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Abstract

High internal phase emulsions (HIPEs) are potential stereolithography-based resins for
producing innovative lightweight porous materials; however, the use of these resins has only
been shown in bespoke stereolithography setups. These studies indicated that HIPEs tend to
scatter the light during structuring via stereolithography, and can produce poorly defined, and
low-resolution structures, but the inclusion of light absorbers can drastically increase the
printing resolution. In this study, we focused on the inclusion of biocompatible light absorbers
within the resin and the compatibility of those resins with a commercial vat
photopolymerization additive manufacturing (or stereolithography) setup. A surfactant
(hypermer) stabilized water-in-oil emulsion based on 2-ethylhexyl-acrylate and isobornyl-
acrylate was used. For the light absorbers, both hydrophobic (beta-carotene) and hydrophilic
(tartrazine) molecules were used, which dissolve in the organic phase and aqueous phase,
respectively. It was found that using a combination of both beta-carotene and tartrazine
provided the best stereolithography-based 3D printing resolution. Additionally, the emulsion
was stable for the duration of the printing process and showed a porous polyHIPE structure
with open surface porosity. The formulation of these HIPE-based resins permits them to be

used in a wide range of applications since complex structures could be fabricated from HIPEs.

Keywords: PolyHIPE, Vat photopolymerization, Stereolithography, 3D printing, Light

absorber


https://doi.org/10.1089/3dp.2022.0235

Final publication is available from Mary Ann Liebert, Inc.: https://doi.org/10.1089/3dp.2022.0235

1. Introduction

From the 1990s onwards, there has been an increased interest in the manufacture of porous
polymer structures because of their flexibility of design, and relatively easy and low-cost
manufacture 6. Primarily, research in porous polymers focused on producing polymers with
tunable physical properties, well-defined tunable porosities from micrometer to millimeter size
and high surface areas. This led to a variety of potential applications, for example, filter
materials, catalyst support, or scaffold materials in tissue engineering and 3D cell culture 7.
Porous polymers can also be used as templates for the manufacturing of porous metals,

ceramics, carbons, and composites I

One versatile technique to produce porous polymers is emulsion templating where an emulsion
of a pre-polymer or polymer solution continuous phase is combined with water as dispersed
phase. During the process the polymer sets, and the water is removed to obtain the remaining
polymer network template formed by the emulsion. When using large amounts of internal phase
(over 74% of the total volume) and a suitable emulsifying surfactant, this process produces
High Internal Phase Emulsions (HIPEs) #71°. These are templates to produce highly porous
polymer structures (polyHIPEs) with potentially interconnected porosity '!!. PolyHIPEs can
be shaped via traditional manufacturing techniques such as casting (molding) to make
structures with low design complexity and flexibility, where post-processing can be applied to
create complex structures >3, An interesting novel route to shape polyHIPEs is via combining
emulsion templating with additive manufacturing. This allows single-step manufacturing of

inherently porous and lightweight complex structures with little to no post-processing '+-!°.

Currently, additive manufacturing is emerging as an industrial manufacturing technique to
fabricate three-dimensional objects directly from computer-aided design (CAD) files through

layer-by-layer manufacturing, originally invented in the 1980s 718, Additive manufacturing is
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a general term for a group of technologies, also known by the public as 3D printing. Additive
manufacturing technologies are mainly divided into seven categories according to the
terminology set out by ISO/ASTM 52900: 2015 '1°, These categories are binder jetting,
directed energy deposition, material jetting, powder bed fusion, sheet lamination, material
extrusion, and vat photopolymerization. Material extrusion (fused deposition modelling) and
vat photopolymerization (stereolithography) are used for the additive manufacturing of
polymer materials and have both been used to build porous polyHIPE 3D structures '4-16:20-22,
In these studies, bespoke emulsions were prepared by mixing water with suitable monomers,
surfactants, crosslinkers, and photoinitiators and were printed on experimental in-house setups

1823 However, to our knowledge, their printability in commercial stereolithography-based 3D

printers has not been demonstrated.

Even though additive manufacturing allows the manufacturing of complex polyHIPE
structures, HIPE-based resins tend to scatter light during structuring via stereolithography '°.
Therefore, this can cause the production of poorly defined, low-resolution structures.
Improving the resolution by using light absorbers has previously been reported by Choi and
Wicker in standard non-porous stereolithography resins 2%, and by Sherborne et al. in emulsion-
based resins '. Sherborne et al. used Tinuvin 234 as a light absorber to reduce the resolution
in a house-built stereolithography set-up to 200 um for HIPE-based inks by reducing the light
scattering arising in the focal point. Additionally, it was observed that the surface of the
structures without light absorbers was non-porous, which was attributed to surface skin from
the poorly cured polymer in the scattering region. The surface skin reduced the functionality of
the structures, especially in applications that depend on surface porosity (e.g., cell culture

scaffolds).

In this study, the use of high internal phase emulsions as potential 3D printing resins for

producing inherently porous structures with a commercial vat photopolymerization-based 3D
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printer (Kudo 3D Titan2 HR) was investigated. This set-up integrates a 405 nm LED source
and a DLP projector to project high-resolution images (up to 25 um) on a 10.2 cm x 7.4 cm
build platform 2. It illuminates the sample from the bottom through a transparent base and a
thin layer of uncured resin on the z-translation platform (bottom-up setup). In this bottom-up
setup, there are 3 steps: a curing step, a pull-off step where the z-platform translates to pull the
reacted resin from the transparent base, and a third step where the build platform moves back
to produce the next layer. This convoluted sequence of steps for each layer could have
significant consequences for emulsion stability and porosity, and this has been studied in detail

in this publication.

