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ARTICLE INFO ABSTRACT

Keywords: For bottom-up bone tissue engineering, microcarriers play crucial roles in serving as scaffolds that provide
Microcarriers structural support and environmental cues for cell growth. Studies have demonstrated that the physicochemical
léA;Ig:n;nc calcium phosphate properties of microcarriers, such as surface structure and chemistry, have significant effects on cell phenotype.

However, current research on microcarriers has primarily focused on hydrogels or polymers, neglecting the
exploration of hard materials that mimic the bone tissue environment. In this study, a new facile method to
fabricate magnetic calcium phosphate (CaP)-based microcarriers were presented. By this method, magnetic
calcium phosphate was obtained without changing the surface nanostructure of CaP microspheres. These mag-
netic CaP microspheres were utilized as cell-adhesive microcarriers, allowing for cell-guided assembly into
spherical microtissue under a relatively low number of cells. However, when using CaP microspheres as
microcarriers, only loose aggregates were observed. To enhance the biofunctionality of the magnetic CaP
microcarriers, bisphosphonate-modified growth differentiation factor-5 (PGDF-5) were synthesized and selec-
tively deposited onto the magnetic CaP surfaces. Coculture with preosteoblastic cells demonstrated that PGDF-5
modified microcarriers effectively improved cell osteogenic differentiation and angiogenesis, thereby facilitating
the formation of highly stable cell spheroids. Collectively, all findings suggest that PGDF-5 modified magnetic
CaP microcarriers hold great potential as tools for fabricating bottom-up tissue engineered bone-mimicking
tissue.

Bisphosphonate-modification
Bottom-up tissue engineering

1. Introduction composition, aiming to enhance cell function and bone remodeling

(Miszuk et al., 2021, Wang et al., 2021). However, when cultured in

Nowadays, tissue engineered bone grafts has been regarded as a
promising approach to repair large bone defects. Tissue engineering
consists of three vital components: cells, scaffolds and bioactive factors.
The conventional approach involves seeding cells onto porous scaffolds,
which serve as an extracellular matrix (ECM) providing structural sup-
port and environmental cues for tissue growth. Many efforts have been
made to develop robust scaffolds that mimic ECM structural and
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macroscopic scaffolds, cells in the central region may occur necrosis due
to insufficient oxygen and nutrient supply. Additionally, controlling the
spatial organization of cells within the scaffold, especially for multiple
cell types and complex tissue construction at the micro/nano-scale,
poses challenges.

In comparison, bottom-up approaches in tissue engineering show
promising potential for fabricating complex tissues with precise spatial
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and temporal control at the micro/nano-scale (Feijao et al., 2021,
Schmidt et al., 2021). Bottom-up tissue engineering involves building
cell-laden microtissues and subsequently assembling them into macro-
scopic tissues. This approach enables precise spatial control of the
microtissues at the cellular level, resulting in a more uniform distribu-
tion of seed cells and the assembly of complex tissue structures. Despite
these advantages, bottom-up tissue engineering still faces significant
challenges in preparing suitable microcarriers to enhance cell function
and effectively assemble microtissues into desired macroscopic tissues.

The physicochemical properties of microcarriers, including surface
structure, hardness and chemical properties, have important effects on
cell phenotype as carriers for cell growth (Leferink et al., 2019, Luo
et al., 2019). Therefore, the selection of microcarriers based on tissue
characteristics plays a key role in facilitating tissue repair. Calcium
phosphate (CaP), as the main inorganic component of human bone tis-
sue, is widely used in bone defect repair due to its good biocompatibility
and bioactivity. Especially for nanostructured CaP microspheres, they
have demonstrated superior properties in enhancing protein adsorption
as well as cell adhesion, proliferation and differentiation (Xiao et al.,
2017, Xiao et al., 2020). Accordingly, we propose that CaP microspheres
with micro/nano structure would be an ideal cell microcarriers for bone
repair.

Cell behavior is not only determined by the surface structure, but
also regulated by growth factors involved in bone regeneration. Growth
differentiation factor-5 (GDF-5), a member of the bone morphogenetic
protein (BMP) family, has attracted increasing attention for its role in
bone regeneration (Bae et al., 2014, Zhang et al., 2020). In our previous
study, GDF-5 was incorporated with CaP porous scaffolds and implanted
in vivo, demonstrating that GDF-5 could promote angiogenesis and bone
tissue regeneration (Zhang et al., 2020). However, the challenge of low
utilization efficiency remains unsolved. To address this, we aim to
combine GDF-5 with bisphosphonates, the bone-targeting molecules, to
enhance the incorporation ability of growth factors to CaP carriers and
achieve effective release of growth factors around bone tissue, thereby
promoting bone regeneration.

Additionally, the assembly of isolated single microtissues into
desired macroscopic tissue is another major challenge in bottom-up
tissue engineering. In recent years, microcarriers have been assembled
using microfluidics, acoustic fields, and magnetic fields (Ouyang et al.,
2020). In particular, magnetic fields have been widely used in
biomedical fields, such as cell sorting, 3D cell culture, local
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hyperthermia, and clinical imaging (Hori et al., 2021, Gu et al., 2023).
The introduction of external magnetic fields can be an effective strategy
for achieving particle aggregation and accurate positioning in clinical
applications. Therefore, magnetic CaP microcarriers was expected to be
used to achieve efficient assembly of microtissues into macroscopic
tissues through an external magnetic field.

Based on the above, in order to biomimic the composition and
function of microtissues and achieve bottom-up assembly of micro-
tissues into macroscopic tissues, magnetic CaP carriers with enhanced
osteoinductive capacity were designed for bone tissue engineering (as
illustrated in Fig. 1). Firstly, magnetic CaP microspheres with nano-
structures were prepared, and GDF-5 was targetedly deposited onto the
CaP surface as microcarriers. Then, the microcarriers were cocultured
with preosteoblastic cells to form microtissues, which could be further
assembled to form macroscopic tissues with the help of an external
magnetic field. Furthermore, the biological functions of the aggregates
were investigated in vitro.

