
Scaffold-Free Spheroids with Two-Dimensional Hetero-Nano-
Layers (2DHNL) Enabling Stem Cell and Osteogenic Factor Co-
Delivery for Bone Repair

Xifeng Liu†,‡, Linli Li†,‡, Bipin Gaihre†,‡, Sungjo Park§, Yong Li†,‡, Andre Terzic§, Benjamin 
D. Elder†,‡,‖, Lichun Lu†,‡,*

†Department of Physiology and Biomedical Engineering, Mayo Clinic, Rochester, MN 55905, 
USA.

‡Department of Orthopedic Surgery, Mayo Clinic, Rochester, MN 55905, USA.

§Department of Cardiovascular Diseases and Center for Regenerative Medicine, Mayo Clinic, 
Rochester, Minnesota 55905, USA.

‖Department of Neurologic Surgery, Mayo Clinic, Rochester, MN 55905, USA.

Abstract

Scaffold-free spheroids offer great potential as a direct supply of cells for bottom-up bone tissue 

engineering. However, the building of functional spheroids with both cells and bioactive signals 

remains challenging. Here, we engineered functional spheroids with mesenchymal stem cells 

(MSCs) and two-dimensional hetero-nano-layers (2DHNL) that consisted of black phosphorus 

(BP) and graphene oxide (GO) to create a 3D cell-instructive microenvironment for large 

defect bone repair. The effects of the engineered 2D materials on the proliferation, osteogenic 

differentiation of stem cells was evaluated in an in vitro 3D spheroidal microenvironment. 

Excellent in vivo support of osteogenesis of MSCs, neovascularization, and bone regeneration 

was achieved after transplanting these engineered spheroids into critical-sized rat calvarial defects. 

Further loading of osteogenic factor dexamethasone (DEX) on the 2DHNL showed outstanding 

in vivo osteogenic induction and bone regrowth without prior in vitro culture in osteogenic 

medium. The shortened overall culture time would be advantageous for clinical translation. These 

functional spheroids impregnated with engineered 2DHNL enabling stem cell and osteogenic 

factor co-delivery could be promising functional building blocks to provide cells and differential 

clues in an all-in-one system to create large tissues for time-effective in vivo bone repair.
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INTRODUCTION

Large defect-sized bone repair is a clinical challenge. Current treatment using allografts and 

autografts has met limitations with availability shortage, additional surgery, donor morbidity, 

disease transfer, immune reactions, and bacteria contamination.1–4 Bone tissue engineering 

has emerged as a strategy to address these limitations by adopting external materials to help 

bridge the bone defect and facilitate bone regeneration.5–7 Classic materials widely studied 

include metal implants, ceramic and bioglass stents, and polymeric scaffolds, which are 

expected to have good biocompatibility and help recruit stem cells or pre-osteoblasts to the 

surface.2, 6–7 Cells adsorbed to the surface of the scaffolds will further undergo osteogenic 

differentiation and tissue mineralization to promote bone formation.8

Compared with implantation of pre-formed scaffolds, the minimally invasive injection 

route offers multiple advantages such as controllable injection volume, good adaptability 

to irregularly shaped defects, reduced surgical exposure with less pain, and faster 

recovery for patients.9 In the past decades, various injectable systems, including liquid 

metal bone cements,10 bioceramics and bioglass,11 synthetic polymers, e.g., poly(methyl 

methacrylate) (PMMA), poly(ε-caprolactone) (PCL),12 poly(L-lactic acid) (PLLA),13 

poly (propylene fumarate),14 poly(ethylene glycol) (PEG),15 and natural polymers, e.g., 

chitosan,16 alginate,17 were developed for bone regeneration. However, the degradation of 

these scaffold systems is a big concern. Most of the metal stents cannot be bio-adsorbed 

effectively and will remain in the body. For ceramics and bioglass implants, which may be 

adsorbed gradually in vivo, it is difficult to match the adsorption rate in sync with tissue 

formation. Polymeric scaffolds have additional concerns of immunogenicity or cytotoxicity 

of the chemicals used in the injectable system including pre-polymers, solvents, initiators, 

accelerators, and/or crosslinkable as well as the degradation products.

