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The immobilization of enzymes in biocatalytic flow reactors is a common strategy to
increase enzyme reusability and improve biocatalytic performance. Extrusion-based 3D
bioprinting has recently emerged as a versatile tool for the fabrication of perfusable
hydrogel grids containing entrapped enzymes for the use in such reactors. This
study demonstrates the suitability of water-in-oil high internal phase emulsions (HIPES)
as 3D-printable biocinks for the fabrication of composite materials with a porous
polymeric scaffold (polyHIPE) filled with enzyme-laden hydrogel. The prepared HIPEs
exhibited excellent printability and are shown to be suitable for the printing of complex
three-dimensional structures without the need for sacrificial support material. An
automated activity assay method for the systematic screening of different material
compositions in small-scale batch experiments is presented. The monomer mass fraction
in the aqueous phase and the thickness of printed objects were found to be the most
important parameters determining the apparent activity of the immobilized enzyme.
Mass transfer limitations and enzyme inactivation were identified as probable factors
reducing the apparent activity. The presented HIPE-based bioinks enable the fabrication
of flow-optimized and more efficient biocatalytic reactors while the automated activity
assay method allows the rapid screening of materials to optimize the biocatalytic
efficiency further without time-consuming flow-through experiments involving whole
printed reactors.

Keywords: 3D printing, bioprinting, cure-on-dispense, hydrogels, enzymes, beta-galactosidase, biocatalytic
reactors, high internal phase emulsions

1. INTRODUCTION

Biocatalysis is the key to a variety of biotechnological applications, ranging from large-scale
industrial processes like the production of high fructose corn syrup (Kirk et al., 2002) to more
sophisticated analytical methods like biosensors (Hasan et al., 2014; Rocchitta et al., 2016). Enzymes
act as catalysts even at mild reaction conditions. Due to their high chemo- and regioselectivity,
they are suitable for the production of high-value products like enantiomerically pure chiral
compounds (Nestl et al., 2014). Their usually high cost makes it desirable to immobilize enzymes
in order to enhance their stability and shelf life and improve reusability by preventing enzyme-loss
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combined with a surface plot to compare different conditions.

FIGURE 3 | Overview of the data processing steps used for the evaluation of activity assays with polyHIPE cylinders. The example shows data from the analysis of
different aqueous phase volume fractions. (A) The product formation was monitored by measuring the absorbance at 460 nm in a spectrophotometer. The curves
show triplicates of six different substrate concentrations. (B) Using calibration curves, the product concentration was calculated from the absorbance signal and the
maximum slope of the resulting curves was calculated to determine the maximum volumetric activity. Due to diffusion limitations, the maximum slope does not occur
at the start of the reaction but after an initial delay time tqea, . (C) The specific activity was calculated from the volumetric activity and the resulting data points were
plotted over the substrate concentration and fitted with a Michaelis-Menten equation (95% confidence intervals shown in gray). (D) Several kinetics curves were

of each sample was determined by dividing the volumetric
activity by the amount of enzyme in one polyHIPE cylinder. Plots
of the specific activity over the substrate concentration were fitted
with Michaelis-Menten kinetics (Figure 3C). Combining several
of these kinetics resulted in 3D plots showing the influence of
both substrate concentration and a second varied parameter on
the specific activity (Figure 3D).

2.8. Calibration Curves and Equilibration
Time

Data for ONP calibration curves for the polyHIPE activity
assays were collected following the same procedure as applied
for the activity assays, only adding solutions of up to 25 mM
ONP instead of ONPG before monitoring the absorbance at
460 nm for 90 min. Due to diffusion and evaporation effects, the
observed absorbance was not constant over time but showed an
exponential decay at the beginning, turning into a linear decay
after a certain time. The recorded data for the calibration curves
of HIPE A are shown as an example in the (Figure S1).

Linear calibration curves were determined from the end
points of the measurements where an equilibrium between
polyHIPE cylinder and supernatant was already reached.
Triplicates of five different ONP concentrations (2.5mM to
20mM) were used as the calibration points. To determine the
equilibration time as a measure of diffusion limitations, an
algorithm was employed that calculated the earliest point of time
at which the slopes of the measured absorbance curves were
within 20 % of the end slope of the curves. The time span from
the addition of ONP until this time point was defined as the
equilibration time (see Figure S1).