2. Materials and methods
2.1. Preparation of magnetic CaP microspheres with nanostructures

CaP microspheres with nanostructures were prepared using the hy-
drothermal method. Briefly, 0.33 g of CaCly and 0.44 g of ethylenedi-
amine tetraacetic acid (EDTA) were successively dissolved in a 30 mL
water solution. Then, NapHPO4 was dissolved into the solution to give a
molar Ca/P ratio of 1.67. Subsequently, 1 g of urea was dissolved into
the above solution. The pH of the solution was further adjusted to ~ 2.3
using a dilute HCl solution (volume ratio of HCl: HoO = 1:2). The
resulting solution was then transferred to a 50 mL Teflon-line reactor
and autoclaved at 150 °C for 3 h. The product was collected and washed
with water and alcohol, and dried at 80 °C for 24 h.

Magnetic Fe3O4 nanoparticles were synthesized as follows. First,
0.20 g of FeCly-4H50 and 0.46 g of FeCl3-6H,0 were dissolved in 40 mL
of water. Next, 5 mL of turpentine was added onto the water surface to
prevent air oxidation of iron ions. Subsequently, 3.5 mL of ammonia was
added into the water under the protection of nitrogen. The resulting
solution was then transferred to 100 mL autoclave vessels and heated at
120 °C for 20 h. The product was collected and washed with alcohol and
water, and dried under vacuum.

For the preparation of magnetic CaP microspheres, CaP microspheres
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Fig. 1. Schematic diagram of experimental design. First, CaP microspheres with nanostructures were incorporated with magnetic nanoparticles to form magnetic CaP
microcarriers. Bisphosphonate-modified GDF-5 was synthesized and incorporated with CaP microcarriers. Then, the obtained magnetic CaP microcarriers were
cocultured with MC3T3-E1 cells to form cell aggregates. Subsequently, the cell aggregates were assembled into larger ones under the assistant of an external magnetic

field for fabrication of engineered bone tissue.



L. Liet al

were mixed with Fe3O4 nanoparticles at a CaP/Fe304 mass ratio of 5:1
under ultrasonic condition (600 w, 5 min). The resulting mixture was
separated by a magnet and washed using water and ethanol, and further
dried at 80 °C for 12 h. The obtained sample was named as CaP/Fe304.
The obtained samples were observed using scanning electron mi-
croscope (SEM, JSM-7610F, JEOL) equipped with energy dispersive
spectrometer (EDS) and transmission electron microscopy (TEM, FEI
Talos F200S, Thermo). The composition and crystalline phase were
analyzed using Fourier transform infrared spectroscopy (FTIR, Spec-
trum2, PerkinElmer), X-ray photoelectron spectroscopy (XPS, Fisher
Scientific Escalab 250 Xi, Thermo) and X-ray diffraction (XRD, D8
Advance, Bruker). The magnetic properties of the particles were char-
acterized by vibrating sample magnetometer (VSM, 8600, Lakeshore).

2.2. Preparation of GDF-5 conjugated with bisphosphonate

The preparation of GDF-5 conjugated with bisphosphonate was
divided into following steps. Firstly, the -NHy groups in GDF-5 were
reacted with N-succinimidyl-3-(2-pyridyldithio) propionate (SPDP) to
introduce disulfide groups to the protein. Secondly, the -NH; groups in
bisphosphonate were converted to -SH by using 2-iminothiolane (2-IT).
Finally, the preactivated GDF-5 was combined with thiolated
bisphosphonate to form GDF-5/bisphosphonate conjugate. Briefly, 0.25
g of N-ethylmaleimide (NEM) was dissolved in a 20 mL solution of
dimethylformamide (DMF). Then, a 10 mL solution of GDF-5 (Abcam,
100 pg/ml in 0.1 M phosphate buffer, pH = 7.4) was incubated in the
NEM solution for 30 min. After centrifugation, the NEM-treated GDF-5
was incubated for 2 h in a 10 mL solution of 3-(2-pyriddisulphide)
propionate N-succinimide ester (SPDP), which was initially dissolved in
a DMF solution (50 mM). The unreacted reagents were removed by
dialysis in a phosphate buffer solution (PBS). Separately, pamidronate
sodium (20 mM in PBS) was incubated with 2-iminothiolane hydro-
chloride (100 mM in PBS) for 2 h at a volume ratio of 1:1. Subsequently,
SPDP-treated GDF-5 solution was added into the solution with equal
volumes and incubated for 1 h. The unreacted reagent was removed by
dialysis in a carbonate buffer (100 mM) and water. The obtained powder
was defined as PGDF-5. All the above reactions were performed at room
temperature. The obtained powder was characterized for group
composition using FTIR and circular dichroism (CD, Jasco J-1500,
Hachioji), and for protein molecular weight using Sodium Dodecyl
Sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

2.3. Preparation of magnetic CaP microspheres loaded with PDGF-5

To prepare magnetic CaP microspheres loaded with PDGF-5, 5 mg of
magnetic CaP microspheres were placed in a 5 mL solution of PDGF-5 or
GDF-5 (400 ng/ml, diluted with PBS) and shaken for 3 h. After centri-
fugation (7000 rpm, 10 min), the samples were collected and washed
with PBS. The protein concentration in the supernatant was measured
using a GDF-5 enzyme linked immunosorbent assay (ELISA) kit (Zeye
Biotechnology, Shanghai, China). The GDF-5 concentration bound to the
CaP microspheres was calculated using the following formula: (original
protein concentration-supernatant protein concentration)/original pro-
tein concentration*100 %. To investigate the stability of PGDF-5/
microspheres, the collected samples were immersed into a 50 mM Tris
buffer (pH = 7.4) containing 0 or 5 mM cysteine. After shaking for
predetermined times, the supernatant was collected and determined
using a GDF-5 ELISA kit.

