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Induced Osteogenesis in Plants 
Decellularized Scaffolds
Jennifer Lee1,4, Hyerin Jung2,3,4, Narae Park2,3, Sung-Hwan Park1 & Ji Hyeon Ju1,2,3*

A three-dimensional (3D) culture system that closely replicates the in vivo microenvironment of 
calcifying osteoid is essential for in vitro cultivation of bone-like material. In this regard, the 3D cellulose 
constructs of plants may well serve as scaffolds to promote growth and differentiation of osteoblasts 
in culture. Our aim in this study was to generate bone-like tissue by seeding pluripotent stem cells 
(hiPSCs), stimulated to differentiate as osteoblasts in culture, onto the decellularised scaffolds of 
various plants. We then assessed expression levels of pertinent cellular markers and degrees of calcium-
specific staining to gauge technical success. Apple scaffolding bearing regular pores of 300 μm seemed 
to provide the best construct. The bone-like tissue thus generated was implantable in a rat calvarial 
defect model where if helped form calcified tissue. Depending on the regularity and sizing of scaffold 
pores, this approach readily facilitates production of mineralized bone.

It is well established that three-dimensional (3D), rather than two-dimensional (2D), culture offers a microenvi-
ronment closer to in vivo conditions, better enabling in vitro development of organoids. Similar with other organs, 
there is a growing clinical need for bone organoids, which may be particularly suitable substitutes for less available 
autologous bone grafts, helping to repair critical bony injuries or congenital defects. Unfortunately, current engi-
neering techniques involving bone are largely restricted to 3D culture of osteoblasts. Hence, the term ‘bone-like 
tissue’ seems more apt than ‘bone organoid’. With respect to in vitro genesis of bone-like tissue, the use of scaffolds 
in 3D cultures has become a major investigative technique1.

The range of inherent properties is an important aspect of any scaffolding biomaterial, which should be bio-
compatible, easily manipulated, and structurally sound, providing proper mechanical support and bioactivity. 
To this end, various natural or synthetic materials have been utilised as biomaterials in scaffold development. 
Specifically, nanofibers of electrospun synthetic polymer2 and composite hydroxyl apatite (HA)3 or collagen4 
scaffolds have been devised for 3D culture of osteoblasts. Natural chitosan-based fibres have also been used to 
culture osteoblasts5. Although many publications have expounded on optimal 3D culture conditions for bone-like 
tissue development, the ideal properties and structure have yet to be fully clarified. There are numerous materials 
and methods still under investigation6.

Induced pluripotent stem cells (iPSCs) are generated by reprogramming the transduction of four genes 
(OCT3/4, SOX2, C-MYC, and KLF4)7, known as Yamanaka factors. Such cells have become promising tools in 
disease modelling and regenerative medicine, given their potential to replicate any cell and the corresponding 
tissue. iPSCs may be produced from peripheral blood mononuclear cells8, thus affording easy and virtually unlim-
ited access to tissues of interest, without invasive biopsies.

In an earlier effort, decellularised apple was used as a porous cellulose backbone for 3D culture of mammalian 
cells9. The authors subsequently indicated that this plant-derived cellulose scaffold was biocompatible when sub-
cutaneously implanted in the backs of mice10. Similarly, a cellulose-based scaffold has been applied for culturing 
and osteoblastic differentiation of human mesenchymal stem cells11. These successes prompted our use of this 
natural, readily available, and easily handled scaffolding in the 3D engineering of bone. We were thus compelled 
to determine whether iPSCs could be cultured and differentiate as osteoblasts within a plant-derived cellulose 
scaffold. We also explored the prospective clinical merits, using resultant bone organoid as in vivo implants.
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Results
Decellularised apple provides cellulose scaffold for 3D cell cultures of hiPSCs.  We first decellu-
larised various plants (apple, broccoli, sweet pepper, carrot, persimmon, and jujube) to create porous cellulose 
scaffolds, as previously described9 (Fig. 1A–C). Briefly, sliced apple (0.5 mm thick) was cut into pieces (1 × 1 cm) 
for sequential immersion in 0.5% sodium dodecyl sulphate (SDS) solution (to decellularise) and 70% ethanol 
(to sterilise). The remaining cellulose constructs harboured pores of various shapes and sizes (Fig. 1D–F). In 
addition to apples, which have proven useful for successful culturing of cell lines, we also tested carrot and per-
simmon, both being similar to apple in pore shape and size (Fig. 2A,B). Once seeded with hiPSCs, only cells 
cultivated in apple scaffolding survived, as confirmed by Cell Counting Kit-8 (CCK-8) assay after 96 h (Fig. 2C) 
and by scanning electron microscopy (Fig. 2D). In the different type of scaffolds, cells maintained their poorly 
spread and did not proliferate well (Fig. 2C, Supplementary Fig. S3). Viable hiPSCs were also confirmed within 
apple scaffolding under phase contrast microscopy and in haematoxylin and eosin (H&E)-stained histological 
preparations (Fig. 2E). To gauge cell viability and proliferative capacity, we performed LIVE/DEAD analysis. 
Cellular proliferation within apple scaffolding increased at both 48 h and 96 h, whereas numbers of dead cells did 
not (Fig. 2F,G). Cells surviving in culture after 96 h still expressed stem cell markers, (OCT3/4, SOX2, NANOG, 
LIN28, DPPB5, TDGF1, and SSEA4) at levels comparable to iPSCs cultured in 2D media (Fig. 2H,J), implying 
retention of pluripotency by hiPSCs within scaffolds.

