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Abstract

The inorganic part of human bone is mainly composed of hydroxyapatite (HAP: 

Ca10(PO4)6(OH)2) and whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12) minerals, where the WH 

phase occupies up to 20-35% of total weight. These two bone minerals have different crystal 

structures and physicochemical properties, implying their distinguished role in bone physiology. 

However, until now, the biological significance of the presence of a certain ratio between HAP and 

WH in bone is unclear. To address this fundamental question, bone mimetic scaffolds are designed 

to encapsulate human mesenchymal stem cells (MSCs) for assessing their osteogenic activity 

depending on different ratios of HAP and WH. Interestingly, cellular growth and osteogenic 

differentiation are significantly promoted when MSCs are grown with a 3 to 1 ratio of HAP and 

WH nanoparticles, which is similar to bone. One of the reasons for this synergism between HAP 

and WH in hydrogel scaffolds is that, while WH nanoparticles can enhance osteogenic 

differentiation of MSCs compared to HAP, WH counterintuitively decreases the mechanical 

stiffness of nanocomposite hydrogels and hinders the osteogenic activity of cells. Taken together, 

these findings identify the optimal ratio between two major minerals in bone mimetic scaffolds to 

maximize the osteogenic differentiation of MSCs.
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1. Introduction

One in three people experience bone fractures during their lifetime, in which 10% of cases 

develop into nonunion fractures. These fractures cannot spontaneously recover, so they 

require external clinical treatment [1, 2]. To treat nonunion fractures, autologous bone graft 

transplants are considered a gold standard based on their histocompatibility, as they have 

similar structure and composition with skeletal tissue around the fracture [3]. However, 

autografts are limited in supply, require secondary surgery, and can cause morbidity at the 

donor site [4–6]. Therefore, there have been many attempts to develop bone mimetic 

materials to substitute the structure and function of autografts. In particular, hydroxyapatite 

(HAP: Ca10(PO4)6(OH)2) bone ceramic materials have been widely investigated and used in 

the clinic, since it is the major bone mineral in the human body [7–9]. In addition, metallic 

biomaterials such as titanium, cobalt chrome, stainless steel, and magnesium have been 

utilized as weight-bearing implants based on their mechanical strength and biocompatibility 

[10–13]. However, despite recent advances in the field of regenerative medicine, until now 

there has been no true bone mimetic material that recapitulates the bone niche at the 

nanoscale, causing a gap between implanted material and the surrounding bone tissues.

At the nanoscale, human bone is composed of collagen fibers, and bone minerals such as 

HAP and whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12) nanoparticles (Fig. 1a) [14–19]. WH 

is the second most abundant bone mineral in human body, and occupies approximately up to 

25 wt% and 35 wt% of the inorganic portion of human bone and tooth, respectively (Fig. 1b) 

[15, 16, 20–26]. However, despite its significant amount in human hard tissue, WH has not 

been applied to the clinic, largely due to its difficulty in synthesis. The reason for this 

difficulty is because HAP easily precipitates from calcium ions and phosphate ions at neutral 

pH, as HAP is one of the most thermodynamically stable calcium phosphate compounds in 

physiological conditions. In addition, HAP is a nonstoichiometric compound that allows for 

large disruptions of its atomic structure [15, 16]. Recently, we found that a pure phase of 

WH nanoparticles can be precipitated in acidic aqueous system where excessive amounts of 

Mg2+ ions exist. In particular, the stability of HAP becomes lower in acidic pH conditions, 

and Mg2+ ions are too small to maintain the crystal structure of HAP, thus impeding its 

precipitation [16, 27, 28]. Based on this synthetic method, our group has previously 
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analyzed the material properties of WH, and demonstrated the superior osteogenic capability 

of WH compared to HAP in both in vitro and in vivo [29, 30].

HAP and WH have different atomic arrangements based on their hexagonal (P63/m) and 

rhombohedral (R3c) crystal structures, and exhibit different material properties [15, 16]. For 

example, while HAP has greater stability in neutral pH conditions [30, 31], WH has higher 

stability in acidic conditions (pH<4.2) [28, 31]. As a result, WH has a higher solubility than 

HAP in physiological conditions, and can continuously supply ions such as Mg2+ or PO4
3− 

ions that can stimulate ion channels at the membrane of stem cells, and enhance the 

osteogenic activity of cells [16, 30, 32]. In addition, while HAP has a net neutral surface 

charge, WH has a negatively charged surface which enables positively charged osteogenic 

proteins such as bone morphogenetic protein (BMP) to be adsorbed on its surface by 

electrostatic interactions [30, 33, 34]. Since HAP and WH have different material properties, 

it is possible that HAP and WH may have different biological roles in human skeletal tissue.

