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In this study, we have developed unique bioresorbable lithiated nanoparticles (LICP, dsp = 20 nm), demon-
strating a versatile material for bone repair and regeneration applications. The LiCPs are biocompatible even
at the highest concentration tested (1000 pg mL™Y) where bone marrow derived mesenchymal stem cells
(BM-MSCs) maintained over 90% viability compared to the control. Notably, LICP significantly enhanced the
expression of osteogenic and angiogenic markers in vitro; collagen |, Runx2, angiogenin, and EGF increased
by 8-fold, 8-fold, 9-fold, and 7.5-fold, respectively. Additionally, LiCP facilitated a marked improvement in
tubulogenesis in endothelial cells across all tested concentrations. Remarkably, in an ectopic mouse model,
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LiCP induced mature bone formation, outperforming both the control group and non-lithiated nanoparticles.
These findings establish lithiated nanoparticles as a highly promising material for advancing bone repair and
regeneration therapies, offering dual benefits in osteogenesis and angiogenesis. The results lay the
groundwork for future studies and potential clinical applications, where precise modulation of lithium release
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1. Introduction

Bone fractures and defects are leading causes of global mortal-
ity and disability, prompting the development of therapeutic
strategies and mechanisms to enhance the bone healing
process.” A range of natural and synthetic bone substitutes
have been developed to enhance the rate and quality of the
bone healing process and regeneration.”* One of the most
effective strategies is introducing metal ions into such synthetic
materials which, upon release, improve biological responses
such as bone formation and angiogenesis. This is inspired by
the fact that metallic elements exist in extracellular matrices of
tissues and play a vital role in maintaining cellular structure,
catalyzing biochemical reactions, and facilitating intracellular
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could tailor therapeutic outcomes to meet specific patient needs in bone and vascular tissue engineering.

and extracellular signaling.” Within a wide range of metallic
elements utilized as bioactive components in bone substitutes,
alkali metals are less explored. Alkali metals, characterized by
having a single electron in their outermost s-orbital, exhibit
similar properties across the group, including low first ioniza-
tion energies due to their low effective nuclear charges. This
single electron facilitates easy ionization, typically forming
monovalent ions as these metals achieve noble gas configura-
tions by shedding their outermost electron. Lithium (Li), the
lightest and least reactive among them, possesses a small ionic
radius and forms a Li" cation by losing its valence electron.
Despite lithium’s lower reactivity and higher solubility, it has a
facile transport mechanism into cells and cell organelles via
several transmembrane processes such as voltage-gated and
epithelial Na" channels, sodium-lithium counter-transport,
sodium-proton pump, and sodium-calcium/lithium exchange
on the mitochondrial membrane.® Lithium is a known immune
regulator’~® with osteogenic,'°>° angiogenic,>** and chondro-
genic properties®”**™*” by promoting several intracellular sig-
naling pathways.?**® Recently lithium has been utilized as the
main element in the compound,? or incorporated into a range
of biomaterials including bioactive glasses,®***"2° calcium
silicates,>>'* hydroxyapatite,®*>* silicon,®® hydrogels,***”
cements®*® and nanofibrous membranes.** However, constraints
in material formulation and control over release kinetics parti-
cularly at a lower dosage, limit the contribution that lithium can
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bring to the regenerative efficacy of these approaches.’”*' The
dosage is particularly important, as high local concentrations of
lithium can adversely influence immune cells to release inflam-
matory mediators.*>™*® Furthermore, selecting an appropriate
host material composition and form (e.g, bulk, nanoparticle,
fiber etc.) that enable low dosage, sustainable release, and versa-
tility of utilization in tissue engineering strategies has been
challenging.”**”*"! In this study, we developed for the first
time lithiated nanoparticles by incorporating lithium into a
structure of amorphous calcium phosphate as a known osteocon-
ductive material with a close composition to the inorganic part of
the bone. These nanoparticles are packed with lithium, making
them highly versatile for use in various tissue engineering appli-
cations. Remarkably, these particles are resorbable and can be
utilized in injectable hydrogels, within polymeric meshes, or as
coating materials. Furthermore, they are capable of releasing
lithium ions at a low dosage, which exhibit potent osteogenic
and angiogenic properties in vitro, and enable the formation of
mature ectopic bone in vivo.

Dr Roohani is an Associate
Professor at the School of Bio-
medical Engineering, University
of Technology Sydney (UTS), and
an Adjunct Associate Professor in
the School of Biomedical Engi-
neering at the University of
Sydney (USyd). His research focu-
ses on the intersection of biology
and materials science to explore
fundamental biological questions
and develop innovative biomate-
rials for a range of biomedical
applications, including transla-
tional medicine. His work investigates how cells interact with
surfaces and biological entities, particularly their responses to
topographical and biochemical signals on various substrates.
Dr Roohani’s research is also directed towards translational
programmes aimed at pioneering novel tissue engineering and 3D
bioprinting strategies to regenerate damaged and diseased
musculoskeletal tissues. He has led advancements in bioceramics,
polymeric biomaterials, and 3D printing technologies. Dr Roohani
is the recipient of two prestigious fellowships: the National Health
and Medical Research Council Early Career Fellowship and the
Sydney Musculoskeletal Health Fellowship. He has authored 75
publications, with an h-index of 34 and over 3 500 citations. He is
also the inventor of a single-stage biofabrication technique,
COBICS, which creates a 3D heterogeneous bone-analogous
microenvironment, and a bioceramic composition licensed by
Allegra Orthopaedics. His work has secured over $2 million in
funding and has led to translational outcomes, inventions, and
numerous accolades, including being a finalist for the Eureka Prize
for Innovative Use of Technology in 2023 and the Young
Investigator Award of the Year in 2021 (TERMIS).
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2. Materials and methods
2.1. Synthesis and characterization of lithiated nanoparticles