In recent years, the injectable, scaffolds-free biomimetic stem cell approach has started 

to gain intensive interest for bone regeneration.18–21 Direct stem cell injection eliminates 

the concerns for biodegradation rate and biocompatibility of the injectable formulation 

and degradation products and saves a large amount of effort in refining the material 

formulations. In addition, instead of enlisting cells from the environment, the direct supply 

of stem cells to the defect sites shortens the time for cell recruitment and speeds up 

the regeneration process. With these advantages, various forms of stem cell injection, 

e.g., individual cells, cell sheets, and cell spheroids, have been reported for guiding 

tissue regenerations.22–23 3D cell spheroids can mimic key aspects of the native cellular 

microenvironment, and their uniform circular size suits perfectly for minimally invasive 

injection.23 Spheroids generated with stem cells, e.g., mesenchymal stem cells (MSCs), has 

the ability to differentiate into multi-lineage cell types with corresponding induction.24–27

However, non-specific and uncontrolled differentiation of stem cells upon transplantation 

may not help specific tissue regeneration and even hinders therapeutic outcomes. Previous 

studies have showed that the transplantation of pure and non-differentiated MSCs failed 

to regenerate bone but instead resulted in fibrous tissue and adipose tissue formation.28–29 

Therefore, for bone tissue regeneration, stem cell transplantation often requires co-delivery 

of growth factors or biomaterials that can enhance osteogenic differentiation of stem cells to 
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bone cells.30 To date, only limited studies have been reported to incorporate microparticles 

or nanomaterials into spheroids aiming at improving stem cell functions.31–32

Here, we propose a proof-of-concept strategy to incorporate cell-adhesion and osteogenic-

instructive materials within stem cell spheroids to facilitate their aggregation and 

promote osteogenesis for bone tissue-engineering applications. We developed bone marrow 

mesenchymal stem cell (BMSC) spheroids that incorporated two-dimensional (2D) modular 

building blocks, e.g., hetero-nano-layers (2DHNL) composed of graphene oxide (GO) 

nanosheets and black phosphorus (BP) nanosheets, for enhanced in vivo bone regeneration, 

as demonstrated in Fig. 1a. We evaluated the effects of these engineered 2D materials 

on the proliferation and osteogenic differentiation of stem cells in a 3D spheroidal 

microenvironment. We further transplanted the engineered spheroids into rats and examined 

osteogenic differentiation of BMSCs and orthotopic bone regeneration in critical-sized 

calvarial defects. Finally, we introduced a combinational strategy by loading dexamethasone 

(DEX) on HNL to further support in vivo osteogenic induction and bone growth in 

rat calvarial defects. Altogether, the results obtained from the current study offer an 

operative scheme of inspirational stem cell/osteogenic factor co-delivery strategy using 

two-dimensional hetero-nano-layers for extensive bone defect repair (Fig. 1b).

RESULTS AND DISCUSSION

2D Materials Fabrication

As a star 2D nanomaterial, GO has gained broad interest for various biomedical applications 

taking advantage of its large surface area, outstanding mechanical properties (Young’s 

modulus > 200 GPa for mono-layer GO), and strong protein adsorption abilities.33–36 

Atomic force microscopy (AFM) mapping showed the fabricated GO nanosheets had a 

height around 1 nm after exfoliation (Fig. 2a). This height is close to the layer height of 

GO, confirming the fabrication of mono-layer GO nanosheets.37 Phosphorene, or commonly 

referred as BP in its multi-layered forms, is a biocompatible yet understudied 2D material 

with great potential in tissue engineering and other biomedical applications.38–39 For 

exfoliated BP nanosheets, AFM imaging indicated small size flakes in the nanometer range 

with layer height around 31 nm (Fig. 2b), consistent with previous reports.40–41 The detailed 

morphology of GO was observed to be thin layers by TEM scoping, as shown in Fig. 2c. BP 

nanosheets were observed by SEM and TEM to have lateral size around a few micrometers 

(Fig. 2d and Fig. S1a–b).

Here we combined the GO and BP to fabricate 2D hetero-nano-layer (2DHNL) 

nanostructures. The GO@BP HNL heterostructures were generated by mixing BP with 

GO under sonication. SEM imaging showed that the BP nanosheets were successfully 

wrapped by GO nanosheets (Fig. 2e). TEM images indicated that BP nanosheets were 

homogeneously distributed within the GO material (Fig. 2f). Enlarged scoping under TEM 

observed that BP nanosheets were covered by a large area of GO layer tightly (Fig. 2f). 