In this study, we hypothesized that HAP and WH composites may induce a synergistic effect 

on the osteogenic activity of cells, as human bone is composed of HAP and WH, and 

because composite materials often exhibit improved biocompatibility and tissue regeneration 

capacity than monophase materials. For example, biphasic calcium phosphate materials 

composed of HAP and β-tricalcium phosphate (β-TCP: Ca3(PO4)2) have better bone 

formation capacity compared to HAP or β-TCP when they are used alone in both in vitro 
and in vivo, probably based on the synergism between HAP and β-TCP to provide a 

bioactive surface and ion release, respectively [35–37]. In addition, the incorporation of 

silica-based bioactive glass into calcium phosphate bioceramic materials can accelerate the 

degradation of the composite material, and improve bone formation in vivo [38]. When β-

TCP is mixed with β-calcium silicate (β-CaSiO3), new bone formation was significantly 

enhanced based on their osteoconductivity and bioactivity, respectively [39]. However, until 

now, there has been no literature that has identified the synergistic effect between the two 

major bone minerals in human body.

Inspired by human bone, for the first time, we have developed HAP/WH nanocomposite 

scaffolds that have a compositional analogy with human bone tissue. In particular, we 

postulated that a 3D cellular microenvironment that is composed of an optimal ratio between 

HAP and WH could maximize the osteogenic activity of embedded cells via a synergistic 

effect between HAP and WH, due to their different material properties including stability 

and ion-releasing capacity. To verify our hypothesis, we designed 3D bone-mimetic 

HAP/WH nanocomposite hydrogel scaffolds with various ratios of HAP and WH to analyze 

their material properties, and to assess the cellular response (Fig. 1c).

2. Materials and methods

2.1. Synthesis of GelMA macromonomers and preparation of HAP and WH nanoparticles

GelMA macromonomers with ~90% methacrylation degree were prepared according to 

established protocols [40], using gelatin from porcine skin (gel strength 300, Type A, Sigma-

Aldrich) and methacrylic anhydride (94%, Sigma-Aldrich). HAP and WH nanoparticles 

were synthesized based on a precipitation method in aqueous system, according to the 
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literature [31]. Lyophilized GelMA macromonomers were fully dissolved in distilled water 

with different concentrations (5-10% (w/v)). HAP and WH nanoparticles were 

homogeneously dispersed in distilled water using ultrasonication, and then dispersed into 

GelMA solution with different concentration (1-1000 μg/ml) and ratio (1:0, 3:1, 1:1, 1:3, 

0:1).

2.2. UV photocrosslinking of composite prepolymer solution

0.5% (w/v) of photoinitiator (Irgacure 2959, 98%, Sigma-Aldrich) was added to HAP and 

WH mixed GelMA prepolymer solutions, and the resulting mixture was homogenized in a 

sonication bath for 30 min. Certain amounts of the composite prepolymer solution was then 

transferred into a customized cylindrical mold made of polydimethylsiloxane (PDMS) and 

covered with a glass coverslip. By exposing to UV light (6.9 mW/cm2, 360–480 nm) for 30 

s, the composite prepolymer solution was photocrosslinked into a hydrogel scaffold.

2.3. Characterization of nanocomposite hydrogel materials

After lyophilizing the nanocomposite hydrogel scaffolds, the samples were coated with a 

thin conductive layer of Au (~5 nm) using the Sputter Coater. The morphology of composite 

hydrogel materials was observed by using FESEM (Zeiss Ultra 55) and their chemical 

components were detected by utilizing Energy-Dispersive X-ray Spectroscopy (EDS) area 

scan. To analyze the crystal structure of lyophilized nanocomposite hydrogel scaffolds, 

samples were grinded into powders and XRD (DMAX2400 Rigaku diffractometer) analysis 

was conducted with the scan rate of 1° min−1 with monochromatic Cu KR radiation (λ = 

1.5405 Å). Grinded samples were also analyzed with FT-IR (Bruker Vertex 70), to confirm 

the maintenance of chemical functional groups of each material type after fabrication 

process.

2.4. Mechanical analysis

Cylindrically shaped composite hydrogel samples with 10 mm diameter and 2 mm height 

were prepared using a customized PDMS molds. Samples were then incubated in PBS at 

37°C for 24 h to reach the equilibrium swelling state. Compression tests were conducted by 

using the Instron 5542 mechanical tester: the samples were compressed for 30 s at the rate of 

1 mm/min. The Young’s modulus was obtained from the slope of the initial linear region 

(0-10%) of the stress-strain curve (n=3).

2.5. Cell encapsulation in composite hydrogel scaffold and viability, proliferation, and 
spreading analysis

To develop cell-laden scaffolds, 1×106 cells/mL of MSCs (Poietics™ Normal Human Bone 

Marrow Derived Mesenchymal Stem Cells, Lonza, PT-2501) were added into the composite 

GelMA presolution right before the photocrosslinking step. Cell-laden composite hydrogel 

samples were then photocrosslinked by 6.9 mW/cm2 of UV exposure for 30 s, which was 

the optimized condition that did not induce cell damage (data not shown). These cell-laden 

samples were then cultured with either general growth medium or osteoinductive medium, 

respectively. General growth medium was prepared by mixing Dulbecco’s modified Eagle’s 

medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The 
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osteoinductive medium was prepared by including L-ascorbic acid (50 μg/mL) and β-

glycerol phosphate (10 mM) in general growth medium. MSCs with passage number below 

6 were used for the experiments. Media was changed every 3 days.