Osteoblastic differentiation of hiPSCs within apple scaffolding.  We then successfully cultured scaf-
folds seeded with hiPSCs for 21 days in osteogenic differentiation media. Phase contrast images showed miner-
alising nodules (Fig. 3A), confirmed by Alizarin Red S (Fig. 3A,B,D) and von Kossa (Fig. 3A,C,E) stains and by 
osteoimaging (Fig. 3F,G); and we consistently recorded high levels of mRNA expressed in time-dependent manner 
by osteogenic markers, such as osteocalcin (OCN) and type I collagen (COL-1) (Fig. 3H). Immunofluorescence 
stains also regularly showed increases in OCN and COL-1 expression levels, compared with hiPSCs at baseline 
(Fig. 3I). Transmission (Fig. 3N) and scanning (Fig. 3J,K) electron microscopy more clearly depicted the mineral-
isation within pores. Through energy-dispersive X-ray spectrometry (EDX), such fortification was readily linked 
to osteogenic differentiation (Fig. 3L). Of note, expression of sclerostin (SOST, an osteocyte marker) was evident 
in osteoblast (OB)-laden scaffolding, attesting to the osteocytic nature of these differentiated cells (Fig. 3M). We 
were able to mould the decellularised apple scaffolding in any manner, without loss of shape at any time when 
subjected to lifting by forceps (Supplementary Fig. S1). In assessing osteoblast-bearing apple scaffolds by confocal 
laser microscopy, ‘Apple scaffold + OB’ exceeded ‘Apple scaffold only’ or ‘Apple scaffold + hiPSCs’ in thickness and 
degree of surface roughness (Supplementary Fig. S2).

Bone organoid implant promotes in vivo repair in rat calvarial defect model.  Finally, we explored 
the potential use of bone-like tissue elements as in vivo grafts, engaging a commonly used rat calvarial defect 
model to assess bone regeneration12. This entailed making two identical 5-mm circular defects in rat skulls and 
grafting only one to compare the rates of healing. After receiving cultured scaffolds as implants, the rats were sac-
rificed at 2, 4, and 8 weeks for serial evaluations (Fig. 4A). Microcomputed tomography (CT) and visual inspec-
tion at 8 weeks showed partial regeneration of implanted areas, growing from margins inward (Fig. 4B–D), with 
no signs of inflammation. Histologically, bone organoids appeared successfully engrafted, with type I collagen 
deposition by Masson’s trichrome stain (Fig. 4E–H). Because scaffolds themselves could conceivably encourage 
bone regeneration in rats, we screened implanted scaffolds for human cells, verifying the presence of human 
nuclei, mitochondria13,14, and osteocalcin by immunofluorescence staining (Fig. 4I,J) and indicating survival of 
hiPSC-derived osteoblasts in vivo. Moreover, we observed blood vessel-like structures within scaffolds that pre-
sumptively grew into the implant (Fig. 4K,L). Given the collective results, it is apparent that these bone organoid 
implants promote healing of defects in vivo and have capacity to provide grafted bone with needed blood supply.

Discussion
The 3D culture system implemented herein relies on a plant-derived cellulose scaffold to optimize support of 
developing bone-like structures and ultimately permit in vivo implantation. It is also apparent that the grafted 
end-products promote bone regeneration. As a biomaterial, an apple-derived construct has several advantages, 
including xeno-free plant-derived properties, biocompatibility, easy handling, and low cost.

Although osteoblasts may be effectively cultured by 2D methods, 3D cultures have added benefits. In one 
study, expression levels of COL-1, osteocalcin, and osteonectin were found to be higher in hiPSC-derived oste-
oblasts generated via polyethersulfone nanofibrous 3D scaffold2. More recently, an effort to transform mouse 
iPSCs into osteoblasts yielded higher expression levels of LBSP (an osteoblast marker), as well as DMP1 and SOST 
(osteocyte markers), using atelocollagen as scaffolding rather than 2D culture media15.

By design, 3D culture systems should mimic the in vivo microstructures of various organs, ideally incorpo-
rating extracellular matrix (ECM) of targeted organs as scaffolding. Recently, this approach has been broadly 
attempted in organoids of liver16,17, thymus18, intestine19, and pancreas20, seeding cells onto native ECM after 
decellularisation. However, a donor organ is required for this purpose; and with respect to bone, autologous grafts 
(the best option for seeding) are not only limited in supply but also impose donor site problems. Instead, scaffolds 
are being fabricated from or coated with major components of bone ECM, such as HA or type I collagen, to gen-
erate bone-like tissue in vitro21–23. Furthermore, 3D bioprinting with cell-loaded bioink is emerging as another 
attractive option24, albeit rooted in high-tech devices. Despite the absence of bony ECM in our cellulose scaffolds, 
the resultant mineralised nodules were still well developed. In future endeavours, addition of ECM components 
to our system may be considered to perhaps enhance the osteogenic potential.

It is unclear why apple-derived scaffolds alone proved suitable for culturing of cells, whereas other candidate 
plants completely failed. Their ECM constituents are likely shared, so it is the unique mechanical properties of 
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apple that ostensibly make a difference. Scaffolding for regenerative bone should be structurally interconnected 
and highly porous (≥90%), with adequately sized openings (≥100 μm) to allow cellular proliferation and vascular 
ingrowth, carrying nutrients and oxygen5. The pores of apple scaffolding, each~200 μm in diameter, are therefore 
amenable.

