LIVING COMPOSITES

In article number 2006946, Qiming Wang
/-~ and co-workers present a paradigm to guide
living bacteria to grow bionic mineralized

- composites. The strategy demonstrates

a class of living composites with ordered
microstructures and exceptional mechanical
properties. This research progress
highlights an exciting opportunity for future
bionic composite materials by tailoring the
interaction or communication between
living organisms and 3D-printed synthetic
materials.
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Growing Living Composites with Ordered Microstructures
and Exceptional Mechanical Properties

An Xin, Yipin Su, Shengwei Feng, Minliang Yan, Kunhao Yu, Zhangzhengrong Feng,
Kyung Hoon Lee, Lizhi Sun, and Qiming Wang*

Living creatures are continuous sources of inspiration for designing synthetic
materials. However, living creatures are typically different from synthetic
materials because the former consist of living cells to support their growth
and regeneration. Although natural systems can grow materials with sophis-
ticated microstructures, how to harness living cells to grow materials with
predesigned microstructures in engineering systems remains largely elusive.
Here, an attempt to exploit living bacteria and 3D-printed materials to grow
bionic mineralized composites with ordered microstructures is reported. The
bionic composites exhibit outstanding specific strength and fracture tough-
ness, which are comparable to natural composites, and exceptional energy
absorption capability superior to both natural and artificial counterparts. This
report opens the door for 3D-architectured hybrid synthetic-living materials
with living ordered microstructures and exceptional properties.

Designing high-performance structural materials with excel-
lent mechanical properties (such as strength, fracture tough-
ness, and energy dissipation) is a long-standing engineering
endeavor. Nature has developed a strategy by intelligently
integrating stiff minerals and soft organics in a highly sophis-
ticated manner to produce natural structural composites with
ultrahigh strength and fracture resistance.l*] The outstanding
mechanical properties of these natural structural composites,
such as nacres, arapaima scales,’] and stomatopod dactyl
clubs,!®! are primarily due to two key factors: First, the fractions
of stiff minerals within these composites are relatively high,
for instance, as high as 875% by volume (95% by weight) in
nacres.! Second, the minerals are typically assembled into
ordered microstructures to efficiently retard the crack propaga-
tion; for example, the minerals within the stomatopod dactyl
club display a Bouligand structure with a helicoidal ply ori-
entation.[) On the side of bionic engineering, though promi-
sing structural composites have been fabricated to imitate
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their natural counterparts;!=3! the bionic
designs have been bottlenecked due to the
competition of two key factors: the fraction
of minerals and freedom in controlling min-
eral orientations (Figure 1A and Table S1,
Supporting Information). Technologies
such as layer-by-layer assembly,"8! self-
assembly,®1  freeze-casting,¥1  and
chemical mineralization! have pro-
duced remarkable structural composites
with high mineral volume fractions,
but achieving complex mineral orienta-
tions (such as helicoidal ply orientations)
is challenging (Figure 1A). Recently,
field-induced mineral alignment has
been integrated with casting to achieve
impressive structural composites with
complex orders;  however, casting
is not energy-efficient in achieving helicoidal ply orientations
(Figure 1A). To overcome the drawback of casting, researchers
have employed 3D-printing technologies with the field-assisted
alignment to enable high freedom in controlling mineral ply
orientations;?*-2)l however, the fractions of minerals in the
3D-printing inks are not high (typically <20 vol%, Table S1,
Supporting Information), due to the requirement of efficient
photopolymerization?#223 or flow?”l during the 3D-printing
process (Figure 1A). Therefore, a manufacturing method to
allow for both high fractions of minerals and high freedom in
controlling mineral orientations remains an outstanding chal-
lenge in the field.

Nature has already provided wisdom to address this chal-
lenge by directly growing high-fraction minerals in precisely
controlled orientations (Figure 1B). When mollusks or arthro-
pods build mineralized composites, an insoluble p-chitin
matrix filled with silk fibroin gel is generated to serve as a scaf-
fold.[**-2%1 The mineral cores form on the surface of the B-chitin
matrix, starting from the asp-rich glycoproteins that serve as
the nucleation sites.?*2% Then, the mineral will grow along a
scaffold-guided pathway to form microstructures with ordered
orientations (such as the Bouligand structure in the stomatopod
dactyl club,®! Figure 1B). Despite the high sophistication of the
natural growing strategy, translating the strategy to engineering
practice is challenging because of the difficulty in guiding the
complex natural growing process to precisely follow prede-
signed pathways.

Inspired by the natural growing strategy, we here pro-
pose to harness guided biomineralization within 3D-printed
polymer structures to directly grow bionic composites with
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Figure 1. Conceptual idea. A) A diagram to show the relationship between the volume fraction of minerals and the freedom in controlling mineral
orientation within structural composites. The numbers in blue circles are reference numbers. More information is shown in Table S1, Supporting
Information. B) Schematics to show the production process of mineralized structural composites in living creatures (such as stomatopod dactyl club).
C) Schematics to show the proposed strategy for growing bionic composites in this work: bacteria-assisted mineral growth within a 3D-printed scaf-
fold. Image of the stomatopod dactyl club: Reproduced with permission.[®l Copyright 2012, American Association for the Advancement of Science.

high fractions of minerals (45-90 vol%) and nearly arbitrary
mineral orientations (Figure 1C; Movie S1, Supporting Informa-
tion). The method relies on a 3D-printed polymer scaffold to
mimic the structured S-chitin matrix, and bacteria attached on
the polymer surface to serve as nucleation sites. The enzyme
urease secreted by the bacteria assists the mineralization of
calcium carbonate (CaCO;) that grows around the polymer
scaffold. The mineral growth is guided by micropores within
the scaffold, eventually leading to bionic mineralized compo-
sites with predesigned microstructures. The growing process is
understood with an analytical theory and a phase-field model.
The bionic mineralized composites exhibit outstanding specific
strength and fracture toughness that are comparable to natural
composites, and exceptional energy absorption capability that is
superior to both natural and artificial counterparts.