To evaluate cellular viability, a live/dead assay (Live/Dead® viability/cytotoxicity kit, 

Thermo Fisher Scientific) was conducted by staining live cells and dead cells with calcein 

acetoxymethyl (0.5 μL/mL) and ethidium homodimer-1 (EthD-1, 2 μL/mL), respectively. 

After incubating stained cells at 37°C for 30 min, cells were gently rinsed with PBS three 

times and observed by an inverted fluorescence microscope (Nikon TE 2000-U, Nikon 

instruments Inc., US). The number of live cells and dead cells were quantified from at least 3 

independent images. Cell viability was calculated from the percent ratio between number of 

the live cells and the total number of cells. In addition, the cell proliferation rate was 

determined from cell number counts at day 1, 3 and 7 (n=3). To monitor the spreading 

behavior of cells that were embedded in composite hydrogel scaffolds, 4′,6-diamidino-2-

phenylindole (DAPI) staining and Alexa Fluor® 594 phalloidin staining were conducted to 

label cellular nuclei and actin, respectively. Samples were treated with 4% (v/v) 

paraformaldehyde and 0.1% (w/v) Triton™ X-100 solution to fix the embedded cells and 

increase their permeability, respectively. Non-specific binding sites were blocked by 

incubating samples in 1% (w/v) bovine serum albumin (BSA, 98%, Sigma-Aldrich) 

solution. Samples were then incubated in Alexa Fluor 594 phalloidin solution and DAPI 

solution for 90 min and 10 min, respectively. After thorough PBS rinsing, the spreading 

behavior of cells were visualized under the confocal microscope and the average cell area 

was measured by using ImageJ software (n=3).

2.6. RT-PCR experiments and immunostaining

To assess gene expression level related to osteogenic differentiation, RT-PCR was performed 

with SYBR® Green Supermix (Biorad) and biomarkers related to osteogenesis, including 

alkaline phosphatase (ALP), osteocalcin (OCN), osteopontin (OPN) and runt-related 

transcription factor 2 (RUNX2). The sequences of the primers that we used in the RT-PCR 

are: GAPDH (forward: 5′-ACAGTTGCCATGTAGACC-3′, reverse: 5′-

TTTTTGGTTGAGCACAGG-3′), ALP (forward: 5′-GAGTATGAGAGTGACGAGAA-3′, 

reverse: 5′-AGTGGGAGTGCTTGTATC-3′), OCN (forward: 5′-

ATGAGAGCCCTCACACTCCTCG-3′, reverse: 5′-

GTCAGCCAACTCGTCACAGTCC-3′), OPN (forward: 5′-

TTCCAAGTAAGTCCAACGAAAG-3′, reverse: 5′-

GTGACCAGTTCATCAGATTCAT-3′), RUNX2 (forward: 5′-

CGGAATGCCTCTGCTGTTATGAA-3′, reverse: 5′-ACTCTTGCCTCGTCCACTCC-3′). 

After two weeks of culturing cell-laden samples in either general growth medium or 

osteoinductive medium, samples were treated with TRIzol to isolate RNA. Three samples 

were used for all experimental conditions. To evaluate protein expression levels related to 

osteogenic differentiation, samples were fixed with 4% (v/v) paraformaldehyde and treated 

0.1% (w/v) Triton X-100 solution. Blocking was performed by incubating samples in 4% 

normal goat serum (abcam) for 30 min. These samples were then incubated with primary 

antibodies and secondary antibodies at 37°C for 2 h and 1 h, respectively. We used ALP 

(Santa Cruz Biotechnology sc-271431), OCN (Millipore MABD123), OPN (Millipore 
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AB1870), and RUNX2 (Millipore 05-1478) antibodies for the immunostaining. Alexa Fluor 

594 phalloidin staining and DAPI staining were conducted at the end. The staining images 

were obtained using an inverted fluorescence microscope, and protein expression was 

quantified by using ImageJ software, in which the stained area of the experimental group 

was divided with the control group.

2.7. Statistical Analysis

Experimental data were processed with one-way ANOVA followed by Bonferroni’s post hoc 

analysis (GraphPad Prism 6.0 software) to establish statistical significance. Error bars 

represented the mean ± standard deviation (SD) of measurements (*p < 0.05 and **p < 

0.01).

