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Additive Manufacturing of Porous Biominerals

Ran Zhao, Nina Kglln Wittig, Gaia De Angelis, Tianyu Yuan, Matteo Hirsch,

Henrik Birkedal * and Esther Amstad*

Nature fabricates hard functional materials from soft organic scaffolds that
are mineralized. To enable an energy-efficient locomotion of these creatures
while maintaining their structural stability, nature often renders parts of these
minerals porous. Unfortunately, methods to produce synthetic minerals with a
similar degree of control over their multi length scale porous structure remain
elusive. This level of control, however, would be required to design lightweight
yet robust biominerals. Here, a room temperature process is presented that
combines a localized mineralization with emulsion-based 3D printing to form
cm sized biominerals possessing pores whose diameters range from the 100 s
of nm up to the mm length scale. The samples encompass up to 80 wt% of
CaCO; and display a specific compressive strength that is significantly higher
than that of previously reported 3D printed porous biominerals and close to
those of trabecular bones. The universality of this approach by forming
different types of bioactive minerals, including calcite, aragonite, and brushite
is demonstrated. The ability to 3D print these materials under benign
conditions renders this energy-efficient process well-suited to construct
cm-sized lightweight yet load-bearing structures that might find applications,
for example, in the design of the next generation of flying or motile objects.

1. Introduction

Nature fabricates lightweight, porous biominerals, such as
sponges, trabecular bones, and echinoderm skeletons, that
display a fascinating combination of mechanical rigidity and
dexterity.l'3] Keys to this exceptional combination of properties
are the locally changing composition and the structure that is
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well-defined  across  several length
scales.*®1  Different strategies includ-
ing phase separation,”8! ice-templating!*!"]
and field-assisted assembly!!’ 3] have been
applied to mimic certain aspects of the
micrometer length scale structures of
natural materials. Nevertheless, it is still
challenging to achieve a similar multi-
length scales structural control as nature
has so that synthetic compounds are, in
most cases, mechanically weaker compared
to natural materials with a similar com-
position, especially if normalized by their
density.[1*15]

Biomineralization can be used as a
bottom-up strategy to strengthen ductile
polymeric scaffolds by growing minerals
in them.'®7) However, this strategy ren-
ders the controlled incorporation of pores
whose diameters span many orders of
magnitudes difficult. In fact, these syn-
thetic mineral-based composites are ei-
ther thin films¥2% or bulk materials(?!??]
whose densities are too high for their
use in locomotive applications. Even more
limiting is the short diffusion length of ions within the scaffold
that restricts the dimensions of bulk composites that can be ho-
mogeneously mineralized.[??]

Traditional ceramics with well-defined pores and a relatively
high strength can be fabricated from bioinert components
such as SiO,, Al,O; or TiO,. They can be made from sacrifi-
cial templates for example using inorganic precursors,?*l sol-
gel chemistry,[®*! or nanoparticle-stabilized emulsions, so-called
Pickering emulsions.[?’] The rheological properties of some of
these formulations can be adjusted to enable 3D printing.[2728]
However, a supportive gel matrix or a post heat-treatment is usu-
ally needed to strengthen the printed structures.?32] Unfortu-
nately, the post-processing step is energy-consuming, especially
if sintering is involved, and prevents the use of temperature-
sensitive components. It also typically compromises the shape
fidelity of the materials as it involves significant shrinkage of the
printed parts.l7:2430:33]

Here, we introduce an emulsion-templated water-based
biomineralization process that offers a unique control over the
size of pores from the 100 s of nm up to the mm length
scale. Oil-in-water emulsions are stabilized with pyrogallol-
functionalized surfactants that can be ionically crosslinked with
metal ions like Ca?* or Fe** to convert the emulsions into vis-
coelastic capsules.’*3¢l These capsules are up-concentrated to
form a shear-thinning ink that can be 3D printed into cm-sized

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. 3D printing of porous mineral-based composites. a) Schematic illustration of the fabrication of porous CaCO; composites by combining
3D printing of emulsions with localized biomineralization. (i), Ink formulation and processing. The ink is composed of oil-in-water emulsions that are
stabilized with functionalized block-copolymer surfactants (% ) which can selectively bind certain cations such as Ca?* ions (®). These capsules are
dispersed in an aqueous solution containing poly(vinyl alcohol) (PVA) (</" ) and up-concentrated to form a 3D printable ink. (ii), The resulting structures
are rigidified through mineralization. Upon addition of CO;%~, the minerals preferentially precipitate at the capsule surface, forming a thin mineral shell.
The objects are dried in air resulting in porous structures. b) Photograph of a cm-sized 3D printed porous starfish.

structures possessing well-defined shapes. If printed into a
carbonate-containing aqueous solution, the capsule surfaces
mineralize, resulting in structures possessing pore sizes that are
determined by the size of the emulsion drops they are made from,
as shown in Figure 1 and Movie S1 (Supporting Information).
Importantly our process can be conducted in aqueous media at
room temperature, thereby consuming minimum amounts of
energy. Nevertheless, it results in composites comprising up to 80
wt% CaCO; that display a stiffness, hardness, and specific com-
pressive strength similar to values of human trabecular bone. We
envisage this material to open up new possibilities to regenerate
porous biominerals or to serve as a lightweight material to build
rigid, yet agile motile objects.

2. Results and Discussions

Nature produces porous minerals possessing architectures that
are well-defined from the nm up to the mm length scale.l’’]
To control the pore size and size distribution of our synthetic
biominerals over a similar range as nature does, we combine an
in situ mineralization process with emulsion-based 3D printing.
The size of small pores, with diameters ranging from the 100 s
of nm up to the 100 s of um, is tuned with emulsion templates.
Emulsion drops with diameters between 200 nm and 120 pm are
prepared by mixing a fluorinated oil, HFE7500, with an aqueous
solution containing calcium chloride (CaCl,) and poly(vinyl alco-
hol) (PVA). To prevent coalescence of the emulsions, we add an
amphiphilic block copolymer surfactant whose hydrophilic block
is end-functionalized with two pyrogallols to the oil phase,!*83]
as schematically shown in Figure S1 (Supporting Information).
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The oil/water mixture is tip sonicated for 6 min to result in
polydisperse oil-in-water drops whose diameters are hundreds
of nanometers. The end-functionalized surfactants adsorb at the
drop surface where they are crosslinked by calcium ions (Ca**)
contained in the aqueous phase to transform drops into capsules.