2.4. Formation of cell/microcarrier aggregates

Murine MC3T3-E1 preosteoblasts were purchased from the American
Type Culture Collection (ATCC) and cultured in Alpha-Minimum
Essential Medium (a-MEM, Gibco) supplemented with 10 % fetal
bovine serum (FBS, Gibco) and 1 % penicillin-streptomycin (37 °C, 5 %
CO3). The culture medium was changed every 2 d. Cells were detached
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with trypsin when a confluency was reached 70-80 %.

To create cell-repellent surfaces, a solution of agarose in water (1 wt
%; UltraPure, Invitrogen) was heated in a water bath to 80 °C and coated
onto culture wells. Microcarriers and cells were suspended in the a-MEM
at different ratios and added to the culture plates. The morphology of
cell/microcarrier aggregates was observed using a light microscope
(DM750, Leica). The average diameter of the aggregates was determined
using Image J. Based on the microcarriers, the experiment groups were
named as CaP, CaP/Fe304, CaP/Fe304/GDF-5, CaP/Fe304/PGDF-5.

After culture for 1, 4 and 7 d, cell proliferation was determined using
cell counting kits (CCK-8, Beyotime, China). Additionally, after culture
for 1, 7 and 14 d, the aggregates were observed and images were
captured using a light microscope. After culture for 4 d, the aggregates
were fixed using 2.5 % glutaraldehyde at 4°C overnight, and further
dehydrated in graded ethanol (50 %, 70 %, 80 %, 90 %, 100 %) followed
by air-drying. Then, the aggregates were gold sputter-coated and
observed using SEM. After culture for 14 d, the cell aggregates were
washed using PBS and stained with a mixture of 2 umol/L calcein-AM
and 4 umol/L propidium iodide (PI). The cells were then observed
under a fluorescence microscope (Ts2, Nikon).

2.5. Osteogenic capability of the cell/microcarriers aggregates

After culture for 1 d, the medium was replaced with osteogenic dif-
ferentiation medium (a-MEM containing 10 % FBS, 10 mM f-glycer-
ophosphate, 100 nM dexamethasone, and 50 pg/ml of ascorbic acid).
The culture medium was changed every 2 d. After culture for 7 d, the
alkaline phosphatase (ALP) activity of the cell aggregates was measured
using an ALP microplate test kit (P0321, Beyotime, China). After culture
for 7 d, the cells were then immunofluorescently stained using
iFluor488-labeled phalloidin, 2-(4-Amidinophenyl)-6-indolecarbami-
dine dihydrochloride (DAPI) and antibodies against osteopontin (OPN)
and osteocalcin (OCN). The stained cells were observed under a fluo-
rescence microscope and semi-quantified using Image J software.

2.6. Endothelial cells coculture with microcarriers extract

To determine the angiogenesis capability of the microcarriers,
human umbilical vein endothelial cells (HUVECs, 2 x 10* per well) were
cocultured with microcarrier extract in endothelia cell growth medium.
The microcarrier extract was collected from the supernatant of the
culture medium after coculture of microcarriers with MC3T3-E1 for 2 d.
After culture with microcarrier extract for 4 d, HUVECs were immuno-
fluorescently stained using iFluor488-labeled phalloidin, DAPI and an
antibody against vascular endothelial growth factor (VEGFA, Abcam).
The stained cells were observed using a fluorescence microscope and
semi-quantified using Image J software.

Additionally, HUVECs (5 x 10° per well) were seeded onto Matrigel-
coated 96-well plates and cocultured with different microcarrier extract
for a tube formation assay. After 3 and 9 h, the cells were observed using
an inverted microscope. The number of meshes, indicating the ability of
cells to form tubes, was quantified using Image J software.

HUVEGs (5 x 10° per well) were seeded onto 24-well plates and
cocultured with different microcarrier extracts for the scratch assay.
After cell confluence was reached 100 %, the surface was scratched
using a 200 pL pipette tip. Subsequently, the culture medium was
replaced with microcarrier extract without FBS. After culture for 0 and
24 h, cell migration was observed using a light microscope and quan-
tified using Image J software.

2.7. Statistical analysis

All data were presented as mean =+ standard deviation and further
analyzed using analysis of variance (ANOVA) followed by Tukey mul-
tiple comparison tests. A p-value < 0.05 was considered significant
difference.
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3. Results and discussion
3.1. Preparation and characterization of magnetic CaP microspheres

For synthesis of magnetic CaP, a hydrothermal method was used to
produce CaP microspheres using CaCly as the calcium source, and
NayHPO,4 as the phosphorous source. To prepare microspheres with
good dispersibility and uniformity, the organic chelator EDTA was
added to regulate the growth of CaP crystals to obtain the desired
morphology and size of CaP particles (Qi et al., 2020, Yao et al., 2021).
Additionally, the incorporation of Fe3O4 nanoparticles onto the CaP
surface, was expected to confer magnetic properties to the microspheres
and facilitate their rapid aggregation by using an external magnetic
field.