3. Results

3.1. Fabrication of HAP and WH nanocomposite GelMA hydrogel scaffolds

To control the composition of bone mimetic scaffolds and its mechanical properties, we 

prepared nanosized HAP and WH particles (Fig. 2a–b) and gelatin methacryloyl (GelMA) 

hydrogel scaffolds (Fig. 2c), according to our previous protocols [31, 40]. The GelMA 

hydrogel was selected as it is derived from collagen, and its mechanical properties are easy 

to tune by regulating fabrication conditions. We have optimized the stiffness of GelMA 

hydrogel scaffolds to approximately 20-25 kPa by using 7% GelMA hydrogel and 

crosslinking it for 30 sec at 6.9 mW/cm UV light (360-480 nm), as this stiffness range 

provides a suitable niche for bone cell growth [41, 42]. After homogeneously dispersing 

HAP and WH nanoparticles in GelMA hydrogel scaffolds with different ratios, we were able 

to observe the presence of needle-shaped HAP nanoparticles and cuboid-shaped WH 

nanoparticles in the GelMA hydrogel matrix, by field-emission scanning electron 

microscopy (FESEM) image analysis (Fig. 2d–f). In the FESEM images, GelMA 

nanocomposite hydrogel scaffolds with 1000 μg/mL of bone minerals were used for their 

optimal visualization in the hydrogel matrix. X-ray diffraction (XRD) pattern analysis 

showed that the crystal phase of HAP and WH in hydrogel composite scaffolds matched 

well with JCPDS references of HAP (JCPDS 84-1998) and WH (JCPDS 70-2064), 

respectively, showing that HAP and WH remain intact after being incorporated into GelMA 

solution and crosslinked into a composite scaffold (Fig. 2g). Fourier-Transform Infrared 

Spectroscopy (FT-IR) data also showed that there was almost no peak shift or broadening of 

the amide functional groups in the GelMA hydrogels after mixing with nanoparticles, 

confirming that denaturation had not taken place (Fig. 2h). In addition, maintenance of P-

(OH) stretching of WH (917 cm−1) indicated that there was no severe change of chemical 

groups in WH during composite biomaterial fabrication.

3.2. Mechanical characterization of HAP and WH nanocomposite GelMA hydrogel scaffolds

The Young’s modulus of these HAP/WH nanocomposite hydrogel scaffolds were dependent 

on the concentration of nanoparticles and the ratio between HAP and WH nanoparticles 

(Fig. 2i). For instance, as the concentration of nanoparticles in the hydrogel scaffold 

increased from 1 μg/ml to 1000 μg/ml, the stiffness of the HAP/GelMA hydrogel scaffold 

and WH/GelMA hydrogel scaffold increased from ~23 kPa to ~29 kPa, and from ~18 kPa to 
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~24 kPa, respectively. Interestingly, when the ratio of HAP to WH was increased, the overall 

stiffness of the composite hydrogel scaffolds significantly increased, whereas higher ratio of 

WH nanoparticles decreased the net stiffness of the nanocomposite hydrogel scaffolds. For 

instance, when 1, 10, and 100 μg/ml of WH nanoparticles were mixed into GelMA hydrogel 

scaffolds, the stiffness values of the GelMA composite hydrogel scaffolds were 

counterintuitively decreased to ~18 kPa, ~19 kPa, and ~20 kPa, respectively, compared to 

pure GelMA hydrogel scaffolds (~23 kPa). As the concentration of WH in the GelMA 

hydrogels increased to 1000 μg/ml, the stiffness of the composite hydrogel eventually 

recovered, probably due to the intrinsic hardness of inorganic particles. These results suggest 

that HAP can provide a mechanically stable microenvironment compared to WH in hydrogel 

materials.

3.3. Growth of MSCs embedded in HAP and WH nanocomposite GelMA hydrogel scaffolds

To define the optimal concentration of HAP and WH nanoparticles in GelMA hydrogel 

scaffolds for promoting the growth of cells, we cultured MSCs in HAP/WH GelMA 

hydrogel scaffolds, and found that 100 μg/ml of bone minerals in GelMA hydrogel scaffold 

can induce the highest cellular proliferation for both of HAP and WH (Supplementary 

information, Fig. S1). Therefore, we conducted all other experiments by using 100 μg/ml of 

bone minerals for the growth of MSCs. We then controlled the ratio between HAP and WH 

nanoparticles in the GelMA hydrogel scaffold (HAP: WH=1:0, 3:1, 1:1, 1:3, 0:1). Cellular 

viability was higher than 90% in all composite scaffolds with various ratios of HAP and WH 

(Fig. 3a–b and Supplementary information, Fig. S2). Proliferation of cells was also 

increased in all composite scaffolds with different ratios of HAP and WH (Fig. 3c–d). The 

viability test and proliferation test were conducted on cell-laden scaffolds that were 

independently cultured in general growth medium and osteoinductive medium. In addition, 

confocal microscopy demonstrated that cells spread well in all types of the HAP and WH 

composite scaffolds, while cellular spreading was improved when HAP and WH 

nanoparticles were mixed in the scaffolds compared to HAP (Fig. 3e–k).