To enlarge the range of drop sizes we can produce, which di-
rectly translates into the range of pore sizes that can be intro-
duced into our biominerals, we fabricate emulsion drops by vor-
texing the oil/water mixture for 25 s. The resulting drops are
again polydisperse, yet their diameters are significantly larger,
they range from 6 to 52 um and average at 22 pm with a stan-
dard deviation of 12 um. Drops with a narrower size distribution
are fabricated with microfluidic flow-focusing devices by inject-
ing the inner oil phase containing the surfactant at a flow rate
of 30 uL min'! and the outer aqueous phase containing Ca** and
PVA at a flow rate of 50 pL min™. The resulting drops display
an average diameter of 112 ym and a standard deviation of 8 um,
as illustrated in the optical micrographs in Figure S2 (Supporting
Information) and summarized with the diameter distributions in
Figure S8 (Supporting Information). Note that these emulsions
remain stable for at least 3 d, which is much longer than the du-
ration of our experiments, as shown in Figure S3 (Supporting
Information).

To control the structure of porous materials on larger length
scales, we 3D print the emulsion templates. To convert emulsions
into 3D printable inks, we up-concentrate the drops through
sedimentation. Thereby, emulsions closely pack such that they
experience friction when sliding past their neighbors; this fea-
ture introduces a shear thinning behavior to the ink that is cru-
cial for extrusion-based 3D printing.[*’l Indeed, the resulting ink
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Figure 2. Rheology of the capsule-based inks. a) Flow and b) amplitude sweeps of inks composed of up-concentrated emulsions in the presence of
0.1 m Ca?* (red) and in the absence of crosslinking ions (black). c) Oscillatory strain relaxation measurements of the capsule-based inks in the presence
of 0.1 m Ca?* tested by cycling the ink between 1% (white background) and 100% strain (gray shaded area). At t = 300 s, the ink is immersed into an
aqueous solution that is saturated with Na,CO; where it turns into a gel (blue symbols in blue shaded area).

shear-thins, independent of the Ca** and PVA concentrations
present in the aqueous phase, as shown in Figure 2a and Figure
S4 (Supporting Information). By contrast, the viscosity and the
flow point, defined as the crossover of the storage (G’) and loss
modulus (G”) in oscillation amplitude sweep measurements are
influenced by the Ca?* concentration. For example, inks contain-
ing 0.1 M Ca?* possess an increased viscosity and lower strain at
the flow point compared to those lacking any Ca?* ions, as sum-
marized in Figure 2b. We assign the difference in viscosity to the
increase in inter-capsule interactions that come from the rougher
surfaces of ionically crosslinked capsules and the inter-capsule
crosslinking via Ca** ions.[*!l The enhanced interactions among
capsules composed of ionically crosslinked surfactants also con-
dense the ink formulation and hence, decrease the strain at the
flow point of the ink.

To ensure a good shape fidelity of the 3D printed parts, the
ink must rapidly recover its storage modulus once the shear is
released. To demonstrate this feature, we perform shear recovery
tests on our samples by repetitively shearing them for 60 s at 1%
strain followed by 60 s of shear at 100% strain while recording the
storage and loss moduli. Indeed, the ink displays rapid, reversible
transitions from solid-like to liquid-like states, as shown during
the first 300 s in Figure 2c.

The storage modulus of our viscoelastic ink is too low to ensure
good shape retention of 3D printed parts. To overcome this limita-
tion, we print our ink into an aqueous bath containing Na, CO; to
initiate the gelation of PVA[*?] and the mineralization of the cap-
sule surfaces. Indeed, upon insertion into the carbonate source,
the storage modulus of the printed filaments increases instantly
to 2000 Pa; this value is 400 times higher than that of the original
ink, as shown in the blue shaded area in Figure 2c. We assign the
abrupt increase in storage modulus primarily to the precipitation
of PVA, that is caused by its lower solubility in salt-rich aqueous
solutions, according to the Hofmeister effect.[*’]

To transform a capsule-based ink into a solid porous structure,
we must selectively induce mineralization at the capsule surfaces
and in the surrounding aqueous solution. Our capsules present
pyrogallol functionalities at their surfaces pointing towards the
aqueous phase , as schematically shown in Figure la. Hence,
the surfactants endow the capsule surface a high affinity towards
Ca** owing to the Ca**—pyrogallol interactions.[*/]
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Previous reports demonstrated that PVA films*! or organic
matrices containing metal-coordinate complexes!“®*’] template
the growth of inorganic precipitates. Hence, we expect miner-
als to preferentially start to form at the capsule surface, when
capsules presenting high concentrations of Ca’* ions at their
surfaces are immersed in an aqueous solution containing a car-
bonate source. By contrast, minerals cannot form within drops
as they are composed of oil where Ca?* and CO,%~ ions have a
very low solubility. We investigate the mineral-polymer interac-
tions using Raman and Fourier-transform infrared (FTIR) spec-
troscopy. Indeed, we observe the peaks from surfactants, the PVA
matrix as well as CaCO, crystals in Raman spectra of samples
that have been mineralized, as shown in Figure S5 (Supporting
Information). The O-H stretch vibration from the phenolic hy-
droxyl groups in the FTIR spectrum shifts from 3300-3050 cm™!
to 3400-3150 cm™! upon crosslinking with Ca’* and mineral-
ization, indicating that the pyrogallols indeed interact with Ca?*
ions.