We aimed to investigate the effects of two light absorbers on mainly the printing resolution and
porous microstructure. Beta-carotene and tartrazine were used, which are biocompatible light
absorbers, as highlighted in previous literature 2°. Beta-carotene is a hydrophobic compound,
while tartrazine is hydrophilic. Accordingly, beta-carotene resides in the organic phase,
whereas tartrazine is retained in the aqueous phase. This study explores the overall effects of
hydrophobic and hydrophilic light absorbers in these emulsions and determines whether

employing both together has any advantages over using each one separately.
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2. Materials and Methods

2.1. Materials

2-ethylhexyl acrylate (EHA), isobornyl acrylate (IBOA), trimethylolpropane triacrylate
(TMPTA), 2 different forms of photoinitiators; diphenyl (2,4,6- trimethyl benzoyl)-phosphine
oxide (in crystal form) and 2-hydroxy-2-methyl propiophenone (in liquid form), beta-carotene
(synthetic, >93% (UV), powder), and tartrazine (dye content >85 %) were all purchased from

Sigma Aldrich. The surfactant Hypermer B246-SO-M was kindly donated by Croda.

2.2. Methods

2.2.1. Preparation of High Internal Phase Emulsions

37.30 wt% 2-ethylhexyl acrylate (EHA), 37.30 wt% isobornyl acrylate (IBOA), 16.40 wt%
trimethylolpropane triacrylate (TMPTA) (crosslinker), and 9.00 wt% Hypermer B246-SO-M
(surfactant) were mixed to form the continuous organic phase. This mixture was heated using
a heat gun until the surfactant was dissolved at 50°C. Afterwards, photoinitiators were added
to the continuous phase at 2.5 wt% in crystal form and at 2.5 wt% in liquid form. The solution

was heated to 40°C for 5 minutes to dissolve the photoinitiator, which is in crystal form.

HIPEs containing beta-carotene and tartrazine were fabricated by adding both to the continuous
phase before the addition of the photoinitiator. Beta-carotene was added from 0.1 to 1.0 wt%
(of the continuous phase), and tartrazine was added from 0.1 to 0.4 wt% (of the continuous

phase) in increments of 0.1 wt% (Table 1).

Finally, 80 vol.% of distilled water, dH20, (the internal phase) was added to the continuous
phase to form an emulsion. The water was added dropwise while stirring the emulsion at 300

rpm (SciQuip-Pro 40 stirrer).
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Table 1. EHA, IBOA, TMPTA, hypermer, beta-carotene, and tartrazine ratio (wt%)

Organic Phase Light absorbers
EHA IBOA TMPTA Hypermer Beta-carotene® Tartrazine®
Samples wt %)  (wt%) (wt%)  (wt%) (wt %) (wt %)
Pure 3730  37.30 16.40 9.00 - -
Beta-carotene  37.30  37.30 16.40 9.00 0.10 to 1.00 -
Tartrazine 37.30  37.30 16.40 9.00 - 0.10 to 0.40
Blend 3730  37.30 16.40 9.00 0.40 1.00

“Beta-carotene and tartrazine concentration with respect to the organic phase

2.2.2. 3D Printing of High Internal Phase Emulsions

PolyHIPE structures were 3D printed using a commercially available, desktop 3D printer
(Kudo 3D Titan2 HR). The 3D printer employed the vat polymerization technique and
combined stereolithography (SLA) and digital light projection (DLP) methods using a 405 nm

light source.

Computer-aided design (CAD) was used to produce the structures for 3D printing (SolidWorks
2018). These were formatted as .stl files and then prepared for 3D printing and sliced using

Creation workshop (version 1.0.0.75).

2.2.2.1. 5x5 mm cylinders for the optimization of the light absorber content

Cylinder samples, 5 mm diameter x 5 mm height, were 3D printed and used to optimize the
amounts of light absorbers in the emulsion. These cylinders contained 233 layers with a base
and supports after slicing (see Supplementary Figure 1). Initially, the HIPE containing no beta-

carotene or tartrazine, further denoted as “pure”, was used to 3D print the polyHIPE cylinders.
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Printing parameters (exposure time, lifting speed, lifting height, etc.) were varied to achieve
the best 3D printing performance (the final parameters and overall print time are listed in
Supplementary Table 1 and Table 18, respectively). After determining the most suitable 3D
printing parameters for the pure HIPE, HIPEs including beta-carotene and tartrazine at varying
concentrations were used to 3D print the polyHIPE cylinder structures. Additionally, the 3D
printing parameters were modified slightly to achieve the best results when including the light
absorbers (see Supplementary Tables 2-4,18). Once 3D printing was completed, the cylinders

were washed with acetone to remove non-polymerized HIPE and then air-dried.

2.2.2.2. Investigation of the 3D printing resolution

Various calibration objects were 3D printed using the HIPEs to determine the resolution that

could be achieved.

A calibration object including 5 mm-high posts of 3 mm, 2 mm, 1 mm, and 0.5 mm diameters
was 3D printed from the pure HIPE and then from HIPEs that contained the optimized amounts
of beta-carotene, tartrazine, and a blend (0.4% beta-carotene and 0.1% tartrazine) (see

Supplementary Figure 4 and Tables 12-15, 18).

Additionally, cylinders, 5 mm diameter X 5 mm and 10 mm height, having 15°, 30°, and 45°
inclines were also 3D printed from the pure HIPE and the HIPE containing the optimized
amounts of beta-carotene, tartrazine, and a blend of them (see Supplementary Figures 2,3 and

Tables 5-11, 18).
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2.2.2.3. Pyramid and Buckyball structures

3D designs of pyramid and buckyball structures were obtained from thingiverse.com 2728

These 3D-designed structures were fabricated from HIPEs containing a blend of beta-carotene
and tartrazine to demonstrate the usability of HIPEs as 3D printing materials for producing

complex geometric structures (see Supplementary Figures 5,6 and Tables 16-18).

