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Bioinspired Nanoscale 3D Printing of Calcium Phosphates
Using Bone Prenucleation Clusters

Iman Roohani,* Shuning Wang, Chaohui Xu, Peter Newman, Ali Entezari, Yichen Lai,
and Hala Zreiqat*

Calcium phosphates (CaPs) are ubiquitous in biological structures,
such as vertebrate bones and teeth, and have been widely used in biomedical
applications. However, fabricating CaPs at the nanoscale in 3D has remained a
significant challenge, particularly due to limitations in current nanofabrication
techniques, such as two-photon polymerization (2pp), which are not applicable
for creating CaP nanostructures. In this study, a novel approach is presented
to 3D print CaP structures with unprecedented resolution of ≈300 nm
precision, achieving a level of detail three orders of magnitude finer than
any existing additive manufacturing techniques for CaPs. This advancement
is achieved by leveraging bioinspired chemistry, utilizing bone prenucleation
nanoclusters (PNCs, average size of 5 nm), within a photosensitive
resin. These nanoclusters form a highly transparent photoresist, overcoming
the light-scattering typically associated with larger calcium phosphate-based
nanoparticles. This method not only allows for nanopatterning of CaPs
on diverse substrates, but also enables the precise control of microstructure
down to the level of submicron grains. The method paves the way
for the developing of bioinspired metamaterials, lightweight damage-tolerant
materials, cell-modulating interfaces, and precision-engineered coatings.
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1. Introduction

The repair of bone defects caused by
trauma, infection, tumors, or congenital
malformations, remains a significant clin-
ical challenge. Autologous bone grafting,
which involves harvesting bone from the
patient, remains the gold standard for bone
defect repair.[1,2] This is a highly effective
technique because autologous bone can di-
rectly bond with the host skeleton (osteo-
conduction) and stimulate local stem cells
to differentiate into bone-forming cells (os-
teoinduction) without provoking adverse
immune responses. However, autologous
bone grafting also has major drawbacks,
including limited bone supply, donor site
morbidity, and an increased risk of infec-
tion, necessitating the development and
use of alternative bone grafting materials.[1]

CaPs are widely used materials to cre-
ate synthetic bone grafts to replace or
minimize the use of autologous grafts.
Their chemical similarity to bone min-
eral, coupled with their biocompatibility

and bioactivity makes CaPs attractive candidates for bone
regeneration.[3–9] Despite their widespread application, CaPs are
currently limited to repairing small, non-load-bearing bone de-
fects due to their brittleness, low mechanical strength, and lim-
ited osteoinductive properties.[10–13] The primary challenge lies in
their lack of inherent osteoinductivity; the ability to recruit mes-
enchymal stem cells and induce their differentiation into the os-
teogenic lineage.[10–13]

Recent evidence suggests that the osteoinductive properties
of CaPs are closely linked to their micro- and submicron-scale
structural features, including microporosity (pores smaller than
10 μm) and pore curvature.[14–20] These features have been iden-
tified as critical factors influencing the osteoinductivity of CaPs.
To date, various fabrication techniques, including freeze-drying,
microsphere sintering, gas foaming, and 3D printing, have been
developed to introduce pores in CaPs.[21] However, these tech-
niques face significant limitations to precisely control the size,
shape, depth, distribution, and arrangement of micropores.[21,22]

Consequently, no quantified or robust consensus exists regard-
ing the specific configuration of micropores or submicron-
scale features that induces, if at all, osteoinduction.[23,24] Even if
such parameters were identified, current techniques cannot sys-
tematically and reproducibly incorporate these microstructural
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features into CaP-based bone grafts. This technological gap has
led to inconclusive and often contradictory results regarding the
role of microporosity in osteoinduction. Nanoscale printing of
CaPs presents an unprecedented opportunity to overcome these
limitations. This approach enables the precise fabrication of ar-
bitrarily designed micropores and nanoscale surface features, al-
lowing for the systematic investigation of the mechanisms under-
lying osteoinduction in CaPs. Such advances could yield repro-
ducible, osteoinductive CaPs capable of reliably bridging critical-
sized bone defects; an achievement that remains unattainable
with current CaP ceramics.