Mineralization that happens within a polymer matrix typically
increases the storage and loss moduli of the polymer.[*’] To as-
sess if this is also the case for our mineralized materials, we per-
form frequency sweeps on our samples and quantify the plateau
moduli as a function of the time that samples have been incu-
bated in the mineralizing solution. Initially, the stiffness rapidly
incrases. Within the first hour of incubation, the stiffness con-
tinues to increase before it plateaus, as shown in Figure S6a,b
(Supporting Information). To differentiate the increase of the gel
stiffness caused by its mineralization from the precipitation of
PVA caused by the Hofmeister effect, we monitor the mineral
content as a function of the time the ink has been incubated
in a Na,CO;-containing bath. The mineral content steadily in-
creases within the first hour of incubation and plateaus there-
after, as summarized in Figure S6¢ (Supporting Information).
This mineralization time is much longer than the time it takes
the storage modulus of our ink to increase upon contact with a
CO, % -containing solution, as a comparison with Figure 2c re-
veals. This comparison suggests that the observed initial rapid in-
crase in storage modulus is mainly attributed to the precipitation
of PVA. This suggestion is supported by the fact that the storage
modulus of Ca?t-free inks, measured after 5 min of incubation in
a Na,COj;-containing bath, is very close to that of Ca?*-containing
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Figure 3. Microstructure of porous composites. (i) Schematic illustrations, (ii) overview and (iii) close-up SEM micrographs, (iv) tomographic slices,
and (v) 3D renderings of porous minerals made from emulsions that have been formed a) through vortexing, b) using a microfluidic device and c) by
mixing two batches of emulsions with different average drop sizes, one formed through tip sonication the other through vortexing. Samples are made
from capsule-based inks containing 0.1 M Ca?* and 5 wt% PVA. The red boxes in (iv) mark the central virtual slices of the 3D region of interest (ROI)

shown in (v).

ink, as shown in Figure S6d (Supporting Information). By con-
trast, the storage modulus of the Ca?*-free ink is significantly
lower than that of the Ca?*-containing one if they have been incu-
bated in the Na,CO;-containing solution for 1 h, where accord-
ing to our thermogravimetry (TGA) results, most of the miner-
als have formed. These results confirm our hypothesis that the
rapid increase in storage modulus of our ink upon contact with
a CO;% -containing solution is primarily caused by a gelation
of PVA.

To test if the mineral formation is limited by the amount of
Ca’* present within the system, we quantify the plateau storage
modulus of scaffolds that have been mineralized for 1 h as a func-
tion of the Ca?* concentration initially contained in the capsule-
based ink. Indeed, the plateau storage modulus of these samples
increases with the Ca?* concentration contained in the ink, as
shown in Figure S7 (Supporting Information), indicating that the
amount of Ca?* in the system limits the degree of mineralization
of our capsules.

A rapid solidification of the ink risks clogging of the printer
nozzle, which might compromise the robustness of the process.
The mineralization of the ink takes approximately 1 h. We typi-
cally print at a speed that varies between 15 and 30 mm s, de-
pending on the ink formulation, such that the printing of a grid
with dimensions of 10 mm X 10 mm X 3 mm takes less than
3 min, as exemplified in the Movie S2 (Supporting Information).
Because the printing time is much shorter than the mineraliza-
tion time, we do not risk a mineral-induced clogging of the noz-
zle. To avoid any back-flow of the printing bath into the nozzle,
which would risk inducing its clogging, we continuously eject the
ink into the printing bath using an optimized pressure that varies
between 25 and 45 kPa. As a result of these precautions, we never
observe clogging of the nozzle even if we print structures contin-
uously for 15 min, as shown in Movie S1 (Supporting Informa-
tion).
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To transform the mineralized structures into porous materi-
als, we dry them in air. The fluoroether-based oil we use has a
vapor pressure of 2.1 kPa at 25 °C. This value is close to that
of water, which possesses a vapor pressure of 3.2 kPa at 25°C,
such that the solvent evaporates at room temperature. To quan-
tify the sizes of the resulting pores, we visualize dried samples
with scanning electron microscopy (SEM). Samples made from
emulsions prepared by vortexing display pore diameters rang-
ing from 4 to 45 pm with an average of 18 um and a standard
deviation of 11 um, as shown in Figure 3a and Movie S3 (Sup-
porting Information). This pore diameter range is very similar
to the diameter of the emulsion drop templates they have been
made from, as shown in Figure S8 (Supporting Information),
in good agreement with previously reported results on the fab-
rication of porous ceramics from emulsion templates.[?%?’] The
slight decrease in pore sizes compared to the initial drop sizes
can be assigned to the shrinkage of the structure caused by cap-
illary forces. To test if this correlation also holds for larger drops,
which are more difficult to stabilize against coalescence, we an-
alyze the pore sizes of samples prepared from monodisperse
emulsion drop templates. Also in this case, the correlation be-
tween drop and pore sizes is very good: these samples possess
pores with an average diameter of 87 um and a standard devia-
tion of 17 um, as shown in Figure 3b. These results highlight the
good stability of our emulsions that do not coalesce even if sub-
jected to shear forces during the 3D printing process, as shown
in Figure S9 (Supporting Information). As a result of the good
emulsion stability, the vast majority of the pores are spherical, as
shown in the X-ray micro-computed tomography (u-CT) images
in Figure 3biv,v and Figure S10b (Supporting Information).

The pore architecture in porous materials strongly influences
their mechanical properties.[**#°1 The best density-normalized
mechanical performance is typically achieved in materials pos-
sessing a highly ordered hierarchical architecture.l**) However,
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Figure 4. Curing of 3D printed structures. a) Schematic illustration of the curing of 3D printed CaCO3; minerals by repeatedly replenishing the aqueous
bath solution with Ca?* and a carbonate source. b) Influence of the initial Ca?* concentration and the number of mineralization cycles the composite
has been subjected to on the weight fraction of CaCO; within it, as determined through thermogravimetric analysis (TGA). c) Photograph of a 20 mm x
20 mm x 3 mm printed lattice that has been subjected to two mineralization cycles. The cured grid displays a low volume shrinkage and high shape fidelity.
d,e) Polarized optical microscopy images of samples d) before and e) after they have been subjected to three mineralization cycles. f,h) SEM images and
g,i) 3D renderings of X-ray p-CTs of samples f,g) that have not been subjected to any additional mineralization cycle, showing the interconnected pore
structures and h,i) after having been subjected to two additional mineralization cycles, demonstrating the formation of intact spherical mineral shells.

