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hardening is facilitated by mineral tubules 
becoming intermeshed, which ultimately 
causes the spheres to fuse. Formation 
of the calcium-loaded spheres and their 
capacity to �ll an ex vivo defect in retrieved 
human bone is reported, in addition to the 
morphology, structure, and composition of 
the precipitated mineral phase.

A range of synthetic materials have been 
developed that are capable of �lling hard 
tissue defects to overcome the issues that 
are often associated with autologous tissue 
harvesting, such as local tissue morbidity 
and lack of availability.[1,2] In particular, 
there have been many ceramic-based mate-
rials used for hard tissue augmentation. 
Calcium phosphate- and calcium sulfate-
based products are available commercially, 
but are yet to replace autograft as the so-
called �gold-standard.�[3,4] The ceramic 
materials used for the augmentation of 
hard tissues are often produced using 
high-temperature treatment processes, 

meaning that they are of high crystallinity and relatively low 
speci�c surface area.[5�7] Consequently, synthetic ceramic bone 
replacements often bear little resemblance to native bone min-
eral, which is predominantly nanocrystalline hydroxyapatite 
(HA, Ca5(PO4)3OH) that is poorly crystalline.[8] Even in the case 
of cements, which harden through reprecipitation in the body, 
much of the hardened structure is formed in the presence of 
excess microcrystalline reactant.[9,10] Moreover, many conven-
tional regenerative materials are absent of channels to support 
the penetration of surrounding vascular networks.[11,12] The 
level of structuring that is possible with synthetic alternatives 
to bone graft is limited to the production of biomimetic corals 
and sponge-like structures that provide an interporous network 
for bone regeneration, but replicate none of the microstructural 
organization of hard tissue at the osteonal level.[13�15] Hard tis-
sues exhibit precisely de�ned hierarchical architectures, with 
organization from the molecular level through to the macro-
scale. It is this well-preserved architecture that is critical to 
the extraordinary mechanical performance of bone, which is 
stronger and tougher per unit weight than steel.[13] Adopting 
bioinspired approaches to design biomaterials may further 
enable the generation of regenerative materials with advanced 
capabilities of function and cellular interaction.[16,17]

One preserved feature of hard tissue is the presence of intricate 
tubular networks, such as canaliculi, Haversian canals, and Volk-
mann�s canals found in mature bone, as well as dentinal tubules 
within teeth, that are critical to the function of such tissues.[18�20] 

A new bone augmenting material is reported, which is formed from calcium-
loaded hydrogel-based spheres. On immersion of these spheres in a physi-
ological medium, they become surrounded with a sheath of precipitate, which 
ruptures due to a build-up in osmotic pressure. This results in the formation of 
mineral tubes that protrude from the sphere surface. When brought into close 
contact with one another, these spheres become fused through the entangle-
ment and subsequent interstitial mineralization of the mineral tubules. The 
tubular calcium phosphate induces the expression of osteogenic genes (runt-
related transcription factor 2 (RUNX2), transcription factor SP7 (SP7), collagen 
type 1 alpha 1 (COL1A1), and bone gamma-carboxyglutamic acid-containing 
protein (BGLAP)) and promotes the formation of mineral nodules in preosteo-
blast cultures comparable to an apatitic calcium phosphate phase. Furthermore, 
alkaline phosphatase (ALP) is signi�cantly upregulated in the presence of tubular 
materials after 10 d in culture compared with control groups (p � 0.001) and 
sintered apatite (p � 0.05). This is the �rst report of a bioceramic material that is 
formed in its entirety in situ and is therefore likely to provide a better proxy for 
biological mineral than other existing synthetic alternatives to bone grafts.
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Bone Regeneration

On immersion of calcium-containing hydrogel-based spheres in 
phosphate rich physiological media, a sheath of precipitate forms 
around the spheres, which ruptures due to an increase in osmotic 
pressure. This release of pressure drives the formation of bio-
logically analogous tubular mineral from the gel surface. When 
spheres are in close proximity to one another, a mechanism of 
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Tubular channels like these are essential for transporting chemi-
cals, gases, and nutrients in order to maintain the viability of cells 
cocooned within typically dense mineralized tissue. Mimicking 
the natural structural features of bone is a major challenge but 
one that is subject to substantial research effort. A prerequisite 
to facilitating the development of vascular networks throughout 
hard tissue scaffolds may be the provision of tubular structures 
similar in nature to those found in mineralized tissues. It has 
been shown that mineralized tubular frameworks provide an 
ideal framework to mediate revascularization of bone in vivo.[21]