3.4. Osteogenic activity of MSCs embedded in HAP and WH nanocomposite GelMA 
hydrogel scaffolds

After culturing MSCs in various ratios of HAP and WH incorporated GelMA hydrogel 

scaffolds for 14 days, we further assessed gene and protein expression level of MSCs related 

to osteogenic markers, including ALP, OCN, OPN and RUNX2, by utilizing real time PCR 

(RT-PCR) and immunostaining (Fig. 4). The rationale for choosing day 14 as a time point 

for analyzing protein and gene expression of MSCs related to osteogenic markers was 

because it is the time point at which MSCs differentiate into pre-osteoblasts, while not 

completely maturing into osteoblasts [43–45]. As such, we intended to distinguish the effect 

of bone minerals for promoting the differentiation of pre-osteoblasts. Cell-embedded 

scaffolds were independently cultured in both general growth medium and osteoinductive 

medium. While WH is known to promote the osteogenic activity of cells more than HAP, 

notably, the bone forming activity of cells was significantly greater when their 

microenvironment was composed of HAP and WH in a 3:1 ratio than any other ratios. For 

example, from the immunostaining images observed under fluorescence microscopy, ALP 
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expression of MSCs grown in a 3:1 ratio of HAP/WH composite scaffolds was 8.45 times 

higher than HAP scaffolds, and 1.52 times higher than WH scaffolds.

This trend was consistent in the gene expression analysis that was conducted with identical 

osteogenic markers which were normalized to the GAPDH housekeeping gene, assuring that 

the 3:1 ratio of HAP and WH could provide the optimal niche for cells to upregulate gene 

expression that is relevant to bone cell differentiation (Fig. 4c and f). The relative fold 

increase in transcript levels of cells grown in 3:1 ratio of HAP and WH that was normalized 

to HAP scaffold was significantly higher compared to that of WH scaffolds, when cells were 

grown in general cell growth medium. When a similar experiment was independently 

conducted using osteoinductive medium, the mRNA expression levels among samples had a 

similar tendency with samples cultured by general cell growth medium. To ensure 

reproducibility, the entire experimental procedure for growing cells in HAP/WH composite 

hydrogel scaffold and analyzing their osteogenic gene expression was repeated by an 

additional researcher as an independent experiment (Supplementary information, Fig. S3).

To analyze how HAP and WH induces synergism for directing the osteogenic differentiation 

of MSCs, while WH has superior osteogenic capacity than HAP, we paid attention to the fact 

that HAP nanoparticles can provide a more mechanically stable microenvironment 

compared to WH nanoparticles in the GelMA hydrogel matrix. To verify the effect of 

stiffness of GelMA hydrogel scaffolds on the osteogenic activity of embedded cells, we 

prepared GelMA hydrogel scaffolds with various stiffness conditions (~26 kPa, ~23 kPa, 

~19 kPa, ~14 kPa) by regulating UV exposure time (Fig. 5a). The result showed that cellular 

gene expression related to osteogenic markers significantly increased when the stiffness of 

the niches increased (Fig. 5b). In this respect, HAP incorporated GelMA hydrogel scaffold 

generated a more mechanically stable microenvironment for cells compared to WH. This 

result can explain the reason for the highest osteogenic activity level of cells expressed in 

HAP and WH composite hydrogel scaffolds, where both advantages of mechanical stability 

and bioactivity are provided, instead of either a HAP or WH hydrogel scaffold.

Based on these results, we further narrowed the ratio between HAP and WH in the 

composite hydrogel scaffold near around 3:1, and assessed the osteogenic activity of cells to 

find their optimal ratio range for bone formation in detail (Fig. 5c). The osteogenic activity 

of MSCs was maximized when the content of WH was approximately in a range of 15-25% 

in the inorganic portion of HAP and WH composite hydrogel scaffold, which was 

surprisingly similar to the ratio of WH in human native bone as illustrated in Fig. 1a.

4. Discussion

We have previously reported a facile method for synthesizing the pure phase of WH 

nanoparticles in an aqueous system in large quantities [31]. WH nanoparticles are obtained 

when calcium, magnesium and phosphate ions react in acidic pH conditions, where the 

stability of HAP is lower than WH. On the other hand, WH exhibits higher solubility than 

HAP at neutral pH conditions, thereby continuously releasing a greater amount of ions than 

HAP in physiological conditions. By controlling pH, HAP and WH can transform into each 

other through dissolution and re-precipitation processes in the long term [28]. However, even 
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though both HAP and WH are mainly composed of calcium and phosphate ions, these two 

bone minerals have different crystal structures and physicochemical properties, such as: 

solubility, surface charge, and mechanical strength [29–31]. For example, while HAP has a 

higher stability than WH in physiological conditions, WH has superior osteogenic capacity 

than HAP [29–31]. In this sense, it is reasonable to hypothesize that these two minerals may 

have distinguished roles for maintaining the health of human skeletal tissues. Therefore, we 

raised a question as to why HAP and WH co-exist in human bone tissue with a certain ratio, 

and hypothesized that there may exist a synergism between HAP and WH for promoting 

bone growth and regeneration.

In this study, we showed that HAP and WH could generate a synergistic effect to promote 

the growth and osteogenic activity of MSCs when mixed in hydrogel composite scaffolds, 

compared to scaffolds composed of either HAP or WH. We defined the optimal ratio 

between HAP and WH to maximize this synergism to about 3 to 1 (wt%) after comparing 

various samples with different ratios between HAP and WH. Interestingly, this result 

corresponded well to the ratio of HAP and WH that exists in human bone, as shown in Fig. 