The yellow parts inside the 3D renderings mark the pores that are isolated from the sample surfaces.

processes that lead to structures with hierarchical porosities
typically require high energy input, such as ice-templating,[’!
pyrolysis(?*l or metal oxidation during sintering.>!! To test if our
low energy process enables the formation of structures possess-
ing pores whose diamters span many orders of magnitudes, we
mix two batches of emulsions possessing drops with different
sizes: We mix one batch of emulsions produced through vor-
texing, whose drop diameters are in the tens of pm, with one
batch produced by tip sonication, whose drop diameters are of
order 100 nm. The emulsion mixture is up-concentrated, molded
and mineralized before it is dried and visualized using SEM and
X-ray p-CT. Indeed, these samples contain pores with diame-
ters ranging from 100s of nm up to 10s of um, as exemplified
in Figure 3c. Note that the pore size distribution can be conve-
niently turned by changing the volume ratio of the two emulsion
batches.

An important parameter that determines the shape fidelity of
3D printed parts is their shrinkage upon drying. While shrink-
age can be partially avoided by drying in a humid environment,
this process prolongs the drying time. To shorten the processing
time and prevent that capillary forces collapse pores during dry-
ing, we strengthen our composite by enhancing the inter-particle
links with additional minerals, thereby increasing the volume
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fraction of minerals. This can be achieved by increasing the ini-
tial Ca?* concentration in the ink to 1 M. Indeed, these structures
contain pores with diameters of order 10s of um, as exemplified
in the X-ray p-CT virtual tomography slice and 3D renderings in
Figure S11a (Supporting Information). Unfortunately, the stabil-
ity of the emulsion drops decreases if the Ca?* concentration is
increased above 1 M, and hence compromises the shape fidelity
of the porous structure.

To address this limitation while still increasing the mineral
fraction in the composites, we keep the Ca?* concentration at
1 M and subject the 3D printed structures to repeated mineral-
ization cycles. This is achieved by washing the 3D printed struc-
tures before immersing them in an aqueous solution containing
1 M Ca?* for 2 h and again incubating them in an aqueous solu-
tion containing 1 M CO,%~ for 2 h, as schematically illustrated in
Figure 4a. We quantify the shrinkage of our composite by mea-
suring the dimensions of samples as printed in the bath and af-
ter drying. Indeed, the shrinkage of the printed object linearly de-
creases from ~45% to ~#16% with increasing number of mineral-
ization cycles, as evidenced by direct measurements on a 20 mm
X 20 mm X 3 mm printed lattice after two mineralization cy-
cles, shown in Figure 4c and Figure S12 (Supporting Informa-
tion). This degree of shrinking is much lower than that typically
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observed during pyrolysis of polymer-derived ceramics, which is
usually around 30%.72

We assign the measured reduction in shrinkage with increas-
ing mineralization cycles to an increase in the mineral content
of the composite. To test this hypothesis, we quantify the CaCO,
weight fraction of composites that have undergone up to three
mineralization cycles using TGA. The CaCO, content increases
with mineralization cycles, with an average of 77 wt% in samples
subjected to two mineralization cycles, as shown in Figure 4b.
To visualize the effect of the additional mineralization on the
porosity of our samples, we image them with SEM and X-ray
p-CT. Samples that have not been subjected to any mineraliza-
tion cycle possess many interconnected open pores, as shown in
Figure 4f,g. We assign the open porosity to a partial collapse of
the structure during the evaporation of the solvent. By contrast,
samples subjected to two mineralization cycles contain many
spherical pores that are much less interconnected, as shown in
Figure 4h,i. We assign this finding to the newly formed CaCO,
that can only grow within the hydrophilic parts of the composites,
which is the surrounding of the pores. As the mineral content in-
creases, the interstitial spaces become increasingly mineralized,
eventually leading to the formation of intact, closed, spherical
mineral shells. As expected from the influence of the additional
mineralization cycles on the pore structure, these additional min-
eralization cycles also change the surface morphology, as a com-
parison of SEM images of a filament taken before and after it has
been subjected to two mineralization cycles shown in Figure S13
(Supporting Information) reveals.

The mineral content can only be controllably increased by sub-
jecting the samples to multiple mineralization cycles. It cannot
be increased by increasing the initial Ca?* concentration as a high
Ca?* concentration results in a collapse of these spherical struc-
tures. However, if we subject the composite to more than two
mineralization cycles, we compromise its shape fidelity because
crystals start to grow out of the 3D printed filaments. For exam-
ple, filaments formed by extruding the paste through a 515 pm di-
ameter nozzle, initially have a diameter of approximately 360 pm,
as shown in Figure 4d. This diameter increases to 550 um when
the filament is subjected to two mineralization cycles and to
800 pm after three mineralization cycles, as shown in Figure 4e.
Based on these results, we subject our samples to two mineral-
ization cycles as this protocol results in the best shape fidelity
while still reaching a high mineral content. These results nicely
demonstrate the degree of control over the microstructure and
pore interconnectivity our process offers.

To assess the influence of the pore structure on the mechan-
ical properties of our porous materials, we perform nanoinden-
tation (NI) tests on them. To perform reproducible nanoinden-
tation tests, we pre-press our samples and polish their surfaces
to reduce the surface roughness, as detailed in the experimental
section. Note that these pre-treatments typically lead to a densi-
fication of the surface, which increases the hardness and mod-
ulus of the sample. Hence, we expect the hardness and mod-
ulus values reported here to be more similar to those of non-
porous bulk minerals. Indeed, nanoindentation tests, which typ-
ically require polishing of the samples, can result in higher hard-
ness values than microindentation tests performed on unpol-
ished samples.I*?] Yet, because we pre-treat our samples identi-
cally, we can compare hardness and modulus values between dif-
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ferent samples. The hardness of our polymeric scaffold increases
up to 12-fold and its stiffness up to 4.5-fold upon mineralization,
as shown in Figure 5a and Figure S15 (Supporting Information).
Indeed, samples subjected to two mineralization cycles display
a hardness and stiffness similar to those of human trabecular
bones, even though bulk calcite is weaker than hydroxyapatite.[>3!
We assign the good mechanical properties of our composites to
the high mineral content.