Mineral tubes similar to those found in bone and teeth may 
be formed using a system that is analogous to a chemical garden, 
where hollow tubular precipitates form at the interface between 
a cationic seed crystal and an anionic solution.[22,23] These struc-
tures have been likened to a range of tubular minerals found 
throughout nature.[24,25] Surprisingly, there is relatively little 
work that examines the use of such systems for biotechnology 

applications despite the fact that tubes have been shown to sup-
port the entrapment and growth of cells.[26,27] With the exception 
of calcium silicates, phosphates, and carbonates, the majority 
of salts traditionally generated in chemical gardens would not 
be compatible with implantation into the body, including but 
not limited to cobalt, copper, iron, manganese, and nickel com-
pounds.[22�24,26,28] There has recently been work that has shown 
that it is possible to produce biologically relevant calcium 
phosphate structures at the interface between a cation-loaded 
hydrogel and anionic solution.[29�32] Indeed, we recently reported 
on the formation of tubular calcium phosphate that resembles 
tubular architectures found in bone both structurally and com-
positionally.[32] The generation of these structures results from 
the exposure of calcium-loaded agarose layered with a phosphate 
rich solution, which ultimately produces a forest of hollow white 
precipitate tubes (Figure 1a). Initially, a precipitate is formed at 
the gel�liquid interface, which impedes diffusion and creates an 
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Figure 1. a) Conventional experimental set-up we previously reported in ref. [32], which produces calcium phosphate tubules that are structurally and 
compositionally similar to microstructures within bone, providing the starting point for the work reported herein. b) Schematic of fabrication method of 
calcium-loaded spheres, involving drop-wise addition of calcium-loaded agarose hydrogel into a reservoir of liquid nitrogen. c) Calcium-loaded spheres 
before and after mineralization, showing the ejection of tubular calcium phosphate mineral. d) SEM micrograph showing the tubule microstructure, 
consisting of a bilayer tubule wall surrounding a hollow core. e) SEM micrograph of tube wall bilayer structuring. f) �-XRF elemental mapping of a 
calcium phosphate tubule cross section (K� channels for calcium (red) and phosphorous (green) shown).
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osmotic pressure. When the osmotic pressure causes localized 
rupture of the precipitate layer, calcium ions are able to diffuse 
into the liquid phase where a tubular calcium phosphate-based 
precipitate forms.[32,33] Growth of these tubes is maintained 
through cyclic build-ups in osmotic pressure and release, which 
drives calcium ions through the established tubule to the tip 
where it ruptures, and a new section of tubule is formed.[32,33] 
The mineral from which these tubules are formed is of low crys-
tallinity calcium phosphate, similar to that found in the body.

The tubular precipitate did not only form on planar surfaces, 
but also formed when spheres of hydrogel prepared with a 1 M  
calcium nitrate solution were placed into a 0.5 M phosphate-
augmented physiological solution. The spheres were produced 
through the drop-wise addition of hot (80�90 �C) calcium-loaded 
agarose gel mixture through a 2 mm wide pipette aperture 
into a reservoir of liquid nitrogen (Figure 1b). Upon contact 
with the liquid nitrogen, the gel droplets quickly solidify as 
spheres through the inverse Leidenfrost effect.[34] The resulting 
particles were of average diameter 3.7 � 0.4 mm (mean of 
n � 10 � standard deviation (SD)). The use of this method of 
manufacture meant that we were able to produce spherical aga-
rose particles that were loaded with relatively high concentrations 
of calcium ions (�1 M), which would be very dif�cult to achieve 
using standard processing methods or if soaking preformed 
spheres in cation-containing solutions.[35] Agarose was selected 
as the soft material of choice as a consequence of its neutral 
charge, meaning that it does not impede diffusion of the cal-
cium ions. Others have reported the use of mineralized hydrogel, 
including agarose-based systems, for bone augmentation.[36�40] 
The novelty of the system described in this paper is the ability 
to generate biologically analogous calcium phosphate structures 
that aid in hardening an osteogenic bone graft material in situ.

When the calcium-loaded spheres were immersed in phos-
phate solutions, tubules precipitated around the periphery of 
the particles but grow preferentially upward due to buoyancy 
effects (Figure 1c).[23] Altering the metal and reactive counter 
ion concentrations directly in�uences the kinetic driving forces 
of tubular self-assembly, including osmotic, diffusion, and pH 
gradients that exist within the material system. This in�uences 
the gross morphology of the tubes and can also be used to 
adjust formation rate. Increasing phosphate solution concen-
tration from 500 � 10�3 M to 1 M allows control over mineral 
tubular growth rate between 0.3 mm min�1 (18 mm h�1) to  
0.5 mm min�1 (30 mm h�1) (Figure S1, Supporting Information).

Scanning electron microscopy (SEM) images show that the 
tubules typically exhibit diameters between 100 and 150 �m, 
which is ideal for ingress of osteogenic cells (Figure 1d).[41] 
Additionally, these channels facilitate mass transport of ionic 
solute during structure formation, similar to how osteon 
structures direct the �ow of blood within Haversian systems 
in order to exchange nutrients and gases. They also exhibit a 
hierarchical bilayer wall structure comprised of low crystal-
linity HA (Ca5(PO4)3OH) and dicalcium phosphate dihydrate 
(CaHPO4•2H2O) (Figure 1e; Figure S2, Supporting Informa-
tion). This structure develops inwards as a consequence of 
the contrasting environments inside and outside of the tube 
resulting in a steep concentration gradient of reactive species 
across the tube wall. This ultimately results in a calcium rich 
inner wall and phosphate rich outer wall (Figure 1f).[42]