Another critical limitation of traditionally fabricated CaPs, is
their low mechanical strength.[13,25] The presence of stochastic
flaws, such as microscale cracks that act as stress concentrators
within the microstructure, is the primary contributor to the low
strength of ceramics including CaPs. Despite years of research,
attempts to improve the mechanical properties of CaPs have been
only partially successful. Previous efforts have focused primar-
ily on compositional modifications aimed at impeding or deflect-
ing crack propagation, but these have not produced substantial
gains in strength or toughness. Ceramics can achieve flaw insen-
sitive behavior when their dimensions are reduced below a criti-
cal size (typically submicron), causing their strength to approach
the theoretical limit.[26–29] Under such conditions, strength values
can be orders of magnitude higher than experimental values, and
ceramic structures may even exhibit elasticity. However, this ar-
chitectural approach to enhancing the mechanical properties of
CaPs remains unexplored due to the limitations of current CaPs
fabrication techniques, which cannot produce complex porous ar-
chitectures at the submicron scale.

Nanoscale 3D printing of CaPs enables the fabrication of
solid parts with submicron dimensions that are either free of
flaw or contain flaws that are orders of magnitude smaller
than those found in CaPs fabricated through traditional top-
down approaches. As a result, such structures can approach
theoretical strength values and exhibit improved deformabil-
ity through scale-independent architectures (e.g., nano-latticing).
These architectures accommodate larger displacements and en-
dure greater elastic strains due to increased yield strengths.[29,30]

By enabling the nanoscale design and construction of CaP scaf-
folds this technology opens the door to using CaPs in load-
bearing bone defects; an area that has remained largely inacces-
sible to conventional fabrication methods

Over the past decades, several approaches have been de-
veloped for fabricating CaP structures with intricate geome-
tries and controlled micro-to nanoscale features. These ap-
proaches include template-directed methods, such as chemi-
cal mineralization in nanoporous templates, which enable the
design of mineralized CaP nano-constructs through spatial
confinement.[31,32] Another example of template-directed tech-
niques is enzyme-assisted mineralization, where controlled re-
actions within confined environments provide precise regula-
tion of crystallinity and structural anisotropy in the resulting
CaP constructs.[33] Although these techniques provide unique
advantages, such as enabling the incorporation of biomacro-
molecules such as collagen to mimic mineralized extracellular
matrices, they are inherently constrained by the use of templates,
which limit geometric flexibility and true 3D spatial control in
fabrication.

In contrast, advancements in additive manufacturing tech-
nologies have introduced unprecedented flexibility for fabricat-
ing CaP structures with complex and 3D geometries, overcom-
ing many of the constraints of traditional methods.[34–36] How-
ever, the minimum feature size achievable for CaP constructs
using current additive manufacturing techniques remains at
≈120 μm. While nanoscale spatial resolution can be attained via
2PP, this technique is predominantly employed for organic mate-
rials, as it requires high transparency in precursors to avoid light
scattering.[37–42]

Significant progress has recently been made in the micro-
and nanoscale 3D printing of ceramics, glasses, and metals us-
ing 2PP. These approaches can be broadly classified into in-
direct and direct methods.[30,42–45] Indirect approaches primar-
ily rely on the use of organic templates created via 2PP, which
are subsequently coated with a ceramic layer and subjected to
sintering.[46,47] However, these methods are less versatile than di-
rect approaches due to their dependence on organic templates,
the limited range of ceramics that can be effectively coated, and
the constraints on template designs, which must ensure uni-
form and efficient ceramic deposition. Direct approaches can
be categorized into methods employing 2PP photocurable ionic
solutions of metal oxides,[48–51] photocurable hydrogels embed-
ded with inorganic nanoparticles,[52] and utilizing preceramic
monomers.[30,42–45] These approaches typically lead to substantial
shrinkage after calcination (e.g., up to thirteen-fold for hydrogel-
based) and are often unsuitable for ceramics that react with aque-
ous media. Applying direct 2PP techniques to CaPs, particularly
those based on aqueous systems, presents several challenges.
CaP nanoparticles, such as amorphous calcium phosphate (ACP)
and hydroxyapatite (HA), react rapidly with water, resulting in
increased particle size and crystallinity. This reactivity leads to
significant light scattering and a consequent reduction in print
resolution. Furthermore, techniques that rely on ionic solutions
with precise calcium-to-phosphorus ratios face additional obsta-
cles, as these ions tend to precipitate and agglomerate quickly,
further complicating the fabrication process. Another direct ap-
proach, primarily employed for metal constructs, utilizes well-
dispersed metallic nanoclusters within 2PP photosensitive resins
to address the light-scattering challenges associated with larger
nanoparticles.[53–55] Inspired by the effectiveness of nanoclusters
in minimizing light scattering, this study pioneers a novel ap-
proach that, for the first time, harnesses the capabilities of 2PP
to achieve 3D printing of CaP structures with an unprecedented
resolution of ≈300 nm.