The manufacturing strategy primarily relies on bacteria-
assisted mineral growth within 3D-printed microporous lat-
tice scaffolds. Although the bacteria-assisted mineralization
has been previously used to heal cementitious materials,?®]
harnessing guided bacterial mineralization to design struc-
tural composites has not been explored. The overall experi-
mental procedure of the proposed method is shown in Movie
S1, Supporting Information. We first 3D-print a cubic polymer

Adv. Mater. 2021, 2006946

2006946 (2 of 9)

lattice with beam diameter =100 um and unit cell size =500 um
(Figure 2A,B). Then, we immerse the lattice in a bacterial
medium to allow for the attachment of bacteria (S. pasteurii)
to the internal lattice surface. Subsequently, the lattice is
immersed in a mineralization medium with urea and Ca?" to
enable the mineral growth within the lattice. The bacteria play
two roles during the mineralization process: First, the bacteria
secrete urease that can catalyze the decomposition of urea to
form CO3", which reacts with Ca%* to form CaC05.%%% Second,
the bacteria attached to the internal lattice surface serve as
nucleation sites to initiate the mineralization of CaCOs; crys-
tals around the lattice surface,*! followed by gradually filling
up the void space. Note that directly using urease to form
CaCOj; cannot initiate the mineralization starting from the lat-
tice surface.”! In the experiment, more and more white CaCO;
minerals fill the free space over days (Figure 2B). The pheno-
menon is observed by optical microscopy and scanning elec-
tron microscopy (SEM) on the lattice beams (Figure 2CD). A
small number of mineral nuclei randomly appear on the lattice
beam surface on day 2; after 6 days, the lattice beam surface is
entirely wrapped with minerals. The CaCO; minerals are pri-
marily in the form of calcite.3%33 The volume coverage of the
minerals keeps increasing over 10 days until the lattice voids

© 2021 Wiley-VCH GmbH
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Figure 2. Bacteria-assisted mineral growth within a lattice scaffold. A) Schematics to show the bacterial-assisted mineral growth process. H is the
mineral thickness and R is the half beam width. B-D) Samples (B), their optical microscopic images (C), and their SEM images (D) during the bacteria-
assisted mineral growth process over 10 days. E) Experimentally observed, phase-field simulated, and theoretically calculated normalized mineral thick-
ness in functions of time. F) The relationships between compressive stress and strain of the mineralized sample over 10 days. G) Young's modulus of
the mineralized sample over 10 days. The error bars are standard deviations of 3-5 tests.

are fully filled (Figure 2E). To quantify the mechanical behavior
of the mineralized samples over experimental days, we employ
compressive tests to measure their stiffness (Figure 2F). We
find that the effective stiffness of the virgin lattice structure on
day 0 is 1.82 £ 0.28 MPa; however, the effective stiffness of the
mineralized sample on day 10 increases to 1.99 + 0.4 GPa, with
an increasing factor of three orders of magnitude (Figure 2G).
To understand the bacteria-assisted mineral growth, we first
focus on the mineral growth around a polymer beam with a
square cross-section (dimension 2R x 2R) (Figure 3A). After
the polymer lattice is immersed in the mineralization medium,
bacteria secrete urease to catalyze the formation of solute
CaC04.1728 When solute CaCOj5 is oversaturated, the bacteria
attached to the lattice beam surface initiate the mineralization
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of CaCOj crystals. When the solute CaCOj; is consumed around
the lattice beam, more solutes in the solution need to diffuse to
the beam surface to support the further mineralization process;
therefore, the mineral growth is governed by the solute diffu-
sion.}*3 To analytically model the mineral growth, we approxi-
mate the square cross-section as a circle with a diameter of 2R
and develop a theory to formulate the mineral thickness H,
written as H/R = G(D(t — t;)/R? ) (Figure 3A and Figure S1,
Supporting Information),’3#3° where ¢ is the time in the min-
eralization medium, %, is the initiation time for the mineral
growth, D is the diffusivity of solute CaCO; in the solution,
and o is a parameter related to the concentration of the over-
saturated CaCOjs. Note that the cross-section approximation can
be verified by phase field simulations (Figure S2, Supporting

© 2021 Wiley-VCH GmbH
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Figure 3. Modeling of mineral growth. A) Schematics to illustrate the mineral growth around a lattice beam with a square cross-section. b is the unit size, H
is the mineral thickness, and R is the half beam width. It can be approximated as the mineral growth around a circular beam with a radius of R. B) Numeri-
cally simulated and theoretically calculated mineral volume fractions of two lattices (b/R =10 and 20) in functions of mineralization time. C) The maximal
mineral volume fractions after fully filling the lattice scaffolds in a function of the required mineralization time. D) Numerically simulated mineral growth over
10 days using phase-field modeling. E) Comparison between the numerically simulated and experimentally observed mineral-polymer units over 10 days.

Information). By selecting t, = 1 day, the analytical model
can quantitatively explain the experimentally observed min-
eral thickness over 10 days (Figure 2E). Although the theory
is originally planned to explain the mineral growth around a
single beam, it also shows a good agreement with experimental
results when the lattice void is almost fully filled by the min-
erals (i.e., day 10, Figure 2E).