2.9. Enzyme Leaching

To determine the amount of leached enzyme during different
process steps, activity assays were performed with the
supernatants of the polyHIPE cylinder wash procedure described
above. Also, single polyHIPE cylinders were incubated with
300 ul phosphate buffer (100 mM, pH 7) for 90 min mimicking
the polyHIPE activity assay to analyze the amount of leached
enzyme during the whole incubation period. The supernatant

activity assays were carried out in 96-well microtiter plates by
adding 150 pl 30 mM ONPG in 100 mM phosphate (pH 7) to a
50 pl sample of supernatant (dilution factor f = 4) and recording
the conversion of ONPG to ONP at a wavelength of 460 nm
for 20 min. In order to account for samples from different
wash solutions (30 % ethanol and 100 mM phosphate), separate
calibration curves with a range of ONP and P-galactosidase
concentrations were recorded for the respective samples and
used to calculate the volumetric activity of the samples and the
amount of active enzyme leached from the polyHIPE cylinders.
For error analysis of the polyHIPE activity assays (see following
section), the volumetric activity of the supernatant samples
after a 90 min incubation period (Vieached, 90 min) Was determined
taking into account the dilution factor f.

2.10. Error Analysis of PolyHIPE Activity

Assays

An error analysis was performed in order to estimate the
influence of leached enzyme on the activity assays performed
with printed polyHIPEs. The maximum error E,,, and
minimum error E,,;, were calculated by introducing a best-case
and a worst-case scenario. These scenarios assume that the total
apparent volumetric activity vapparens observed in the polyHIPE
activity assays is composed of a proportion caused by the enzyme
immobilized in the polyHIPEs (viymobilized) and a proportion
caused by leached enzyme (vjeucheq)- The error E is defined as

Vieached

E= 1)

Vapparent

The worst-case scenario assumes that vViecned max €quals the
volumetric activity in the supernatant after a 90 min incubation

period (Vieached, 90 min)-
Vieached, max = Vleached, 90 min (2)

The best-case scenario assumes that enzyme is leaching from
the polyHIPE at a constant rate over 90 min and accumulates
in the supernatant of the polyHIPE cylinders. As the maximum
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FIGURE 4 | (A1-C1) Yield stress of all prepared HIPEs, as determined by rotational tests and the tangent fit method. The results are presented as mean values +
standard deviation (n = 3, technical triplicates). (A2-C2) Shear stress-controlled oscillatory measurements showing storage and loss moduli of all prepared HIPEs.
The results are presented as mean values and standard deviations are indicated by shaded areas (n = 3, technical triplicates). All variations are derived from HIPE A
(depicted in blue in each graph). The influence of (A) monomer mass fraction in the aqueous phase, (B) surfactant mass fraction in the organic phase and (C)
aqgueous phase volume fraction is shown.

volumetric activity of the polyHIPE cylinders occurs after an
initial delay time 4, (see Figure 3, the amount of leached
enzyme that has accumulated during this time period determines

Vieached, min-

tdelay

m * Vieached, 90 min (3)

Vieached, min =
These scenarios result in the following definitions of maximum
and minimum error.
Vleached, 90 min
E— (4)

Emax =
Vapparent

Ldelay * Vieached, 90 min
Emin = . (5)
90 min - Vapparent

2.11. Statistical Analysis

The statistical significance of data was tested employing a one-
way analysis of variance (ANOVA) and the Tukey method for
multiple comparisons.

3. RESULTS
3.1. Rheology

Rheological measurements were performed in order to
investigate the influence of changing HIPE compositions
on yield stress and storage and loss moduli as important
parameters for printability. Figure 4 shows both yield stress and
storage and loss moduli for HIPEs with a varying monomer
mass fraction in the aqueous phase (A), surfactant mass
fraction in the organic phase (B) and aqueous phase volume
fraction (C). Yield stress values could be determined for all
prepared HIPEs. The different formulations of aqueous phase
not formulated as HIPEs did not exhibit a yield point. Of all
parameters tested, the surfactant concentration in the organic
phase had the largest impact on yield stress with a 10-fold
increase between 6% and 12% (w/w) surfactant. Increasing
the aqueous phase volume fraction from 80 % to 90 % (v/v) led
to a 3.5-fold increase in yield stress. For different monomer
concentrations in the aqueous phase, the yield stress fluctuated
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(A4,B4), respectively.

FIGURE 5 | Various scaffolds printed with HIPE A to demonstrate printability. (A1-A4) Top, side, angled, and SEM view of a cuboid grid structure with an edge length
of 10mm and a height of 5mm. (B1-B4) Top, side, angled and SEM view of a cubic gyroid structure with an edge length of 8 mm. Model adapted from Vitroid (2018).
(C) 48 hollow cylinders, as used for activity assays, printed on a glass plate in microtiter plate format. Scale bars represent 5 mm (A1-A3,B1-B3,C) and 1 mm

between (123.1 +£2.1)Pa and (148.2 £4.4)Pa without any
clear trend.