2.2.3. Characterization of HIPEs and polyHIPEs
2.2.3.1. UV/Vis Spectrometer

A Jenway 6305 spectrophotometer was used to measure the light absorbance of the optimized
amounts of the light absorbers at 405 nm. Beta-carotene was dissolved in the organic phase
(hydrophobic compound), while tartrazine was dissolved in the aqueous phase (hydrophilic

compound).

2.2.3.2. Scanning Electron Microscopy

A Tescan Vega3 Scanning Electron Microscopy (SEM) was used to image the cross-section
and outer surface of 3D-printed polyHIPE samples. Before SEM imaging, samples were gold
coated to provide conductivity (Edwards S150B sputter coater). Image J was used to measure
pore diameters. 100 pores were measured for each sample to determine an average. A statistical
correction factor of 2/v3 was then applied to the results to account for the non-equatorial

location of the pore diameter measurements 2%,
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2.2.3.3. Helium Pycnometry

The porosity of the polyHIPEs was determined using helium pycnometry. PolyHIPE cylinders,
5 mm diameter X 5 mm height, were 3D printed from pure HIPE and from HIPEs that contained
the optimized amounts of beta-carotene, tartrazine, and the blend (0.4% beta-carotene and 0.1%
tartrazine). These cylinders were examined using an Accupyc 1340 Gas Pycnometer to
calculate their porosity. The device determined the density and volume (Vpyc) of the samples.

Equation 1 was used to calculate % porosity. Vyux is the volume of the bulk cylinder sample.

Vpyc
Vbulk

ey

% porosity = (1 ) x 100

Additionally, equivalent polyHIPE cylinders were also produced from UV-cured HIPEs,
polymerized using a UV belt curer (GEW Mini Laboratory, GEW engineering UV) with a 100
W cm™ UV bulb. Cylinders were cut from UV-cured polyHIPE samples using a 5 mm diameter
hollow punch. UV-cured polyHIPE cylinders were produced from freshly prepared HIPEs and
leftover HIPEs (which remained in the printing tank after 3D printing) to demonstrate the effect

of the two-step up-and-down movement of the printing platform on porosity.

2.2.3.4. Statistical Analysis

All statistical analysis was undertaken in GraphPad Prism (version 8.4.3). One-way ANOVA
with Tukey’s multiple comparison analysis was applied to assess significant differences.
Differences were considered significant when p<0.0001. All experiments were repeated three

times, and the number of replicates (n) is mentioned in the figure legend.
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3. Results

3.1. UV-Vis Spectrometer

We aimed to formulate a resin that had a similar amount of light absorbance in the organic
phase compared to the aqueous phase and to subsequently fine-tune the light absorbance within
the respective phases via changing the concentration of the light absorber (beta-carotene and
tartrazine) and observe any changes in shape fidelity and internal structure. To achieve this, the
optical absorption of the two different absorbers beta-carotene and tartrazine was measured,
and their absorptions were recorded at 405 nm for 8 different concentrations, between 2.5 uM
and 20 uM with 2.5 uM intervals. From the gradient of these plots, (i.e., the experimental
extinction coefficients at 405 nm) it can be calculated that tartrazine is in general 6.23x more

absorbent at 405 nm than beta-carotene at the same molar concentration.

1—
’g K
= -
Y 2 :
g £-3.99 107 . .
= L e e Tartrazine
< 2
= T e Beta-carotene
g :
= 5
2 s
2 5
< £=0.64 107,

0 —T— T T 1

0 5 10 15 20 25

Concentration (nM)

Figure 1. Extinction coefficient graph of beta carotene and tartrazine samples at 405 nm
(n=3)
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Important to note is that both beta-carotene and tartrazine are natural products, which can have
batch-to-batch variation (due to impurities) in their absorbance but also time-dependent
variation, likely because of oxidation. For this reason, the extinction coefficient is regularly
checked (Figure 1) and the concentrations of the light absorbers are adjusted accordingly to

achieve consistent results.

3.2. Optimization of light absorber content and examination of 3D Printing resolution

Cylinder samples which were fabricated with different amounts of light absorbers, the diameter
and height values, and the aspect ratio graph of 3D printed 5x5 mm cylinders were presented

in Figure 2. These graphs were generated in GraphPad Prism (version 8.4.3).

The important figures to analyze were their diameter, height, and aspect ratio values, which are
summarized in Figure 2. The shape fidelity of the print will likely be influenced by a
few distinct and competing processes. As aforementioned, emulsion-based resins can scatter
the light, which will translate into a larger object size both in the transversal and lateral
directions of the printed stubs. The printed porous objects also exhibited shrinkage during the
drying process after printing (see Supplementary Figure 7 and Table 19), which is a result of
the water removal. Higher shrinkage will likely occur with under-cured objects because of
lower cross-linking density. The results are highlighted in Figure 2. The results indicate that
the inclusion of both beta-carotene and tartrazine influences the height, width, and aspect ratio
of the printed structures. The printed cylinders included 1 mm spacer struts to easily disconnect
the cylinder from the base (see Supplementary Figure 1). This allows for over-curing to occur
in the z-direction, and this is observed in the cylinder cured without any light absorber (pure)
(see Supplementary Figure 7). The aspect ratio varies non-linearly with increasing beta-

carotene, indicating that the shape fidelity depends on a few competing factors as
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aforementioned. For both light absorbers, there was a maximum amount that could be added to
the emulsion before print properties decreased. 1.0 wt % beta-carotene sample did not result in
a successful print for beta-carotene, while 0.4 wt % of tartrazine addition resulted in a

deteriorating structure.