Figure 1.  Decellularised plants provide cellulose-based scaffolds with pores of various sizes and shapes: (A) 
Schematic of strategy to develop decellularised plant scaffolds, seeding induced human pluripotent cells onto 
scaffolds for incubation; (B) Images of plants under investigation; (C) Images of plants after decellularisation 
(D) Phase contrast images of scaffolds (original magnifications: 100x and 200x); (E) Scanning electron 
microscopic images of scaffolds (original magnifications: 200x and 500x); and (F) Haematoxylin & eosin-
stained images of scaffolds (original magnifications: 200x and 400x). Scale bars: 10 μm (H&E) and 100 μm.
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Figure 2.  Induced pluripotent stem cells (iPSCs) cultivated in apple-derived scaffolds: (A) Drawings of 
various plant scaffolds showing shape and pore sizes; (B–D) Pore sizes, cell proliferation assay (CCK-8), and 
scanning electron microscopic images of human induced pluripotent stem cells (hiPSCs) seeded in apple 
scaffolds; (E) Phase contrast (top) and haematoxylin & eosin-stained (bottom) images of hiPSCs seeded onto 
apple scaffolds (original magnifications: 100x and 200x); (F) Views of live and dead cells in cultures after 48 h 
(top panels) and 96 h (bottom panels); (G) Proportion of the live and dead cells in cultures after 48 h and 96 h; 
(H) mRNA expression levels of iPSC markers in control iPSCs and iPSCs cultured in apple scaffolding; (I) 
Immunofluorescence staining of iPSC markers in iPSCs cultured in apple scaffolding; and (J) mRNA expression 
levels of LIN28 and OCT3/4 in control iPSCs and iPSCs cultured in apple scaffolding (*p < 0.01; **p < 0.005; 
and ***p < 0.001).
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The openness of apple scaffolding also seems particularly conducive to vascular ingrowth, which is critical for 
successful implantation. Oxygenation and supplied nutrients are so important that co-seeding of endothelial cells 
and hiPSC-derived mesenchymal stem cells (MSCs) into calcium phosphate cement scaffolds has been investi-
gated as a means of integrating vessel-like structures into bone organoids25. However, our system simply encour-
aged vascular ingrowth at implant sites, similar to a previous report documenting vascularization of implanted 
apple-derived cellulose scaffolds in vivo9. Furthermore, monocytes (as precursors of osteoclasts) may be delivered 
to bone organoids by this route, and white blood cells recruited via blood vessels may differentiate into osteo-
clasts, bolstering physiologic bony structures.

In clinical applications, biodegradability is an important aspect of scaffolds. After 8 weeks, our plant-derived 
scaffolding implants remained intact, showing no signs of degradation or immune response. Longer term observa-
tion is rightly needed to address the issue of degradability, but in any clinical application of iPSCs, there are usually 

Figure 3.  Osteoblastic differentiation of human induced pluripotent stem cells (hiPSCs) within 3D scaffolds: 
(A) Phase contrast images, Alizarin Red S stain, and von Kossa stain of hiPSCs before and after osteoblastic 
differentiation; (B–E) Alizarin Red S and von Kossa staining of hiPSCs before and after osteoblastic 
differentiation (proportions of positively stained areas, absorbance at 450 nm, and counts of mineralised 
nodules shown in graphs); (F,G) Osteoimaging of hiPSCs before and after osteoblastic differentiation; 
(H) Levels of osteocalcin and type I collagen mRNA expressed by hiPSCs before and after osteoblastic 
differentiation (*p < 0.01; **p < 0.005; and ***p < 0.001); (I) Immunofluorescence staining of type I collagen 
and osteocalcin in hiPSCs and osteoblasts (nuclei stained via DAPI). Scale bars: 20 μm; (J,K) Scanning electron 
microscopic images after osteoblastic differentiation; (L) Energy dispersion X-ray spectrometer ranges obtained 
by focusing beam on mineralising nodules; (M) Expression levels of OCT4, OCN, and SOST mRNA after 
osteoblastic differentiation. Note: Full-length electrophoretic bands are presented in Supplementary Fig. 4.  
(N) Osteoblastic differentiation shown by transmission electron microscopy.
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Figure 4.  Bone-like graft implants in rat calvarial defect model to aid bone regeneration: (A) Schematic of strategy 
for bone-like graft development and implantation; (B) Microcomputed tomography (CT) views of calvarial defect 
sites at 2 weeks (left), 4 weeks (middle), and 8 weeks (right) after grafting, with representative images of defect only 
(top panels), scaffold only (middle panels), and osteoblast-laden scaffold implants (bottom panels); (C) Photos of 
calvarial defects without implant (left), scaffold only (middle), and osteoblast-laden scaffold implantation (right); 
(D) Proportion of bone volume (BV) to total volume (TV) 2 weeks (left) and 8 weeks (right) after implantation 
(*p < 0.01; **p < 0.005; and ***p < 0.001); (E) Proportion of bone regeneration 2 weeks (left), 4 weeks (middle), 
and 8 weeks (right) after implantation; (F) Masson’s trichrome stain of defect sites at 2 weeks and 8 weeks after 
implantation; (G,H) Proportion of new bone area and area of type I collagen deposition 2 weeks and 8 weeks after 
implantation; (I) Immunofluorescence staining of human cellular nuclei in graft, 8 weeks after implantation; (J) 
Immunofluorescence staining of human mitochondria and osteocalcin in graft, 8 weeks after implantation; and 
(K,L) Blood vessel formation in graft (H&E and Masson’s trichrome stains).
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concerns of related teratomas or malignancy. We found no evidence of teratoma formation in implanted defects. We 
also confirmed that the blood vessels originated from without, formed by endothelial cells of rat origin.