Similar trends could be observed for the loss and storage
moduli in shear stress-controlled oscillatory measurements. All
samples showed a higher storage than loss modulus at low shear
stress, 1. e. a loss factor tan(8) < 1, indicating a gel-like nature of
the HIPEs.

3.2. Printability

Hollow cylinders of different HIPE compositions, as depicted
in Figure 5C, were printed for batch activity assays using the
Biomaker. Samples of printed cylinders made from HIPEs with
five different compositions (n = 5 x 5 = 25) representing the
whole measured yield stress range were weighed to assess how
reproducibly cylinders could be printed using identical printing
parameters with different HIPEs. ANOVA showed no significant
differences between the analyzed groups (p = 0.68). The overall
mean weight of the printed cylinders was (45.7 & 0.9) mg. To
illustrate the excellent printability of HIPE inks, more complex
structures were printed from HIPE A using a pneumatically
driven Gesim BioScaffolder 3.1. Figure 5A shows a grid with
a 10mm edge length and a height of 5mm consisting of
100 um layers. All inter-strand spaces are free of obstructing
artifact making the grid entirely perfusable. The gyroid structure

depicted in Figure 5B demonstrates the applicability of HIPEs
as inks for prints of more complex reactor geometries including
overhangs without the need for sacrificial material. While the
printability of all prepared HIPEs was sufficient to print the
simple hollow cylinders needed for the activity assays, a certain
yield stress was essential for prints of more complex structures as
shown in Figure 5.

3.3. PolyHIPE Morphology

SEM and ESEM micrographs of polyHIPE cross-sections were
taken to investigate the scaffold morphology and the presence of
polymerized hydrogel in the voids of the scaffolds. PolyHIPEs
with different surfactant mass fractions in the organic phase
and no monomers in the aqueous phase (Figures 6A-C) were
compared to the corresponding polyHIPEs containing 14 %
(w/w) monomer in the aqueous phase (Figures 6D-I). HIPEs
without monomers in the aqueous phase resulted in samples
exhibiting typical polyHIPE morphologies with empty voids
and interconnecting pores between the voids (Figures 6A-C).
Increasing the surfactant mass fraction in the organic phase
resulted in smaller voids. SEM micrographs of polyHIPEs with
14% (w/w) monomer in the aqueous phase are represented
in Figures 6D-F. Here, the typical polyHIPE scaffold is only
visible in the samples with 6 and 9% (w/w) surfactant in the
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FIGURE 6 | (E)SEM micrographs of polyHIPE cross-sections with 0% and 14% (w/w) monomer in the aqueous phase and 6% to 12% (w/w) surfactant in the organic
phase. (A-C) SEM micrographs of polyHIPEs without monomer in the aqueous phase display a typical polyHIPE morphology with empty voids and interconnecting
pores between the voids. (D-F) SEM micrographs of polyHIPEs with monomers in the aqueous phase. (G-1) ESEM micrographs of polyHIPEs with monomers in the
aqueous phase. The scale bars represent 10 um (A-F) and 25 um (G-1), respectively.

organic phase. Some of the voids are filled with hydrogel spheres
slightly smaller than the surrounding voids. It is noticeable
that the interconnecting pores of these samples are smaller and
less frequent compared to the samples without monomers in
the aqueous phase, resulting in a lower degree of openness of
the scaffold. The SEM micrograph of the sample with 12 %
(w/w) surfactant in the organic phase shows a collapsed scaffold
structure (Figure 6F) indicating a reduced mechanical stability
of the porous scaffold. As a comparison, the samples containing
monomers in the aqueous phase were also analyzed by ESEM
(Figure 6G-I) which does not require the samples to be freeze-
dried before analysis. Here, not only a few but most voids
were filled with hydrogel spheres and even at a surfactant
concentration of 12% (w/w) in the organic phase, the ESEM
micrographs show an intact polyHIPE scaffold, implying the

freeze-drying step to be the cause for the collapsed scaffold
observed in SEM. Despite the preparation of the ESEM samples
in a hydrated state, the hydrogel spheres were smaller than the
surrounding voids implying a certain degree of shrinkage.