Table 2. Diameter (mm), height (mm), and aspect ratio values

Samples Diameter (mm) Height (mm) Aspect Ratio
Pure 473 +£0.11 4.95+0.02 0.96 £0.02
02B 4.90 +0.04 4.84 £0.10 1.01 £0.01
0.4 B 4.89 +0.04 4.93 £0.05 0.99 + 0.00
0.6 B 4.73 +0.06 4.94 + 0.06 0.96 £0.02
0.8B 4.53 £0.08 4.37+0.01 1.04 £0.02
01T 4.54 +0.04 4.68 +0.11 0.97 £0.03
02T 4.20 +0.02 4.50 £0.19 0.93 £0.04
Blend 4.53 £0.09 4.60 +0.05 0.99 £0.03
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Figure 2. (A) 3D printed 5x5 mm cylinders. (B) Diameter and height values of the 3D
printed 5x5 mm cylinders. (C) The aspect ratio of the 3D printed 5x5 mm cylinders. (n=3)

Overall, the 0.4 % beta-carotene allowed the manufacturing of structures that were closest to
3D design. The cylinder samples containing 0.4% beta-carotene have a diameter of 4.89 + 0.04
mm and a height 0f 4.93 + 0.05 mm (n=3) while the 3D model of the cylinder is 5x5 mm height.
Also, the object with the aspect ratio closest to 1 is the 0.4 % beta-carotene structure. The 0.2
% beta-carotene structure is near second best with an aspect ratio was 1.01 £ 0.01 and diameter
of 490 + 0.04 mm and a height of 4.84 + 0.10 mm. We also investigated the addition of
tartrazine to the aqueous phase of the HIPE. In this series, the 0.1% tartrazine provided the best
results (aspect ratio is 0.97 £ 0.03). Additionally, the combination of both was investigated by
combining the best ones from each category. Interestingly, the blend samples exhibited shape
fidelity with an aspect ratio of 0.99 + 0.03 even though both their diameter (4.53 £+ 0.09 mm)

and height (4.60 + 0.05 mm) were lower than the pure and beta-carotene samples. The observed
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shrinkage might indicate a lower cross-linking density in the polymer phase due to absorbance

and is mainly observed in the emulsions that include tartrazine (Table 2).

pure 04 B 01T blend

Figure 3. (A) 3D printed cylinders having 5 mm and 10 mm height, and 15°, 30°, and 45°
inclines from pure HIPE. (B) 3D printed cylinders having 5 mm and 10 mm height, and 15°,
30°, and 45° inclines from HIPE that contained 0.4 % beta-carotene. (C) 3D printed
cylinders having 5 mm and 10 mm height, and 15°, 30°, and 45° inclines from HIPE that
contained blend (0.4 % beta-carotene and 0.1 % tartrazine). (D) 3D printed cylinders having
5 mm height, and 15° and 30° inclines from HIPE that contained 0.1 % tartrazine. (E)
Calibration object including 5 mm high posts of 3 mm, 2 mm, 1 mm, and 0.5 mm diameters
which was 3D printed from pure HIPE and HIPEs that contained 0.4 % beta-carotene, 0.1 %
tartrazine, and blend (0.4 % beta-carotene and 0.1 % tartrazine), respectively. (F) 3D
printed pyramid structure from HIPE that contained blend (0.4 % beta-carotene and 0.1 %
tartrazine). (G) 3D printed buckyball structure from HIPE that contained blend (0.4 % beta-
carotene and 0.1 % tartrazine).

A second test was how well overhangs are recreated in polyHIPE 3D printing. For this purpose,

various cylinder structures having 5 mm and 10 mm height, and 15°, 30°, and 45° inclines were
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printed and presented in Figure 3. As a result, although these cylinder structures were created
from pure, beta-carotene, and blend categories, only the cylinders having 5 mm height and 15°

and 30° inclines were obtained in the tartrazine category.

The 3D-printed structures were examined in terms of resolution, and the best resolution was
obtained from the blend light absorber category. All 6 cylinders were 3D printed without any
distortion and over-curing in the structure. On the other hand, pure polyHIPE cylinders
presented the least optimal results due to their distorted, over-cured structure with a prominent
layered appearance arising from the printing process. Even though the cylinders containing 0.4
% beta-carotene showed similarity with pure polyHIPE cylinders, they presented more uniform
structures except for the sample having 10 mm height and 45° incline. However, the layered
structure caused by printing was noticeable, though to a lesser extent compared to the pure
cylinders. Unlike pure and 0.4 % beta-carotene, the cylinders that contained 0.4 % beta-
carotene and the blend did not show any distorted or layered structure. Finally, only 2 cylinders
having 5 mm height and 15° and 45° incline were 3D printed from the HIPEs containing 0.1 %
tartrazine although they were as uniform as the cylinders containing blend. As the height and
incline of the cylinders increased, the attachment of the printed objects to the printing platform
decreased, and the cylinders dropped from the printing platform during the 3D printing process.

For this reason, the other cylinders failed.

Figure 3E presents a series of 3D printed calibration objects, including 5 mm high posts of 3
mm, 2 mm, 1 mm, and 0.5 mm diameters. The 0.5 mm width post could only be seen in the
calibration object of pure polyHIPE, and it could not be printed with the others. This is likely
due to the tendency of scattering-induced over-curing in pure HIPE. Even though the over-
curing of HIPEs is a problem when fabricating more complex designs, it may be advantageous
when fabricating the fine details. Except for the 0.5 mm post, the posts could be 3D printed

from HIPEs containing 0.4% beta-carotene and the blend, while the 1 mm width post was
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incomplete in 0.1 % tartrazine. The pyramid structure containing inclined and thin edges (1.10
mm in the design file) and the buckyball structure including thin small spheroids (2 mm in the
design file) connected by thin lines (0.90 mm in the design file) were 3D printed as proof of

the usability of HIPEs to fabricate more complicated structures.

3.3. Comparison of the porous structures of the polyHIPEs containing different amounts

of light absorbers

The layered microstructure caused by the 3D printing process of the polyHIPEs is presented in
Figure 4(A-D). Layers and the interconnectivity between layers could be seen clearly. 6 layers
from each category were measured, and the layer thicknesses were 30.35 + 0.55 pm, 29.65 +
0.65 um, 29.40 £ 0.75 pm, and 29.70 £ 0.70 um for pure, 0.4 % beta-carotene, 0.1% tartrazine,
and blend, respectively (Figure 4K). These results also matched the z-layer thickness (30 pm)
that was created by the slicing of the 3D model, and consequently the z-translation step of the

Z-stage.