Our culture system is easy to reproduce and manipulate, and may be readily utilized without expensive devices 
or complicated techniques. Although the plant-derived scaffold itself may not be useful in regenerative medicine, 
it is nonetheless instructive on a fundamental level, underscoring that optimal genesis of bone-like tissue in 3D 
cultures is reliant on pore size and shape of the scaffolding material.

Methods
Ethical approval.  All procedures involving animals were performed in accordance with the Laboratory 
Animals Welfare Act, the Guide for the Care and Use of Laboratory Animals, and Guidelines and Policies 
for Rodent Experimentation adopted by the Institutional Animal Care and Use Committee of the School of 
Medicine at the Catholic University of Korea; and the Institutional Review Board approved our study protocol 
(KC14TISI0334). We obtained hiPSCs from the Catholic iPSC Research Center, as detailed in a previous study26. 
IACUC and Department of Laboratory Animal (DOLA) in Catholic University of Korea, Songeui campus accred-
ited the Korea Excellence Animal Laboratory Facility from Korea Food and Drug Administration in 2017 and 
acquired AAALAC International full accreditation in 2018.

Preparation of natural plant scaffold.  The plant scaffold was serially sliced at a uniform thickness 
(0.5 ± 0.3 mm) and cut to uniform lengths (0.9 ± 0.1 mm each). We measured the thickness and length of each 
plant scaffold with callipers. Plant tissue was decellularised in accord with a previously published protocol9,10, 
adding fruit samples to sterile 2.5-ml tubes with 0.5% SDS (Sigma-Aldrich, St Louis, MO, USA) solution and 
shaking at 180 RPM for 48 h. After washing three times with 1× phosphate-buffered saline (PBS) and 70% eth-
anol two times. 1× PBS with 1% penicillin/streptomycin (HyClone) and 1% amphotericin B (Sigma-Aldrich, St 
Louis, MO, USA), samples were incubated for 6 h. After washing three times with 1× phosphate-buffered saline 
(PBS) and incubate for 14 hours in E8 media.

Visualization of natural plant-scaffolding structure.  We examined pore sizes via electron and light 
microscopy (Olympus, Shinjuku, Tokyo, Japan). To visualize the porosity of natural plant scaffolds, H&E-stained 
histological preparations were used. Sections were cut at 5 μm, then deparaffinized and rehydrated for 10-min 
staining in Harris’s haematoxylin solution. Excess haematoxylin was removed by immersion in 1% HCl in 70% 
(v/v) ethyl alcohol for 5 s, followed by bluing in 0.5% ammonium hydroxide solution, Eosin Y (1%, w/v) coun-
terstaining for 1.5 min, and a 1-min wash in running tap water. Sections were mounted on clear glass slides and 
coverslipped.

Scanning electron microscopy (SEM).  We examined cell attachments and pore sizes of plant scaffolds via 
SEM. Plant scaffolds were washed three times with Dulbecco’s PBS (DPBS) and fixed in 2.5% glutaraldehyde (Duk 
San, Gyeongnam, South Korea). A gold coating was applied to observe the surface features by SEM (JSM-5600LV; 
JEOL, Akishima, Tokyo, Japan).

In vitro culture of hiPSCs within natural plant scaffolds.  Natural plant scaffolds were incubated in 
24-well tissue culture plates. Each well was coated with polydimethylsiloxane (PDMS), prepared as a 1:10 mixture 
of hardener and elastomer (Sylgard 184; Dow Corning, Midland, MI, USA). The PDMS mixture was dispensed 
into each well, cured at 80 °C for 2 h, cooled at room temperature (RT), and washed with 1× PBS. Such coating 
is intended to prevent cell adhesion by creating a hydrophobic surface. A plant support was placed in each well 
of a PDMS-coated plate for seeding with 1 × 106 hiPSCs suspended in 20 μl E8 medium. Cells were attached to 
plant scaffolds for 6 h in an incubator. The hiPSCs grown on PDMS-coated plates were maintained in E8 medium.

In vitro osteogenesis by hiPSCs seeded onto natural plant scaffolds.  Osteogenic differen-
tiation medium (ODM) was prepared by adding 15% foetal bovine serum (FBS), 100 nM dexamethasone, 
10 mM β-glycerol phosphate, and 50 μg/ml ascorbic acid to Dulbecco’s Modified Eagle Medium-Low glucose 
(DMEM-LG). Medium was replaced every 2 days in cultures incubated for 3 weeks. When hiPSCs seeded onto 
plant scaffolds were 80% confluent, we switched to ODM.