All chemicals were purchased from Sigma-Aldrich. Lithium
chloride (LiCl, >99.98% trace metals basis); calcium nitrate
tetrahydrate (Ca(NO;),-4H,0, >99.0%); sodium phosphate
dibasic (Na,HPO,, >99.0%); ammonium hydroxide solution
(NH,OH, 28% NH; in H,0, >99.99%), and ethylene glycol
(CHgO,, anhydrous >99.8%). A stock solution containing
calcium ions was prepared by dissolving 2.383 g of the calcium
nitrate tetrahydrate in ethylene glycol, achieving a final concen-
tration of 0.2 M. A stock solution containing phosphate ions
was prepared by dissolving 0.9494 g sodium phosphate dibasic
in Milli-Q (MQ) water achieving a final concentration of
0.132 M. A stock solution containing lithium ions was prepared
by dissolving 0.42 g of the lithium chloride in ethylene glycol,
achieving a final concentration of 0.2 M. Ammonium hydroxide
was utilized to adjust the pH of the reaction mixture to 7.45.
The LiCPs were synthesized by maintaining the molar ratio of
calcium to phosphorus at 1.5, ensuring an optimal stoichio-
metry conducive to the desired phase composition. The pH of
the reaction medium was precisely adjusted to 7.45, to main-
tain a stable reaction environment conducive to controlled
nucleation and growth of the product. Lithium doping was
achieved by the gradual addition of lithium to the reaction
mixture, targeting a nominal range of lithium atomic ratios
from 0.5% to 80%. This approach allowed for the systematic
exploration of the effects of lithium concentration on the
properties of the final product. The entire reaction mixture
was subjected to continuous and vigorous stirring to achieve a
homogenous solution, thereby facilitating uniform doping and
preventing local supersaturation that could lead to heteroge-
neous nucleation. As the reaction progressed, solid particles
began to precipitate within 4 h. This slow precipitation process
is indicative of a controlled reaction environment, allowing for
the gradual formation of well-defined solid phases. Upon
completion of the precipitation, the solid precipitates were
collected through centrifugation, washed three times with
Milli-Q water, and dried using a freeze-dryer. The doped
concentration of Li was quantitatively measured using a Perki-
nElmer Nexion 350x inductively coupled plasma mass spectro-
meter (ICP-MS). The particles were dissolved in 1% HNO; and
then diluted at a ratio of 1:100 before analysis. The particles
were chemically characterized with an X-ray diffraction (XRD)
technique using a Philips XPERT MPD diffractometer (Cu Ko
radiation: 4 = 0.154056 nm at 40 kV and 30 mA) over the 20
range of 20-50° at a scan rate of 0.02° min~". FT-Raman spectra
were recorded on a Bruker MultiRAM spectrometer (Bruker
Optics). ACP and doped nanoparticles were dispersed in etha-
nol using an ultrasonic vibration unit followed by deposition on
a copper grid coated with continuing carbon film. The TEM
samples were investigated using a field emission transmission
electron microscope (FETEM, JEM-2200FS) with the capability
of STEM-EDS and Omega-filter for EELS (energy resolution
1.0 eV). Energy filtered bright field images were collected
with an objective lens aperture (OLA) inserted and filtered with
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zero-loss electrons. Elemental mapping was carried out for the
elements Ca (L, ;-edge at 346-350 €V) and O (K-edge at 532 eV)
using a three-window mapping technique, and P (L,;-edge at
132 eV) and Li (K-edge at 55 eV) using a jump ratio mapping
technique. To characterize the release kinetics of lithium from
LiCP, the nanoparticles were incorporated into a polycaprolac-
tone (PCL, M,: 80000, Sigma-Aldrich) mesh fabricated using
the electrospinning technique. To fabricate the meshes, a PCL
solution (5% w/v) was prepared by dissolving the polymer in
chloroform, followed by the addition of LiCP particles at concen-
trations of 12 wt%, 6 wt%, and 1.5 wt%. The mixture was then
homogenized overnight to ensure uniform distribution of parti-
cles. A horizontal electrospinning setup was employed to generate
LiCP-containing meshes. A 5 mL solution was loaded into a
plastic syringe, which was mounted on a syringe pump set to a
flow rate of 0.5 mL h™'. The distance between the needle tip
(18 gauge) and the collector, covered with aluminum foil, was set
to 25 cm. All meshes were prepared at room temperature with a
relative humidity of 45% within a closed chamber and an applied
voltage of 15 kV. The produced meshes were cut into square
shapes and placed in PBS and MEM-10% FBS. This release study
was designed to mimic in vivo conditions, where the nanoparticles
would be embedded within a matrix rather than freely dispersed.
PCL was chosen due to its slow degradation rate and its wide-
spread use as an FDA-approved biomaterial known for its excel-
lent biocompatibility, as well as to demonstrate that LiCP can
release lithium within an enclosed, slow-degrading matrix—an
important feature for applications where controlled release is
essential.