After analyzing the effects of light absorbers on the resolution, we focused on investigating
their effects on the pore structure since the degree of porosity and pore size are crucial
properties in these materials, which directly affect the application area. PolyHIPEs that
contained 0.4 % beta-carotene, 0.1 % tartrazine, the blend, and pure polyHIPE were
investigated in terms of the degree of porosity and pore size. Also, to fully understand the
influence of the printing process on the internal structure of the polyHIPEs, the pore size and
porosity within 3D-printed structures were examined. The data were compared with the
measured pore size and porosity in a fresh batch of UV-cured polyHIPEs and with a sample

taken out of the resin tank after the printing process was completed (UV-cured leftover). These
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data are summarized in Table 3 and Figures 4 and 5 and provide the following interesting

insight into the printing process.

Table 3. Pore size (um), porosity (%), and layer thickness (um)

Samples
Pure
B
§ 04B
& 01T
@)
o« Blend
Pure
B
5 = 04B
o o
S 01T
)
Blend
.o Pure
> 8
- B3 04B

Pore Size (um)

13.97 +3.13
15.27 +3.31
18.75 £5.76
18.36 £2.60
37.05 +3.85
29.15+4.35
32.25 £3.86
40.82 £6.18
21.39 £2.56
14.87 £2.73

Porosity (%)
70.59 £2.62
70.70 £ 1.14
64.17 £4.58
67.47 +£2.09
82.50 £ 0.57
80.58 £2.06
81.29 +2.10
80.77 = 1.69
76.65 £1.40
70.20 £3.03

30.35£0.55
29.65 £ 0.65
29.40 £0.75
29.70 £0.70

n/a

n/a

n/a

n/a

n/a

n/a

Layer Thickness (um)

Focusing on the pore size within the 3D-printed objects first, the pore sizes of the pure, 0.4 %

beta-carotene, 0.1 % tartrazine, and the blend samples were 13.97 +3.13 um, 15.27 + 3.31 um,

18.75 £5.76 um, and 18.36 + 2.60 um, respectively, indicating that the pure polyHIPE sample

had the smallest pores while the 0.1 % tartrazine sample had the largest pore size. On the other

hand, the similarity in the pore sizes of 0.1 % tartrazine sample and the blend sample has been

observed. Secondly, pure and 0.4 % beta-carotene samples showed more uniform pores than

0.1 % tartrazine samples based on their standard deviations as this could be seen in Table 3,

whereas the blend exhibited more uniform pores.
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Figure 4. Layer-by-layer structure of 3D printed polyHIPE samples, (A) pure polyHIPE, (B)
polyHIPE containing 0.4 % beta-carotene, (C) polyHIPE containing 0.1 % tartrazine, (D)
polyHIPE containing blend (0.4 % beta-carotene and 0.1 % tartrazine). Porous
microstructure of 3D printed polyHIPE samples, (E) pure polyHIPE, (F)polyHIPE
containing 0.4 % beta-carotene, (G) polyHIPE containing 0.1 % tartrazine, (H) polyHIPE
containing blend (0.4 % beta-carotene and 0.1 % tartrazine). (I) Pore size vs Samples graph,
*: significant difference (p<0.0001). (J) The comparison of the degree of porosity of UV-
cured fresh, 3D-printed, and UV-cured leftover samples. (K) Layer thickness vs Samples
graph. (n=3)
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According to the statistical analysis (Figure 4I), the pore size of the 0.1 % tartrazine and the
blend samples were compared with the pure and 0.4 % beta-carotene samples, and it was found
that there was a statistically significant difference between them. On the other hand, there is no
statistically significant difference between the pure and 0.4 % beta-carotene samples, and

between 0.1 % tartrazine and the blend samples.

Figure 5. Porous microstructure of UV-cured polyHIPE samples from fresh HIPEs, (A) pure
polyHIPE, (B) polyHIPE containing 0.4 % beta-carotene, (C) polyHIPE containing 0.1 %
tartrazine, (D) polyHIPE containing blend (0.4 % beta-carotene and 0.1 % tartrazine) and

from leftover HIPEs, (E) pure polyHIPE, (F)polyHIPE containing 0.4 % beta-carotene, (G)

polyHIPE containing 0.1 % tartrazine, (H) polyHIPE containing blend (0.4 % beta-carotene

and 0.1 % tartrazine). (n=3)

The porosity of the 3D-printed samples also showed a similar difference between the pure and
beta-carotene-containing samples compared to the tartrazine-containing samples. The porosity
drops to ~70% in the first group, while in the second group it drops to ~65%. Important to note
is that this drop in porosity implies that the 3D HIPE emulsions do not produce polyHIPEs but
rather lower porosity polyMIPEs (for Medium Internal Phase Emulsions). To discard the

potential effect of closed surface porosity of the printed objects (see section 3.4) on the
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measurement, the porosity was re-measured on 3D-printed samples with their surface layers

removed and no difference was observed.