The compressive strength of composites is closely related to
their density. To perform a fair comparison between our sam-
ples, we plot the strength measured in uniaxial compression tests
as a function of their density. As expected, molded bulk samples
possessing pores whose diameters span many orders of magni-
tudes, labeled as “hierarchical pores,” have lower densities than
samples containing pore diameters that are all within a similar
length scale, referred to as “polydisperse pores,” as summarized
in Figure 5b. Yet, the two types of samples display similar com-
pressive strengths, quantified based on the stress—strain curves
shown in Figure S16 (Supporting Information). We assign this
finding to the stress distribution within porous composites: Com-
posites possessing pore sizes that span many orders of magni-
tudes contain many small mineral struts that enable an efficient
stress transfer and prevent extensive distortions and associated
build-up of stress concentrations in the macro-struts.>>*] Nature
often uses this trick to build lightweight yet damage-resistant ma-
terials such as bamboo,>*] the skeleton of glass sponges,[!! avian
bones and feathers.[>®] Note that the density of our samples is
lower than that of the most commonly studied synthetic bioce-
ramics possessing similar compressive strengths even though
these bioceramics are typically based on hydroxyapatite (HA) or
p-tricalcium phosphate (f-TCP), which have higher strengths
than CaCO, used here,>*%’] as shown in Figure 5b. This com-
parison shows the power of controlling the pore size over many
orders of magnitudes and the potential of our method to build
lightweight and strong materials.

A comparison between our samples and lightweight, damage-
resistant natural biominerals reveals that we have a specific
strength similar to that of avian beaks and very close to trabecular
bones as summarized in Figure 5c. To further reduce the density
of molded samples with hierarchical pores, we leverage the 3D
printability of our ink to design structures that include mm sized
pores. To perform compression tests, we 3D print cubes with di-
ameters of 10 mm X 10 mm X 5 mm possessing a controllable
porosity ranging from the 100 nm up to the mm length scale, as
shown in Figure S14 (Supporting Information). Note that even
though we did not use monodisperse emulsion drop templates
to fabricate these hierarchical structures, our method offers the
opportunity to do so. Thereby, it would enable the design of struc-
tures possessing ordered and well-defined pores or gradients in
pore sizes that possess even higher strengths and stiffnesses, as
can be found, for example, in cuttlebone.%8

The mechanical properties of CaCO,-based composites de-
pend on the CaCO; structure, which can be tuned with appropri-
ate additives present during the mineral formation. To assess the
influence of additives on the CaCO, polymorph that forms within
our porous scaffolds, we add magnesium chloride (MgCl,) to the
solution used to initiate the mineralization of the capsule tem-
plates and perform X-ray diffraction (XRD) on the resulting sam-
ples. In the absence of any additive, we obtain calcite, as indicated
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Figure 5. Mechanical behavior of 3D printed and molded porous mineral-based composites. a) Comparison of the surface hardness and stiffness of
3D printed mineralized samples, the polymer matrix and trabecular bones.[>° b) Ashby plot of the compressive strength of 3D printed (0) and molded
(>) hierarchical scaffolds made from a mixture of emulsions that have been produced through tip sonication and vortexing respectively, and molded
bulk samples with polydisperse pores made from emulsions formed through vortexing solely (¢). All the samples have been subjected to two additional
mineralization cycles. The samples reported in this paper are compared to typical natural porous biominerals like avian beaks (®),[5061] trabecular
bones (x)[62-65] and previously reported synthetic porous biominerals that possess apparent densities below 0.5 g cm™3.16-70] Numbers in the charts
represent relevant references. c) Specific compressive strength, defined as the compressive strength divided by the density of the material, of porous
composites calculated from the compression measurements of five independent samples.

by the characteristic thombohedral morphology of the crystals
in Figure 6a,b. This result is confirmed by the synchrotron XRD
trace for molded bulk samples in Figure 6e. By contrast, if miner-
alized in the presence of Mg?*, we primarily obtain aragonite, as
indicated with XRD in Figure 6e and the nanograin morphology
seen on SEM images in Figure 6¢,d. We also get extra phases of
magnesite or calcite when Mg?* is not uniformly distributed in
the ink formulation while trona comes from the printing bath so-
lution when samples are not completely rinsed. If we mineralize
our samples in the presence of an organic additive, polyacrylic
acid (PAA), we obtain a mixture of calcite and vaterite, as demon-
strated in the XRD in Figure 6e. Traditional XRD confirms these
results, as shown in Figure S17 (Supporting Information). This
result is consistent with results obtained by forming these miner-
als in bulk,”! suggesting that knowhow on polymorphic control
of CaCO, formation in bulk aqueous solutions can be transferred
to our process.

2D scanning synchrotron XRD allows us to determine the spa-
tial distribution of different crystal phases in printed lattice sam-
ples, as illustrated in Figure S18 (Supporting Information). In ac-
cordance with the results on bulk samples and our XRD results,
a mixture of calcite and vaterite is obtained throughout the scaf-
fold, if the mineralization is conducted in the presence of PAA,
as shown in Figure 6f,g. In addition, we detect crystalline PVA
from the polymer matrix and NaCl as a side product of the min-
eralization, as shown in Figure S19 (Supporting Information).

To assess the influence of additives on the mechanical proper-
ties, we measure the compressive strength of composites con-
taining different CaCO; polymorphs. Samples formed in the
presence of Mg?" have a 48% higher average strength and 26%
higher specific compressive strength compared to those formed
in the absence of any additives, as shown in Figure S20 (Support-
ing Information). We assign the higher strength of the aragonite-
based composites to their comparatively high inorganic content
and the higher stiffness of aragonite compared to that of calcite
and vaterite.’?] By contrast, samples formed in the presence of
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PAA have a 14% lower average strength while possessing a sim-
ilar specific strength as samples without additives.

To illustrate the potential of our material, we produce an artifi-
cial toucan bird beak with a polymeric skin and a porous mineral-
based core. To achieve this goal, we cast our ink composed of up-
concentrated CaCO;-based capsules into a polymer-based beak
mold. The de-molded mineral-based sample has a macroscopic
shape and microscopic structure that closely resembles the in-
terior of toucan bird beaks, as shown in Figure 7a. The ability
to mold, inject or even 3D print these materials combined with
the good biocompatibility of the components renders them well-
suited scaffolds for reparation, or maybe even replacement of de-
fective or missing natural porous minerals.[”?]