2.2. Cell culture

Human bone marrow derived stem cells (BM-MSC) were pur-
chased from Lonza (catalog number PT-2501 and lot number:
0000654251) and cultured in low-glucose Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS, Bovogen) and 1% penicillin/streptomycin (P/S,
Invitrogen). We will hereafter refer to such medium as the
proliferation medium. Media were changed twice a week and cells
were passaged using a solution containing 0.05% trypsin-EDTA
(Thermo Fisher Scientific) when 70% confluence was reached.
All experiments were performed with cells at passage between 5
and 9. BM-MSCs at different passages were confirmed to maintain
their typical morphology and markers, such as CD105 and Stro-1
(Fig. S1, ESIt). Human dermal microvascular endothelial cells
(HMVECs), used for performing tubulogenesis assay, were pur-
chased from Lonza (catalog number CC-2527 and lot number
0000649177). HMVECs were cultured on tissue culture plastic
coated with attachment factor (Life Technologies) in endothelial
growth media-2 (EGM-2)-supplemented media (Lonza). The
endothelial medium was changed every 2 days and the cells were
passaged at around 80% confluency. All experiments were per-
formed with HMVECs at passage between 3 and 5. All cell types
were cultured at 37 °C, 5% CO, in a humidified incubator.
2.2.1. MSC osteogenic differentiation, endothelial differ-
entiation. The osteogenic medium used in the experiments
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consisted in low glucose DMEM supplemented with 10% FBS,
1% P/S, 100 nM dexamethasone (Sigma-Aldrich, cat. no. D8893-
1MG), 50 uM ascorbic Acid (Sigma-Aldrich, cat. no. G9442), and
10 mM B-glycerol phosphate (Sigma-Aldrich, cat. no. BP461).
To briefly describe the experimental settings, BM-MSCs were
seeded at an initial cell density of 2 x 10" cells per well in a
24 multi-well dish. BM-MSCs were switched to osteogenic
medium 24 h after cells adhered onto the tissue culture plates.
The osteogenic medium changes were performed every 3 days.
Endothelial differentiation of BM-MSCs was induced by using
EGM-2 supplemented medium (Lonza, catalog number CC-3202),
the same type of medium used for culturing HMVECs. Similarly
to cells undergoing osteogenic differentiation, BM-MSCs were
seeded at an initial density of 2 x 10" cells per well in a
24 multi-well dish, in standard proliferation medium. Upon
overnight incubation, proliferation medium was replaced with
the EGM-2 supplemented medium, also called endothelial med-
ium, which was replaced every second day, up to 7 days.

2.2.2. Cytotoxicity assay. For BM-MSCs viability and pro-
liferation studies, cells were seeded in the presence of different
concentrations of LiCP at an initial cell density of 2 x 10* cells
per well in a 24 multi-well dish. After the cells were cultured for
1 and 7 days, cell viability was analyzed using MTT assay (Sigma
Chemical) according to the manufacturer’s instructions.
Briefly, cell culture medium was removed and replaced with
25 uL of 2.5 mg mL~ " MTT solution to each well. After incubation
for 2 h at 37 °C, the MTT solution was removed and 100 mL
dimethyl sulfoxide (DMSO) was added to each well and mixed for
10 min on a shaker. The absorbance was read at 590 nm in the
microplate reader of the Thermo Scientific Multiscan EX (Thermo
Fisher Scientific).

2.2.3. Quantitative RT-PCR analysis. For mRNA expression
analysis of BM-MSCs cultured either in standard culture medium
or in the presence LiCP nanoparticles, cells were maintained in
culture for 7 days at 37 °C, in 5% CO, and 20% O,. Subsequently,
cells were collected from each sample by 0.25% trypsin-EDTA
treatment, and a standard RNA isolation protocol was performed
with RNAeasy mini kit according to the manufacturer’s instruc-
tions (Qiagen). 500 ng of total RNA was reverse-transcribed
into cDNA with a random hexamer primer using a high-capacity
cDNA reverse transcription kit (Applied Biosystems) according to
the manufacturer’s instructions and then reverse transcription-
polymerase chain reaction (RT-PCR) was performed using a
CFX96 real-time detection system (Biorad). The reaction mixture
was composed of 10 pL of SYBR Select Master Mix (Applied
Biosystems), 10 pmol each of the forward and reverse primers,
2 pL of cDNA, and distilled water to a final volume of 20 pL.
The thermocycling conditions were 95 °C for 30 s, followed by
40 cycles of 95 °C for 5 s and 60 °C for 34 s. Normalization of the
data was performed using the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as an endogenous control
in the same reaction as the gene of interest. The primers used in
this study are listed in Table S1 (ESIt). The specificity of the SYBR
PCR signal was confirmed by melt curve analysis. Ct values were
transformed into relative quantification data using the 2724
method, and data were normalized to GAPDH mRNA expression.
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2.2.4. Histological and activity quantification analysis.
Samples were fixed in 4% paraformaldehyde (Bio-Strategy
Ltd) solution for 15 min at room temperature at the desired
time point. Total collagen presence was investigated using
picrosirius red staining. Picrosirius red solution 0.1% was
prepared with Direct Red 80 (Sigma 365548) and saturated
aqueous solution of picric acid (Sigma P6744). The qualitative
detection of alkaline phosphatase (ALP) was performed by
staining the fixed samples with an ALP substrate solution
composed of 0.2 mg mL " Naphtol AS-MX phosphate and
0.4 mg mL~" Fast Red TR (all from Sigma). ALP activity was
measured using the ALP diethanolamine activity kit (Sigma)
following the manufacturer’s instructions.

2.2.5. In vitro tubulogenesis assay. An in vitro tubulogen-
esis assay was performed by adding 25 mL of Geltrex LDEV-Free
Reduced Growth Factor Basement Membrane Matrix (Thermo
Fisher, USA) to coat 48-well plates and then incubated at 37 °C
for 30 min, to allow gel formation. Next, 1.5 x 10* HMVECs at
passages between 4 and 7 were seeded in each well in 100 pL of
unsupplemented EBM-2 medium (Lonza, USA, catalog number:
CC-3156, lot number: E0001149364) and 400 pL of conditioned
medium, collected from each experimental group, was added
to each well. Fully supplemented EGM-2 medium (catalog
number: CC-4147) was used as a positive control, whereas
unsupplemented EBM-2 medium was used as a negative con-
trol. Tube formation was assessed 8 h after cell seeding, by
imaging samples by using an Olympus CKX53 microscope at
20x magnification. The tube area was then quantified using
the Image] plugin ‘“Angiogenesis analyzer” (written by Gilles
Carpentier, 2012, available at: https://imagej.nih.gov/ij/macros/
toolsets/Angiogenesis%20Analyzer.txt). Among all parameters
measured through the plugin, total master segment length was
chosen to compare the different groups. In addition, after tube
formation assessment at 8 hours post-seeding, samples were
fixed with 4% paraformaldehyde (Bio-Strategy Ltd) for 15 min
at room temperature, and subsequently stained to detect
cytoskeleton and nuclei as described in the next section
“Immunofluorescence staining”.