Figure 6. Porous microstructure of UV-cured polyHIPE samples after 1 day (A) pure
polyHIPE, (B) polyHIPE containing 0.4 % beta-carotene, (C) polyHIPE containing 0.1 %
tartrazine, (D) polyHIPE containing blend (0.4 % beta-carotene and 0.1 % tartrazine), after
3 days (E) pure polyHIPE, (F)polyHIPE containing 0.4 % beta-carotene, (G) polyHIPE
containing 0.1 % tartrazine, (H) polyHIPE containing blend (0.4 % beta-carotene and 0.1 %
tartrazine), and after 7 days (I) pure polyHIPE, (J) polyHIPE containing 0.4 % beta-
carotene, (K) polyHIPE containing 0.1 % tartrazine, (L) polyHIPE containing blend (0.4 %
beta-carotene and 0.1 % tartrazine). (n=3)

These results can be further compared to the results obtained from UV-cured polyHIPEs/MIPEs
fabricated from fresh HIPEs and the emulsion that was left over in the resin tank after printing.
The results can be summarized as follows: the leftover resin produced polyMIPEs with very
similar pore size and porosity compared to the 3D-printed objects (in between 15-20 pm and

62-76% depending on the formulation), while the UV-cured fresh polyHIPEs exhibited larger
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pore sizes (in between 30-40 pm and 80-82% depending on the formulation). These differences
can be explained by the different conditions the emulsions are exposed to during printing versus
standard UV-curing. During 3D printing, the emulsion gets agitated by the up-and-down
movement of the printing platform during the pull-off and curing steps causing a reduction in

the pore size during curing.

Table 4. Pore sizes (um) in day 1, day 3, and day 7

Pore Size (um)

Samples Day 1 Day 3 Day 7
Pure 36.90 +5.01 33.96 +5.50 32.86 +4.67
04B 29.55 £5.09 3344 £5.22 35.76 £ 6.88
0.1T 32.43 £5.68 34.79 £5.88 42.59 +6.94
Blend 40.28 £7.11 39.23 +7.82 34.26 £ 6.28

Also, interesting to note is that the tartrazine-containing samples showed a higher reduction in
porosity than the others. The addition of tartrazine decreased the porosity in addition to the up-
and-down movement of the printing platform. Based on these findings, a 7-day emulsion
stability test was performed, and the results are presented in Fig. 6 and Table 4. Even though
the pore sizes of 0.4 % beta-carotene polyHIPEs and 0.1 % tartrazine polyHIPEs increased as
time increased, the blend and pure polyHIPEs showed a slight decrease in their pore sizes as

time increased.
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3.4. Surface Porosity

The outer surface of the cylinders was imaged via SEM to investigate the effects of light
absorbers on the surface porosity. The pure and 0.4 % beta-carotene samples showed almost
closed surfaces, whereas 0.1 % tartrazine and the blend samples provided porous surfaces. This
indicated that oil-soluble (continuous phase) and water-soluble (internal phase) light absorbers
have different effects on surface porosity and that only absorbers soluble in the internal phase
ensure open surface porosity. This indicates that by including the light absorbers in the aqueous
phase, the aqueous phase also absorbs the scattered light, which then reduces the occurrence of

the poorly polymerized polymer boundary layer that gives rise to the polymer surface skin.

500 pm 500 pm 500 um 500 pm
[ et B ) e

100 um
| hECmATTSe.

Figure 7. The porosity of the outer surface of the 3D printed samples (A&E) pure polyHIPE,
(B&F) polyHIPE contains 0.4 % beta carotene, (C&G) polyHIPE contains 0.1 % tartrazine,
(D&H) polyHIPE contains 0.4 % beta carotene and 0.1 % tartrazine. (n=3)
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4. Discussion

Current literature indicates that there is a noted increasing interest in the use of porous
materials, particularly polyHIPEs, in various applications. Even though polyHIPEs are
frequently proposed as materials for 3D cell culture and tissue engineering applications, they
are also usable in different industrial applications by controlling their porous morphology, and
physical and mechanical properties '*!°. For the further adaptation of the polyHIPE
technology in various industrial applications, these materials should also be able to be
manufactured in a broad range of user-defined shapes. For this reason, manufacturing
polyHIPEs via vat photopolymerization would be a convenient way since this process allows

high-resolution fabrication.

Pure HIPEs were over-cured while fabricating cylinders with 5 mm and 10 mm heights and
15°, 30°, and 45° inclines. The reason for this over-curing is light scattering during the 3D
printing process, as has been reported in the literature 337, Light scattering could be reduced
by including light absorbers within the resin, thus enabling the manufacture of objects with
improved resolution via vat photopolymerization. For example, Tinuvin Carboprotect and
Tinuvin 234 have been used as light absorbers to improve the resolution of 3D printed

polyHIPEs, as reported by Susec et al. and Sherborne et al., respectively 638,

We achieved the best resolution using the blend light absorber (0.4 % beta-carotene and 0.1 %
tartrazine). This allowed the 3D printing of a pyramid structure having inclined edges and
a buckyball structure (Figure 3). Thus, we have manufactured the most complex structures to
date obtained from HIPEs via stereolithography-based additive manufacturing thanks to the
inclusion of the blend light absorber. Additionally, these structures could be manufactured with
both internal and surface porosity, but interestingly, the pore size within the printed structures

was smaller than a structure directly UV-cured from a fresh HIPE (15-20 pm compared to 30-


https://doi.org/10.1089/3dp.2022.0235

25
Final publication is available from Mary Ann Liebert, Inc.: https://doi.org/10.1089/3dp.2022.0235

40 pum, Figure 5 and Table 2), and the total porosity decreased by ~10%. This was likely due
to a few different conditions the emulsion is exposed to during printing. Indeed, the print
platform moves in a concerted up-and-down movement during printing to pull off the printed
layer from the resin tank and move back to the set z-layer thickness of 30 um for the next
photopolymerization cycle. This restricts the pore size within the scaffolds to be smaller than
30 um since the emulsion droplets need to fit in between the resin tank and the printed structure
on the printing platform. Additionally, the agitation associated with the movement of the
printing platform induces increased mixing and smaller pores throughout the resin, as indicated
by the similar pore size observed in the leftover resin after printing. The overall stability of the
resins at room temperature is at least 7 days, with only a slight change in pore size observed

during this period (Figure 6 and Table 3).