In order to analyze the effect of the printing process
on the material morphology, additional SEM micrographs
were taken of polyHIPEs printed with a 250 um nozzle and
with different surfactant concentrations (see Figure S2). The
cross-sections of these samples showed intact polyHIPE
scaffolds indicating that the printing process did not
impair the structure of the resulting material. Furthermore,
micrographs of the surface of these printed samples
revealed an open-porous surface potentially suitable for
the penetration of the material by substrate solutions.
Micrographs of a printed cylinder of HIPE A at a lower

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

July 2020 | Volume 8 | Article 713


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Wenger et al.

3D-Printable and Enzymatically Active Materials

Monomer / % (w/w) Surfactant / % (w/w)

the organic phase, (C) aqueous phase volume fraction, and (D) nozzle diameter.

[ ] HIPEA [ ] HIPE variations 0 Mean value o Outlier

70 T T T T T
£ * * * * *
E —_— —_— —_——
~ 0 =
o 0 == % ?
E é
5
c 35| SEE 4k SEE s
i T TE| P
=
o
. |B=R B
g
o
w A B c @ D

0 | | | | |

0 7 14 6 9 12 8 85 90 110 250 840

FIGURE 7 | Equilibration time as determined from measurements for ONP calibration curves with different polyHIPE cylinders. All variations are derived from HIPE A
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magnification showed a homogeneous cross-section without
any visible interfaces between different printed layers
(see Figure S3).

3.4. Equilibration Time

The equilibration time when adding ONP solutions to polyHIPE
cylinders was determined from calibration data as a measure of
diffusion limitations. Data for calibration curves were generated
by adding serial dilutions of ONP to printed polyHIPE cylinders
and recording the absorbance at 460 nm for 90 min. The observed
signals showed an exponential decay at the beginning, turning
into a linear decay after a certain time span depending on the
polyHIPE composition and the thickness of the cylinder. The
linear decay of the absorbance signal was caused by evaporation
of ONP, as confirmed experimentally. The time span until a
steady slope was reached was defined as the equilibration time.
It was determined for all measured samples and is shown in
Figure 7. The mass fraction of monomer in the aqueous phase
was found to have no significant effect within the analyzed
range (Figure 7A). Both a higher mass fraction of surfactant in
the organic phase and a higher aqueous phase volume fraction
correlated with a decrease in equilibration time (Figures 7B,C).
The highest impact of all tested parameters was observed for
the nozzle diameter where the equilibration time increased
from (6.6 & 3.1) min to (52.0 & 0.9) min when changing nozzle
diameters from 110 pm to 840 um.

3.5. Enzyme Leaching

In order to quantify the amount of active enzyme leached
from the polyHIPE cylinders during the three wash steps and a
90 min incubation period, activity assays were conducted with
the supernatants of the wash and incubation steps (Figure 8).
The most remarkable result was found for wash step 1 of
the polyHIPE sample with a monomer concentration of 0%
(w/w) in the aqueous phase. Here, the determined amount of

leached active enzyme is only a sixth of the second lowest value
determined for step 1. Furthermore, this was the only sample
exhibiting a similar amount of leached active enzyme for all three
wash steps. For all other conditions, the amount of active enzyme
leached during the first step was at least 4-fold higher than for
the two subsequent steps. A clear trend could be observed for the
volume fraction of aqueous phase where a higher volume fraction
correlated with a higher amount of active leached enzyme in
the supernatant of wash step 1. The relative loss of enzyme
during the first wash step was also inversely correlated with the
nozzle diameter. However, with a maximum deviation of 6 %
between the samples, the absolute amount of leached enzyme
was nearly identical for all three nozzle diameters. Regarding the
supernatants of the 90 min incubation samples, only two showed
more than 0.5% leached enzyme: (1.8 £0.2)% for samples
with 90 % aqueous phase volume fraction and (8.0 £ 0.9) % for
samples printed with 110 um nozzles.

3.6. Activity Assays

Activity assays with printed hydrogel-filled polyHIPE cylinders
containing p-galactosidase in the aqueous phase were performed
to investigate the influence of various parameters on the resulting
enzymatic activity. All values discussed here are specific activity
values calculated per mg of B-galactosidase crude cell extract
from Aspergillus oryzae. Figure 3 shows the typical evolution of
absorbance (Figure 3A) and product concentration (Figure 3B)
over time for different substrate concentrations. Unlike in assays
with freely dissolved enzyme, the maximum turnover rates
did not occur immediately after substrate addition but after a
delay of several minutes with steadily increasing turnover rates.
The maximum turnover rate of each sample was determined
and the specific activity calculated to ensure comparability
between experiments with different amounts of enzyme. Plotting
the specific activities over substrate concentration resulted in
curves resembling Michaelis-Menten kinetics which were fitted
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FIGURE 8 | Determination of the amount of active enzyme leached from the printed polyHIPE cylinders during the wash procedure and a 90 min incubation in a
microtiter plate. The results are presented as mean values + standard deviation (1 = 3). The influence of (A) monomer mass fraction in the aqueous phase, (B)
surfactant mass fraction in the organic phase, (C) aqueous phase volume fraction, and (D) nozzle diameter is shown.