Alizarin Red S and von kossa staining.  Alizarin Red S staining served to confirm osteoblastic differentia-
tion. To gauge degrees of calcium deposition, we washed differentiated plant scaffolds with sterile 1× PBS on Days 
0, 7, 14, and 21, adding Alizarin Red S solution for 30 min. Non-specifically stained portions were rinsed several 
times with sterilised water. Stained areas were examined by light microscope (DMi8; Leica, Wetzlar, Germany). To 
quantify Alizarin Red staining, we added 10% (w/v) cetylpyridinium chloride solution at RT, allowing a 30-min 
reaction. Absorbance of the supernatant was recorded at 595 nm by microplate reader. A von Kossa stain was also 
performed to verify calcific deposits. After washing with PBS, the cells were fixed in 4% paraformaldehyde (PFA) 
for 20 min. After again washing with tap water, we treated samples with 5% silver nitrate solution, exposed them 
to ultraviolet (UV) light for 40 min, and then washed with tap water. Finally, samples were incubated with 5% 
sodium thiosulfate for 5 min and washed with tap water. Stained sections were viewed by light microscope27,28.

Real-time polymerase chain reaction (PCR).  Real-time polymerase chain reaction and quantitative 
PCR (qPCR) were performed to assess expression levels of pluripotent and osteoblast-specific marker genes 
in osteoblast-differentiated scaffolds. We extracted the total RNA of these plant scaffolds using Trizol Reagent 
(15596026; Invitrogen [ThermoFisher], Carlsbad, CA, USA), using the RevertAid First Strand cDNA Synthesis 
Kit (K1621; ThermoFisher Scientific, Waltham, MA, USA) as directed for cDNA synthesis. A list of primers is 
provided in Table 1.
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Cell viability assay.  Cell viability was based on two-color fluorescence analysis, using the LIVE/DEAD Viability/
Cytotoxicity Assay Kit (L3224; Molecular Probes [ThermoFisher], Eugene, OR, USA) as directed by manufacturer. To 
confirm proliferation of hiPSCs seeded onto natural plant scaffolds, we used the Cell Counting Kit-8 assay (CCK-8; 
CK04-13, Dojindo Molecular Technologies, Inc), transferring supernatant after 48 h and 96 h to 96-well plates and 
adding 10 μl CCK-8 solution to each well. Absorbance was recorded at 595 nm by microplate reader.

Cellular immunostaining.  Pluripotency markers served to characterize cells, which were washed with 
1× PBS and fixed by adding 4% PFA for 10 min at RT. We then added 0.1% Triton X-100 and incubated at 
RT for 10 min. Piercing of cell walls allowed the solution to penetrate. Thereafter, we added PBS buffer solu-
tion containing 2% bovine serum albumin (BSA) for 40 min. Anti-OCT4 antibody (ab19857; Abcam, 
Cambridge, UK) and anti-Stage-Specific Embryonic Antigen-4 (SSEA-4) antibody (MAB4304; Millipore Sigma, 
Burlington, MA, USA) were diluted 1:100 in PBS containing 2% BSA for 2-h incubation at RT. Alexa Fluor 
594 goat anti-rabbit IgG (H + L) antibody (A11037; Molecular Probes) and Alexa Fluor 488 goat anti-mouse 
IgG (H + L) antibody (A11029; Molecular Probes) were also diluted 1:200 in PBS for 40-min incubation at RT. 
Finally, 4′,6-diamidino-2-phenylindole (DAPI; 10236276001; Roche, Basel, Switzerland) was applied at RT for 
10 min, washing with PBS and obtaining photo images by confocal scanning microscope (IX 70; Olympus). 
Immunofluorescence staining was also performed, using anti-Collagen I (COL-1) antibody (ab34710; Abcam) 
and Anti-osteocalcin (OCN) antibody (sc-30044; Santa Cruz Biotechnology, Dallas, TX, USA) to detect markers 
of osteogenic cells within plant scaffolds. Sections of OB-differentiated plant scaffolding were first incubated in 
3% H2O2 to remove endogenous peroxidase activity, and then incubated with 10% normal goat serum containing 
1× PBS with 1% BSA (1% PBA) to remove nonspecific background staining. Anti-COL-1 and anti-OCN antibod-
ies were diluted in 5% normal goat serum containing 1% PBA for overnight incubation at 4 °C. Specimens were 
then incubated with Alexa Fluor 594 goat anti-rabbit IgG (H + L) antibody (A11037; Molecular Probes) in PBS 
for 40 min at RT. Nuclear staining was achieved using DAPI.

Animal experiments.  To confirm the regenerative capacity of OB-differentiated plant scaffolding in vivo, we 
used male rats (Sprague Dawley) with calvarial defects. The rats were anesthetized using 2% isoflurane, applying 
ophthalmic liquid gel to protect the eyes. When implanting scaffolds, we used a sterile trapezoidal drill to create 
5-mm diameter calvarial defects. The OB-differentiated plant scaffolds were rinsed with sterile PBS prior to place-
ment on defects. We then sutured the skin, administered analgesia, and observed for healing.

Histological examination of explanted plant scaffolds.  Rats with implanted scaffolds were sacrificed by 
CO2 inhalation at 2, 4, and 8 weeks after grafting, fixing the scaffold tissue in 10% formalin. The routinely processed, 
paraffin-embedded specimens were then sectioned at 5 μm. Masson’s trichrome stain to confirm new bone forma-
tion called for tissue fixation in preheated Bouin’s solution (60 min at 60 °C), followed by tap-water rinse to remove 
the picric acid. After incubation with Weigert’s iron haematoxylin at RT for 10 min and subsequent tap-water rinse, 
Biebrich scarlet was applied for 5 min at RT. Sections were then rinsed with tap water and incubated in an acid (phos-
photungstic + phosphomolybdic) and distilled water solution (1:1:2) for 15 min at RT, followed by 5-min incubation 
in 2% aniline blue. Sections were ultimately rinsed with tap water and incubated 3 min in 1% acetic acid. Areas of 
new bone and collagen growth were quantified using ImageJ freeware. To confirm in vivo bone regeneration within 
OB-differentiated apple scaffolding, we used human mitochondrial and osteocalcin antibodies for co-localization 
staining. Plant scaffold tissue sections were incubated in 3% H2O2 to remove endogenous peroxidase activity, and 
then incubated with 10% normal goat serum containing 1% PBA to remove nonspecific background staining. 
Mouse anti-human mitochondria monoclonal antibody (MAB 1273; Millipore Sigma) and osteocalcin antibody 
(sc-30044; Santa Cruz Biotechnology) were diluted 1:100 in 5% normal goat serum containing 1% PBA for overnight 