2.2.6. Immunofluorescence staining. In order to analyze
BM-MSCs’ morphology and their expression of osteogenic
markers, cells were cultured on cell-culture treated cover slips
(Thermo Fisher Scientific) and then fixed with 4% paraform-
aldehyde (Bio-Strategy Ltd) solution for 15 min at room
temperature at the desired time point. Subsequently, cell
membranes were permeabilized by incubation in 0.1% Triton
X-100 for 30 min. For cell shape analysis, samples were incubated
with tetramethylrhodamine-conjugated phalloidin diluted in 1%
bovine serum albumin (BSA) (1:100; Invitrogen) for 1 h at room
temperature. Nuclei were counterstained with DAPI (Invitrogen).
Cell area and shape were quantified using Image] software. For
each image, individual cells were manually traced to delineate cell
boundaries. The following parameters were measured: - cell area,
calculated as the number of pixels within the traced boundary,
converted to square micrometers using the known pixel-to-micron
ratio; — cell aspect ratio: defined as the ratio of the major axis to
the minor axis of the cell, obtained from the best-fit ellipse of the
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traced boundary. The two parameters were reported as mean +
standard deviation. For osteogenic markers staining, samples
were incubated for 1 h at room temperature in a solution of
primary antibody diluted in BSA 1% at a 1:200 ratio for collagen
type 1 (Abcam 90395), and then the appropriate secondary anti-
body anti-mouse 488 (1:200) in 1% BSA was used. Samples were
then mounted on glass slides and imaged with the Nikon A1l
confocal microscope. In order to measure each of the signal
intensity, each acquired image was converted into a greyscale
image, then the integrated density was measured and normalized
to the number of cells. For each group, 5 images were taken
randomly within the sample, with n = 3.

2.3. Invivo study

2.3.1. Ectopic bone formation using a hydrogel scaffold
in vivo. The Institutional Animal Care and Use Committee
(IACUC) approved all animal procedures in this study (ACUP
protocol #71108). The animal-related experimental protocols
were carried out under the guidelines of IACUC. The subcuta-
neous ectopic bone formation was performed as previously
described.>*™” To prepare collagen hydrogels, acid solubilized
Type 1 collagen from bovine skin (3 mg mL ™", C4243 Sigma
Aldrich) was reconstituted in an ice bath to a final concen-
tration of 2 mg mL™" in phosphate-buffered saline. The pH was
adjusted to 7.4 by neutralizing the hydrogel precursors with 1 N
NaOH. At this point, the nanoparticles were mixed and homo-
genized before being transferred to the incubator. Designated
silicon molds containing cylindrical-shaped cavities with a
diameter of 5 mm and a height of 6 mm were filled with
the collagen-nanoparticle mixture. The mixture was then incu-
bated in a humidified 5% CO, environment at 37 °C
for 30 min to facilitate fibrillogenesis. Three groups were
set up: (1) collagen hydrogel, (2) collagen hydrogel containing
1 mg mL™" of LiCP and (3) collagen hydrogel containing
1 mg mL ™" of ACP. The mouse BM-MSCs were collected and
resuspended in 50 pL of collagen hydrogel. The mixture was
subcutaneously injected into the flanks of athymic nude mice
(n = 5/group, 6-8 weeks old, female; Envigo/Harlan Research
Laboratories; 2 x 10° cells per site). Four weeks after the initial
injection, all mice were sacrificed for harvesting ectopic masses
from the injection sites.

2.3.2. Hematoxylin & eosin (H & E) staining and trichrome
staining. After pCT imaging, the retrieved specimens were
decalcified for 3 days and subjected to paraffin-embedding.
Serial sections at 5 mm of these paraffinized masses were
deparaffinized and then subjected to histological staining as
reported.>®*° The average % of trabecular bone area from each
sample group was quantitatively assessed by analyzing high
power fields using the Image] program.

2.4. Statistical analysis

Results are expressed as mean =+ standard deviation of the
mean of n > 3 independent experiments. Statistical analyses
were performed using GraphPad Prism (version 9) software.
One- or two-way analysis of variance (ANOVA) were used for

analysis of variance to compare between groups.

This journal is © The Royal Society of Chemistry 2024
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3. Results and discussion