1b. This finding is significant since we have recapitulated the human bone niche at the 

nanoscale by using HAP and WH nanoparticles for the first time, and revealed that human 

bone may be organized by HAP and WH with a certain ratio that can maximize the 

osteogenic activity of cells.

We further analyzed the unique physicochemical properties of HAP and WH nanoparticles 

when they are homogeneously mixed in the hydrogel matrix. Interestingly, while the 

addition of HAP nanoparticles in GelMA hydrogel scaffolds increased the stiffness of the 

composite material, the inclusion of low concentrations of WH nanoparticles (<100 μg/ml) 

decreased the stiffness of the composite material compared to the pure GelMA hydrogel 

material. This phenomenon indicated that HAP may provide a more stable 3D 

microenvironment for embedded cells to grow in the 3D composite hydrogel matrix. When 

the concentration of WH nanoparticles in GelMA hydrogel scaffolds was 1000 μg/ml, the 

stiffness of the composite material eventually became higher than the pure GelMA hydrogel 

material, based on the strong intrinsic mechanical strength of bioceramic particles. In fact, 

the mechanical test results we obtained showed different tendencies from previous studies, 

which analyzed the mechanical strength of pure HAP and WH bioceramic materials [29]. 

Previously, the compressive strength of HAP and WH bioceramic scaffolds were measured 

after they were prepared as cylindrical pellets. Specifically, HAP or WH nanoparticles were 

filled in a cylindrical metallic mold, compressed at high pressure, and sintered at high 

temperatures (>700°C). When the scaffolds were solely composed of bioceramic materials, 

the compressive strength of WH bioceramic scaffolds was higher than HAP bioceramic 

scaffolds. Based on these facts, we speculate that WH may have disturbed the crosslinking 

network of the GelMA hydrogel, and decreased the stiffness of the composite hydrogel 

material.

A possible reason for the decreased stiffness of GelMA hydrogel scaffolds after the 

incorporation of WH nanoparticles may be due to the negatively charged surface of WH, 

which could have induced repulsive electrostatic interactions with the carboxylic acid groups 

in the GelMA hydrogel network. GelMA hydrogel is a gelatin derivative modified by 
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methacrylic anhydride by the partial substitution of methacryloyl groups on the amine 

groups of amino acid residues [40]. As a result, GelMA hydrogel has a negative net charge 

due to the remaining carboxyl groups [46]. In this respect, negatively charged WH 

nanoparticles could have disturbed the interactions between carboxylic group and amine 

groups in the gelatin network, and may have reduced the stiffness of the composite hydrogel 

scaffolds.

Notably, even though the incorporation of WH nanoparticles in the hydrogel scaffolds 

exhibited lower mechanical stiffness than HAP composite hydrogel scaffolds, MSCs that 

were grown in WH composite hydrogel scaffolds exhibited a higher level of growth and 

osteogenic activity. This result matched well with previous in vitro and in vivo results that 

showed a superior osteogenic capacity of WH when cells were grown under the presence of 

nanoparticles or on the surface of bioceramic scaffolds [29, 30]. Among many reasons, WH 

could directly upregulate the growth and osteogenic differentiation of stem cells by 

continuous releasing Mg2+ ions and PO4
3− ions, and adsorbing osteogenic proteins on its 

surface [30]. Up to certain concentrations (~5 mM), the addition of Mg2+ ions and PO4
3− 

ions during cell culture can directly upregulate the osteogenic activity of cells [30]. Since the 

result from the current study showed that the composite hydrogel scaffolds composed of a 

mixture of HAP and WH in a 3 to 1 ratio maximized the osteogenic differentiation of MSCs, 

we concluded that both HAP and WH provided beneficial effects for the growth of 

embedded MSCs. In particular, the addition of HAP in the hydrogel matrix resulted in a 

more stable microenvironment for osteogenic cells, while WH could directly stimulate their 

osteogenic activity.

Note that even though WH gradually dissolves in physiological conditions due to its higher 

solubility than HAP, WH can mostly maintain its material phase, mass, and shape for at least 

several months both in vitro and in vivo [29–31]. WH can maintain its crystal phase even in 

extreme conditions (90°C, pH 12 sodium phosphate buffer) for at least two weeks, where the 

stability of HAP is much higher than WH [31]. When 10 g of WH was aged in 1 L of 

distilled water for one month, its phosphate ion releasing level was only ~18 mg/L [30]. In 

addition, when WH-incorporated chondroitin sulfate cryogel scaffolds were implanted in 
vivo for longer than six months, we monitored that WH maintained its unique rhombohedral 

morphology. Here, we also observed HAP precipitation, which co-existed with the WH 

nanoparticles [30]. In this case, new HAP minerals were not formed directly from WH, but 

were generated from a high concentration of ions in vivo. Since our in vitro conditions did 

not include such a high concentration of calcium and phosphate ions, major phase 

conversions from WH to HAP may not occur within 2 weeks.