PCR 
product Sequence (5′-3′)

Fragment 
size (bp)

OCT3/4
F-ACCCCTGGTGCCGTGAA

190
R-GGCTGAATACCTTCCCAAATA

SOX2
F-CAGCGCATGGACAGTTAC

321
R-GGAGTGGGAGGAAGAGGT

NANOG
F-AAAGGCAAACAACCCACT

270
R-GCTATTCTTCGGCCAGTT

LIN28
F-GTTCGGCTTCCTGTCCAT

122
R-CTGCCTCACCCTCCTTCA

DPPB5
F-CGGCTGCTGAAAGCCATTTT

215
R-AGTTTGAGCATCCCTCGCTC

TDGF1
F-TCCTTCTACGGACGGAACTG

140
R-AGAAATGCCTGAGGAAAGCA

GAPDH
F-GAATGGGCAGCCGTTAGGAA

414
R-GACTCCACGACGTACTCAGC

Table 1.  PCR primer sequences used for RT-PCR analysis. RT-PCR: reverse transcription polymerase chain 
reaction; F: Forward primer; R: reverse primer.
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incubation at 4 °C. Sections were then incubated with Alexa Fluor 594 goat anti-rabbit IgG (H + L) or Alexa Fluor 
488 goat anti-mouse IgG (H + L) antibody in PBS for 40 min at RT. Nucleus staining was achieved using DAPI.

Statistical analysis.  All experiments were repeated at least three times, expressing data as mean and stand-
ard error of the mean (shown as error bars). All computations and graphic depictions were powered by standard 
software (Prism 5; GraphPad, San Diego, CA, USA). In comparing three or more groups during non-parametric 
quantitative data analysis, Kruskal-Wallis and post hoc Dunn’s multiple comparison tests were applied. Statistical 
significance was set at p < 0.01 (*p < 0.01; **p < 0.005; and ***p < 0.001).

Received: 16 April 2019; Accepted: 16 December 2019;
Published: xx xx xxxx

References
	 1.	 Ardeshirylajimi, A. Applied Induced Pluripotent Stem Cells in Combination With Biomaterials in Bone Tissue Engineering. Journal 

of cellular biochemistry 118, 3034–3042, https://doi.org/10.1002/jcb.25996 (2017).
	 2.	 Ardeshirylajimi, A., Hosseinkhani, S., Parivar, K., Yaghmaie, P. & Soleimani, M. Nanofiber-based polyethersulfone scaffold and 

efficient differentiation of human induced pluripotent stem cells into osteoblastic lineage. Molecular biology reports 40, 4287–4294, 
https://doi.org/10.1007/s11033-013-2515-5 (2013).

	 3.	 Milovac, D., Gamboa-Martinez, T. C., Ivankovic, M., Gallego Ferrer, G. & Ivankovic, H. PCL-coated hydroxyapatite scaffold derived 
from cuttlefish bone: in vitro cell culture studies. Materials science & engineering. C, Materials for biological applications 42, 264–272, 
https://doi.org/10.1016/j.msec.2014.05.034 (2014).

	 4.	 Ji, J. et al. Sphere-shaped nano-hydroxyapatite/chitosan/gelatin 3D porous scaffolds increase proliferation and osteogenic 
differentiation of human induced pluripotent stem cells from gingival fibroblasts. Biomedical materials (Bristol, England) 10, 045005, 
https://doi.org/10.1088/1748-6041/10/4/045005 (2015).

	 5.	 Saravanan, S., Leena, R. S. & Selvamurugan, N. Chitosan based biocomposite scaffolds for bone tissue engineering. International 
journal of biological macromolecules 93, 1354–1365, https://doi.org/10.1016/j.ijbiomac.2016.01.112 (2016).

	 6.	 Peng, W. et al. Challenges in Bio-fabrication of Organoid Cultures. Advances in experimental medicine and biology 1107, 53–71, 
https://doi.org/10.1007/5584_2018_216 (2018).

	 7.	 Takahashi, K. & Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined 
factors. Cell 126, 663–676, https://doi.org/10.1016/j.cell.2006.07.024 (2006).

	 8.	 Kim, Y. & Rim, Y. A. The Generation of Human Induced Pluripotent Stem Cells from Blood Cells: An Efficient Protocol Using Serial 
Plating of Reprogrammed Cells by Centrifugation. 2016, 1329459, https://doi.org/10.1155/2016/1329459 (2016).

	 9.	 Modulevsky, D. J., Lefebvre, C., Haase, K., Al-Rekabi, Z. & Pelling, A. E. Apple derived cellulose scaffolds for 3D mammalian cell 
culture. PloS one 9, e97835, https://doi.org/10.1371/journal.pone.0097835 (2014).

