/520 nm) were projected or
stacked together using the maximum intensity option in the projection type. The images were then
thresholded in the calcein-AM channel to outline the cells, which was followed by watershed
segmentation of the image to cut apart connected cell components into separate ones. Individual cells
were analyzed using 0.25-1.00 circularity and counted. Similarly, the steps were followed for the
ethidium homodimer-1 channel (Ex/Em = 528/617 nm) and dead cells were counted. The viability

was calculated by analyzing 5 images per sample and taking the percentage of live to dead cells.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism (version 9) software while all experiments
were carried out in triplicate and the data were analyzed using a two-way ANOVA with Tukey’s Post
Hoc HSD analysis unless stated otherwise. Differences were considered significant when P < 0.05.

Significance was indicated by * P < 0.05; ** P <0.01; *** P <0.001, **** P <0.0001.
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This study introduces the covalent integration of enzymes in traditional gelatin bioinks for use as
catalytic active scaffolding material for extrusion-based 3D bioprinting. Using horseradish
peroxidase as a model enzyme, we achieve efficient post-printing photo-crosslinking and protein
immobilization, while ensuring high enzyme stability, retention and prolonged catalytic activity. This
novel approach enhances the bioactive properties in 3D-printed constructs and presents a crucial

advancement for functional biofabricated tissues.
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