The morphology of the prepared Fe3O4, CaP and CaP/Fe304 particles
was shown in Fig. 2. The prepared magnetic nanoparticles exhibited
uniform microspheres with an average diameter of ~ 21 nm (Fig. 2A and
Supplementary Fig. S1a). High-resolution TEM showed that, the lattice
fringes had interplanar spacings of 0.291 nm and 0.251 nm, corre-
sponding to the (220) and (31 1) planes of Fe304 (JCPDS 01-085-1436),
respectively. For CaP synthesis, ribbon-like crystals formed without
EDTA presence (Supplementary Fig. Slc). In comparison, at 0.05 M
EDTA, the product was composed of microspheres (average diameter: ~
8 um) with nanorods on the surface (Fig. 2B and Supplementary
Fig. S1b). Further increase of EDTA concentration to 0.1 M resulted in
the formation of smaller microspheres (average diameter: ~2 um) with
nanorods on the surface. The above results indicated that EDTA con-
centration played key roles in regulating the morphology and size of CaP
microspheres. Previous studies have demonstrated that EDTA can
chelate with Ca%* and further inhibit the c-axis growth of CaP whiskers,
thus leading the formation of CaP microspheres (Zarkesh et al., 2017,
Yao et al.,, 2021). Higher EDTA concentration resulted in a rapid
decrease in free Ca®*, which restricted the CaP growth and led to for-
mation of smaller CaP microspheres. In this study, larger microspheres

20 pm
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prepared at 0.05 M EDTA were chosen for further study as microcarriers
for cell aggregates. The CaP microspheres were then mixed with FesO4
at a mass ratio of 5:1 under ultrasonic conditions, resulting in a color
change from white to dark brown in the solution (Supplementary
Fig. S1d). The microspheres could be easily separated from the solution
using an external magnet (Fig. 2C). SEM images showed that the CaP/
Fe304 mixture had uniform particle size and morphology, similar to the
CaP microspheres. However, the nanostructures on the microsphere
appeared less distinct. EDS analysis (Fig. 2d) confirmed that the mi-
crospheres were mainly composed of Ca, P and O, with small amounts
of uniformly distributed Fe on the surface. Semi-quantitative analysis of
EDS data indicated a Ca/P ratio of ~ 1.5, suggesting the formation of
calcium-deficient apatite. TEM images (Supplementary Fig. S2) showed
that the surface of the microspheres consisted of nanorods (length:
~200 nm, width: ~40 nm) and nanoparticles (diameter: ~ 20 nm). The
lattice fringes of the nanoparticles corresponded to the (311) planes of
Fe304 with an interplanar spacing of 0.251 nm, while the lattice fringes
of the nanorods corresponded to the (00 2) plane of hydroxyapatite (HA)
with an interplanar spacing of 0.338 nm. Thus, all the results indicated
that CaP microspheres with magnetic properties were successfully pre-
pared using a simple ultrasonic method. Noteworthily, the mass ratio
between CaP and Fe3Oy is a key factor affecting the magnetic property of
CaP particles. When the mass ratio of CaP/Fe3O4 was 7:1, a portion of
the mixture was unable to be absorbed by the external magnet and was
deposited onto the bottom. At a mass ratio of 3:1, there was a significant
decrease in cell proliferation compared to pure CaP and CaP/Fe304
(5:1), indicating potential cell toxicity due to the high Fes04 amount
present in the magnetic CaP particles (Supplementary Fig. S3). Based on
these findings, the mass ratio of CaP/Fe304 was fixed at 5:1 for further
investigation.

The prepared samples CaP, Fe304 and CaP/Fe3O4 were further
characterized using XRD and FTIR. XRD patterns of CaP microspheres
and Fe304 nanoparticles (Fig. 3a) matched with the standard diffraction
pattern of HA (JCPDS 09-0432) and Fe304 (JCPDS 01-085-1436),

Fig. 2. (A) TEM images of Fe304 nanoparticles, (B) SEM images of CaP microspheres (x5 000, x20, 000, x60, 000), (C) SEM images of CaP/Fe304 microspheres (x5
000, x20, 000, x60, 000) and the photograph of isolation of CaP/Fe30,4 particles from solution using external magnet, (D) the elements distribution on the surface of

CaP/Fe304 microspheres.
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Fig. 3. (a) XRD patterns and (b) FTIR spectra of CaP, Fe304 and CaP/Fe304, (c) XPS spectrum of CaP/Fe30,, inlet, high-resolution XPS spectrum of Fe, (d)

magnetization curves of Fe304 and CaP/Fe30,4,

respectively. The XRD patterns of CaP/Fe304 exhibited major peaks
corresponding to HA and a minor peak at 35.5° corresponding to (311)
faces of Fe304, which were consistent with the TEM results (Supple-
mentary Fig.S2). In the FTIR spectra (Fig. 3b), the bands at 564 and 605
em ™! were assigned to phosphate bending and the bands at 961 and
1031 cm™! were assigned to phosphate stretching, corresponding with
those of HA (Koutsopoulos, 2002). Additionally, the weak band at 1409
cm™! was assigned to CO3™ replacing PO and the band at 1458 cm ™!
was assigned to CO3™ replacing OH", indicating the formation of AB-type
carbonate HA (Gibson and Bonfield, 2002, Safarzadeh et al., 2019).
Furthermore, the band at 605 cm ™! was assigned to the vibration of Fe-O
tetrahedral bond, while the band at 445 cm™! was assigned to the vi-
bration of Fe-O octahedral bond (Kumar et al., 2015, Husain et al.,
2019). The co-existence of octahedral and tetrahedral Fe-O bands in the
FTIR spectra confirmed the presence of Fe3O4 phase, consistenting with
the XRD results. However, in the FTIR spectrum of CaP/Fe304, Fe3O4
could not be distinguished due to the overlay peak at 605 cm™*. Thus,
XPS measurement was used to further identify the presence of Fe304 in
CaP/Fe304. The result (Fig. 3c) revealed characteristic peaks of Ca, P, O,
C and Fe. The high-resolution spectrum demonstrated that the Fe2p
spectrum comprised one doublet at 709.5 eV (Fe2ps,») and 722.3 eV
(Fe2p1,2), which were consistent with the binding energies of Fe304 in
previous studies (Hu et al., 2006, Raha and Ahmaruzzaman, 2021).
Moreover, the magnetization hysteresis curves of Fe3O4 and CaP/Fe304
were shown in Fig. 3d. Both Fe304 and CaP/Fe304 exhibited hysteresis
loops, indicating ferromagnetic behavior. The magnetic saturation and
coercivity values for Fe304 were 25 emu/g and 69 Oe, respectively. CaP/
Fe304 exhibited magnetic saturation of 5 emu/g and coercivity of 56 Oe.
The reduced magnetic saturation could be attributed to the decreased
mass ratio of Fe3O4. According to magnetization curves, the mass ratio
of CaP/Fe304 was calculated as 4.88, which was consistent with the
material design mentioned in section 2.1 (the mass ratio of CaP/Fe3O4
was fixed at 5:1).