2. Results and Discussion

For this purpose, we utilized PNCs as the main component
of the resin formulation. PNCs represent nanoscale transient
calcium phosphate species that play a critical role in early
biomineralization processes specifically found during bone for-
mation, acting as intermediates between dissolved ions and
solid mineral phases.[56–64] These clusters, typically composed
of sub-nanometric to nanometric calcium triphosphate ions
(Ca(HPO4)3

4−), are precursors to ACP granules, which even-
tually transform into thermodynamically stable crystalline HA
during bone formation.[56,65–67] In this study, we successfully
synthesized amorphous PNCs with a median size of 5 nm
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Figure 1. Synthesis of PNCs and their thermal transformation into calcium phosphate phases. a, transmission electron microscopy (TEM) image of
typical morphology of the PNCs showing average diameter of 5 nm (scale bar, 20 nm, inset scale bar; 5 nm). b, XRD pattern of PNCs demonstrating an
amorphous structure (blue line), and PNCs heat treated heat treated at 400, 800, 900, and 1050 C° for 1 h, demonstrating increasing the crystallinity
and formation of HA at lower temperatures and transition to 𝛽-TCP and 𝛽-calcium pyrophosphate (𝛽-Ca2P2O7) at higher temperatures under ambi-
ent condition. The (*) indicates that the XRD pattern of PNC represents the dried sample, which has transitioned into ACP (Figure S1, Supporting
Information).

(Figure 1a). The PNCs demonstrated the ability to transform into
various CaP phases through heat treatment under ambient con-
ditions (Figure 1b).

The dried PNCs exhibited an amorphous structure, as con-
firmed by the absence of sharp peaks in their XRD pattern. Upon
heat treatment at 400 °C, a semi-crystalline HA phase began to
form, evidenced by the appearance of broad peaks. Increasing the
temperature to 1050 °C led to the formation of crystalline 𝛽-TCP
(𝛽-tricalcium phosphate) and 𝛽-calcium pyrophosphate. How-
ever, PNCs inherently tend to agglomerate and rapidly transform
into ACP, which eventually crystallizes into HA at room temper-
ature (Figure S2, Supporting Information). Achieving nanoscale
resolution in 3D printing of CaPs hinges on the stabilization of
these PNCs to prevent their inherent tendency to agglomerate
and transform into crystalline phases. To address this challenge
and stabilize colloidal PNCs, the clusters were functionalized
with triethylamine, resulting in non-agglomerating nanoparti-
cles as seen in the TEM micrograph (Figure 1a). It is noteworthy
that PNCs stored at room temperature for two weeks (Figure S2,
Supporting Information) exhibit higher crystallinity compared to
those subjected to heat treatment at 400 °C (Figure 1b). This phe-
nomenon is attributed to solution-mediated crystallization under
equilibrium conditions, which facilitates well-ordered HA crystal
growth. In contrast, heat treatment at 400 °C induces solid-state
phase transformations under non-equilibrium conditions, where
limited ion diffusion and restricted atomic rearrangement result
in lower crystallinity.

Stabilized PNCs were subsequently embedded and homog-
enized in a photoresin to create a 2PP-compatible ink. To en-
sure consistency across experiments and minimize the impact
of the photopolymer on the results, the commercially available
IP-L, an acrylate-based resin that cures via a free-radical poly-
merization mechanism, was selected. The resulting photocur-
able ink (PNC ink) was a clean, transparent, light-yellow solution

(Figure 2a), with the PNCs retaining their amorphous state
throughout the incorporation process. Notably, any destabiliza-
tion or partial crystallization of the PNCs caused the ink to
become instantly opaque (Figure S3, Supporting Information),
highlighting the importance of maintaining colloidal stability
during the formulation. For 2PP printing, the PNC ink was
successfully employed in both dip-in and immersion modes,
demonstrating adaptability to a variety of substrate requirements
(Figure 2b). In immersion mode, suitable for opaque substrates
such as titanium alloys, silicon wafers, and alumina, the objec-
tive lens was immersed directly into the PNC ink, with printing
progressing in the negative z-axis direction from the substrate
interface. Conversely, the dip-in mode enabled printing through
transparent substrates such as fused silica, proceeding in the pos-
itive z-axis direction. These distinct configurations allowed for a
versatile and precise fabrication process tailored to specific sub-
strate types. Using the transparent PNC ink, we achieved 3D
printing of CaP structures at an unprecedented nanoscale res-
olution using 2PP (Figure 2c). This approach enabled the fab-
rication of 10 000 CaP grains, each measuring ≈320 nm in di-
ameter and ≈380 nm in height, printed on a fused silica sub-
strate over an area of 200 μm × 200 μm, with uniform spacing of
2 μm between grains. Moreover, continuous nanoscale features,
such as a uniformly printed line with a consistent diameter of
≈290 nm, were fabricated (Figure 2c, bottom panel). These re-
sults highlight a remarkable advancement, achieving spatial res-
olution that surpasses previous 3D printing techniques for CaPs
by more than two orders of magnitude. Beyond the creation of
discrete submicron-grain structures, this method facilitates the
precise fabrication of continuous nanoscale features, establish-
ing a new benchmark for the resolution and scalability of 3D-
printed CaP constructs.