Our in situ mineralization approach offers the additional ad-
vantage that it enables firm connections between adjacent layers,
such as filaments that have been sequentially deposited during a
3D printing process . For example, two individually printed grids
are joined into an integral free-standing structure by bringing the
two grids in contact before they are subjected to an additional
mineralization cycle. The dried object is free-standing, as shown
in Figure 7D, indicating that the structures are well connected.
Indeed, the distribution of calcium at the interfaces is homoge-
neous, as revealed by Energy-dispersive X-ray (EDX) mapping.
These results highlight the firm interlayer connections in our 3D
printed products, which results in a high strength even if printed
as multi-layer structures, as demonstrated by the SEM micro-
graphs in Figure S21 (Supporting Information). Yet, at the end
of the life of these biominerals, they can be demineralized under
mildly acidic conditions using an acetate buffer. Indeed, the min-
erals dissolve within 4 h if put into a pH 4 acetate buffer, as shown
in Figure S22 (Supporting Information). This complete dissolu-
tion of CaCO, renders the remaining polymer matrices reusable,
depicting the sustainablity of our fabrication process.

To demonstrate the versatility of our approach, we 3D print
lightweight multi-material architectures possessing locally vary-
ing compositions and pore sizes. We 3D print a butterfly whose
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Figure 6. Mineral structures. a—d) SEM images of porous biominerals formed in the (a,b) absence of any additives and (c,d) presence of MgCl,.

e) Synchrotron X-ray diffraction (XRD) patterns of samples formed in the presence of Mg?*

(bottom), PAA (middle), and in the absence of additives

(top). Detected peaks are compared to reference diffractograms of calcite (A), vaterite(®), aragonite (M), magnesite(¢) and trona(¥). f) 2D scanning
synchrotron XRD maps of a mineralized printed sample formed in the presence of PAA showing the spatial intensity distribution of the summed scattering
signal as well as the diffraction peaks indicated in (g). g) Diffractograms normalized to their maximum value of the spatially averaged signal (purple)
and the positions marked by gray and red circles in (f) corresponding to high amounts of calcite (black) and vaterite (red) respectively.

wings are composed of two types of inks, one that has been made
by tip sonication, the other through vortexing. The two inks are
co-printed into butterfly wings possessing locally varying porosi-
ties, as shown in Figure 7c and Figure S25 (Supporting Informa-
tion). To leverage the ability to locally vary the composition of the
3D printed parts with a good interfacial affinity between different
constituents, we co-print inks composed of capsules made of sur-
factants that have been crosslinked with Ca®*, others with Fe’*
and yet others that have not been crosslinked into the Na,CO,-
containing aqueous solution. SEM images and EDX mapping
of the resulting heterogeneous structure demonstrate its locally
varying composition, as shown in Figure 7c. Note that the mi-
crostructures of the formed Fe(OH), is similar to that of CaCO5,
as shown in Figure S23 (Supporting Information). The formed
Fe(OH), can be further crystallized into hematite (a-Fe,O,) upon
heat treatment at 800 °C for 4 h. To further demonstrate the uni-
versality of our process, we replace the carbonate source in the
mineralizing solution with a phosphate source. We immerse py-
rogallol functionalized capsules that have been crosslinked with
Ca?* into this mineralizing solution containing ammonium dihy-
drogen phosphate to print them into macroscopic grids. The re-
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sulting mineral is mainly composed of brushite, as verified with
XRD shown in Figure S24 (Supporting Information).

3. Conclusion

We introduce a capsule-based ink that enables 3D printing of
minerals possessing a hierarchical porosity with pore diameters
that can be controlled from 100 nm up to the mm length scale.
By tuning the mineralization conditions and porosity of the com-
posite, we can adjust its mechanical properties to be similar to
that of natural porous minerals such as human trabecular bones
or the beaks of toucan birds. The tight control over the porous
structure, mineral composition, and the macroscopic 3D shape
is achieved through an energy-efficient process that can be per-
formed at room temperature under aqueous conditions, thereby
enabling the incorporation of thermally labile substances.

Our process starts from polymeric scaffolds that present moi-
eties with a high affinity to Ca*, such that they can serve as ac-
tive nucleation sites. In this respect, our process is similar to the
natural formation of minerals albeit, in nature, the size of the in-
dividual compartments and the dimensions of the scaffolds are
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De-moulding M7

Figure 7. Proof of concept of 3D printed porous mineral-based composites. a) An artificial toucan beak made by molding inks into a 3D printed shell,
exhibiting a well-defined morphology after demolding. b) Photograph of two printed mineralized lattices that have been connected through an additional
mineralization cycle and corresponding EDX mapping of the connected part indicated with the red box in the middle picture. c) A 3D printed butterfly
produced by co-printing different types of capsule-based inks that are sequentially mineralized. (i) SEM image of the cross-section of the printed structure
demonstrating the local variations in the pore sizes. The white dashed line indicates the boundary of the two co-printed inks. EDX mapping of the butterfly

surfaces revealing (ii) the gradient in the CaCO; concentration and (iii) the presence of Fe(OH);.

significantly smaller. By analogy to the natural mineralization,
we subject our polymer scaffold to an aqueous environment that
contains a high concentration of ions to initiate their mineral-
ization. This procedure offers an additional advantage: through
the targeted supply of additives, we can control the morphology
and structure of the forming minerals, thereby offering another
handle on the mechanical properties of the mineralized compos-
ites. However, albeit most of the used chemicals are biocompat-
ible, our system cannot be used for in vivo studies as it includes
fluorinated surfactants and oils. Yet, with additional work, these
components can potentially be replaced with substances that are
compatible with in vivo applications. In summary, we envisage
the possibility to vary porosity over many orders of magnitudes
coupled with the versatility of the process in terms of material se-
lection and its energy efficiency to open up new avenues for the
sustainable fabrication of the next generation of porous biomin-
erals.
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4. Experimental Section

Materials:  Poly(vinyl alcohol) (M, 13000-23000, 87-89% hy-
drolyzed), Trizma base (2-Amino-2-(hydroxymethyl)-1,3-propandiol),
poly(acrylic acid) (average Mw 1800) and magnesium chloride hexahy-
drate (MgCl,-6H,0) were purchased from Sigma-Aldrich and used as
received. Calcium chloride (CaCl,), iron chloride (FeCl;), and sodium car-
bonate (Na,CO3) were purchased from Carl Roth. Ammonium dihydrogen
phosphate was purchased from Acros Organics. The fluorinated oil, HFE
7500 (3-ethoxy-1,1,1,2,3,4,4,5,5,6,6,6-dodecafluoro-2-trifluoromethyl-
hexane) was purchased from 3 M Company. Acetate buffer (1 M, pH
4.0) was purchased from Thermo Scientific Chemicals. All other organic
chemicals were purchased from Sigma-Aldrich.