	10.	 Modulevsky, D. J., Cuerrier, C. M. & Pelling, A. E. Biocompatibility of Subcutaneously Implanted Plant-Derived Cellulose 
Biomaterials. PloS one 11, e0157894, https://doi.org/10.1371/journal.pone.0157894 (2016).

	11.	 Demitri, C. et al. Cellulose-based porous scaffold for bone tissue engineering applications: Assessment of hMSC proliferation and 
differentiation. Journal of biomedical materials research. Part A 104, 726–733, https://doi.org/10.1002/jbm.a.35611 (2016).

	12.	 Spicer, P. P. et al. Evaluation of bone regeneration using the rat critical size calvarial defect. Nat Protoc 7, 1918–1929, https://doi.
org/10.1038/nprot.2012.113 (2012).

	13.	 Darnell, M. et al. Substrate Stress-Relaxation Regulates Scaffold Remodeling and Bone Formation In Vivo. Adv Healthc Mater 6, 
https://doi.org/10.1002/adhm.201601185 (2017).

	14.	 Moshaverinia, A. et al. Bone regeneration potential of stem cells derived from periodontal ligament or gingival tissue sources 
encapsulated in RGD-modified alginate scaffold. Tissue Eng Part A 20, 611–621, https://doi.org/10.1089/ten.TEA.2013.0229 (2014).

	15.	 Zujur, D. et al. Three-dimensional system enabling the maintenance and directed differentiation of pluripotent stem cells under 
defined conditions. Science Advances 3 (2017).

	16.	 Mazza, G. et al. Decellularized human liver as a natural 3D-scaffold for liver bioengineering and transplantation. Scientific Reports 
5, 13079, https://doi.org/10.1038/srep13079 (2015).

	17.	 Saheli, M. et al. Three-dimensional liver-derived extracellular matrix hydrogel promotes liver organoids function. Journal of cellular 
biochemistry 119, 4320–4333, https://doi.org/10.1002/jcb.26622 (2018).

	18.	 Hun, M. et al. Native thymic extracellular matrix improves in vivo thymic organoid T cell output, and drives in vitro thymic epithelial 
cell differentiation. Biomaterials 118, 1–15, https://doi.org/10.1016/j.biomaterials.2016.11.054 (2017).

	19.	 Schwartz, D. M., Pehlivaner Kara, M. O., Goldstein, A. M., Ott, H. C. & Ekenseair, A. K. Spray Delivery of Intestinal Organoids to 
Reconstitute Epithelium on Decellularized Native Extracellular Matrix. Tissue engineering. Part C, Methods 23, 565–573, https://doi.
org/10.1089/ten.TEC.2017.0269 (2017).

	20.	 Guruswamy, D. R. & Vermette, P. Decellularized pancreas as a native extracellular matrix scaffold for pancreatic islet seeding and 
culture. Journal of tissue engineering and regenerative medicine 12, 1230–1237, https://doi.org/10.1002/term.2655 (2018).

	21.	 Arslan, A., Cakmak, S. & Gumusderelioglu, M. Enhanced osteogenic activity with boron-doped nanohydroxyapatite-loaded 
poly(butylene adipate-co-terephthalate) fibrous 3D matrix. Artificial cells, nanomedicine, and biotechnology, 1–10, https://doi.org/1
0.1080/21691401.2018.1470522 (2018).

	22.	 Maji, S., Agarwal, T., Das, J. & Maiti, T. K. Development of gelatin/carboxymethyl chitosan/nano-hydroxyapatite composite 3D 
macroporous scaffold for bone tissue engineering applications. Carbohydrate polymers 189, 115–125, https://doi.org/10.1016/j.
carbpol.2018.01.104 (2018).

	23.	 Sun, T. W. et al. Porous Nanocomposite Comprising Ultralong Hydroxyapatite Nanowires Decorated with Zinc-Containing 
Nanoparticles and Chitosan: Synthesis and Application in Bone Defect Repair. Chemistry (Weinheim an der Bergstrasse, Germany), 
https://doi.org/10.1002/chem.201800425 (2018).

	24.	 McBeth, C. et al. 3D bioprinting of GelMA scaffolds triggers mineral deposition by primary human osteoblasts. Biofabrication 9, 
015009, https://doi.org/10.1088/1758-5090/aa53bd (2017).

	25.	 Liu, X. et al. Co-Seeding Human Endothelial Cells with Human-Induced Pluripotent Stem Cell-Derived Mesenchymal Stem Cells 
on Calcium Phosphate Scaffold Enhances Osteogenesis and Vascularization in Rats. Tissue engineering. Part A 23, 546–555, https://
doi.org/10.1089/ten.tea.2016.0485 (2017).

	26.	 Rim, Y. A. et al. Recent progress of national banking project on homozygous HLA-typed induced pluripotent stem cells in South 
Korea. Journal of tissue engineering and regenerative medicine 12, e1531–e1536, https://doi.org/10.1002/term.2578 (2018).

	27.	 Wang, Y. et al. Novel nanoscale topography on poly(propylene carbonate)/poly(ε-caprolactone) electrospun nanofibers modifies 
osteogenic capacity of ADCs. RSC Advances 5, 82834–82844, https://doi.org/10.1039/C5RA15841A (2015).