The sub-micrometer 2PP 3D printing of ceramics heav-
ily depends on ceramic-photopolymer inks with high optical
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Figure 2. Developing a CaP photoresist with bioinspired chemistry and process of 2pp-enabled 3D printing of CaP nanostructures. a) photographs of
the IP-L photoresin, the colloidal PNCs and the homogenized PNC ink (40 wt.%) (scale bar: 3 mm). b) schematic of 2PP-enabled 3D printing set-up
(dip-in and immersion modes) and printing process of discontinuous CaP array and CaP submicron line. c) Scaning electron microscopy (SEM) images
of array of 100 × 100 CaP submicron-grains printed uniformly in a 200 μm × 200 μm area, and a single line with an average diameter of ≈290 nm.

transmittance. This transmittance is inversely correlated with
ceramic particle size: smaller particles scatter less light, thereby
enhancing transmittance essential for effective 2PP. The PNC
ink, with a concentration of up to 80 wt.% of PNCs, achieves an
impressive 85% transmittance at an 800 nm wavelength through
a 100 μm light path. This represents a significant advancement
compared to inks containing HA nanoparticles (average size of
85 nm) and ACP particles (average size of 50 nm), which exhibit
transmittance below 40% even at much lower concentrations
(5 wt.%) (Figure 3a).

Small-angle X-ray scattering (SAXS) analysis on PNC inks con-
firms that PNCs are uniformly dispersed within the polymer
matrix, showing no signs of particle agglomeration after mix-
ing and homogenization (Figure 3b). The particle size distribu-
tion closely aligns with the 1–10 nm range observed in TEM im-
ages. Further investigations reveal that, under femtosecond laser
irradiation, PNCs transform into spherical ACP particles, evi-
denced by the formation of spherical CaP entities ranging from
40 to 280 nm in diameter in both as-printed and calcined sam-
ples (Figure S4, Supporting Information). We hypothesize that
during the 2PP 3D printing process, PNCs coalesce into larger,
spherical ACP-like particles under laser irradiation without alter-
ing their crystallinity (see Figure S5, Supporting Information).
This coalescence may occur either during or after irradiation,
driven by the inherent instability of PNCs, which leads them
to merge into thermodynamically stable forms over time. The
later-stage transient ACP commonly appears hollow due to its
dissolution-recrystallization behavior during transformation into
HA. This process involves surface dehydration and crystalliza-

tion, forming a stable outer layer, while the hydrated interior
dissolves due to diffusion-driven water loss and interaction with
the surrounding medium. Surface crystallization then acts as a
barrier, focusing dissolution within the particle’s core, resulting
in hollow structures.[68] This phenomenon results in a size in-
crease of four to ten times the original diameter, forming mature
ACP-like nanoparticles. To validate this hypothesis, synthesized
PNCs were subjected to femtosecond laser irradiation, followed
by structural analysis using cryo-TEM. The TEM results corrob-
orate our hypothesis, showing the transformation of PNCs into
ACP particles post-irradiation (Figure 3c). While these observa-
tions align with previously reported trends, the dynamics of co-
alescence and specific changes to their state remain unclear and
require further investigation. We emphasize that this proposed
mechanism represents a conceptual interpretation of the trans-
formation process, and additional techniques, such as cryo-TEM,
would be needed to provide more definitive insights into the col-
loidal state and evolution of PNCs.