For a cubic unit cell with a beam diameter of 2R, unit size of
b, and mineral thickness of H, the mineral volume fraction is
calculated as

[8(1+H/R) +12(b/R-2~2H/R)(1+H/R)* ]-[12b/R - 16]
= (b/R) W
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With Equation (1), the analytical theory reveals that the min-
eral volume fraction grows more rapidly with decreasing unit
cell size (Figure 3B); this is because a smaller unit cell size
within the periodic lattice structure is corresponding to a larger
relative internal surface area to facilitate the bacteria-assisted
mineral growth (see insets of Figure 3B). When H/R = b/(2R)
— 1, the lattice void is fully filled by minerals. The maximal min-
eral volume fraction 7« can be calculated as a function of the
required mineralization time t.. The theory reveals that t. first
increases slowly with increasing 7. and then increases rapidly
after 1. = 90% and t. = 10 day (Figure 3C). We indeed select
this critical mineral volume fraction ( 7+ = 90% and b/R = 10)
to carry out the experiments (Figure 2).

© 2021 Wiley-VCH GmbH
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Figure 4. Bionic mineralized composites with selective mineralization. A) Computer-aided design (CAD) models for polymer scaffolds. B) 3D-printed
polymer scaffolds. C) Bionic mineralized composite samples. D) Stiffness mapping of the bionic mineralized composites. The inhomogeneity of the
stiffness distribution may be attributed to inhomogeneous mineralization within the lattice regions.

To further verify the theoretical and experimental results, we
develop a phase-field simulation framework to study the min-
eral growth (Figure 3D).%¥] This simulation includes two vari-
ables: the phase field ¢(x, s) and the concentration field c(x, s) of
CaCOj3, where x is the position vector and s is the time starting
from the mineral growth (i.e., s = t -ty in Equation (1)). The
variable ¢(x, s) is an ordering parameter, with ¢ = 0 corre-
sponding to the liquid phase of CaCO; and ¢ = 1 the solid
phase. The Helmholtz free energy of the system is (Supporting
Information):1*%l

F6.9= || fo.0+ e wor + L vy fao @

where Q is the region occupied by the system, fig,c) is the
Helmholtz free energy density for a phase with no gradient,
€ is a small parameter which determines the thickness of the
interface of the two phases, and k, is the interfacial coefficient.
The phase-field simulation can nicely reveal the mineral growth
within the cubic lattice structure (Figure 3D and Movie S2,
Supporting Information). The geometry and thickness of the
formed mineral around the lattice beam resemble those in
the experiments from day 2 to day 10 (Figures 3E and 2E). In
addition, the phase-field simulation can consistently verify the
theory for the mineral growth within lattices with various unit
sizes (Figure 3B and Figure S3, Supporting Information). The
simulated required time for full mineralization also agrees well
with the theoretical results (Figure 3C).

The mineral growth within porous lattices can be har-
nessed to manufacture bionic mineralized composites with
complex integration architectures (Figure 4). The mechanism
relies on the judicious arrangement of two phases, porous
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polymer lattice and bulk polymer, within a 3D-printed scaf-
fold (Figure 4A,B). We first enable the bacterial attachment on
the beam surfaces of the porous lattice region. Then, we cover
the polymer scaffold with a permeable fabric and immerse it
into the mineralization medium. Because the porous lattice
phase provides free space, the minerals grow within the lattice
region, but not around the bulk polymer region (Movie S1, Sup-
porting Information). After 10 days, the lattice region is filled
with white CaCO; minerals (Figure 4C). The cross-section SEM
images show the clear boundaries between the mineral and
polymer phases (Figure S4, Supporting Information). During
the mineralization process, the effective stiffness of the porous
lattice region drastically increases (Figure 2G), while the stiftf-
ness of the bulk polymer region maintains. We employ indenta-
tion tests to measure the local stiffness on the sample surfaces
(Figure S5, Supporting Information). Indentation tests show
that the stiffness of the mineralized region (previously lattice
region) reaches as high as 2.3 GPa, around 5 times the stiffness
of the bulk polymer region (=400 MPa) (Figure 4D). Note that
the arrangement of two phases is fully determined by the cus-
tomized design; thus, this method may be able to generate
mineralized composites with nearly any locations of selective
mineralization, such as straight lines, wavy curves, circles, and
crossing lines as shown in Figure 4. The minimal width of the
mineralized region is determined by the unit cell size of the lat-
tice (=500 um in Figure 4).

The mineral growth within porous lattices can be further
harnessed to manufacture bionic mineralized composites
with various mineral ply orientations (Figure 5). The mecha-
nism is to utilize porous lattice channels to grow mineral
fibers. The fiber orientation is denoted as the angle with the
x-axis (Figure 5A). The whole composite consists of multiple

© 2021 Wiley-VCH GmbH



ADVANCED
SONCF NS MATERTALS

www.advancedsciencenews.com www.advmat.de

E w0
g 2z~
: | g S
7 e}
£ 1095 §
230 B2
9] 28
50} Type | e s 2
o 2 E
= < -
8005 10 15 20 25 30 g 0 -0
Displacement (mm) »n Typel Typell Typelll Type IV
3
sz 3.0 TypeoIV 1 G ~ 3~
0000 O & o
E 25 DDDTD a 3 ’é‘ 3
pe
& 20 o 2 L2
E15 E =
g s 3
1.0 Type Il L1
= 00O O =3 =
£ 0.5p° o =
QT Lot MAAAMMBAAAAAA A A_A < 3
v 0 - ) . ) Tyg?el ¥-0~ o ¥
'%.0 04 08 12 16 20 24 Typel Typell Typelll TypelV

Crack extension da (mm)