Mineralizing calcium-loaded spheres placed in close con-
tact with one another fuse through the formation of precipitate 
and the development of interweaving tubes at their periphery 
(Figure 2a). The interactions formed between the spheres 
were of suf�cient strength to allow for the fusion of multiple 
spheres to form a larger structure (Movie S1, Supporting Infor-
mation). Elemental mapping using micro X-ray �uorescence 
(�-XRF) con�rmed that the particles were united by a calcium 
phosphate phase (Figure 2b). It was possible to assemble the 
gel spheres into relatively complex geometries, such as the 
pyramid shown in Figure 2c. 3D microcomputed tomography 
(�-CT) reconstructions of this structure show that mineral cov-
erage (red and green) occurs extensively across the surfaces of 
hydrogel spheres (blue), and even in the center of the structure 
(Figure 2d). Mechanical properties of hardened cylindrical struc-
tures (12 mm high by 12 mm wide) were assessed under com-
pressive loading to ascertain the adhesion between the spheres 
of a mineralized construct. Structures possessed a compressive 
strength of 200 � 40 kPa (mean of n � 3 � SD). Although the 
interfacial precipitate that develops between spheres is able to 
support the formation of mineralized constructs, subsequent 
failure of these structures under relatively low forces suggests 
application in the treatment of low-load bearing defects, such as 
that of the craniofacial skeleton. Despite the low resistance of 
mineralized spheres to load, within an augmented defect space 
the integrity of a hardened network of spheres will likely be 
supported by adjacent hard tissue. Furthermore, the strength 
of the graft may be improved over time by the ingress of newly 
forming bone between spherical structures and the integration 
of tubules with native bone interfaces.

To demonstrate that this approach could be used for the aug-
mentation of a hard tissue defect, a cylindrical defect �10 mm 
wide and 15 mm deep was introduced into an ex vivo human 
tissue sample, which was then packed with calcium-loaded 
spheres (Figure 3a). The �lled defect was then placed into a 
phosphate rich medium (1 M phosphate solution), and mineral 
was observed to form rapidly across the surface with the for-
mation of tubes becoming apparent soon thereafter. After 24 h, 
this structure could be inverted and irrigated with water without 
a loss of mechanical integrity (Movie S2, Supporting Informa-
tion). �-CT revealed the extent of mineral deposition within the 
defect (Figure 3b). Cross-sectional images show mineral around 
the surface of spheres and tubular structures within the defect, 
�lling the interparticulate spaces with a mineral phase. From 
�-CT examination, the interfaces between the spheres and the 
mineral deposited are extremely dif�cult to differentiate from 
the opposing bone. �-XRF analysis demonstrates that the ele-
mental composition of precipitated calcium phosphate mineral 
is similar to the surrounding tissue, also making it dif�cult to 
distinguish a clear interface between bone and the spheres. It 
is likely that compositional similarities between mineral phases 
aid the bone bonding capability of the system at the interface 
between bone tissue and mineral releasing spheres (Figure 3c; 
Figure S3, Supporting Information).

In order to demonstrate the biocompatibility of tubular pre-
cipitate and assess its osteoinductive properties, we analyzed its 
capacity to induce osteogenesis within a population of murine 
MC3T3 preosteoblasts. Our �ndings were compared with a 
synthetic HA phase that had undergone a sintering treatment 
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(HA). Similar phases are routinely applied as bone grafts, and 
therefore provided an osteogenic control within this study.[5�7]

The biological response of MC3T3 cells to tubular mineral 
was examined using a transwell culture system in which our 
calcium phosphate tubes were distributed within an insert 
chamber, and the indirect effects were monitored. Cell viability 
assessed using calcein AM/propidium iodide staining demon-
strated that tubular mineral exhibited no adverse cytotoxic 
effects over a period of 10 d (Figure 4a). This was further con-
�rmed by alamar blue, which overall identi�ed comparable 
levels of metabolic activity in line with both positive and nega-
tive controls, as well as the HA standard (Figure 4b).

In order to examine the comparative osteoinductive effects of 
tubes, we analyzed levels of alkaline phosphatase (ALP) activity 
in each culture at 3, 7, and 10 d time points (Figure 4c). Levels 
of ALP generally increased for all treatments over a period 
of 10 d in culture. At day 3, ALP generated by cells in pro-
osteogenic media and HA groups was signi�cantly increased 
(p � 0.001) compared with negative control and Tube groups, 
albeit at relatively low levels. ALP was found to be signi�cantly 
(p � 0.001) upregulated in the positive osteogenic control at 
day 7 when compared with both HA and Tube groups, which 
is likely related to the availability of free phosphates (exog-
enous �-glycerophosphate) for cells to utilize within these  
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Figure 2. a) Fusion of two calcium-loaded spheres in close proximity to one another during mineralization. b) �-XRF elemental mapping of a 
calcium-loaded sphere cross-section before and after inducing mineralization (K� channels for calcium (red) and phosphorous (green) shown).  
c) Calcium-loaded sphere pyramid construct before and after triggering mineralization, leading to complete uni�cation. d) �-CT of calcium-loaded 
sphere pyramid after submersion in phosphate solution. Color scales in-set represent an increase in relative density of material from blue (calcium-
loaded sphere) to green and red (mineral).