Production of Emulsions: An aqueous solution containing 1-10 wt%
PVA and 0.1-1 m CaCl, was prepared and its pH was adjusted to 9 by
adding Trizma base. The aqueous phase was emulsified (vortexing for 25
s) with HFE 7500 containing 2 wt% dipyrogallol-functionalized surfactant.
The volume ratio between the aqueous phase and oil phase was 5:1. The re-
sulting oil-in-water emulsions were sedimented overnight before the aque-
ous supernatant phase was discarded.
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Microfluidic flow focusing devices with a channel cross-section of
100 pm X 100 um were produced from poly(dimethylsiloxane) (PDMS)
(Sylgard 184, Dow Corning) using soft lithography.!74l The surfaces of the
channels were rendered hydrophilic by injecting an aqueous solution con-
taining 2 wt% polydiallyldimethylammonium chloride (Sigma-Aldrich) for
10 min into the channels before they were dried with compressed air.
Monodisperse emulsions were made by injecting the inner oil phase at
a flow rate of 30 uL min"! and the outer aqueous phase at a flow rate of
50 pL min’! using syringe pumps (Cronus Sigma 1000, Labhut).

The mixture of two batches of emulsions possessing different drop
sizes was fabricated by tip sonication of the water/oil mixture with a vol-
ume ratio of 5:1 for 6 min before adding another 20 vol% oil phase contain-
ing 2 wt% surfactant and vortexing this mixture for 25 s. Both the polydis-
perse and monodisperse emulsions were sedimented to up-concentrate
the emulsions, as described above.

Production of 3D Printed Samples: The concentrated emulsions were
loaded in a 3 mL syringe. Direct ink writing-based 3D printing was per-
formed with a commercial 3D printer (BIO X, Cellink). The capsule-based
ink was extruded from a conical nozzle (515 um in diameter) using a pres-
sure around 30 kPa at a printing speed of 15-20 mm s™'. Printing was
performed in a petri dish encompassing an aqueous solution containing
2 M Na,COj. Printed structures were immersed inside the printing bath
for at least 2 h.

Production of Molded Samples: The capsule-based ink was extruded
into an aqueous solution containing 2 M Na,COj; to induce the gelation
of PVA and initiate the mineralization. After an incubation time of 2 h, the
mineralized gels were cast into molds of a cubic shape (10 mm x 10 mm
% 10 mm) for compression tests or beak shape for the fabrication of the
artificial toucan bird beak.

Biomineralization Procedure: To reinforce samples, they were sub-
jected to repeated mineralization cycles by incubating the printed or
molded composites in an aqueous solution containing 1 m CaCl, for 2 h
before rinsing with deionized water and again in a solution containing
1 M Na,COj for 2 h respectively; this two-step mineralization is referred
to as one mineralization cycle. The control over the formation of differ-
ent CaCO; polymorphs during the mineralization was achieved by adding
a certain amount of additives together with 0.1 m CaCl, to the aqueous
phase used to form emulsions and to perform additional mineralization
cycles. The molar ratio of Ca?* to PAA is 1:0.1 while the molar ratio be-
tween Ca?* to Mg?* is 1:5.

Solidification Procedure: ~ After samples have optionally been subjected
to additional mineralization cycles, they were removed from the biominer-
alization solution, rinsed with deionized water to remove extra salts, and
dried in air at room temperature for 48 h and subsequently under vacuum
for 12 h to remove all the remaining solvents.

Production of Other Biomineral Samples: To obtain iron oxide-based
composites, an aqueous solution containing 5 wt% PVA and 0.1 m
FeCl; was prepared and emulsified with HFE 7500 containing 2 wt%
dipyrogallol-functionalized surfactant. The obtained emulsions were con-
centrated and printed into an aqueous solution containing 2 M Na,CO;
to perform the following hydrolysis reaction:

2Fe** (aq) +3CO2™ (aq) + 3H,0 (I) — 2Fe(OH); (s) +3CO, (g) m

Fe(OH); was crystallized into hematite (a-Fe,O3) by sintering (Muffle
furnace L 5/11/B410, Nabertherm) at 800 °C under air atmosphere for
4 h. To obtain calcium phosphate-based composites, an aqueous solution
containing 5 wt% PVA and 0.1 m CaCl, was prepared and emulsified with
HFE 7500 containing 2 wt% dipyrogallol-functionalized surfactant. The up-
concentrated emulsions were printed into an aqueous solution containing
1 M ammonium dihydrogen phosphate, whose pH was adjusted to 7 by
adding Trizma base to perform the following reaction:

Ca®* (aq) + H,PO,™ (aq) + OH™ (aq) + H,0 () — CaHPO, - 2H,0 (s) (2)
Rheology of Emulsions and Mineralized Gels: Rheology was performed

on a DHR-3 TA Instrument with an 8 mm diameter parallel plate steel
geometry. All measurements were performed at 25 °C, with a 1000 pm
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gap. Viscosity measurements were made by steady-state flow experiments
with a sweep of shear rates from 0.01 to 100 s~'. Amplitude sweeps were
performed at 1rad s™! oscillation. Frequency sweeps were performed at
a strain of 1% and an angular frequency ranging from 100 to 0.1 rad s
Shear recovery measurements were performed at 10 rad s, alternating
60 s at 1% strain, with 60 s at 100% strain. Samples were allowed to relax
for 200 s at the set temperature before a measurement was started.

FTIR and Raman Characterization: FTIR spectra were measured on a
Nicolet 6700 spectrometer (Thermo Fischer Scientific) in the attenuated
total reflectance (ATR) mode, and corrected with the background signal.
Traces were acquired between 4000 and 400 cm™! at a resolution of 4
cm~'. Raman spectroscopy was performed on a Renishaw Raman spec-
trometer, equipped with a confocal microscope and a 785 nm excitation
laser. The samples were dried and loaded on a glass substrate, placed un-
der a 10x microscope lens. The laser power was 30 mW, the grating was
600 g mm’! and the energy was adjusted to 10%. The integration time was
2 s with an accumulation of 20 times.