Figure 5. Bionic mineralized composites with various mineral ply orientations. A) Schematics to illustrate ply orientations of mineral fibers on different
layers of composites. The orientation angle is defined as the angle with the x-axis. Four types of composites show different ply orientations. B) Bionic
mineralized composite samples. C) Micro-CT scanned images of bionic composites and the mineral phases. D) Load—displacement curves of mineral-
polymer composites under three-point bending tests. The inset shows the schematic for the three-point bending test. E) Specific strengths (ot/p) and
absorbed energy densities until failure (W,) of four types of bionic composites under three-point bending tests. The absorbed energy until failure is
the enclosed area of the load—displacement curves in (D). F) Crack-resistance curves (R-curves) in terms of the specific stress intensity (Kc/p) as a
function of crack extension (Aa) for four types of bionic composites. The inset shows the schematic for the single-notched bending test. G) Specific
fracture toughness for crack initiation (Kc/p) and stable crack propagation (Kjc/p) of four types of composites. The error bars are standard deviations
of 3-5 tests.

layers, where the fiber orientation on a different layer can be lattice channels with different orientations on different layers
different. Here, we focus on four types with fiber orientations  (Figure S6A-C, Supporting Information), and then allow
as (Figure 5A): [90, 90, 90, 90, 90] (type I), [0, 0, 0, 0, O] (type II), ~ for the bacteria-assisted selective growth of CaCO; minerals
[0, 90, 45, 90, 0] (type III), and [0, 45, 90, 135, O] (type IV). In  within the lattice channels over 10 days (Figure 5B). Micro-
experiments, we first 3D-print polymer structures with porous  computed tomography (Micro-CT) scanning is employed to

Adv. Mater. 2021, 2006946 2006946 (6 of 9) © 2021 Wiley-VCH GmbH
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characterize the internal microstructures of two phases within
the composite matrix (Figure 5C and Movies S3-S6, Supporting
Information). The CT scanning images clearly display the ply
orientations of mineral fibers on different layers. Besides, since
the mineral growth is initiated from the surface-attached bac-
teria, the formed minerals are firmly bonded on the polymer
surface,?”) which can be revealed from the CT scanning images
(Figure 5C) and interfacial SEM images (Figure S4, Supporting
Information).

We first use three-point-bending (3PB) tests to quantify the
mechanical strength of the bionic mineralized composites
(inset of Figure 5D; sample geometry in Table S2, Supporting
Information). The supporting span is along the x-axis, and the
load is along the z-axis. The load—displacement curves for dif-
ferent types of composites are shown in Figure 5D. The maxi-
mal load is used to compute the specific flexural strength oy p,
where oy is the flexural strength and p is the effective density
(Figure 5E). The enclosed area of the load—displacement curve
is used to calculate the absorbed energy density until failure W,
(Figure 5E). As comparisons, the specific flexural strengths and
the absorbed energy densities until failure of the pure mineral,
the pure polymer, and the mineral-polymer fiber are shown
in Figure S7, Supporting Information. We find that the max-
imal load of types II, III, and IV composites are much larger
than that of type I, because the fracture in type I composite
may only propagate within the polymer matrix or along the
polymer-mineral interface, while the fractures in other types
need to break mineral fibers on multiple layers. Especially,
the maximal load of type II is the highest because the fracture
needs to break mineral fibers on each layer. In terms of energy
absorption capability, type IV is the highest because the mineral
fiber orientation displays a Bouligand structure, resembling the
helicoidal mineral structures in the stomatopod dactyl club.!®!
Once the fracture occurs, twisting cracks can be developed due
to the orientation distribution of mineral fibers, and the propa-
gation of these cracks will make a significant contribution to
the internal energy dissipation.*¥*0 As a result, Bouligand-like
type IV structure features a remarkable energy absorption capa-
bility (Figure 5E), around 20 times that of type I and 2 times
that of type II.

www.advmat.de

To further quantify the crack resistance of the bionic min-
eralized composites, we employ single notched bending (SNB)
tests to measure the fracture toughness to resist crack initiation
and propagation (inset of Figure 5F; Figure S6D, Supporting
Information).['012134142] The crack resistance curves (R-curves)
of four types show a similar behavior: fracture toughness
increases from the initial fracture toughness (Kjc) as the crack
extends and approaches a plateau (Kjc) when the crack stably
propagates (Figure 5F,G). The fracture toughness of type I is
the lowest because the fracture propagates within the polymer
matrix or along the polymer-mineral interface. The fracture
toughness of type II is larger than that of type I, because the
fracture in type II needs to break both polymer and mineral
phases. Along with the crack extension, the fracture tough-
nesses of types I and II slightly increase and reach their pla-
teaus after a short crack extension (0.4-0.6 mm); for example,
the plateau Kic/p of types II is only 40% higher than its Kic/p.
However, the fracture toughnesses of types III and IV reach
their plateaus after a long crack extension (1.2-1.4 mm) and the
plateaus Kjc/p are higher than their Kjc/p by 185% and 107%,
respectively. This drastic difference in the crack resistance is
attributed to the difference in their mineral ply orientations. In
types I and II, the materials at the rear and front of the crack
tip are homogeneous, and the crack can thus easily propagate
once initiated. However, the heterogeneous mineral ply orienta-
tions of types III and IV, resembling the Bouigand structure in
stomatopod dactyl club,!! can efficiently bend, twist, and retard
the crack propagation.l38-4]