Although HAP and WH composite hydrogel scaffolds significantly improved the osteogenic 

activity of embedded cells, our study has a limitation in that the concentration of bone 

minerals in hydrogel scaffolds was much lower than human bone. In this respect, the 

negative effect of WH for disturbing the mechanical stability of the organic matrix may not 

be significant in native bone. In addition, there may be additional mechanisms that generate 

synergism between HAP and WH, or different reasons that HAP and WH coexist in human 

bone tissue. For example, previously, we demonstrated that precipitation of WH can occur in 

acidic conditions, while HAP generally forms in neutral pH condition. This implies that WH 
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may form under acidic conditions in vivo, which can be locally formed on the surface of 

bone during the remodeling process when osteoclasts resorb old bone by secreting acidic 

molecules [47, 48]. Therefore, identification of the exact formation mechanism of WH in 
vivo can be conducted as an interesting future study to reveal other reasons for co-existence 

of HAP and WH in human bone.

We expect that our HAP and WH composite hydrogel scaffold platform will be useful for 

the treatment of bone defects as HAP and WH are the identical materials with human bone 

minerals. In addition, hydrogel based scaffolds not only mimic extracellular matrix of 

human tissue, but can also improve viable cell engraftments, and allow for the growth of 

blood vessels and nerve fibers that exist throughout skeletal tissue [49–51]. In fact, the 

growth of blood vessel and nerve tissues in implants are critical for bone regeneration, as 

they can supply oxygen, cells, nutrients and hormones, preventing implant failure and tissue 

necrosis. Furthermore, HAP and WH composite hydrogel scaffolds are resorbable in vivo, 

and can be replaced by native tissues [29]. While both HAP and WH bone materials are 

resorbable, WH bioceramic implants exhibited faster resorbability than HAP bioceramic 

implants both in vitro and in vivo [29, 30]. When mature osteoclasts were grown on the 

surface of HAP and WH bioceramic scaffolds, the resorbed area of WH bioceramic 

scaffolds was twice that of HAP bioceramic scaffolds [30]. In addition, when WH 

bioceramic implants were inserted in a rat calvarial defect model, the resorption rate of WH 

was faster than HAP, while synthetic HAP had a much slower resorption rate than the 

regeneration rate of native skeletal tissue, likely due to its high crystallinity [52]. In this 

respect, the resorbability of the HAP and WH composite hydrogel scaffolds could be 

controlled by changing the ratio between HAP and WH. GelMA hydrogel material (GelMA 

concentration<15%, Compressive modulus<~100 kPa) can be also completely degraded in 

collagenase solution within two months, while its degradability can be tuned depending on 

its composition and mechanical properties [53]. Taken together, our HAP and WH 

composite hydrogel scaffolds can act as a biomimetic substitute for supporting the 

restoration of the structure and function of damaged bone tissue.

5. Conclusion

This study is scientifically important because it determined optimal ratio between HAP and 

WH in composite hydrogel scaffolds for promoting growth and osteogenic activity of stem 

cells. Notably, our optimal ratio range between HAP and WH in composite hydrogel 

scaffolds was around 3 to 1, which was similar to the compositional ratio of native bone 

tissue. We explored the synergistic mechanism between HAP and WH, and concluded that 

HAP supported the mechanical stability of composite hydrogel scaffolds, while WH 

improved the osteogenic capacity of the organic/inorganic hybrid composite scaffold. We 

expect that this research will contribute to studies for developing bone mimetic materials, 

and understanding the structure and function of bone components, particularly related to the 

necessity of the presence of the two minerals in bone. We also anticipate that the 

recapitulation of bone at the nanoscale will be useful for effective regeneration of damaged/

diseased bone in the clinic.
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Statement of significance

Human bone minerals are composed of HAP and WH inorganic nanoparticles which have 

different material properties. However, the reason for the coexistence of HAP and WH in 

human bone is not fully identified, and HAP and WH composite biomaterial has not been 

utilized in the clinic. In this study, for the first time, we have developed bone mimetic 

HAP and WH nanocomposite hydrogel scaffolds with various ratios. Importantly, we 

found out that HAP can more promote the mechanical stiffness of the composite hydrogel 

scaffolds while WH can more enhance the osteogenic activity of stem cells, which 

together induced synergism to maximize osteogenic differentiation of stem cells when 

mixed into 3 to 1 ratio that is similar to human bone.
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Fig. 1. 
The two major inorganic components of bone: hydroxyapatite (HAP: Ca10(PO4)6(OH)2) and 

whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12) nanocrystallites. a) Schematic of bone structure 

ranging from the nanometer to micrometer scales, showing that bone tissue consists of 

cylindrical osteon units at the microscale, which are composed of collagen nanofibers with 

HAP and WH bone mineral particles at the nanoscale. b) Amount (weight percent) of WH in 

the inorganic part of hard tissues, calculated based on the magnesium amount. Data were 

obtained from previous publications, with different colors representing different references 

(Orange circle: Driessens et al. [16], Magenta triangle: Gabriels et al. [10], red triangle: 