Fig. 1a illustrates the relationship between the nominal concen-
tration of lithium in the precursor solution and the amount of
lithium doping into amorphous nanoparticles. The data reveal
a non-linear relationship, with an increasing trend in the
amount of lithium doped as the concentration in the precursor
solution rises. However, the efficiency of doping remains
relatively low, reaching a plateau that suggests the presence
of an energy barrier which likely expels lithium ions from
entering the structure of the nanoparticles. XRD profiles of
the doped samples show that all peaks are broad, consistent
with an amorphous structure, but with an increase in lithium
content; these peaks shift slightly to the left and become
broader, indicating structural changes within the nano-
particles. While shifts in XRD peaks can be attributed to various
factors, including instrumental and physical effects, mechan-
ical stress or strain, and differences in sample form and
preparation—such as the introduction of strain or preferred
orientation—in this instance, the observed shift correlates with
the incremental addition of lithium, with all other variables
remaining constant. We attribute this shift to lattice expansion,
caused by the progressive interstitial incorporation of Li" ions,
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which accommodates differences in ionic size and charge.
Fig. 1b compares the Raman spectra of ACP and LiCP
(ACP-0.2 atom% Li), particularly highlighting the significant
differences introduced by doping. The Raman spectra of all
doped concentrations are presented in Fig. S2 (ESIf). LiCP
exhibits distinctive new peaks at 860 cm ', which can be
attributed to the stretching vibrations of O-O bonds in
LiOOH-H,0,%" and at 676 cm ™' and 732 ecm ™, associated with
LiOH.%*"* Both types of nanoparticles show similar phosphate-
related bands: the symmetric stretching mode P-O at 950 cm ™,
the asymmetric stretching mode of phosphate between 400-
440 cm ™', and complex bending and stretching of phosphate
between 570-590 cm™'. Notably, ACP exhibits a peak at
1010 cm ™, indicative of the HPO, group, a key indicative peak
of octacalcium phosphate, which is absent in LiCP. Instead,
LiCP displays a unique peak at 992 cm ', corresponding to
HPO,>". Another significant difference between LiCP and ACP
is that Raman peaks of LiCP are broader and noisier suggesting
a higher level of molecular disorder, likely due to the densely
packed lithium ions and interacting with calcium and phos-
phate bonds. ACP is a structurally disordered and hydrated
phase with a stoichiometry similar to tricalcium phosphate.
This disordered structure provides interstitial sites where
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Fig. 1 Lithium doping in amorphous calcium phosphate nanoparticles and their characterisation. (a) Relationship between nominal lithium concen-
tration in the precursor solution and lithium doping efficiency. (b) Raman spectra of ACP and LiCP (ACP-0.2 atom?%), highlighting distinct spectral
differences due to lithium incorporation. (c) TEM micrograph and elemental mapping of LiCP nanoparticles, showing size distribution and lithium
localization. The high-contrast fringe layer visible around LiCP in the element mapping images is due to limitations of the jump ratio method and should
not be interpreted as lithium segregation at the surface. Lithium is predominantly localized in the core of the nanoparticles. (d) Release kinetics of lithium
ions from LiCP embedded in polycaprolactone meshes in PBS and MEM-10% FBS.
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lithium ions can be incorporated, particularly at low concen-
trations. The appearance of additional peaks and slight shifts
in the characteristic phosphate bands observed in the Raman
spectra following the incorporation of Li* suggest interactions
between lithium and the ACP matrix. The peak at ~952 cm ™,
attributed to the symmetric stretching mode (v1) of the PO,*~
group, remains largely unchanged with lithium incorporation,
indicating that the primary phosphate structure is preserved.
This suggests that lithium does not disrupt the core framework
of the phosphate groups. However, shifts in the phosphate
stretching modes (~420 cm™ ' and ~580 cm ') imply the
formation of stable complexes through interactions between
Li* and the negatively charged PO,*~ groups. Additionally, the
coordination of lithium with hydroxyl groups, as evidenced by
the presence of Li-OH and LiOOH bands in the Raman spectra,
likely contributes to the hydration and stabilization of the
ACP phase. This coordination helps to prevent crystallization,
maintaining the disordered structure characteristic of ACP.
Therefore, the bonding between lithium and ACP nanoparticles
is likely a combination of interactions with phosphate groups
and coordination with hydroxyl groups, which collectively con-
tribute to the stabilization of the amorphous structure. Fig. 1c
presents a transmission electron microscopy (TEM) micrograph
of LiCP nanoparticles, showing a particle size distribution
ranging from 10-35 nm with a median size of 20 nm. There
is a noticeable difference in the particle size of ACP particles
with increasing concentrations of doped lithium, where the size
decreases from approximately 60 nm to 20 nm (Fig. S3, ESIT).
Elemental mapping confirms the presence of calcium, phos-
phorus, oxygen, and lithium, with lithium ions predominantly
located in the core of the particles. Fig. 1d evaluates the release
kinetics of lithium ions from LiCP embedded in polycaprolac-
tone (PCL) meshes submerged in phosphate-buffered saline
(PBS) and minimum essential medium supplemented with
10% fetal bovine serum (MEM-10% FBS). The results demon-
strate an effective, concentration-dependent release of lithium
ions, which is sustained over time in both environments. This
sustained release refers to the gradual and continuous release
of lithium ions over time, as opposed to an immediate or burst
release, indicating the potential of these nanoparticles for
controlled therapeutic applications.

To study the biotoxicity of the developed LiCP nanoparticles,
BM-MSCs were placed in culture with a range of nanoparticle
concentrations (from 1 pg mL™" to 1 mg mL™"), either in direct
or indirect culture methods. In the direct culture assays, cells
were exposed to LiCP directly within the culture medium
(Fig. 2a). On day 1, cell viability across the groups did not show
any significant difference. Notably, even at the highest concen-
tration, cells retained over 90% viability relative to the control.
By day 7, the trend of decreased viability with increased
LiCP concentration became clear. As a result, the cell activity
became 1-fold lower than the control group, in the presence of
1000 ug mL™ ' nanoparticles. The overall metabolic activity of
the cells up to 500 pg mL~" LiCP concentrations, appeared to
improve when compared to day 1, suggesting some adaptation
or recovery from the initial exposure.
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For the indirect culture condition, LiCP was introduced into
the cell culture medium, prior to its addition to cells in culture
plates. The aim of this assay was to assess if any leaching
product released from the LiCP could affect cell bioactivity.
At day 1 of exposure, there was no significant difference among
groups; in contrast to the direct co-culture, cells were able to
maintain a metabolic activity comparable to the non treated
control even by day 7 (Fig. 2b). Thus, we can conclude that the
indirect culture of cells with LiCP did not show any effect on
cell viability and proliferation.