These results confirmed the successful preparation of magnetically
nanostructured CaP microspheres using a simple method, while main-
taining the original CaP particle morphology to a great extent.
Furthermore, the combination of Fe304 nanoparticles and CaP micro-
spheres exhibited good stability. Even after being immersed in a water
solution for 21 d, the microspheres still retained their magnetic prop-
erties. This interaction was probably attributed to the electrostatic
attraction between the negative charge on the surface of Fe3O4 nano-
particles (zeta potential: —-32 mV) and the positive charge derived from
Ca?" on the surface of CaP microspheres. The pH value of the synthe-
sized solution was 10 ~ 11, which resulted in the surface of Fe3O4
having a negative charge potential due to the dissociation of Fe-OH and
the formation of Fe-O~ (Reddy et al., 2014). In addition, the nanorod
structures on CaP microspheres preferentially grew along the c-axis di-
rection and exposed many Ca2* sites, which benefited for the attraction
of more negative Fe304 nanoparticles (Xiao et al., 2015).

3.2. Preparation and characterization of magnetic CaP loaded with
PGDF-5

With the rapid development of tissue engineering technology, the
significant advantages of growth factors in promoting bone tissue repair
have attracted great attention. However, there are concerns regarding
the high cost and potential side-effects, such as ectopic osteogenesis or
vascularization) (Oryan et al., 2014, James et al., 2016). Therefore, it is
crucial to improve the targeted deposition of growth factors onto bone
tissue. Sodium pamidronate, as a bisphosphonate, not only has good
bone affinity, but also contains amino groups on the side chain, which
allows for chemical functional modification. This makes it an effective
approach to use bisphosphonate to modify growth factors, enhancing
bone targeting and reducing the required dose. In this study, sodium
pamidronate was conjugated to GDF-5 using SPDP as a crosslinking
agent. The FTIR spectra (Fig. 4a) of PGDF-5 showed bands at 923, 1073
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and 1169 cm ™!, which corresponded to the stretching vibrations of the
phosphate group (Alipour et al., 2022). In addition, a band at 525 cm™?
assigned to disulfide (Safarpour et al., 2017) indicated the successful
conjugation between GDF-5 and bisphosphonate through a disulfide
linkage. Deconvolution, a mathematical approach, was used to enhance
the resolution of the amide I spectral region and resolve the individual
bands into constituent bands assigned to protein secondary structure.
The deconvolutions of GDF-5 and PGDF-5 in the amide I spectra region
(1600-1700 cm 1) were shown Fig. 4b and c, respectively. In GDF-5
spectrum, data analysis showed that the relative area near 1621 cm™!
assigned to B-sheet accounted for 16.6 %, the area near 1643 cm
assigned to random coil accounted for 31.5 %, the area near 1661 cm !
assigned to a-helix accounted for 31.5 % and the area near 1679 cm™!
assigned to f-turn accounted for 20.4 %. In the PGDF-5 spectrum,
B-sheet (the area near 1623 cm 1) accounted for 18.8 %, random coil
(the area near 1640 cm ™) accounted for 33.7 %, a-helix (the area near
1660 cm 1) accounted for 33.6 % and B-turn (the area near 1676 cm )
accounted for 13.9 %. A similar trend was observed in the CD spectra of
GDF-5 and PGDF-5 (Fig. 4d and Table S1). These results indicated that
the secondary structure of bisphosphonate-modified GDF-5 was not
significantly different from pristine GDF-5, suggesting the high bioac-
tivity of PGDF-5. The SDS-PAGE analysis (Fig. 4e) suggested that the
molecular weight of GDF-5 and PGDF-5 had no significantly difference,
demonstrating that the SPDP used in PGDF-5 synthesis process did not
induce protein-protein linkage. In this process, SPDP, a heterobifunc-
tional cross-linking agent, first reacted with the primary amino group on
the protein side chain to introduce pyridyl dithio groups. Meanwhile,
amino radicals on pamidronate sodium reacted with 2-IT to generate
sulfhydryl groups. The conjugates between GDF-5 and pamidronate
sodium were then formed through the exchange of sulfhydryl groups on
pamidronate sodium and disulfide bonds on proteins (illustrated as
Supplementary Fig. S4) (Wright et al., 2006). Compared with other
commonly used protein cross-linking reagents (e.g., glutaraldehyde,
carbodiimide, etc.), the conjugation reaction using SPDP is easy to
control and has fewer side-effects (e.g., protein self-cross-linking).
Additionally, the magnetic CaP binding assay (Supplementary Fig.
S5a) showed that GDF-5 gave a relatively low binding (~33 %) whereas
PGDF-5 gave a much higher binding (~78 %). These results indicated
that bisphosphonate modification significantly enhanced the mineral
affinity of GDF-5. Moreover, the protein release amount were measured

after shaking for 24 h, with ~ 5.0 ng released at 0 mM cysteine and ~
22.0 ng released at 5 mM cysteine (Supplementary Fig.S5b). This sug-
gested that the presence of cysteine benefited protein release. The cu-
mulative release curves (Supplementary Fig.S5c) demonstrated that
protein release in a cysteine-containing solution was significantly faster
than in a solution without cysteine within 15 d. This was probably
attributed to the presence of -SH groups in cysteine molecule, which
could break disulfide bonds in PGDF-5, leading to protein dissociation
from the bisphosphonate (Mthembu et al., 2020). Therefore, the
bisphosphonate-modified protein not only retained the bioactivity, but
could also be released through reductive cleavage of disulfide linkages,
such as cysteine. Considering that the environment surrounding bone
defects is rich in reductive agents, such as peroxyl free radicals and ROS,
which facilitate disulfide bonds cleavage (Giles et al., 2001). Therefore,
utilizing SPDP to conjugate bisphosphonate and GDF-5 is an effective
method for improving protein affinity to bone mineral.