To compare the presented bionic mineralized composites
with natural and artificial structural composites, we construct
two Ashby diagrams shown in Figure 6 (data in Table S3, Sup-
porting Information). Figure 6A shows the relationship between
specific flexural strength (oy/p) and specific plateau frac-
ture toughness (Kjc/p). The bionic mineralized composites
(type 1V in Figure 5) feature oy/p of 76 + 8.7 MPa/(Mg m™)
and Kjc/p of 2.63 £ 0.3 MPa m'/?/(Mg m™3), which are compa-
rable to the natural composites (such as natural nacres!'%1>23))
and other state-ofithe-art artificial structural composites,
such as calcium phosphate-alginate composites,'” alu-
mina-poly(methyl — methacrylate)  composites,’?l  calcium
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Figure 6. Comparison of mechanical properties of the bionic mineralized composites and natural and artificial composites. A) Ashby diagram of
specific strength versus specific fracture toughness of the bionic composites (type IV) compared with natural nacre and other artificial mineralized
composites. B) Ashby diagram of absorbed energy density until failure of the bionic composites (type V) compared with their competitors. The num-

bers in circles are reference numbers.
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carbonate—chitosan composites,> and graphene-polymer com-
posites.?3] Figure 6B shows the relationship between the spe-
cific flexural strength (0y/p) and the absorbed energy density
until failure (W,). The bionic mineralized composites (type IV
in Figure 5) feature W, of 20.26 £ 2.35 MJ m~3, which is almost
an order higher than those of natural nacres!'>?} and most of
the existing artificial structural composites.'%223 Although the
energy absorption capability of the bionic composite in this work
is only slightly higher than that of the reported calcium car-
bonate—chitosan composites (=19 M] m~3) (Figure 6B),™] the spe-
cific fracture toughness of the bionic composite is 150% higher
and the specific flexural strength is 60% higher (Figure 6A).

In summary, we present a strategy to manufacture bionic
mineralized composites by harnessing bacteria-assisted min-
eralization within 3D-printed polymer scaffolds. Compared to
other existing methods, our bionic method can produce miner-
alized composites with high fractions of minerals (45-90 vol%)
and highly ordered mineral orientations (Figure 1A). Due to
the ordered orientations of minerals, the bionic composites
feature an exceptional combination of specific strength, spe-
cific fracture toughness, and energy absorption capability
(Figure 6). The present material system harnesses the guided
bacteria-assisted growth of minerals within polymer structures
to produce a living bionic material system, whose growing fea-
ture is drastically different from most of the existing fabrication
methods. This strategy highlights an exciting opportunity for
future hybrid synthetic-living bionic materialsi*# by tailoring
interactions or communications between living organisms and
3D-printed synthetic materials. The manufacturing strategy can
be easily extended by selectively controlling the activity of living
organisms to synthesize unprecedented structural composites
with ordered, hierarchical, and gradient microstructures.

Experimental Section

Materials: Tough resin (a mixture of (meth)acrylated monomers,
(meth)acrylated oligomers, and photo initiators) was purchased from
Formlabs. It was selected because of two reasons: 1) the tough resin
showed an outstanding toughness, and 2) the employed bacteria could
be easily attached on the tough resin. Dimethylacetamide (DMA),
phenylbis(2,4,6-trimethylbenzoyl)phosphine  oxide  (photoinitiator),
Sudan | (photo absorber), hydrochloric acid, and ethanol were
purchased from Sigma-Aldrich. Sporosarcina pasteurii (ATCC 11859) was
purchased from ATCC. To prepare the BPU medium (ATCC 1832) and
the mineralization medium, tryptone, ammonium sulfate, ammonium
chloride, sodium bicarbonate, and calcium chloride were purchased from
Sigma-Aldrich. Urea, tricine, yeast extract, agar, and L-glutamic acid were
purchased from Alfa Aesar. Difco Nutrient Broth was purchased from
Fisher Scientific. All chemicals were used without further purification.

3D-Printing of Polymer Scaffolds: Tough resin (6 g) was first mixed with
DMA solvent (3 g) by magnetically stirring for around 1 h. Thereafter,
0.09 g photoinitiator and 0.01 g Sudan | were added into the solution
and stirred for another 1 h. The additive manufacturing was performed
with tough resin in a stereolithography system. A computer-aided-design
model was sliced into sequential images that were projected to a liquid
basin. The exposed resin was solidified by light exposure, forming a solid
layer bonded onto the printing stage. As the printing stage was lifted,
the fresh resin refluxed beneath the printing stage. By lowering down
the stage a prescribed height and illuminating the resin with another
slice image, a second layer was printed and bonded onto the first layer.
These processes were repeated until the whole structure was printed.
Each layer was set as 28 um thickness and required 14 s to solidify.
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Subsequently, the 3D-printed polymer was washed by pure ethanol and
dried in air at 70 °C for 24 h to evaporate the DMA solvent.
Bacteria-Assisted Mineralization: BPU medium (ATCC 1832 medium)
containing 10 g L™ tryptone, 5 g L™ yeast extract, 4.5 g L™ tricine, 5 g L'
ammonium sulfate, 2 g L™ glutamic acid, and 10 g L™" urea was adjusted
to pH 8.6 £ 0.1 using a NaOH solution, and then filter-sterilized with a
0.2 um sterile filter. The mineralization medium was prepared by
dissolving 3 g Difco nutrient broth, 20 g urea, 10 g ammonium chloride,
and 2.12 g sodium bicarbonate into 1 L deionized water. After adjusting
the pH below 6.0, the medium was autoclaved at 121 °C and 21 psi for
45 min. 28 g CaCl, was dissolved into the cooled, heat sterilized solution.
The dried samples were first soaked in 150 mL BPU medium with bacteria
for 24 h at 30 °C. Subsequently, the structures were immersed in 150 mL
mineralization medium in an incubator at 28 °C, 50 rpm. The medium
was refreshed every day. Samples were taken out after 10 days and washed
with 70% alcohol solutions. Before mechanical tests, the samples were
annealed on a hot plate at 70 °C for 24 h. For samples with selective
mineralization, we used permeable fabrics to cover the polymer scaffolds
and then immersed the sample into the BPU and mineralization medium.
The fabric was used to prevent the mineralization on the sample surface
and allow for the mineral growth within the selected regions.
Characterization of Bionic Mineralized Composites: The bionic
composites were imaged with a Canon camera, a Nikon microscope, a
scanning electron microscope (Nova NanoSEM 450), and a Micro-CT
instrument (Zeiss/Xradia 410 Versa), respectively. The effective stiffness
of the bionic composites was measured with compressive tests (strain
rate 107° s7') using an Instron mechanical tester. The stiffness mapping
on the composite surface was characterized using indentation tests
with the Instron mechanical tester (Figure S5, Supporting Information).
The three-point bending and single-notched bending tests of the bionic
composites were also carried out using the Instron mechanical tester.
The flexural strength is calculated as o = 3SF,/(2BW2) , where F,,, is
the maximum load under the three-point bending, S is the supporting
span, B is the sample width, and W is the sample depth (Table S2,
Supporting Information). The absorbed energy until failure is the
enclosed area of the load—displacement curve of the three-point bending
test. The crack-resistance curves determined by the sing-notched
bending tests with an initial crack depth of 0.4 mm. The algorithm for
the crack-resistance curve is described in Supporting Information.
Phase-Field Simulation of Mineral Growth: The formulation for the
phase-field method is described in Supporting Information. The phase-
field simulations were carried out using PDE module in COMSOL 5.4
Multiphysics. The simulation accuracy was verified by refining the mesh.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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1. Supplementary methods
1.1. Analytical model of mineral growth