Cell morphology has been tightly connected to nanoparticle
cellular uptake ability.®® In order to understand the influence of
LiCP into cell shape, BM-MSCs have been exposed at safe
concentrations of nanoparticles (up to 250 ug mL™"), in con-
junction with either proliferation or osteogenic differentiation
medium up to 28 days. Cell morphology of BM-MSCs was
assessed by specifically looking at cell aspect ratio and cell
area parameters over time. While control cells exhibited a
typical elongated shape of mesenchymal stem cells cultured
on plastic and under proliferation conditions, cells exposed to a
higher concentration of LiCP showed a more rounded pheno-
type (Fig. 3a), corresponding to a significant decrease in aspect
ratio (Fig. 3c). In fact, on day 7, in proliferation medium, the
aspect ratio decreased significantly with increased LiCP
concentration, indicating that cells become less elongated
with higher LiCP levels. The effect was most pronounced at
250 pg mL~". The same trend was maintained after 28 days,
however, the difference became less noticeable, due to the
natural tendency of cells to become compact when reaching
confluence. The peculiar cuboidal cell shape resembling
osteoblast-like cells was particularly observed when BM-MSCs
were in the presence of LiCP at a concentration of 100 pg mL ™"
(Fig. 3a), and this was also confirmed by diminished cell area
compared to the control cells (Fig. 3d). When cultured in
osteogenic medium, the cells were generally less elongated,
corresponding to an overall lower aspect ratio, with significant
decrease both at day 7 and 28 for control cells when compared
to cells under proliferation conditions. For BM-MSCs exposed
to LiCP, the difference became significant only at day 28,
showing the 100 pg mL™" group as the one with the most
dramatic change in cell shape (Fig. 3b and c). In respect to cell
area, there was a reverse correlation to LiCP concentration,
both at 7 and 28 days (Fig. 3d). Cell size quantification also
revealed a size reduction of cells in the presence of osteogenic
medium compared to control cells under proliferation conditions.
The cell area undergoing osteogenic differentiation further dimin-
ished after 28 days, compared to at 7 days (Fig. 3d).

Overall, the results suggest that LiCPs affect cell morphol-
ogy, with higher concentrations leading to less elongation
(lower aspect ratio) and a smaller cell area. These effects are
also dependent on the medium and are more pronounced at
the earlier time point (day 7) than at day 28. The significant
decrease in aspect ratio at higher concentrations may suggest
that LiCP affects cytoskeletal organization or that there is a
shift in the cell status. Interestingly, the only addition of the
nanoparticles, without chemical contribution of supplemented
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osteogenic medium, was enough to significantly reduce the cell in aspect ratio and cell area from day 7 to day 28 indicate that
area at all LiCP concentrations after 7 days of culture. After cells respond to LiCP not only based on concentration but also
28 days, the parameter returned mostly comparable to control, over time. Cells might initially respond to the presence of LiCP
highly suggesting the cellular uptake of nanoparticles in the by altering their shape, but with prolonged exposure, they could
first days and subsequent degradation. Moreover, the changes potentially activate compensatory mechanisms that modify
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their morphology differently. The addition of osteogenic med-
ium, showing generally lower aspect ratio, suggests a change in
cell morphology due to their choice in differentiating to osteo-
blasts, which are typically less elongated cells compared to
mesenchymal stem cells. Potential signaling pathways that
could be involved in cell shape change as a first step, include
the Wnt signaling pathway, which is known to be affected by
lithium ions and is critical for both cell proliferation and
osteogenesis.®®®”

Having proved an effect on cell morphology, to identify LiCP
influence on BM-MSC osteogenic differentiation, these cells
were cultured in the presence of LiCP at three different con-
centrations, 10, 100 or 250 pg mL™", and evaluated for their
ability to deposit collagen type I, which is the main organic
component of bone’s extracellular matrix (ECM). Picrosirius
Red stains at day 21 showed larger total collagen deposition in
samples in culture with 250 pg mL~"' LiCP in proliferation
medium, however, the upregulation was not significant com-
pared to the control (Fig. S4, ESIt). Collagen type I detection at
day 28 showed significant differences between groups (Fig. 4).
As LiCP concentration in the media increased, there was a
notable increase in collagen deposition, particularly at 10 pg
mL~!, with an 8-fold change compared to the non-treated
control. At 100 and 250 pg mL™", the staining appeared less
intense than at 10 pg mL~" but was still higher than the control
(Fig. 4a and b), with 250 pg mL ™" statistically higher than the
control. The increase in collagen I became linear with nano-
particle concentration when the cells were switched to osteo-
genic medium, suggesting a synergistic effect of biochemical
and physical components (Fig. 4c). Cells in proliferation med-
ium showed sensitivity to LiCP with enhanced osteogenic
potential compared to the control, when nanoparticles were
at the lower end (Fig. 4b). The reduced fold-change at high
concentrations could be due to an inhibitory activity. However,
the fact that when LiCP were combined with osteogenic med-
ium, the cells were able to express higher collagen I (Fig. 4c),
suggests a potential ability of the nanoparticles to help deliver
the chemical components of the medium inside the cells. Cells
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in osteogenic medium also appeared to proliferate to a greater
extent compared to the ones in proliferation medium. These
results suggest a mature differentiation of the cells when
exposed to LiCP in combination with chemical osteogenic
induction.

Gene expression of the early osteogenic differentiation mar-
ker Runx2 was significantly upregulated in all groups treated
both with LiCP and osteogenic supplements (Fig. 5a, left).
When in presence of proliferation conditions, Runx2 was
significantly upregulated only at the highest concentration of
nanoparticles. Similarly, osteocalcin, another marker indicative
of osteoblast phenotype, directly increased with LiCP concen-
tration, with the highest expression when samples were co-
treated with nanoparticles and osteogenic chemical supple-
ments (Fig. 5a, center). Interestingly, collagen I gene expression
was downregulated in all groups compared to the control.
Collagen I is a major component of the bone matrix. The trend
is somewhat different from the other two markers, showing
decreased expression compared to the control, in the presence
of PM, and slightly higher but not significant expression when
in combination with OM (Fig. 5a, right). The variability in these
markers’ expression might be attributed to the sequential order
in which they manifest throughout the osteogenic differentia-
tion process, with collagen I typically being one of the last
elements to emerge.