Microstructural Analysis:  The dimensions of the emulsion drops were
assessed using an optical microscope (ECLIPSE TS-100, Nikon). Polar-
ized optical microscopy images were obtained by a polarizing microscope
(ECLIPSE Ti-DH, Nikon). SEM images were recorded on a Zeiss Gemini
300 operated with an accelerating voltage of 3 kV and a working distance of
roughly 8 mm. Samples were coated with 10 nm of gold to avoid charging
effects. EDX spectroscopy was acquired using the aforementioned Zeiss
Gemini 300 equipped with an Oxford Instruments EDX detector operated
at 10 kV and 180 pA beam current. The input count per second was around
3000 cps.

X-Ray Micro-Computed Tomography: The 3D morphology of printed
samples was investigated by X-ray micro-computed tomography (u-CT)
using an Xradia 620 Versa X-ray microscope (ZEISS, Germany). The X-ray
voltage and power were set to 40 kV and 3 W, respectively, and tomographs
were acquired using a CCD camera coupled to a scintillator for X-ray-to-
visible-light conversion and a 4x magnifying objective. For samples pro-
duced from varying initial concentrations of calcium as well as samples
produced from monodisperse emulsions, the exposure time was adjusted
to 1s per projection to reach 5000 counts per pixel in the recorded pro-
jections using a detector binning of 2, and 1601 projections/360° sample
rotation were recorded. This resulted in a reconstructed isotropic voxel
size of 1.7 um. For samples undergoing a varying number of mineraliza-
tion cycles, the exposure time was adjusted to 8 s per projection to reach
a similar count number in the recorded projections with slightly adjusted
source- and detector positions and no detector binning to result in a re-
constructed isotropic voxel size of 0.7 um. For these scans, 4501 projec-
tions/360° sample rotation were recorded. 3D images were reconstructed
from the projection data using the software included in the scanner. Image
segmentation and visualization were performed with the Dragonfly soft-
ware Version 2022.1 (Object Research Systems Inc, Montreal, Canada).
Note that features below approximately twice the voxel size will not be
resolved.

TGA Measurements: TGA measurements were performed with a TGA
4000 instrument (PerkinElmer). For each measurement, dry samples with
the weight of 10-50 mg were placed into crucibles and heated from 30 °C
to 900 °C at a rate of 10 °C min~" under a flow of dry air with a flow rate of
20 mL min~'. Measurements were repeated at least three times for each
type of samples and reported as mean + standard deviation.

XRD Measurement: XRD patterns were acquired using an Empyrean
diffractometer (Malvern Panalytical) with 26 ranging from 20° to 60°, at
a scanning rate of 0.1° s™1. The radiation source was Cu Ka with a wave-
length of 1.5405 A and the generator was operated at 40 keV, 40 mA. All
samples were finely ground before testing.

4.0.0.1. Scanning Synchrotron XRD: The spatial distribution of crys-
tallographic phases was investigated in selected samples by 2D scan-
ning XRD performed at the DANMAX beamline of the MAX IV syn-
chrotron (Sweden). The X-ray beam was adjusted to 35 keV (correspond-
ing to a wavelength of 0.354 A) using a Si (111) horizontal double crystal
monochromator combined with a horizontal double multilayer monochro-
mator and focused to 10 x 20 um? using beryllium compound refrac-
tive lenses (Be CRLs). The samples were mounted on Kapton tape on a
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translation stage and selected ROIs were raster scanned through the
beam. Scattering patterns were collected for every 30 um translational step
on a PILATUS3x2 M detector (DECTRIS AG, Switzerland) placed 518 mm
from the sample with an exposure time of 1s. The resulting 2D scattering
patterns were azimuthally integrated using MatFRAIAI7>! in MATLAB ver-
sion R2021B (MathWorks, MA, USA) to give one 1D diffractogram for each
sample position. For molded (bulk) samples, these were averaged to give
a single high S/N-diffractogram that was compared to reference diffrac-
tograms of relevant crystal phases for phase identification. For printed (lat-
tice) samples, diffraction data stemming from air/Kapton was subtracted
from the position-resolved data prior to further processing. A reflection
with unique 26 was selected for each identified crystal phase: the (101) re-
flection for crystalline PVA (20 = 3.91-4.99°), the (104) reflection for cal-
cite (20 = 6.61-6.78°), the (218) reflection for vaterite (20 = 9.76-9.94°),
and the (200) reflection for NaCl (20 = 7.11-7.31°). The intensity of each
of these reflections, subtracted a local background and normalized to its
maximum value within the given ROI, was plotted as a function of sample
position to visualize the spatial distribution of the corresponding phase.
Furthermore, a plot of the total (summed) scattering intensity was plotted
as a function of position to serve as a reference image of the sample.

Nanoindentation: Nanoindentation measurements were conducted
on an Anton Paar NHT3 tester mounted with a Berkovich indenter. The
experiment was performed in a displacement control mode with a maxi-
mum indentation depth of 5000 nm and a displacement rate of 1000 nm
min~'. Before the drying was complete, the samples were placed into a
steel mold. The following pre-press procedure was executed using the Pro-
grammable Hydraulic Pellet Press machine (PIKE Technologies) : Within
the first 5 min, the pressure applied to the sample was gradually increased
from 0to 20 MPa. Then a constant pressure of 200 MPa was applied for 30
min. After pressing, the samples were dried in a vacuum chamber and pol-
ished with sand papers before indentation tests were performed to obtain
flat and smooth surfaces.

Compression Tests: Compressive strength measurements were per-
formed with a commercial uniaxial testing machine (ZwickiLine 5 kN,
Zwick Roell) equipped with a 100 N load cell. Samples were molded into
cubic shapes with the size of 10 mm x 10 mm x 10 mm or printed into
lattices with the size of 10 mm x 10 mm x 5 mm. Compression tests were
conducted in the displacement control mode at a rate of T mm min~!
until samples broke or a strain of 90% was reached. Note that densities
listed in this work were apparent densities obtained from weight and vol-
ume measurements. The densities of previously reported synthetic porous
biominerals were calculated by the following equation:

pa=ps (100% — P) @)

where p, is the apparent density of scaffolds, pg is the bulk density of
components contained in the materials and Pis the porosity in percentage.
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