accordingly (Figure 3C). Combining different kinetics curves
with a 3D surface plot allows depicting variations in activity over
substrate concentration and a second parameter (Figure 3D).
The resulting kinetics of all performed activity assays
are presented in Figure9. Of the three HIPE composition
parameters being varied, the monomer mass fraction in the
aqueous phase had the highest impact on specific activity. An
increase in monomer mass fraction from 0% to 7% correlated
with a more than 5-fold increase in specific activity at 30 mM
substrate concentration (Figure 9A). Increasing the amount of
monomer further to 14% (w/w) had no significant additional
effect. PolyHIPEs with 12 % (w/w) surfactant in the organic phase
showed a 1.5 times higher specific activity at 30 mM substrate
than polyHIPEs with 9% or 6 % (w/w) surfactant (Figure 9B).
The aqueous phase volume fraction had an influence on the
specific activity at 30 mM substrate in the range between 82.5 %
and 87.5% (v/v) with a 1.7-fold increase (Figure 9C). Below
82.5 % and above 87.5 %, no further significant changes could be
observed. Besides the variations of HIPE composition, HIPE A
was printed using nozzles with different diameters in order to
evaluate the influence of cylinder thickness on the resulting
specific activity (Figure9D). The lowest activity at 30 mM
substrate was determined for a nozzle diameter of 840 um with
a value of (1.1 & 0.1) mM/(min- mg). In comparison, cylinders
printed with a 250 um nozzle showed a nearly 2-fold increase
in specific activity and a nearly 4-fold increase was determined

for the 110 um nozzle. This was also the highest specific activity
of all analyzed samples, more than two times higher than any
other condition.

3.7. Error Analysis of PolyHIPE Activity

Assays

An error estimation with a worst-case scenario (error E,uuy)
and a best-case scenario (error E,;,) was performed in
order to estimate the proportion of activity observed in the
polyHIPE activity assays that was caused by leached rather than
immobilized enzyme, as described in section 2.10. The highest
Emax of 12.79 % was found for polyHIPEs printed with 110 um
nozzles, Eyin was 1.28 %. PolyHIPEs with 90 % (v/v) aqueous
phase volume fraction showed the second highest E,, with
5.85%. All other samples showed values between 0.14 % and
2.30 % for E,4x and between 0.03 % and 1.74 % for E,,y,, as listed
in Table S3.

4. DISCUSSION

This study aims at formulating aqueous solutions of
AA and PEG-DA700 as the internal phase of HIPEs in
order to enhance printability and allow the 3D printing
of composite materials consisting of porous polymeric
scaffolds filled with enzyme-laden hydrogels. Different HIPE
compositions were systematically characterized to assess
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rheological and morphological properties, equilibration
time as a measure of diffusion behavior, leaching and
enzymatic activity.

4.1. Rheology and Printability

Yield stress is an essential predictor of printability, especially for
structures involving overhangs, as it substantially determines the
bridging and shape retention capabilities of the material after
extrusion (Sears et al., 2019). While the aqueous phase volume
fraction and the surfactant concentration in the organic phase
were found to strongly influence the yield stress, the monomer

concentration in the aqueous phase had a minor effect (Figure 4).
This indicates that little or no adverse effects on the printability
of HIPEs are to be expected from the addition of AA and
PEG-DA 700 to the aqueous phase. However, high surfactant
concentrations and high aqueous phase volume fractions are
desirable to enhance printing quality and allow the fabrication
of more complex geometries. Shear stress-controlled oscillatory
measurements indicated a gel-like character for all samples and
could confirm the trends observed for yield stress.

The void size of the prepared polyHIPEs was found to be
inversely correlated to the surfactant concentration in the organic
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phase (Figure 6). These results are in accordance with results
described by Princen who showed that the yield stress of HIPEs
is a function of aqueous phase volume fraction, droplet size and
interfacial tension (Princen, 1983, 1985). HIPE A, one of the
HIPEs with a high yield stress, exhibited excellent printability, as
demonstrated by the printed grid and gyroid structures shown in
Figure 5. High-quality prints are essential to reduce mass transfer
limitations in biocatalytic reactors, as they enable the fabrication
of flow-optimized geometries with thin walls (Schmieg et al.,
2019).