3.3. Cell-guided assembly of CaP-based microcarriers and formation of
cell/microcarrier aggregation

To fabricate biomimetic modular bone tissue at micro-nano scale and
develop cell/carrier aggregates for bottom-up bone tissue engineering,
cells were cocultured with CaP-based microcarriers on a cell-repellent
agarose coating. The effect of cell density on aggregate formation was
investigated by adding varying cell densities (1 x 10%, 2 x 10 and 4 x
10% per well) to 96-well plates, while keeping the magnetic CaP con-
centration at 3 mg/ml (200 pL per well). With time increase, the cells
guided the assembly of magnetic CaP particles to form aggregates,
which became smaller for all groups over time (Supplementary
Fig. S6a). However, at low cell density (1 x 10° per well), the aggregates
formed after culture of 14 d exhibited irregular and loose structures,
which would collapse with mild vibration. In contrast, at higher cell
densities (2 x 10 and 4 x 10° per well), the aggregates exhibited
compact spheroids with sufficient mechanical stability, allowing them to
be moved using tweezers. The effect of particle density on aggregate
formation was also investigated at a fixed cell density of 2 x 10° per well
(Supplementary Fig. S6b). At low particle densities (3 mg/ml and 5 mg/
ml), smaller spherical aggregates with mechanical stability formed over
time. Furthermore, the aggregate diameter significantly increased (1.1
mm vs 1.7 mm) with higher particle density after culture of 14 d.
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However, at high particle density (7 mg/ml), irregular and loose cellular
aggregates formed after culture of 14 d. Therefore, higher cell-to-
particle ratios facilitated the formation of 3D cell/microcarrier spher-
oids, while a relatively higher particle-to-cell ratio resulted in larger
spheroids. To achieve faster formation of aggregates with mechanical
stability, a cell density of 2 x 10° per well and a particle density of 5 mg/
ml were fixed for the subsequent study.

Fig. 5A showed the gross images of cells cocultured with different
microcarriers at 1, 7 and 14 d. With time increase, the dispersed particles
in the solution assembled into spheroids with the guidance of the cells,
starting from flat cellular aggregates. At day 7 and 14 d, the size of loose
aggregate for CaP microcarriers slightly reduced (~2.1 mm vs 2.0 mm),
while the aggregate diameter significantly decreased for the other three
groups as time prolonged. At day 14, the aggregate diameter was ~ 1.5
mm for CaP/Fe304 microcarriers, ~1.3 mm for CaP/Fe304/GDF-5
microcarriers and ~ 1.1 mm for CaP/Fe304/PGDF-5 microcarriers.
Moreover, all three groups exhibited a spherical morphology and suffi-
cient mechanical stability to be transferred using tweezers. After culture
of 14 d, the cell live/dead fluorescent microscopy images of the cells
(Fig. 5B) showed the presence of both live (green) and dead (red) cells in
all four groups, with the live cells being the majority. The size of the cell
aggregates showed a decreasing trend as followed: CaP > CaP/Fe304 >
CaP/Fe304/GDF-5 > CaP/Fe30,4/PGDF-5, which corresponded with the
gross morphology observed in Fig. 5A. The CaP microcarriers showed a
loose structure and flat morphology, while the other three groups had
spherical morphology. The spheroids formed by the CaP/Fe304/GDF-5
and CaP/Fe304/PGDF-5 groups had compact cellular aggregates with
smaller size and strong mechanical stability. Most of cells in the spher-
oids were viable. Previous studies have shown that bottom-up tech-
niques, where cells replaced between micro-objects, allow homogeneous
cell distribution and easy access to nutrients for internal cells (Griffin
et al., 2015, Leferink et al., 2019). Therefore, the cells in the spheroids
assembled using magnetic CaP-based microcarrier maintained good
viability. Other studies have used concave non-adherent surfaces (Costa
etal., 2014, Tajima and Tabata, 2018) or centrifugation (Froehlich et al.,
2016) to prepare spherical cellular aggregates. In this study, magnetic
CaP-based carriers were used to successfully form spheroids with a
diameter of ~ 1 mm after culture of 14 d, indicating that the addition of
magnetic CaP microcarriers could be an effective strategy for con-
structing cell spheroids. Previous studies on cell-only aggregates
required a high number of cells to form submillimeter-sized tissue
(Leung and Sefton, 2010, Dikina et al., 2018). However, with the
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assistance of magnetic CaP microcarriers, larger-sized tissue spheroids
were formed with a relatively low number of cells. Particularly, the CaP/
Fe304/GDF-5 and CaP/Fe304/PGDF-5 microcarriers exhibited strong
mechanical stability in the formed spheroids.