An important additional factor is the appearance of a closed polymer layer on the surface of the
3D-printed structures that contain no light absorber. This has been previously reported by

Sherborne et al. '

and is due to a poorly polymerized surface layer that collapses as surface
skin onto the 3D-printed objects after washing. This study reported that UV-234 (Tinuvin 234)
produces an open surface pore structure. Similarly, our work indicated that the inclusion of
tartrazine enables an open surface pore structure (Figure 7G-H) while the inclusion of beta-
carotene results in a closed surface (Figure 7). This tunability of closed/open surface porosity

by the inclusion of different light absorbers is likely interesting for various applications; for

example, in tissue engineering, open surface porosity is preferred to enable cell ingrowth.
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5. Conclusion

To conclude, firstly, this study demonstrated that using the blend of beta-carotene and tartrazine
as a light absorber considerably improves the 3D printing resolution for producing porous
polymer structures. Thus, it allows the fabrication of more complex and detailed objects from
HIPE:s via stereolithography-based additive manufacturing. The blend of 0.4 wt% beta-carotene
and 0.1 wt% tartrazine relative to the organic phase has been shown to preserve both the surface
porosity and internal porosity of the 3D-printed objects. The pore size was reduced in the 3D-
printed objects compared to the UV-cured fresh polyHIPEs, from ~30-40 to 15-20 pm. The
overall porosity was also reduced, and the 3D-printed porous polymers can be classified as
polyMIPEs rather than polyHIPEs. This study illustrated that 3D printing of intricate structures
of porous polymers is possible with commercial stereolithography setups, which opens the

route towards using this technology for a host of applications.
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SUPPLEMENTARY DATA

Figure 1. The 3D model of 5x5 mm cylinder

Table 1. Printing parameters to 3D print 5x5 mm cylinders from pure HIPE

From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)
1 1 35 5 10 40 0.3
2 32 27 5 10 40 0.3
33 66 22 5 10 40 0.3
67 125 17 5 15 40 0.3
126 175 13 5 15 40 0.3
176 200 9 5 15 40 0.3
201 225 6 5 15 40 0.3
226 233 4 5 15 40 0.3
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Table 2. Printing parameters to 3D print 5x5 mm cylinders from HIPE that contained 0.4%

beta-carotene

From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)
1 1 40 5 10 40 0.3
2 32 37 5 10 40 0.3
33 66 35 5 10 40 0.3
67 125 32 5 15 40 0.3
126 175 30 5 15 40 0.3
176 200 25 5 15 40 0.3
201 225 20 5 15 40 0.3
226 233 15 5 15 40 0.3

Table 3. Printing parameters to 3D print 5x5 mm cylinders from HIPE that contained 0.1 %

tartrazine
From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)
1 1 40 5 10 40 0.3
2 32 39 5 10 40 0.3
33 66 37 5 10 40 0.3
67 125 34 5 15 40 0.3
126 175 32 5 15 40 0.3
176 200 27 5 15 40 0.3
201 225 22 5 15 40 0.3
226 233 17 5 15 40 0.3
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Table 4. Printing parameters to 3D print 5x5 mm cylinders from HIPE that contained blend

(0.4% beta-carotene and 0.1% tartrazine)

From To Exposure | Lifting Lifting Down Delay

layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)

1 1 40 5 10 40 0.3

2 32 37 5 10 40 0.3

33 66 35 5 10 40 0.3

67 125 32 5 15 40 0.3

126 175 30 5 15 40 0.3

176 200 25 5 15 40 0.3

201 225 20 5 15 40 0.3

226 233 15 5 15 40 0.3

N—

Figure 2. The 3D model of 5x5 mm cylinders having 15° 30°, and 45° inclines
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Table 5. Printing parameters to 3D print 5x5 mm cylinders having 15°, 30°, and 45° inclines

from pure HIPE
From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)
1 1 35 5 10 40 0.3
2 32 27 5 10 40 0.3
33 66 22 5 10 40 0.3
67 125 17 5 15 40 0.3
126 175 13 5 15 40 0.3
176 200 9 5 15 40 0.3
201 225 6 5 15 40 0.3
226 233 4 5 15 40 0.3

Table 6. Printing parameters to 3D print 5x5 mm cylinders having 15°, 30°, and 45° inclines
from HIPE that contained 0.4% beta-carotene

From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)

1 1 45 5 10 40 0.3

2 32 40 5 10 40 0.3

33 66 35 5 10 40 0.3

67 125 32 5 15 40 0.3

126 175 28 5 15 40 0.3

176 200 24 5 15 40 0.3

201 225 19 5 15 40 0.3

226 233 15 5 15 40 0.3
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Table 7. Printing parameters to 3D print 5x5 mm cylinders having 15° 30°, and 45° inclines
from HIPE that contained 0.1% tartrazine

From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)

1 1 60 5 10 40 0.3

2 76 57 5 10 40 0.3

77 150 55 5 10 40 0.3

151 225 53 5 15 40 0.3

226 233 50 5 15 40 0.3

Table 8. Printing parameters to 3D print 5x5 mm cylinders having 15°, 30°, and 45° inclines
Jfrom HIPE that contained blend (0.4% beta-carotene and 0.1% tartrazine)

From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)

1 1 45 5 10 40 0.3

2 32 42 5 10 40 0.3

33 66 38 5 10 40 0.3

67 125 34 5 15 40 0.3

126 175 29 5 15 40 0.3

176 200 26 5 15 40 0.3

201 225 22 5 15 40 0.3

226 233 18 5 15 40 0.3
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Figure 3. The 3D model of 5x10 mm cylinders having 15°, 30°, and 45° inclines

Table 9. Printing parameters to 3D print 5x 10 mm cylinders having 15°, 30°, and 45°

38

inclines from pure HIPE
From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)