4.2. PolyHIPE Morphology

It was expected that the addition of AA and PEG-DA 700 as
monomers and LAP as a photoinitiator to the aqueous phase
of the HIPEs would result in polyHIPE scaffolds filled with
hydrogel. This was intended in order to retain the enzyme
within the material and prevent it from leaching through the
interconnecting pores of the polyHIPE while still allowing the
diftfusion of the relatively small substrate and product molecules.
ESEM micrographs (Figures 6G-I) revealed that most voids of
samples with 14 % (w/w) monomer in the aqueous phase were
indeed filled, while the control samples with 0 % (w/w) monomer
showed empty voids. This implies a successful formation of
hydrogel inside the voids. Previous studies about hydrogel-filled
polyHIPEs have addressed aspects like monomer content in the
aqueous phase and locus of initiation (Gitli and Silverstein, 2008),
pre-polymerization of the organic phase (Gitli and Silverstein,
2011), degree of cross-linking (Kovaci¢ et al., 2011) or shape-
memory properties (Warwar Damouny and Silverstein, 2016).
These studies mostly used scanning electron microscopy (SEM)
micrographs of dried samples for morphology analysis and
typically found bi-continuous systems with an interconnected
hydrogel that collapsed onto the polyHIPE walls covering the
interconnecting pores of the polyHIPE scaffold. Also, depending
on locus of initiation and monomer content in the aqueous phase,
hydrogels covering only the polyHIPE walls while leaving the
interconnecting pores open were described (Gitli and Silverstein,
2008). However, all of the cited studies were conducted with
styrene-based organic phases, thermal initiators and different
surfactants than used here, so comparability is limited. The
SEM and ESEM micrographs of the samples prepared in this
study show mostly separate hydrogel spheres, not connected
with the hydrogel in neighboring voids or the surrounding
polyHIPE scaffold. This may imply the presence of a liquid
interface layer between hydrogel and surrounding polyHIPE
which could be beneficial for mass transport, as it offers
an alternative route through the composite material avoiding
passage through the hydrogel phase. The high number of
empty voids found in SEM as opposed to ESEM micrographs
can probably be attributed to the sample preparation method
which in the case of SEM involves a freeze-drying step causing
the hydrogel to shrink and dry out which may promote the
detachment of the hydrogel from the scaffold. ESEM samples
were prepared in a hydrated state which may have caused
an increased adherence of the hydrogel to the polyHIPE
scaffold and hence a reduced loss. The observed shrinkage
of hydrogel spheres in ESEM samples can be attributed to a

drying effect due to the exposure to air directly after sample
preparation.

The decreased stability of the polyHIPE scaffold with 12 %
(w/w) surfactant in the organic phase and 14 % (w/w) monomer
in the aqueous phase may be caused by the incorporation of
water-soluble monomers into the external scaffold which has
been reported to have a destabilizing effect leading to the collapse
of the scaffold upon drying (Gitli and Silverstein, 2008, 2011). The
intact polyHIPE morphology of printed samples (see Figure S2)
shows the suitability of HIPEs for the application in extrusion-
based 3D printing.

4.3. Mass Transfer Limitations

Immobilizing enzymes in hydrogel-filled polyHIPEs may result
in two main disadvantages: reduced mass transfer caused by
the hydrogel and the polyHIPE scaffold and stress-induced
enzyme inactivation due to harsh conditions during HIPE
preparation. As a measure of mass transfer limitations, ONP
solutions were added to the printed polyHIPE cylinders
and the equilibration time was determined (Figure?7). A
shorter equilibration time can be attributed to a higher
mass transfer through the material or a shorter path length
due to a thinner cylinder. Both enable the embedded
enzyme to work more efficiently due to an improved
substrate supply.

No clear influence on equilibration time was found for
the monomer mass fraction in the aqueous phase. However,
both a higher surfactant mass fraction in the organic phase
and a higher aqueous phase volume fraction correlated with
a shorter equilibration time. Assuming that all cylinders had
approximately identical dimensions, it can be concluded that
polyHIPEs with a higher amount of surfactant or internal
phase allow a higher mass transfer through the material. This
may be caused by an increased degree of openness of the
polyHIPE scaffold. The degree of openness is the ratio of
open surface to total surface of a scaffold cavity and typically
increases with both surfactant concentration and aqueous phase
volume fraction (Pulko and Krajnc, 2012). Assuming that
substrate and product molecules are able to diffuse through
the internal hydrogel phase but not through the polyHIPE
scaffold itself, a high degree of openness would allow for a
less tortuous and hence shorter path through the material. This
may explain the decreased equilibration time for samples with
high amounts of surfactant and aqueous phase observed in
this study.