In an oversaturated CaCOs solution with a molar concentration of ¢,,, solutes CaCO3
aggregate to form minerals and grow starting from the lattice beam surface. The
mineralization process is initiated by the bacterial nuclei.l># The molar concentration of
CaCOs in the solid mineral is denoted as ¢,,. The molar concentration of CaCOs in the
solution right around the solid mineral is c,, which should be very low (e.g., 0.013 g/L).*!
Three concentrations should follow a relationship written as ¢, > ¢, > ¢,. The solutes
CaCOs in the solution around the mineral surface are absorbed to form the growing mineral.
More CaCOs required to support the continuous mineral growth should be supplied by the
diffusion of CaCOs solutes from the location away from the mineral surface. The
concentration profile is shown in Figure S1A. The concentration of solute CaCOs in the
solution should increase from c, at the location near the mineral surface to c,, at the location

far from the mineral surface.

The CaCO3 molecules are supplied to the interface to form the solid mineral by
diffusion. According to the Fick’s first law,'*! the number of molecules CaCO3 moving

through the mineral interface within a time interval dt can be calculated as
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dc
dN = D(2nrdz) adt (S

where D is the diffusion coefficient of CaCO3 molecule within the solution, r is the distance
from the center of the lattice beam, dz is the length along the beam length direction, and

c(r, t) is the instantaneous concentration of the solution at time t and position 7.

For the mineral interface to advance a distance dr within a time interval dt, the

incremental number of solute CaCOs3 within the mineral is

dN = (cp — ce)(2ﬂrdz)dr (52)

Equating Equation S1-S2 yields [ %3]

dr D dc
dt_cp—cear

(53)

To estimate dc/dr, we consider a simplified concentration profile shown in Figure
S1B. We assume that the concentration of the CaCOs3 changes linearly from c, to ¢, along
the distance of L at the front of the mineral. The concentration gradient can be approximated
as

dc cp—ce
or L

(54)

The numbers of the solute CaCOs in the two shaded areas A and B in Figure S1B should be

equal, i.e.,

n(r? — R?)dz(c, — cp) = wl(r + L)* — r?]dz (Cm _ Ce)

- (55)

We thus obtain L as
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2C, —Cypy — C 2¢c, — 2c
Lz\/r2 P_T" °_ R_?P = _r (56)
Cm — Ce Cm — Ce
From Equation S3-S5, we have
dr D(cy, — ¢
dr _ (en = o) 57
dt 2C, — Cyy — C 2¢c, — 2c
— 2P M € p2-7P "M
(cp—ca)| [T — R — r
Since C, << C,, and C, << C,,, Equation S7 can be reduced as
dr Dc
- = = (58)
dt 2 2, — 2
cp| |72 v~ m _ R? ‘p Cm _ r
Cm Cm

Considering that the mineral thickness is written as H = r — R, Equation S8 can be rewritten

as

d(H/R) 1
d(Dt/R?)

(59)

E—ZJ(H/R+1)2<26%—1>—<2i—2)—H/R—1

Cm

The initial condition is H(t = 0) = 0. We setc¢,/c,, = a, H/R =Y, and Dt/R? = X; then

we rewrite Equation S9 as

[aJ(Y +1)2Qa—-1)-Qa-2)-Y — 1] dY = dX (510)

Integrate Eq S10 from 0 to X, we obtain
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ala—1) a—1 [2a—1 2a — 2 —1
m{[(y 1)J 2\/2a_2(Y+1)2—1—ln<\/2a (F+1D2 =1+ +1) |5 2)]

\/Za— 1 4 20 — 1
20 — 2 2a—2 2aa —2

In general, the normalized mineral thickness can be written as a function of time t as

r Y=X S11
-5 -Y=x (1)

H/R = G(Dt/R?, ) (512)

where G () is a function of Dt/R? and a. Using experimental parameter R = 50um and
estimated parameters @ = 4.8, D = 5 x 10713 m? /s, we can obtain the relationship between
H /R and mineralization growth time. Note that a certain period of t is required to initiate the
mineral growth and the mineral growth starts at t,. We can obtain the theoretically calculated
relationship between H/R and t (time of sample immersed in the mineralization medium),

plotted in Figure 2E.
1.2. Phase-field modeling of mineral growth

Mineral growth in the oversaturated CaCO3 medium can be simulated using a phase field
approach.!® This model includes two variables: the phase field ¢(x, t), and the concentration
field c(x, t), both the fields are the functions of the position vector x and time t. The variable
¢(x,t) is an ordering parameter, with ¢p = 0 corresponding to liquid phase of CaCO3 and