1 1 35 5 10 40 0.3

2 32 27 5 10 40 0.3

33 76 22 5 10 40 0.3

77 150 17 5 15 40 0.3

151 225 13 5 15 40 0.3

226 300 9 5 15 40 0.3

301 370 6 5 15 40 0.3

371 411 4 5 15 40 0.3
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Table 10. Printing parameters to 3D print 5x5 mm cylinders having 15°, 30°, and 45°
inclines from HIPE that contained 0.4% beta-carotene

From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)

1 1 45 5 10 40 0.3

2 32 42 5 10 40 0.3

33 76 38 5 10 40 0.3

77 150 35 5 15 40 0.3

151 225 32 5 15 40 0.3

226 300 28 5 15 40 0.3

301 370 24 5 15 40 0.3

371 411 20 5 15 40 0.3

Table 11. Printing parameters to 3D print 5x5 mm cylinders having 15°, 30°, and 45°
inclines from HIPE that contained blend (0.4% beta-carotene and 0.1% tartrazine)

From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)

1 1 45 5 10 40 0.3

2 32 42 5 10 40 0.3

33 76 38 5 10 40 0.3

77 150 35 5 15 40 0.3

151 225 32 5 15 40 0.3

226 300 28 5 15 40 0.3

301 370 24 5 15 40 0.3

371 411 20 5 15 40 0.3
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Figure 4. The 3D model of calibration object including 5 mm high posts of 3 mm, 2 mm, 1
mm, and 0.5 mm diameters

Table 12. Printing parameters to 3D print calibration object including 5 mm high posts of 3
mm, 2 mm, 1 mm, and 0.5 mm diameters from pure HIPE

From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)
1 1 35 5 10 40 0.3
2 32 27 5 10 40 0.3
33 64 22 5 10 40 0.3
65 100 17 5 15 40 0.3
101 125 13 5 15 40 0.3
126 150 9 5 15 40 0.3
151 163 6 5 15 40 0.3
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Table 13. Printing parameters to 3D print calibration object including 5 mm high posts of 3
mm, 2 mm, 1 mm, and 0.5 mm diameters from HIPE that contained 0.4% beta-carotene

From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)
1 1 40 5 10 40 0.3
2 32 37 5 10 40 0.3
33 64 35 5 10 40 0.3
65 100 32 5 15 40 0.3
101 125 30 5 15 40 0.3
126 150 25 5 15 40 0.3
151 163 20 5 15 40 0.3

Table 14. Printing parameters to 3D print calibration object including 5 mm high posts of 3
mm, 2 mm, 1 mm, and 0.5 mm diameters from HIPE that contained 0.1 % tartrazine

From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)
1 1 42 5 10 40 0.3
2 32 39 5 10 40 0.3
33 64 37 5 10 40 0.3
65 100 34 5 15 40 0.3
101 125 32 5 15 40 0.3
126 150 27 5 15 40 0.3
151 163 22 5 15 40 0.3
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Table 15. Printing parameters to 3D print calibration object including 5 mm high posts of 3
mm, 2 mm, 1 mm, and 0.5 mm diameters from HIPE that contained blend (0.4% beta-
carotene and 0.1% tartrazine)

From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)
1 1 40 5 10 40 0.3
2 32 37 5 10 40 0.3
33 64 35 5 10 40 0.3
65 100 32 5 15 40 0.3
101 125 30 5 15 40 0.3
126 150 25 5 15 40 0.3
151 163 20 5 15 40 0.3
] |
‘ // 5\ \

Figure 5. The 3D model of pyramid structure
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Table 16. Printing parameters to 3D print pyramid structure from pure HIPE that contained
blend (0.4% beta-carotene and 0.1% tartrazine)

From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time (sec)
(mm) (mm/min) | (mm/min)

1 1 40 5 10 40 0.3

2 32 37 5 10 40 0.3

33 66 35 5 10 40 0.3

67 125 32 5 15 40 0.3

126 200 30 5 15 40 0.3

201 275 25 5 15 40 0.3

276 310 20 5 15 40 0.3

311 341 15 5 15 40 0.3
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Figure 6. The 3D model of buckyball structure
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Table 17. Printing parameters to 3D print buckyball structure from pure HIPE that contained
blend (0.4% beta-carotene and 0.1% tartrazine)

From To Exposure | Lifting Lifting Down Delay
layer layer time (sec) | height speed speed time
(mm) (mm/min)

1 1 50 5 10 40 0.3
2 32 47 5 10 40 0.3
33 66 43 5 10 40 0.3
67 250 40 5 10 40 0.3
251 350 37 5 10 40 0.3
351 420 33 5 10 40 0.3
421 500 29 5 10 40 0.3
501 570 25 5 15 40 0.3
571 600 22 5 15 40 0.3
601 680 20 5 15 40 0.3
681 712 17 5 15 40 0.3
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Table 18. Print times of 3D model for each HIPE category

46

Print time Print time Print time Print time
3D model (pure) (0.4% beta- 0.1% (blend)
carotene) tartrazine)
5x5 mm 2 h 59 min 3 h 55 min 4 h 2 min 3 h 55 min
cylinders
5x5 mm
cylinders
having 15°, 2 h 59 min 3 h 55 min 3 h 35 min 4h 2 min
30°, and 45°
inclines
5x10 mm
cylinders
having 15°, 4 h 55 min 6 h 55 min 9 h 5 min 6 h 55 min
30°, and 45°
inclines
Calibration 2 h 13 min 2 h 52 min 2 h 57 min 2 h 52 min
object
Pyramid - - - 5h 27 min
Buckyball - - - 13 h 19 min

Figure 7. The comparison of the (A) pure and (B) blend samples in terms of overcuring
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Table 19. Diameter and height values of the pure and blend samples before and after drying

Before drying After drying
Samples d (mm) h (mm) d (mm) h (mm)
Pure 478 £0.11 5.17 £0.04 4.67+£0.18 4.94 +£0.12
Blend 4.82 +0.09 4.93 £0.04 4.72 £ 0.06 4.86 = 0.06
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