As discussed in section 4.2, a second pathway through a
liquid-filled interface between hydrogel and polyHIPE scaffold
may be available for a more efficient mass transport. Due to the
absence of hydrogel, this pathway would offer a higher rate of
diffusion for both substrate and product but a higher tortuosity
due to the necessity of bypassing the hydrogel. Mass transport via
this pathway would benefit from a smaller void size and hence
decreased tortuosity. As has been shown here (Figure 6) and in
other studies (Williams et al., 1990; Zhang et al., 2019), smaller
void sizes can be achieved by higher amounts of surfactant.

The lowest equilibration time was determined for cylinders
printed with a 110 um instead of a 250 um nozzle. Here, the
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low equilibration time can be attributed to a lower path length
through the cylinder which demonstrates the importance of
printing fine structures to reduce mass transfer limitations.

4.4. Apparent Enzymatic Activity, Leaching,

and Enzyme Inactivation

The main focus of this work was to establish printable HIPE
formulations as bioinks for enzymes and to evaluate the effect
of different HIPE compositions and nozzle diameters on the
apparent enzymatic activity of the printed and polymerized
material. Besides mass transfer limitations, stress-induced
enzyme inactivation and leaching during the wash steps may
cause a reduced apparent activity. Potential sources of stress-
induced enzyme inactivation in the applied process are the
contact with highly hydrophobic organic compounds in the
organic phase (Iyer and Ananthanarayan, 2008) or monomer
species in the aqueous phase, high shear forces during the
emulsification process (Bekard et al., 2011) or UV irradiation
(Luse and McLaren, 1963; Vladimirov et al., 1970), free radicals
(Dumitru and Nechifor, 1994) and increased temperature (Ustok
et al., 2010) during the exothermic photo-crosslinking reaction.
The measured activities alone cannot give any indication about
the predominant aspect leading to reduced apparent activity.
However, in combination with the determined equilibration time
(Figure 7) as a measure of mass transfer limitations and the
amount of active enzyme leached during the wash procedure
(Figure 8), certain conclusions can be drawn about the causes for
activity differences of different samples.

For both surfactant mass fraction in the organic phase and
aqueous phase volume fraction, a decline in equilibration time
(Figures 7B,C) correlated with an increase in apparent activity
(Figures 9B,C). This indicates that the change in apparent
activity for these parameters can at least partly be explained
by differences in mass transfer limitations of the polyHIPE
compositions. In contrast, the monomer mass fraction in the
aqueous phase had no significant effect on the equilibration time
while still influencing the apparent activity between 0% and
14 % (w/w) monomer by a factor of 5. In this case, the reduced
activity at 0% monomer cannot be attributed to mass transfer
limitations. A reasonable assumption would be that the enzyme is
lost during the wash steps due to the lack of a retaining hydrogel,
but analysis of the wash solutions showed a decreased rather
than increased amount of leached active enzyme in these samples
(see Figure 8). This eliminates the leaching of active enzyme as
a cause for the decrease in apparent activity at lower amounts of
monomer in the aqueous phase and leaves enzyme inactivation
as the most probable explanation. Depending on concentration
and chain length, PEG is known to stabilize proteins in aqueous
solutions (Wang, 1999), so the presence of PEG-DA 700 might
preserve the enzymatic activity of the B-galactosidase during the
emulsification and polymerization process.

A very simple and efficient way to reduce mass transfer
limitations is to decrease diffusion path lengths by increasing the
surface-area-to-volume ratio of the printed material (Schmieg
et al., 2018), as demonstrated here by the equilibration time
analysis of cylinders printed with different nozzles (Figure 7D).

In an enzymatic reactor, this can be realized in the form
of finer grids. Hence, the influence of printing with different
nozzle diameters was investigated to determine the achievable
increase in apparent specific activity. It should be noted that
the nozzle diameter does not correspond to the thickness of the
printed strand but is also dependent on printing parameters like
extrusion rate and layer height. Using 110 um instead of 840 pum
nozzles caused a 5-fold increase in apparent activity at 30 mM
ONPG for an identical polyHIPE composition (see Figure9).
This demonstrates that decreasing the diffusion path length
and increasing the surface-area-to-volume ratio is an essential
prerequisite for efficient biocatalytical processes.