¢ = 1 solid phase of CaCOs. The Helmholtz free energy of the system is [7);
1 1
F(p,c) = f [f(¢, c) +§£2(V¢)2 +§kc(|7c)2 dof (513)
Q

where () is the region occupied by the system, f (¢, ¢) is the Helmholtz free energy density
for a phase with no gradient. ¢ is a small parameter which determines the thickness of the
interface of the two phases and k. is the interfacial coefficient. The specific normalized form

of f(¢,c) can be written as [):
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A
flb0) =5 2<c—c1)2+—(cz—c)¢>2 4+ 5 (S14)

where A; = 238.4,A, = 58,A; = —21.14,A, = 21.14 are nondimensional constants, ¢; =
0.288 (mol/L) is a constant concentration, ¢, = 0.6 (mol/L) is the concentration of CaCO3

within the solid mineral and ¢, = 2.56 (mol/L) is a constant concentration for

nondimensionalization.

According to non-equilibrium thermodynamics,® 7 the evolution equations for the
non-conserved phase-field variable ¢ and the conserved concentration-field variable ¢ can be

written as the so-called Allen-Cahn 1 and Cahn-Hilliard P! equations, respectively:

ap  OF o1
Yot T T 59 (515)
% _ ymrdE s16
ot Sc (516)

where M is related to atomic mobility of the solute and 7 is related to the timescale for
interfacial movement from the ordered phase to the disordered one.!® ! Both M and 7 are

taken to be constants in this calculation.

Assuming ¢ is a constant and using Equation S13, the differential equations S15 and

S16 can be converted as following separately,

o ., .. Of

TE_E 4 (ﬁ—% (517)
dc of
R _ 2172 2
— M( k V202 + 7 ac) (518)
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For the specific energy density (Equation S14), the normalized governing equations

describing time evolution of the inhomogeneous system can be obtained from Equation S17

and S18 as
d¢ - o
T—= £2V2¢ _A4¢3 _A3¢2 - AZ(CZ - C)¢
dt
L (519)
dec _/ - o 2
el M (—kCVZVZC + A, V3¢ — —\72¢2)
where the following dimensionless quantities have been introduced:
__ D f_Dt__e__ck_kccg
ATt T ARt T T e T
M—MAl'—<a a)T—vz——x——y (520)
“ep " \ox ay) T MUY T

with D being the diffusivity of the solute and [ the representative length of the system ().
During the calculation, we use:
T=85%x10"5,D=5x%x10"3,1=10"%*M =1,k, = 298 x 1073, = 0.055  (521)

We consider the boundary conditions:

0p _ 0 _ 0 S22
on on (522)
where n = —V¢ is the outward normal to the boundary Q. Equation S22 means that there is

no change in the total composition of the system due to transport across its boundary.

Initially, the concentration of the CaCO3 mineral and the solution are set as ¢, =
0.6mol/L and, c,,, = 0.125mol/L respectively, so that oversaturation in the matrix provides
the solute CaCOs for crystallite growth. Finally, the evolution of the system can be solved
from Equation S19 and S20 with the boundary condition S22 and the initial condition.

6
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1.3. Calculation of fracture toughness

The fracture toughness for the crack initiation K is calculated using the following

equation!!!!

a a a 3.93a @ a?
FyoS 3(W)1/2 199 - (A - @15 ===+

(523)
201+ 291 - 2y2

where Fj. is the load in the single notched bending test corresponding to the crack initiation, S
is support span, B is the width of the sample, W is the depth of the sample, and a is the notch

depth (0.4 mm). The dimension parameters for samples in Figure 5 are shown in Table S1.

The fracture toughness during the crack propagation K is calculated from the elastic

12-16]

and plastic contribution,! written as

K;c =./JE' (524)
where E' = E(1 —v?), E is Young’s modulus, and v is the Poisson’s ratio. The J-integral is
J=Jet t (525)

where J; is the elastic contribution and J,, is the plastic contribution. J,; can be written as

Je = Ki¢/E' (526)

Jpi can be calculated as
-2 527
= —a (527)

where Ay, is the plastic area underneath the load-displacement curve of the single notched

bending test.
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Crack extension Aa can be calculated using the following algorithm,!!>1¢!

Aa=a,—a (528)

W = an_1uUn/fr — Un-1/fn-1
2 Un/fn

Ay, = ap_q + (529)

where u,, and f;, are the displacement and force points on the single notched bending testing

curve after the crack initiation, respectively, and a,, is the crack length.
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2. Supplementary tables

Table S1. Estimated information about the reported artificial structural composites
shown in Fig. 1a. The volume fraction data in Table S1 are the volume fractions of reported
composites with the best mechanical performance. The reference numbers in Table S1 are
different from those in the main text.