Figure 4 showcases the versatility of 2PP in fabricating CaP
lattice structures and patterns with the PNC ink. Figure 4a illus-
trates the technique’s ability to create intricate, scalable cellular
structures ranging from macro to nanoscale. These include a
gyroid lattice with dimensions of 250 μm × 50 μm × 250 μm and
a wall thickness of 850 nm, down to a much smaller structure: a
3 × 3 × 3 octet lattice truss structure, featuring a unit cell size of
2 μm × 2 μm × 2 μm and struts size of 360 nm. The shrinkage
of the constructs after sintering is between 15% and 35%,
depending on the amount of PNCs in the IP-L and the sintering
temperature. This shrinkage is relatively minor compared to
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Figure 3. Optical properties of PNC ink and coalescence of PNCs.a) Transmittance of cured photopolymer with increasing mass loading of PNCs, ACP,
and HA nanoparticles demonstrating high transmittance across a large weight fraction range for PNC inks, for two wavelengths of the incident light 700
and 800 nm. Size of the Scale bar for TEM of ACP is 20 nm and for HA is 100 nm. b) Particle diameter distribution of PNCs from SAXS-measurements
of the photopolymer ink with 40 wt.% mass loading at 100 μm layer thickness. c) Schematic of interaction of PNCs with femtosecond laser resulting in
coalescence of clusters into early stage of forming ACP (n = 3, *p <0.05).

other vat-photopolymerization techniques highlighting the struc-
tural support provided by the high PNC concentration. However,
sintering above 1050 °C led to significant deformations and
structural collapse due to thermal expansion mismatches. How-
ever, sintering above 1050 °C leads to significant deformations
and structural collapse due to thermal expansion mismatches
and excessive shrinkage during sintering, particularly for intri-
cate structures. To mitigate this, we designed support structures
to accommodate differential thermal expansion and shrinkage
experienced during the sintering process (Figure S6, Supporting
Information). These supports absorb the stresses that would oth-
erwise lead to deformation or collapse. In addition to structural
measures, increasing the density of printed structures before
sintering could provide further solutions to mitigate shrinkage
while improving mechanical stability. When films made from
PNC ink were immersed in simulated body fluid, they became
opaque due to the extensive formation of apatite crystals (Figure
S7, Supporting Information), confirming the reactivity of the
PNCs. This reactivity could be strategically exploited to enhance
the densification of structures post-printing, potentially reducing
shrinkage after sintering. Furthermore, the ability of PNCs to re-

act with additional elements offers opportunities to deliberately
introduce a range of bioactive elements into the PNC structure,
tailoring the biological function of constructs.[69] Furthermore,
energy-dispersive spectroscopy mapping confirmed the uniform
distribution of calcium and phosphorus elements in the sintered
PNC structures (Figure S8, Supporting Information). The scal-
ability of our approach is further demonstrated by seeding the
octet lattices with induced pluripotent stem cells (iPSCs), where
a single iPSC cell is nearly twice the size of the CaP construct’s
unit cell, highlighting the precision in nanoscale fabrication
(Figure S9, Supporting Information). The 2PP technique using
PNC ink enables precise control over the microstructure of CaP
constructs, including grain number, size and spacing. This is
achieved through adjustable printing parameters including laser
slicing distance, voxel aspect ratio, and hatching distance as well
as sintering temperature and time, which facilitate a precise
manipulation of the microstructure (Figure S10, Supporting
Information). Figure 4b-i demonstrates this in a microscale in-
scription of “Materials”, where each letter across the inscriptions
comprises a consistent number of discrete grains, each ≈1 μm
thick. Additionally, “Nano” is inscribed at varying scales.
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Figure 4. CaP 3D lattice structures and patterns printed using the PNC ink. a) Models and SEM micrographs displaying a progression of 2PP-printed
lattice structures from macro to nano scales. Structures include: Gyroid (optical image, 250 μm × 250 μm × 250 μm), Kelvin (100 μm × 100 μm × 25 μm),
Cubic (30 μm × 30 μm × 12 μm), Voronoi (20 μm × 20 μm × 20 μm), FCC (5 μm × 5 μm × 5 μm) and Octet (unit cell size of 2 μm × 2 μm × 2 μm).
b) Nanopatterning on opaque substrates: i) Microscale inscription of “Materials” and “Nano” next to a human hair (arrow) for scale. Each letter consists
of arbitrary placed bicontinuous grains with consistent number of granular pockets in all patterns; ii) A large-area (500 μm × 500 μm) representation of
Einstein’s face demonstrating surface roughness variations from 2.8 to 300 nm; iii) Rastered microporosity within a single “O” letter achieved by varying
laser raster spacing; iv) An array of nano-needles showcasing a tip radius of 310 nm and base diameter of 25 μm; v) Uniform, single-cell tessellation
with 6 μm diameters and double grain height; vi) Biomimetic sub-micron patterning emulating bone trabeculae.