The genetic expression of endothelial markers, associated
with endothelial functions and angiogenesis, varied across the
three markers analyzed. EGF, involved in the proliferation of
endothelial cells marked peak at 250 ug mL~' LiCP concen-
tration in osteogenic medium (OM) (Fig. 5b, left). VEGF, critical
for the growth of new blood vessels, was increased only in the
100 pg mL™ ' LiCP group and significantly decreased in all
nanoparticle samples when in OM (Fig. 5b, center). In contrast,
angiogenin, another factor involved in angiogenesis, was upre-
gulated in all groups treated with nanoparticles, with the
highest fold changed expression in 100 ug mL™' LiCP, both
in growth and osteogenic medium (Fig. 5b, right). The interplay
between angiogenesis and osteogenesis is known to be vital
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Fig. 4 Representative immunohistochemical images of collagen type | in BM-MSCs cultured in the direct presence of LiCP, in combination with
proliferation (a, top) or osteogenic (a, bottom) medium for 28 days; collagen | expression is shown in green and nuclei were counterstained in blue (DAPI).
Scale bars: 100 um; relative fluorescence intensity quantification compared to the control (Ctrl) in proliferation (PM) (b) or osteogenic (OM) (c) medium. **
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during the process of intramembranous ossification. VEGF
operates within a delicate balance to maintain bone home-
ostasis and optimal physiological levels. Insufficient VEGF
can disrupt osteoblast differentiation, whereas an excess can
heighten osteoclast recruitment, which in turn, could lead to
bone resorption. In the context of bone repair, osteoblasts
generate VEGF, encouraging endothelial cell migration and
proliferation. These endothelial cells, once activated, contri-
bute to the osteogenic process by releasing factors such as bone
morphogenetic protein (BMP)-2 and BMP-4, fostering further
osteoblast differentiation.

The osteogenic differentiation of BM-MSCs under the dif-
ferent culture conditions was confirmed, by qualitative and
quantitative assessment of ALP activity levels, an early marker
of differentiation, along the time of culture. ALP activity was
confirmed in all experimental groups apart from the negative
control consisting of cells in proliferation medium under
standard culture conditions, with and without chemically
conditioned osteogenic medium (Fig. 6a). ALP quantitative
analysis also confirmed augmented ALP production in groups

~
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containing LiCP under proliferation conditions, compared to
the control. When comparing samples at day 14 with the ones
at day 28, we could notice an overall increase in the ALP activity,
as expected (Fig. 6¢ and Fig. S5, ESIt). Cells cultured in all three
concentrations of LiCP positively expressed ALP in a similar
intensity in proliferation conditions, whereas when osteogenic
medium was added to the culture, a clear increase of ALP
staining was evident (Fig. 6a). Quantitative analysis confirmed
increasing ALP activity when cells were exposed at both LiCP
and osteogenic medium (Fig. 6¢), as noticed in the staining as
well (Fig. 6a, right). The ALP activity was significantly enhanced
by increasing the concentrations of LiCP in OM (Fig. 6c).

As BM-MSCs are multipotent adult stem cells, they are able
to differentiate into multiple cell types.®® There has been
evidence of trans-differentiation of MSCs into endothelial cells,
obtained by a variety of methods, such as usage of pre-
differentiation medium before transferring cells into Matrigel
culture,® flow chamber systems,70 co-culture of BM-MSCs with
endothelial progenitor cells”" or umbilical endothelial cells.”
However, there is still some controversy in the ability of
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of EGF (i), VEGF (i) and angiogenin (iii) compared to control cells. *p < 0.02, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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BM-MSCs ability to differentiate into functional endothelial
cells. There is clear evidence that the release of paracrine
factors from mesenchymal stem cells contribute to vascular
formation and function.”® In addition, lithium has been
demonstrated to not only stimulate the proliferation and
differentiation of osteoblasts, but also to induce an increase
of angiogenic factors.”"”* To study the effect of conditioned
media from cells in the presence of LiCP on vessel formation,
we used an in vitro tubulogenesis assay using human endothe-
lial cells (HMVECs). BM-MSCs were first cultured for up to 10
days in the presence of nanoparticles at different concentra-
tions, either in proliferation or endothelial medium (Fig. S6,
ESIY). At a macroscopic observation, BM-MSCs did not show an
influence in cell morphology when cultured in endothelial
medium (Fig. 7a, i). Gene expression of samples collected after
7 days of culture showed significant increase of EGF of at least
2-folds, in cells cultured with LiCP, compared to the control
(Fig. 7a, iii). Angiogenin was also up-regulated in cells cultured
with 10 pg mL ™" LiCP. Exposure to 100 pg mL " LiCP did not
show significant increase in angiogenin expression compared
to the control (Fig. 7a, iv). Surprisingly, VEGF was down-
regulated in 100 ug mL ™" Li-CaP (Fig. 7a, ii).

After 10 days of culture, conditioned media from each
group were then collected and used to perform the tubulo-
genesis assay. Cells cultured in regular EGM were used as the
negative control as they showed only very little tube for-
mation, whereas cells in the same media with supplemented
growth factors containing proangiogenic molecules, were
used as a positive control (Fig. 7b). HMVEC morphology
dramatically changed when cultured with different condi-
tioned media, showing a pronounced tube formation in
cells with 100 pug mL™' LiCP and proliferation medium.
All nanoparticle groups with proliferation medium showed
significantly higher tubulogenesis than the negative con-
trol (Fig. 7b, ii). Tube formation of HMVEC performed
with endothelial medium groups revealed enhanced tube
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formation in all groups treated with LiCP, with 10 and
100 pg mL ™" having significantly increased values (Fig. 7b, iii).