Regarding leaching behavior, all polyHIPEs containing
hydrogel lost a significant amount of enzyme, especially during
the first wash step (see Figure 8). To avoid this, enzymes could
be covalently incorporated into the hydrogel with appropriate
linker molecules. During the 90 min incubation period following
the wash steps, most samples lost less than 0.5% of enzyme.
However, the cylinders printed with a 110 um nozzle lost an
amount of enzyme several times higher than all other samples.
Due to their thin strands, these cylinders were more flexible than
others and underwent higher mechanical deformations during
the wash process and transfer to microtiter plates. This stress
may have caused defects in the polyHIPE scaffold leading to
increased leaching of enzyme or enzyme-containing hydrogel
particles. The influence of leached enzyme on the results of the
polyHIPE activity assays is discussed in the following section.

4.5. Error Analysis of PolyHIPE Activity

Assays

Results of activity assays with enzyme immobilized in polyHIPEs
could be influenced by leached enzyme. An error estimation
with a worst-case scenario (error E,,;,) and a best-case scenario
(error E,j,) was performed in order to estimate the proportion
of the observed activity that was caused by leached rather than
immobilized enzyme. The calculation is based on the volumetric
activity of supernatant samples incubated for 90 min with a
polyHIPE cylinder. The worst-case scenario assumes the leached
enzyme to be present from the beginning of the activity assay
reaction while the best-case scenario assumes a linear release
profile over 90 min, as described in section 2.10. Hence, Eqx
only depends on the volumetric activity of the supernatant after
a 90 min incubation and the maximum activity occurring during
the polyHIPE activity assay, while E,;, is also proportional to the
time delay until the maximum activity occurs.

Due to the high amount of leached enzyme during the 90 min
incubation, a high E,, of 12.79 % was found for polyHIPEs
printed with 110 um nozzles. The high discrepancy between
Eax and E,ui, (1.28 %) can be attributed to the short diffusion
path lengths in these samples allowing the maximum activity to
occur after a short time delay of 9 min after substrate addition.
For all other samples, E,,,;, was below 6% and E,, below
2%. Further experiments would be necessary to determine a
realistic release profile instead of a best- and worst-case scenario.
However, even assuming the worst-case scenario, errors can
be neglected for most samples and all trends observed in the
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polyHIPE activity assays (Figure9) can be confirmed. The
observed differences in activity can indeed be attributed to the
polyHIPE material properties, not different amounts of leached
enzyme in the supernatant.

4.6. Conclusion
This study demonstrates the applicability of HIPEs as enzyme-
containing bioinks for the extrusion-based 3D printing of
enzymatically active composite materials to be employed in
biocatalytic reactors. Most prepared HIPEs exhibited excellent
printability allowing the fabrication of complex 3D structures
without the need for sacrificial support material. The inks could
be polymerized employing a cure-on-dispense setup resulting
in polyHIPE scaffolds filled with hydrogel, as confirmed by
(E)SEM micrographs. Automated activity assays showed that -
galactosidase could be preserved within the polyHIPEs in an
active state and that it could be supplied with the substrate
ONPG. The presented activity assay method allows the time-
efficient screening of a large variety of materials, printing
parameters and reaction conditions enabling a systematic
optimization with regard to apparent activity. Mass transfer
limitations and enzyme inactivation were identified as the most
important factors limiting the apparent activity. While not
significantly affecting the mass transfer of the material, the
presence of monomer in the aqueous phase was found to be
essential for the preservation of enzymatic activity: PolyHIPEs
with 14 % (w/w) monomer showed a more than fivefold higher
apparent activity than polyHIPEs with 0% (w/w) monomer in
the aqueous phase. Printing thin structures was shown to reduce
diffusion path lengths and hence mass transfer limitations,
causing a nearly fourfold increase in specific apparent activity for
prints from 110 um nozzles, as compared to 840 um nozzles. The
surfactant mass fraction in the organic phase and the aqueous
phase volume fraction were found to have a less pronounced
but still significant effect on mass transfer and hence apparent
activity. Due to their excellent printability, the presented bioinks
are suitable for the additive manufacturing of more sophisticated
and finer resolved biocatalytic reactor designs with reduced mass
transfer limitations.

In order to reduce mass transfer limitations even further, oil-
in-water instead of water-in-oil HIPEs could be produced with
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