Moreover, this technique is capable of precise
nano/micropatterning of opaque surfaces. Figure 4b-ii demon-
strates its ability to replicate Einstein’s face across a 500 μm ×
500 μm area, creating micro-nano topography on a silicon wafer.
Further, Figure 4b-iii highlights the method’s success in generat-
ing controlled microporosity within a single “O” letter, a crucial
microstructural niche for enhancing osteogenic properties of
scaffolds in bone tissue engineering, a capability previously
unattainable with existing fabrication technologies.[70–72] More-
over, Figure 4b-iv presents the first instance of an array of CaP
nanoneedles, characterized by a tip radius of 310 nm and a
base diameter of 25 microns. This feature demonstrates the
technique’s potential for applications ranging from cellular
manipulation to targeted drug delivery.[73,74] Figure 4-v,vi high-
lights the use of 2PP in biomimetic sub-micron patterning,
including single-cell tessellation and emulating bone trabec-
ulae. This technique offers remarkable design flexibility for

fabricating bioinspired hierarchical structures. Current additive
manufacturing techniques fail to capture the nuanced micro-
and nano-scale architectures critical for achieving the functional
properties of biological structures, particularly for complex
multiscale structures made from inorganic materials.[75] Figure
5a shows a microfabricated Bouligand structure, comprises
continuous unidirectional CaP fiber sheets helically stacked
with 30° rotation angle between adjacent fiber layers. The
fibers, each 2 μm in diameter and spaced 1 μm apart, mimic
the energy-absorption structure commonly found in biological
materials, such as lobster claw, which help resist dynamic
loading.[76] Figure 5b,c demonstrate the first detailed examples
of bone tissue mimicked structures: i) a bone micro tissue
containing two levels of hierarchy of concentric rings of fibrils (d
= 1 μm) forming osteons (d = 22 μm) and harversian channels
(d = 5 μm), interface between cortical and cancellous bone with
trabeculae thickness of 650 nm. ii) a thin histological section of
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Figure 5. 2PP-enabled CaP biomimetic structures. Biomimetic CaP structures fabricated using PNC ink. a) Engineered Bouligand structure designed to
allow lamellar reorientation akin to load-responsive mechanisms observed in various natural materials (scale bar, 10 μm). b) Scaled 1:20 of a micro bone
tissue displaying osteons, Haversian channels, and concentric rings of oriented fibrils as well as an interface transition of nanothin trabecular bone to
cortical bone, (scale bar, 10 μm). c) Scaled 1:100 representation of a histological section of a femur bone, demonstrating the larynx of trabecular bone
with varying plate thickness (scale bar, 50 μm).

femur bone preserving high details of fine trabeculae and cortical
compartments.

In summary, we have demonstrated the first example of
nanoprinting of CaPs by utilizing a bioinspired chemistry that
incorporates PNCs into a photoresist. The success of our tech-
nique hinges on two key factors: i) the stabilization of PNCs with
particle sizes smaller than 10 nm to achieve nanoscale resolution,
and ii) the use of homogeneous 2PP inks (Figure S11, Support-
ing Information) containing a high mass of PNCs to maintain
print geometry of the printed structure and minimize deforma-
tion during cleaning and sintering. This innovative approach has
resulted in a high transmissive photoresist capable of support-
ing the nanoprinting of complex CaP nanoarchitectures that were
previously unattainable.

The nanoscale 3D printing of CaP structures presented in this
study marks a significant breakthrough; however, certain lim-
itations must be acknowledged. A key constraint is the need
for post-printing sintering and calcination at elevated tempera-
tures, which prevents the direct incorporation of heat-sensitive
biomacromolecules, such as proteins or growth factors, and liv-
ing cells during the fabrication process. Nevertheless, biologi-
cal components can be introduced post-sintering through sur-
face functionalization techniques, including chemical grafting,
adsorption, or hydrogel infiltration. Furthermore, the prenucle-
ation clusters demonstrated in this work hold significant poten-
tial for integration with biocompatible resins or hydrogels, pro-
viding an opportunity to create hybrid structures that mimic min-
eralized extracellular matrices such as bone while retaining bio-
logical functionality.

Another limitation is the trade-off between nanoscale resolu-
tion and printing speed, particularly when fabricating larger con-
structs. While one of the technique’s main advantages is its ability
to achieve exceptionally fine detail, producing larger constructs at
the nanoscale is time-consuming. This limitation is intrinsic to

current multi-photon lithography technologies. However, future
advancements, such as faster scanning systems and optimized
fabrication workflows—may address scalability concerns.