3.4. Cell proliferation and osteogenic differentiation during co-culture
with microcarriers

To investigate the effects of microcarriers on cell proliferation and
osteogenic activity, MC3T3-E1 cells were cocultured with CaP-based
microcarriers on a cell-repellent agarose coating. CCK-8 assay
(Fig. 6A) showed that the cell number increased over time for all groups.
However, on day 1, there were no significant differences among the four
groups. On day 4, the cell number on CaP/Fe304/GDF-5 microcarriers
were significantly higher than that on CaP microcarriers (p = 0.02). On
day 7, the cell number on CaP/Fe304/PGDF-5 was significantly higher
than that on CaP/Fe304 (p = 0.009). CCK-8 results indicated that the
addition of growth factors, including GDF-5 and PGDF-5, had a positive
effect on cell proliferation. On day 4, SEM images (Supplementary
Fig. S7) demonstrated the presence of microcarrier/cell aggregates.
However, CaP microcarriers assembly by cell guidance appeared flat and
loosely, whereas the other three magnetic microcarriers exhibited
complete integration under a dense layer of cells. Furthermore, the as-
sembly of the magnetic microcarriers appeared more three-dimensional,
with surfaces that were either convex or concave.

Cellular osteogenic activity was determined by ALP activity and
immunofluorescence staining after co-culture of 7 d. Cellular ALP ac-
tivity (Fig. 6B) on different microcarriers showed a trend of CaP < CaP/
Fe304 < CaP/Fe304/GDF-5 < CaP/Fe304/PGDEF-5. The differences be-
tween all pairs of groups were statistically significant (p < 0.0001).
Specifically, the ALP level on CaP/Fe304/PGDF-5 microcarriers was ~
43 % higher than that on CaP/Fe304/GDF-5 microcarriers, ~87 %
higher than that on CaP/Fe304 microcarriers, and about 4.8-fold higher
than that on CaP microcarriers. In addition, the protein expressions
including OCN and OPN were evaluated using immunofluorescence
staining (Fig. 6C). The cell nuclei were stained into blue using DAPI,
while F-actin was stained green using iFluor488-labeled phalloidin, and
OCN/OPN were immunostained red. For all groups, the actin filaments
formed intricate networks. These filament networks on the micro-
carriers’ surface likely contribute to the mechanical forces responsible
for microcarriers aggregation and cell motility (Achard et al., 2010,
Svitkina, 2018). Immunofluorescent staining of osteogenic protein

Fig. 5. (A) Gross morphology of cells co-cultured with different carriers at different days (scale bar = 1 mm), (B) Calcein-AM/PI staninings of cell/carrier aggregates

(scale bar = 1 mm). Green represents live cells while red represents dead cells.
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Fig. 6. (A) The proliferation of MC3T3-E1 cells co-cultured with CaP-based microcarriers at 1, 4 and 7 d, (B) the ALP activity of cells co-cultured with CaP-based
microcarriers at 7 d, (C) immunofluorescent stainings of osteogenic makers including OCN and OPN after co-culture of 7 d. F-actin was stained with iF1u0r488—

labeled phalloidin (green) cell nuclei was stained using DAPI (blue) and OPN/OCN were immunostained red (scale bar = 100 pm). *

represents p < 0.01, * represents p < 0.0001.

markers showed similar results for OCN and OPN. Most of the cells on
CaP/Fe304/GDF-5 and CaP/Fe304/PGDF-5 microcarriers expressed
OCN and OPN, while only a small number of cells on CaP and CaP/Fe304
microcarriers expressed these proteins. Correspondingly, the semi-
quantitative analysis (Supplementary Fig.S8) showed that OCN expres-
sion was the highest in the CaP/Fe304/PGDF-5 group, followed by the
CaP/Fe304/GDF-5 group, while the lowest expression was observed in
the CaP and CaP/Fe304 groups. The groups of CaP/Fe304/GDF-5 and
CaP/Fe304/PGDF-5 exhibited significantly higher OPN expressions
compared to the groups of CaP and CaP/Fe304. ALP is considered as an
early biomarker for osteoblastic phenotype, whereas OCN and OPN are
considered late biomarker for biomineralization and osteogenic differ-
entiation. Overall, the results proved that the incorporation of growth
factors (including GDF-5 and PGDEF-5) could significantly enhance the
osteogenic differentiation of MC3T3-E1 cells when cocultured with
magnetic CaP microcarriers. Previous studies have shown that GDF-5
could promote osteogenic differentiation through the activation of
ERK1/2 and p38 MAPK signaling pathways (Zhong et al., 2006). In this
study, GDF-5 and PGDF-5 exhibited increased protein expressions of
ALP, OCN and OPN, suggesting that bisphosphonate-treated GDF-5 had
no negative effect on its bioactivity. Surprisingly, PGDF-5 demonstrated
significantly enhanced osteogenic capability compared to GDF-5. This
may be attributed to the osteogenic capability of bisphosphonates,
which may enhance osteogenic differentiation through the activation of
ERK and JNK signaling pathways (Fu et al., 2008, Safari et al., 2023).
However, the underlying mechanism needs to be further investigated.
Nevertheless, PGDF-5 modified magnetic CaP microcarriers could serve
as an effective tool to enhance the osteogenic differentiation of cell
aggregates.