Fabrication Reference Volume fraction of Possibility in forming
method number minerals mineral Bouligand structures
Layer-by-layer (17] 99% No
assembly (18] 78% No
Self-assembly (19] 50% No
(13] 33.6% No
Freeze-casting (20] 60% No
(21] 80% No
(12] 98.5% No
Chemical (22] 67% No
Mineralization (14] 86% No
Field-induced (23] 14.2% Possible but energy/time
mineral alignment consuming
integrated with (24] 5-10% Possible but energy/time
casting consuming
(23] 60% (mineral- Possible but energy/time
polymer composite) | consuming
90% (mineral-metal
composites)
95.5% (mineral-
ceramic composites)
261 10% Possible but energy/time
consuming
Field-induced (27] 15% Yes
mineral alignment | 2% 0.8% Yes
integrated with (291 18.5% Yes
3D-printing [16] 1.1% Yes

In reference ['7), the volume fraction of mineral CaCO3 was estimated by considering the
occupied volume of the mineral in a characteristic volume of the sample: 1-3 nm*5.5x10°"°
m?/(100 um x 2.4 pm x 1 cm)~99%. In reference '*!, the volume fraction of glass within the
glass-polymer laminate was estimated as 220 um /(220 um + 125 pm*50%)=78%. In
reference [*°], the volume fraction of mineral within mineral-polymer composites is 60%,
within mineral-metal composites 90%, and within mineral-ceramic composites 95.5%. In
reference 28], the composites with the best performance featured 1.5 wt% of MWCNT.
Considering the density of the polymer resin as ~1200 kg/m? and the density of MWCNT as
~2250 kg/m?, the volume fraction of MWCNT can be estimated as ~0.8%. In reference %),

9
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the composites with the best performance featured 2 wt% of graphene. The volume fraction of
graphene can be estimated as 1.1%. In reference 1214 19-24.26.27.291 ' the volume fractions of
minerals were directly given in the papers.

10
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Table S2. Sample geometry information for four types of bionic mineralized composites

in Figure 5.
Parameter Typel | Typell | Type lII | Type IV
Depth W (mm) | 2.87 2.86 2.79 2.76
Width B (mm) 5.61 5.39 5.33 5.45
Length (mm) 11.8 11.9 13.5 13.8
Weight (g) 0.222 0.223 | 0.236 0.230
Support span S 11.4 11.4 11.4 11.4
(mm)

11
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Table S3. Estimated specific flexural strength, specific fracture toughness, and absorbed
energy density until failure of selected structural composites. The reference numbers in
Table S3 are different from those in the main text. The data were directly extracted from the
respective papers.

Structural specific flexural specific plateau fracture | absorbed energy

composites strength gy /p toughness K¢ /p density until failure
[MPa/(Mg/m?)] | [MPa-mY2/(Mg/m®)] | Wa [M]/m?]

Natural nacrel'® %161 | 40-100 1.5-5 0.01-3

calcium phosphate- 120-140 3.5-44 0.01-4

alginate

compositest!3]

alumina-polymethyl | 65-90 1.5-5 0.01-4

methacrylate

composites!?!)

calcium carbonate- 30-60 0.6-1.3 17-20

chitosan

composites!'¥]

graphene-polymer 60-70 1.8-2.2 0.01-1

composites!!¢!

Mineral-polymer 76+8.7 2.63+0.3 20.26+2.35

composites (Type IV

in Fig 5)
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3. Supplementary figures
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Figure S1. Mineral growth model. (A) Concentration profile of solute CaCOs. (B)

Simplification of the concentration profile.
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Figure S2. Phase-field simulation of mineral growth around (A) square and (B) circular beam
cross-sections. (C) The normalized mineral thickness (H/R) around the polymers with square

and circular cross-sections.

14



WILEY-VCH

Polymer scaffold Il Liquid phase I Solid mineral phase
A B s
'f? o 1.0
nd e
~ IE
< | : 05
Day 3 Day 3.5 0.0 L&
1.0 1520 25 3.0 35 4.0
Time (day)

C D o
S 8
W 6}
&« o
o T 4}

Day 1 Day 11 Day 21 Day 26 Day 35

g 0 5 10 15 20 25 30 35 40
Time (day)
E T T T T

;50 - ]

0]

T 40} i

Q [

E 30}

p O

S 20} u

S "

© 10 a "

2ol ="

2 1 1 1 1

Figure S3. Phase-field simulation of mineral growth within lattice units with different
aspect ratios b/R. (A) Phase-field simulation of mineral growth and (B) normalized mineral
thickness H/R for b/R = 5. (C) Phase-field simulation of mineral growth and (D) normalized
mineral thickness H/R for b/R = 20. (E) Required full mineralization time for lattice unit
cells with various aspect ratios b/R.

15



WILEY-VCH

82

Mineral Polymer

Relymer

50 pm
——

Figure S4. SEM images to illustrate the cross-section interface between the mineral and
polymer phases of four composites.
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Figure S5. Schematic for the indentation test. A round-flat end cylinder indenter with
radius R=0.3 mm is loaded to indent the sample by applying force F to a certain indentation
depth §. The Young’s modulus is calculated as E = F(1 — v?)/(2R6), where v is the
Poisson’s ratio.
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Figure S6. Bionic mineralized composites with various mineral ply orientations. (A)
Schematics to illustrate ply orientations of mineral fibers on different layers of composites.
The orientation angle is defined as the angle with x-axis. (B) Computer-aided design (CAD)
models for polymer scaffolds. (C) 3D-printed polymer scaffolds. (D) Load-displacements for
four types of composites under single-notched bending tests. The inset shows the schematic
for the single-notched bending test.
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Figure S7. Specific flexural strengths and absorbed energy densities until failure of the pure
polymer, the pure mineral, and the mineral-polymer composite fiber (minerals within polymer
lattices). The error bars are standard deviations of 2-4 tests.
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4. Captions of Supplementary movies

Movie S1: Amination to show the experimental procedure for growing bionic mineralized
composites.

Movie S2: Phase-field simulation amination of mineral growth within a lattice with aspect
ratio of b/R=10.

Movie S3: CT-scanned microstructure of type I composite.
Movie S4: CT-scanned microstructure of type II composite.
Movie S5: CT-scanned microstructure of type III composite.

Movie S6: CT-scanned microstructure of type IV composite.
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