Moreover, although this study successfully demonstrates the
capability to fabricate nanoscale CaP constructs, it does not
provide a detailed assessment of their mechanical properties.
This level of precision provides a promising foundation for ex-
ploring structures with unique properties and functionalities,
such as ultra-lightweight materials with enhanced stiffness, de-
formability, and recoverability through nanolatticing.[29,46] While
this concept has been demonstrated for metals, polymers, and
certain ceramics, its application to CaP remains speculative
and requires future validation to confirm its feasibility and
scope.[29,46]

Given the well-established relationship between microstruc-
ture and mechanical performance in ceramics, the precise con-
trol enabled by nanoscale 3D printing offers significant po-
tential for mechanical enhancements. By minimizing stochas-
tic flaws and enabling hierarchical architectures, nanoscale 3D
printing demonstrates potential for significant improvements in
mechanical properties, including enhanced toughness, flaw tol-
erance, and deformability. However, achieving these improve-
ments fully requires careful optimization of the microstructure
to minimize defects, as well as precise control of the grain
size-to-flaw ratio. These refinements are critical to approaching
theoretical strength values and overcoming the challenges ob-
served in the current study. The technique introduced here pro-
vides a powerful platform for fabricating nanoscale CaP struc-
tures with unprecedented control over microstructural features.
This capability not only enables systematic studies to explore
the relationship between microstructure and material proper-
ties but also lays the foundation for developing next-generation
CaP-based materials with enhanced biological and mechanical
functionalities.
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3. Experimental Section
Calcium chloride dihydrate (CaCl2. 2H2O), 99.0%), phosphoric acid
(H3PO4, ≥85 wt. % in H2O), ethanol (C2H5OH, 99.7%), propylene
glycol monomethyl ether acetate (PGMEA, CH3CO2CH(CH3)CH2OCH3,
≥99.5%), triethylamine ((C2H5)3N, 99.9%), isopropanol alcohol (C3H8O,
≥99.5%), glacial acetic acid (CH3COOH, ≥99.8%), 3-(Trimethoxysilyl)
propyl methacrylate (C10H20O5Si, ≥99.8%), and ethylenediaminete-
traacetic acid disodium salt dihydrate (EDTA, C10H14N2Na2O8, ≥99.0%)
were purchased from Sigma-Aldrich. IP-L, a liquid resin (viscosity:
890 mPa s at 20 °C, refractive index: 1.485 at 589 nm, 20 °C) was pur-
chased from Nanoscribe. Two-sided polished sapphire and fused sil-
ica substrates with 100 μm thickness were purchased from University
Wafer (Florida, USA). HPSI0314i-hoik_1 hiPSC line obtained from Well-
come Sanger Institute with the help of Cell Bank Australia. Essential 8
Flex media (E8F) and CEPT cocktail were purchased from Thermo Fisher
Scientific.

Preparation of PNC Ink: A solution containing calcium ions (16.3 mM)
was prepared by dissolving calcium chloride in ethanol and triethylamine
solution (volume ratio of 40:1.9). The phosphate containing solution was
prepared by addition of 70 μL of phosphoric acid into 20 mL of ethanol.
Upon mixing the solutions in a dropwise manner, gel-like PNCs formed
and were then separated by centrifuging at 4400 rpm for 2 min. The gels
were placed in a vacuum drying chamber at ambient room temperature for
30 min, facilitating solvent evaporation. Subsequently, they were either im-
mediately stored in a −20 °C freezer within sealed Falcon tubes or utilized
for ink preparation. The dried PNC gels were initially hand-mixed with IPL
resin, and this mixture was then transferred to zirconia-coated stainless-
steel jars. These jars contained yttria-stabilized zirconia balls, each with
a diameter of 5 mm. For homogenization, the PNC inks underwent pro-
cessing in a planetary ball mill (Model PM 400, Retsch, Germany) for a
duration of 4 h at a speed of 150 rpm. The stages of this homogenization
process are shown in the supporting information (Figure S10, Supporting
Information).