“ represents p < 0.05,

3.5. The biological functions of endothelial cells cocultured with
microcarrier extracts

Previous studies have shown that cell death tends to occur in the
center of large-sized tissue constructs due to the hindrance caused by
scaffold geometry, which limits the diffusion of nutrients (Xie et al.,
2022, de Silva et al., 2023). Therefore, vascularization is considered a
crucial factor that influences the formation of aggregates ranging from
micrometers to millimeters or centimeters (de Silva et al., 2023). In this
study, to evaluate the vascularization capability of the aggregates,
HUVECs were introduced to coculture with microcarrier extracts. The
immunofluorescent staining (Fig. 6A) showed that numerous cells
cocultured with CaP/Fe304/GDF-5 and CaP/Fe304/PGDF-5 extracts
expressed VEGF, whereas only a few cells cocultured with CaP and CaP/
Fe304 expressed VEGF. Semi-quantitative analysis of VEGF fluorescence
(Fig. 7D) showed a trend of CaP < CaP/Fe304 < CaP/Fe304/GDF-5 <
CaP/Fe304/PGDF-5. All pairwise comparisons between the groups
showed statistically significant differences (all p < 0.001). In addition,
after coculture of 3 h, the number of meshes formed in the CaP/Fe304/
PGDF-5 extract was significantly higher than that in the CaP and CaP/
Fe304 groups (Fig. 7B and E). After coculture of 9 h, the number of
meshes formed in the CaP/Fe304/PGDF-5 extract was significantly
higher than that in the other three groups (Fig. 7B and E). Moreover, the
scratch assay (Fig. 7C and F) showed that the extracts of CaP/Fe304/
GDF-5 and CaP/Fe304/PGDF-5 had significantly positive effects on cell
migration compared to the extracts of CaP and CaP/Fe304. Particularly,
the cell migration rate was 43 % higher in the CaP/Fe304/PGDF-5
extract compared to the CaP/Fe3O4/GDF-5 extract, 157 % higher
compared to CaP/Fe304 extract, and ~ 5.4 fold higher compared to CaP
extract. These findings indicated that the addition of growth factors in
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Fig. 7. Effects of different microcarrier extracts on biofunctionality of endothelial cells. (A) immunofluorescent staining of VEGF protein in HUVECs after co-culture
with different microcarrier extracts for 4 d. F-actin was stained with iFluor488-labeled phalloidin (green), cell nuclei was stained using DAPI (blue) and VEGF was
immunostained red, (B) tube-like network formation after coculture of HUVECs with different microcarrier extracts for 3 and 9 h, (C) cell migration evaluated by
scratch assay, (D) semi-quantitative analysis of immunofluorescent staining of VEGF protein, (E) network formation quantified using number of meshes, (F) semi-
quantitative analysis of the scratch assay. * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001,**** represents p < 0.0001.

the microcarriers could significantly enhance the migration and angio-
genesis of endothelial cells, particularly in the case of CaP/Fe304/PGDF-
5 microcarriers. Growth factor GDF-5 has been proved to induce
angiogenesis in vivo (Yamashita et al., 1997) and enhance the angiogenic
capability of BMSCs by increasing VEGF secretion in vitro (Kleinschmidt
et al., 2013). In particular, the mutant GDF-5 protein BB-1, which in-
corporates BMP-2 residues into GDF-5, demonstrates both the osteo-
genic property of BMP-2 and the angiogenic property of GDF-5, thereby
facilitating bone regeneration and spinal fusion (Kleinschmidt et al.,
2013, Li et al., 2021). Similarly, PGDF-5 also exhibited positive effects
on osteogenesis and angiogenesis, indicating its promising potential in
bone regeneration.

Currently, microcarriers are always focused on the construction of
microgels (e.g., gelatin, hyaluronic acid) that mimic the ECM microen-
vironment (Wu et al., 2015, Miszuk et al., 2021). However, hydrogel
have limitations in terms of mechanical capacity and degradation rate,
making them less suitable for repairing hard tissue (Leferink et al., 2014,
Leferink et al., 2019, Luo et al., 2019). Moreover, the preparation of
hydrogel-based microcarriers involves the use of potentially denaturiz-
ing or toxic crosslinking agents, which may create an unfavorable
microenvironment for cell growth (e.g., UV irradiation and free radi-
cals). Therefore, developing appropriate microcarriers for bone tissue
repair need to be further studied. In this study, magnetic CaP-based
microspheres were used as microcarriers, and a static culture system
based on these microcarriers was found to be a promising tool for con-
trolling the formation of cell spheroids. This approach exhibited how
cells guided the assembly of microcarriers to form aggregates. In addi-
tion, to regulate the osteogenic and angiogenic capabilities of cells, we
modified the surface chemistry of the microcarriers using growth

factors. Bisphosphonate-modified GDF-5 not only showed high affinity
to CaP-base microcarriers, but also exhibited superior performance in
promoting osteogenesis and angiogenesis.

However, controlling the assembly process for fabricating large-sized
bone tissue constructions from the bottom up remains a challenge. In
these days, magnetic particles have been widely used in biomedical
fields due to their controllability and rapid response, which arise from
the interactions between an external magnetic field and magnetic
nanoparticles (Kianfar, 2021, Duong et al., 2022). In this study, we
successfully assembled and fused isolated cell/microcarrier aggregates
into larger structures from the bottom up with the assistance of an
external magnetic field (Supplementary Fig. S9). However, without the
aid of external magnetic field, this assembly process became signifi-
cantly more difficult. The results demonstrate the potential benefits of
using magnetic CaP-based microcarriers for the assembly of cell/
microcarrier aggregates, which could be promising for constructing
complex and large-sized bone tissue in vitro. In future studies, we will
focus on coculturing various cells with the microcarriers and combining
the cell/microcarrier assemblies with other instructive materials (such
as hydrogel) as functional phases. This will allow us to further investi-
gate their biofunctionality in vivo and explore their application and
mechanism in bone regeneration.

4. Conclusions

In summary, this study reported a simple approach to prepare
magnetic CaP-based microcarriers for bottom-up tissue engineering.
These microcarriers could be assembled into large-sized tissue con-
structs with the guidance of cells. This approach not only imparts
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magnetic properties to CaP microsphere, but also maintains the surface
nanostructures. Additionally, the magnetic CaP microcarriers were
further modified with bisphosphonate-modified GDF-5, which could
enhance the affinity to CaP microcarriers and promote cell osteogenic
and angiogenic properties. Overall, this study indicate that PGDF-5
modified magnetic CaP microspheres have the potential to be used as
microcarriers in bottom-up bone tissue engineering, facilitating the
construction of clinically relevant-sized tissue.
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