To further investigate LiCP capability in osteogenesis in vivo,
the nanoparticles were embedded in collagen hydrogel at a
concentration of 1 mg mL " and tested in vivo in an ectopic
model. Collagen hydrogel and collagen embedded with ACP
particles were used as controls. All groups were combined with
BMSCs to facilitate tumor formation (Fig. 8a). After five weeks,
surprisingly, the collagen hydrogels and hydrogels containing
LiCP showed formation of ectopic bone mass (Fig. 8a, bottom).
Moreover, samples with LiCP presented a more uniform and
dense bone formation compared to the control (Fig. 8b-d) and
showed increased new bone area. Masson’s trichrome staining
also showed a significant increase in new bone area in LiCP
compared to the control and notably particles had been
resorbed.

Notably, hydrogels containing LiCP were the only group that
showed mature bone formation, highly suggesting that LiCP
helped form vascularization at the early stage and allowed the
formation of uniform bone. Lithium has a complex but sig-
nificant role in osteogenesis, influencing various cellular pro-
cesses related to bone formation and repair. It has been
demonstrated that lithium chloride can stimulate bone for-
mation by enhancing alkaline phosphatase activity, promoting
the growth of mineralized nodules, and supporting osteogenic
differentiation in vitro.”> This effect is primarily mediated
through the inhibition of GSK-3p, a key component in the
wnt signaling pathway, which is crucial for bone development
and maintenance. Our gene expression results showed an
upregulation of Runx2, indicative of Wnt signaling involve-
ment, as it is one of the downstream genes of this pathway.”®
However, it has also been observed that the effects of lithium
on osteogenesis can vary depending on the dosage, cellular
context and the specific stages of cell maturation. For example,
prolonged treatment with lithium chloride has shown to inhi-
bit osteoblast differentiation in more mature cells of the dental
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Fig. 7 (a) Representative images of BM-MSCs cultured in proliferation (i, top) vs. endothelial (medium (i, down). Gene expression of VEGF (ii), EGF (iii),
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***%p < 0.001, ***p < 0.0001 (vs. Neg); # p < 0.02 (vs. group without nanoparticle “0").

pulp, indicating that its effects might be differential and highly dose dependent.”” Additionally, studies have suggested
dependent on the developmental stage of the cells involved or that while lithium enhances osteogenesis, it may also modulate
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Fig. 8 In vivo bone formation. (a) Top: schematic of the in vivo experimental set up and study groups, bottom: images of bone mass formed in the
control group (collagen hydrogel + BMSCs) and collage hydrogel containing 1 mg mL™ LiCP + BMSCs. The collagen hydrogels containing ACP + BMSCs
did not form bone mass. (b) Quantification of histological sections for relative bone area and mature bone. (c) Representative images of hematoxylin &
eosin (H & E) staining. Representative osteocyte (OC) and adipocyte (AC) are indicated by arrows. (d) Images of Masson’s trichrome staining. *p < 0.02.

adipogenesis, potentially influencing the balance between these
two processes in bone marrow-derived mesenchymal stem cells.”®
The influence of lithium when combined with calcium phos-
phates on osteogenic differentiation has been reported. Lithium
ions can significantly enhance the osteogenic properties of
calcium phosphate materials, as Yoo et al. demonstrated when
they explored how lithium doped into biphasic calcium phos-
phate can modify its crystal structure and improve its biological
responses, thereby enhancing its osteogenic potential. However
these are not fully resorbable as biphasic calcium contains
crystalline hydroxyapatite.” Our in vivo data is indicative of the
resorbability of LiCP and formation of ectopic mature bone.
This is particularly significant in bone tissue engineering, where
most bioactive calcium phosphate compositions are not fully
resorbable while at the same time can significantly influence
bone regeneration and repair. In addition to improving restor-
ability, the introduction of lithium ions into amorphous calcium
phosphate enhanced the material’s ability to stimulate bone
formation. Lithium has also been identified as a promoter for
vascularization. Lithium can enhance vascularization through the
expression of vascular endothelial growth factor (VEGF) and other
angiogenic factors, which are crucial for new tissue formation and
healing in bone regeneration processes. Cao et al. developed
calcium sulfate-based bone cement doped with nanoporous
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lithium doping magnesium silicate and demonstrated that
lithium can significantly enhance both osteogenesis and vascular-
ization. This is particularly evident in in vivo settings, where such
materials were implanted into bone defects and showed improved
vascular network formation alongside bone tissue regeneration.
The addition of lithium appears to increase the expression of key
osteogenic and angiogenic markers, suggesting a dual role in
promoting bone density and enhancing blood vessel formation.*°
Our results align with previous results in the literature, confirm-
ing the importance of lithium ions. In conclusion, our findings
suggest that LiCP nanoparticles could be highly beneficial in
clinical applications involving bone repair and regeneration,
where promoting vascularization and osteogenesis are essential
for successful healing of bone defects.

4. Conclusion

In conclusion, this study successfully demonstrates the synth-
esis of lithiated amorphous calcium phosphate (LiCP) nano-
particles. LiCP can release lithium ions in a sustained and
controlled dosage. The in vitro data highlight the exceptional
biocompatibility of these nanoparticles at the range of concen-
trations tested by maintaining high cell viability. The LiCP can
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induce significant osteogenic and angiogenic responses. In vivo
study revealed that LiCP is resorbable and can promote ectopic
bone formation. The lithiated nanoparticles present a highly
promising material for advancing bone repair and regeneration
therapies, offering dual benefits in osteogenesis and angio-
genesis. These findings lay the groundwork for future studies
and potential clinical applications, where precise modulation
of lithium release could tailor therapeutic outcomes to meet
specific patient needs in bone and vascular tissue engineering.
These findings establish a strong foundation for future research
and potential clinical applications involving LiCP, where the
precise modulation of lithium release could be tailored to achieve
specific therapeutic outcomes in bone and vascular tissue engi-
neering. Future studies can aim to explore molecular pathways to
strengthen the link between phenotypic outcomes and molecular
changes.
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