	28.	 Mathews, S., Gupta, P. K., Bhonde, R. & Totey, S. Chitosan enhances mineralization during osteoblast differentiation of human bone 
marrow-derived mesenchymal stem cells, by upregulating the associated genes. Cell proliferation 44, 537–549, https://doi.
org/10.1111/j.1365-2184.2011.00788.x (2011).

https://doi.org/10.1038/s41598-019-56651-0
https://doi.org/10.1002/jcb.25996
https://doi.org/10.1007/s11033-013-2515-5
https://doi.org/10.1016/j.msec.2014.05.034
https://doi.org/10.1088/1748-6041/10/4/045005
https://doi.org/10.1016/j.ijbiomac.2016.01.112
https://doi.org/10.1007/5584_2018_216
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1155/2016/1329459
https://doi.org/10.1371/journal.pone.0097835
https://doi.org/10.1371/journal.pone.0157894
https://doi.org/10.1002/jbm.a.35611
https://doi.org/10.1038/nprot.2012.113
https://doi.org/10.1038/nprot.2012.113
https://doi.org/10.1002/adhm.201601185
https://doi.org/10.1089/ten.TEA.2013.0229
https://doi.org/10.1038/srep13079
https://doi.org/10.1002/jcb.26622
https://doi.org/10.1016/j.biomaterials.2016.11.054
https://doi.org/10.1089/ten.TEC.2017.0269
https://doi.org/10.1089/ten.TEC.2017.0269
https://doi.org/10.1002/term.2655
https://doi.org/10.1080/21691401.2018.1470522
https://doi.org/10.1080/21691401.2018.1470522
https://doi.org/10.1016/j.carbpol.2018.01.104
https://doi.org/10.1016/j.carbpol.2018.01.104
https://doi.org/10.1002/chem.201800425
https://doi.org/10.1088/1758-5090/aa53bd
https://doi.org/10.1089/ten.tea.2016.0485
https://doi.org/10.1089/ten.tea.2016.0485
https://doi.org/10.1002/term.2578
https://doi.org/10.1039/C5RA15841A
https://doi.org/10.1111/j.1365-2184.2011.00788.x
https://doi.org/10.1111/j.1365-2184.2011.00788.x


1 0Scientific Reports |         (2019) 9:20194  | https://doi.org/10.1038/s41598-019-56651-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
This study was supported by a grant from the Korea Health Technology R&D Project through the Korea Health 
Industry Development Institute (KHIDI), funded by the Ministry of Health & Welfare, Republic of Korea (grant 
number: HO16C0001); and a grant from the Korea Healthcare Technology R&D Project, Ministry for Health, 
Welfare and Family Affairs, Republic of Korea (H16C2177, H18C1178); and a grant from the Basic Science 
Research Program through the National Research Foundation of Korea (NRF), funded by the Ministry of Science, 
ICT, & Future Planning (Grant Number: 2017R1C1B2002804, 2019R1A5A2027588).

Author contributions
(1) Concept and design: J.L. and J.H.J.; (2) Data investigation or analysis and interpretation: J.L., H.J. and J.H.J.; (3) 
Data investigation: H.J. and N.R.P.; (4) Writing/drafting of article: J.L. and H.J.; (5) Writing, review, and editing: 
S.H.P. and J.H.J.; (6) Funding acquisition: J.L.; (7) Project administration: J.L. and J.H.J.; and (8) Supervision: 
S.H.P.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-56651-0.
Correspondence and requests for materials should be addressed to J.H.J.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-56651-0
https://doi.org/10.1038/s41598-019-56651-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Induced Osteogenesis in Plants Decellularized Scaffolds

	Results

	Decellularised apple provides cellulose scaffold for 3D cell cultures of hiPSCs. 
	Osteoblastic differentiation of hiPSCs within apple scaffolding. 
	Bone organoid implant promotes in vivo repair in rat calvarial defect model. 

	Discussion

	Methods

	Ethical approval. 
	Preparation of natural plant scaffold. 
	Visualization of natural plant-scaffolding structure. 
	Scanning electron microscopy (SEM). 
	In vitro culture of hiPSCs within natural plant scaffolds. 
	In vitro osteogenesis by hiPSCs seeded onto natural plant scaffolds. 
	Alizarin Red S and von kossa staining. 
	Real-time polymerase chain reaction (PCR). 
	Cell viability assay. 
	Cellular immunostaining. 
	Animal experiments. 
	Histological examination of explanted plant scaffolds. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Decellularised plants provide cellulose-based scaffolds with pores of various sizes and shapes: (A) Schematic of strategy to develop decellularised plant scaffolds, seeding induced human pluripotent cells onto scaffolds for incubation (B) Images 
	Figure 2 Induced pluripotent stem cells (iPSCs) cultivated in apple-derived scaffolds: (A) Drawings of various plant scaffolds showing shape and pore sizes (B–D) Pore sizes, cell proliferation assay (CCK-8), and scanning electron microscopic images of hum
	Figure 3 Osteoblastic differentiation of human induced pluripotent stem cells (hiPSCs) within 3D scaffolds: (A) Phase contrast images, Alizarin Red S stain, and von Kossa stain of hiPSCs before and after osteoblastic differentiation (B–E) Alizarin Red S a
	Figure 4 Bone-like graft implants in rat calvarial defect model to aid bone regeneration: (A) Schematic of strategy for bone-like graft development and implantation (B) Microcomputed tomography (CT) views of calvarial defect sites at 2 weeks (left), 4 wee
	Table 1 PCR primer sequences used for RT-PCR analysis.