Carlstrom et al. [16], purple triangle: Breibart et al. [11], blue triangle: Wooddard et al. [12], 

yellow triangle: Duckworth et al. [13], green triangle: Schraer et al. [14], blue rectangle: 

Long et al. [15] c) Schematic of experiments to identify optimal conditions in the stem cell 

niche for osteogenic differentiation of human mesenchymal stem cells (MSCs) with regard 

to the different ratios of HAP and WH.
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Fig. 2. 
Engineered bone-mimetic nanocomposite hydrogel scaffolds. FESEM observation of a) 

synthesized WH nanoparticles with rhombohedral shape, b) HAP nanoparticles with needle 

shape, and c) microporous structured GelMA hydrogel scaffold after freeze drying. d-f) The 

nanoscale features of composite hydrogel scaffolds, showing that rhombohedral shaped WH 

nanoparticles and needle-shaped HAP nanoparticles are homogeneously dispersed in the 

GelMA hydrogel. Insets in each panels show the EDS area scan analysis, where WH 

incorporated GelMA hydrogel had a Mg peak, and HAP incorporated GelMA exhibited a 

higher ratio of the Ca and P peak intensity. g) XRD analysis of HAP-incorporated GelMA 

hydrogel and WH-incorporated GelMA hydrogel, confirming that their crystal phase is 

maintained after fabrication. h) FT-IR analysis result of HAP-incorporated GelMA hydrogel 

and WH-incorporated GelMA hydrogel, confirming that the chemical groups of HAP, WH 

and GelMA hydrogel remain intact after fabrication. i) The Young’s modulus of the 

composite hydrogel scaffolds depending on different concentrations and ratios of HAP and 

WH in GelMA hydrogel were calculated from compression tests. The green dotted line 

indicates the stiffness of pure GelMA hydrogel (~23 kPa). (*p<0.05, **p<0.01)
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Fig. 3. 
Cellular viability, proliferation, and spreading in composite hydrogel scaffolds with different 

ratios of HAP and WH. a–d) Viability (a–b) and proliferation (c–d) of cells grown in 3D 

composite hydrogel scaffolds with different ratios of HAP and WH, in two media conditions 

(DMEM and osteoinductive media) were compared. e–k) Spreading of cells in 3D 

composite hydrogel scaffolds depending on different ratios of HAP and WH at day 7 was 

observed under confocal microscopy and quantified based on their spreading area. Cellular 

nuclei and actin were stained with DAPI (blue) and phalloidin (green). (*p<0.05, **p<0.01)
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Fig. 4. 
Effect of ratios between HAP and WH on osteogenic activity of MSCs that are encapsulated 

in bone mimetic 3D HAP/WH nanocomposite hydrogel scaffolds. a) Fluorescence images of 

immunostained MSCs encapsulated in 3D composite hydrogel scaffolds with different ratio 

of HAP and WH. Osteogenic marker expression of MSCs (ALP, OCN, OPN, RUNX2) were 

compared after grown in DMEM media conditions for 2 weeks. b) Osteogenic protein 

expression levels of MSCs in panel a were quantified by using ImageJ software and dividing 

the area of stained images of experimental groups by control groups. The result indicated 

that cells grown in scaffolds with HAP and WH nanoparticles which were mixed in a 3 to 1 

ratio had the highest level of osteogenic gene expression. c) Relative osteogenic gene 

expressions of MSCs were evaluated by real-time quantitative PCR analysis and calculated 

by 2−ΔΔCt method, after 2 weeks of culturing in 3D composite hydrogel scaffolds. d) 
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Fluorescence images of immunostained MSCs that were grown in 3D composite hydrogel 

scaffolds with different ratio of HAP and WH for 2 weeks under osteoinductive media 

conditions. e) Quantified osteogenic protein expression levels of MSCs from panel d, based 

on the same calculation method as mentioned above. f) Relative osteogenic gene expression 

of MSCs that were cultured in 3D HAP/WH composite hydrogel scaffold for 2 weeks under 

osteogenic media conditions. (*p<0.05, **p<0.01)
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Fig. 5. 
Effect of stiffness of composite hydrogel scaffold and the optimal ratio between HAP and 

WH for directing osteogenic differentiation of MSCs. a) Stiffness of GelMA hydrogel 

scaffold was tuned by controlling UV exposure time, to assess the effect of the scaffold 

stiffness on the osteogenic activity of cells grown in it. b) Relative osteogenic gene 

expression of MSCs cultured in 3D GelMA hydrogel scaffolds with different stiffness level 

showed that cellular osteogenic activity was generally enhanced as the stiffness of hydrogel 

scaffold increased, in a range of 13-26 kPa. c) Optimal ratio between HAP and WH for 

inducing osteogenic differentiation of MSCs was obtained in a narrowed range of 65%HAP

+35%WH to 85%HAP+15%WH, by using quantitative real-time PCR. The result showed 

that the osteogenic activities of cells were more upregulated when the ratio between HAP 

and WH is in a range of 75%HAP+25%WH to 85%HAP+15%WH. (*p<0.05, **p<0.01)
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