2PP 3D-Printing of CaP: The surface of substrates used in oil-
immersion mode were silanized to enhance the adhesion of prints to
substrates. For silanization, fused silica substrates were washed with
ethanol three times and cleaned in an ultrasonic cleaner in a methanol
bath for 2 min. They were then transferred into a beaker containing
100 mL methanol, 5 mL acetic acid, and 3 mL of 3-(Trimethoxysilyl) propyl
methacrylate and incubated for 45 min. After incubation, substrates were
removed from the beaker and washed with methanol three times followed
by rinsing using ethanol and stored in a desiccator. The surface of opaque
substrates (e.g., silicon wafer and titanium alloy) were cleaned with O2
plasma treatment prior to printing. The 2PP printing was performed by
Nanoscribe Photonic Professional GT2. In the oil-immersion mode, a 63×
objective lens with a numerical aperture (NA) of 1.4 was utilized, whereas
a 25× objective lens with an NA of 0.8 was selected for the Dip-in mode
to facilitate the printing process. During oil-immersion, PNC ink was ap-
plied onto a fused silica substrate, which was then positioned in the Nano-
scribe substrate holder. The photon dose – the laser energy per unit area –
was finely tuned through adjustments in PowerScaling (a multiplier for
the overall laser power), LaserPower (variable from 0 to 100%), and
ScanSpeed (the laser focus velocity during printing), as specified in the
GWL file via Describe software. Designs exceeding 30 μm in height were
segmented into blocks with varying laser power and scan speed. The same
procedure used for dip-in mode, except PNC ink was added on the objec-
tive lens. After the printing process, the substrates were immersed in EDTA
(10 wt.% in Milli-Q water) for 1 min to remove the unreacted PNCs and
then immersed in Milli-Q water followed by quickly dipping into in PGMEA
to dissolve the unpolymerized precursor.

Heat-Treatment Process: Heat treatment in an electric furnace under
atmospheric ambiance was performed for removing the organic compo-
nents and sintering of prints. A detailed temperature-time schedule for
calcination can be found in supporting information figures (Figure S12,
Supporting Information). Structures were treated at holding temperatures
of 400, 600, 800, 900, 1000, 1050, 1100, and 1200 °C for a duration of 3h. At
the end of sintering schedule samples were kept in the furnace in cooling

phase to slowly return to room temperature to minimize thermal damage
to samples.

Characterization of Particles and Prints: PNCs were characterized us-
ing transmission electron microscope (FEI Thermo Glacios) at 200 kV un-
der continuous liquid nitrogen cooling. The structural characterization of
printed samples was carried out using a field emission scanning electron
microscope (Sigma Zeiss GmbH) equipped with energy-dispersive spec-
troscope for elemental mapping. Before imaging, the samples were coated
with a thin layer of gold (8 nm) using a sputter coater. Imaging was con-
ducted in high vacuum mode with an acceleration voltage of 5 kV. The
PANalytical XPert Powder system was utilized for X-ray diffraction (XRD)
analysis, employing Cu-K𝛼 wavelength. The measurements were carried
out at a power setting of 45 kV and 40 mA at a 2𝜃 range from 0° to 50°

with scan speed of 1° per min. All samples used for XRD analysis were
in a dry state. For PNC samples, freshly prepared PNCs were transferred
to a glass dish and placed under vacuum for 45 min. Subsequently, they
were dried at room temperature while being ground with a mortar and
pestle to facilitate evaporation and refine them into a fine powder. For se-
lected area diffraction, 0.1 mL of freshly prepared PNCs was diluted in
50 mL of ethanol solution and ultrasonicated for 2 min to ensure disper-
sion. The solution was then dropped onto a TEM grid, and excess solution
was carefully removed from the backside using a tissue. The grid was left
to dry at room temperature before TEM observation. Measurements were
performed using a Thermo Fisher Themis Z aberration-corrected TEM op-
erated at 300 kV. A monochromator was employed to achieve low-dose
conditions (1.5 A/m2). The diffraction pattern was collected under paral-
lel beam conditions with a camera length of 910 mm. The SAXSpoint 2.0
system (Anton Paar GmbH, Graz, Austria) was utilized for SAXS (Small-
Angle X-ray Scattering) and WAXS (Wide-Angle X-ray Scattering) measure-
ments, employing a Primux 100 micro-X-ray source operating at full power
(45 kV, 30 mA) with Cu-K𝛼 radiation (X-ray wavelength 𝜆 = 1.5418 Å) and
a 2D Eiger detector. The measurements were conducted within a q range
of (0.0012–12) and were acquired and converted using the SASfit software
packages. All measurements were performed at a temperature of 20 °C.
UV–vis transmission measurement was performed using quartz cuvettes
with a thickness of 0.1 mm (Hellma Analytics). The inks with a PNC con-
tent ranging from 0 to 80 wt.% was added to cuvettes and set using Om-
niCure S1000 prior to measurements.

Statistical Analysis: All experiments were performed in triplicate, and
the data were presented as the mean ± standard deviation. All quantitative
data were analyzed using one-way analyses of variance with Tukey’s signif-
icant difference post-hoc tests for multiple comparisons (GraphPad Prism
version 10.0.0 for Windows, GraphPad Software, Boston, Massachusetts
USA). The difference between groups of *p <0.05 was regarded as statis-
tically significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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