Element mapping of carbon and oxygen elements (main elements of GO) and phosphorous 

elements (main element of BP) further confirmed that BP nanosheets (green area) were 

widely dispersed with GO nanosheets (Fig. 2g). These SEM, TEM, and element mapping 

results indicate that BP nanosheets and GO nanosheets do not exclude each other and can 
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be combined to form heterostructure complexes. A schematic demonstration of the GO@BP 

HNL heterostructure is shown in Fig. 2h, with BP nanosheets and GO nanosheets mixed 

with each other.

GO nanosheets were widely reported to enhance cellular adhesion, spreading, proliferation, 

and differentiation.42–43 Three-dimensional (3D) scaffolds functionalized with GO 

nanosheets were reported to promote epithelial genesis, adipogenesis, and osteogenesis of 

stem cells.44–45 In addition to stem cells, GO nanosheets were also reported to support 

the differentiation and proliferation of multiple other cell types, including myoblasts and 

osteoblasts,46–47 cardiomyocytes,48–49 and neuronal cells.50 For BP nanosheets, one of 

the most favored properties is its biodegradation products being phosphonates, which are 

common ions within the human body without any safety concerns.41, 51 Phosphate is highly 

desired for the human skeleton and bone development as it plays an important role in 

osteogenesis and osteointegration.52 These advantageous characteristics make phosphorene 

an interesting and promising 2D material for tissue engineering applications. However, the 

utilization of phosphate ions for tissue regeneration is still in its infancy.

Based on the successful fabrication of 2DHNL nanostructures, we tried to explore whether 

these materials can be incorporated within the stem cells to create functionalized spheroids. 

As shown in Fig. 2i, the SEM images showed 3D stem cell spheroids that are able to capture 

the nanomaterials within the spheroids. The spheroids incorporated with GO, BP, and 

GO@BP showed abundant extracellular matrix (ECM) development within the spheroids 

with tight cell-ECM and cell-cell contacts. For spheroids incorporated with BP or GO@BP 

HNL hetero-mixtures, distribution of BP nanosheets within the 3D spheroids was observed. 

These distributed BP nanosheets enabled individual stem cells to form interactions with 

them hence eliciting enhanced osteogenesis responses.

Functionalized Stem Cell Spheroid Formation

The cytotoxicity of GO and BP nanosheets to individual stem cells was evaluated by 

co-culturing with the cells at varying concentrations. As shown in Fig. 3a, with the increase 

of GO concentrations, cells showed lowered viabilities. A significant cytotoxic effect was 

observed at three days of co-culture with a GO concentration higher than 10 μg/mL. Instead 

of cytotoxicity, for BP nanosheets, an immediate enhancement of cell numbers at day 1 was 

determined at concentrations under 10 μg/mL (Fig. 3b). The enhanced cell proliferation was 

likely due to phosphate release to cell medium. However, with a concentration higher than 

15 μg/mL, no obvious enhancement was observed, mostly because higher concentrations of 

phosphate ions and BP nanosheets disturbed normal cell activity. Significant cytotoxicities 

were determined when BP concentrations were higher than 20 μg/mL.

Cytotoxicity of GO and BP to 3D stem cell spheroids was evaluated by incorporating the 

nanosheets within the spheroids. The outcomes on spheroids shared similar trends with 

individual cells with slight difference. As shown in Fig. 3c, the incorporation of a small 

amount of BP nanosheets enhanced spheroid formation and stimulated the proliferation of 

cells to form larger-sized spheroids. The incorporation of GO nanosheets at an extremely 

low concentration of 4 μg/mL facilitated the formation of tight and uniform spheroids, 

taking advantage of the large area of GO. However, higher concentrations of GO caused 
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obvious toxicity to the spheroids, as can be seen from the increased dead cells from the 

spheroids (Fig. 3c and Fig. S2a–b). Based on these results, a concentration of 4 μg/mL was 

chosen for both GO and BP nanosheets for further spheroid formation and evaluation.

Photographs of 3D stem cell spheroids at day 1 showing the incorporation of GO 

nanosheets, BP nanosheets, and GO@BP hetero-mixtures are presented in Fig. 3d. Right 

after the addition of nanomaterials, the stem cells started to aggregate with the incorporated 

materials to form functionalized spheroids. Compared with pure spheroids, which form 

irregular shapes, the spheroids with GO, BP, or GO@BP HNL hetero-structures formed 

better round-ball-like spheroids. The cell-cell interactions and development of cellular 

filaments within the spheroids were observed on day 7 by immunofluorescent staining. 

As can be noted from Fig. 3e, at day 7, all spheroids were aggregated tightly to form 

uniform spheroids. An enlarged view of the cells within spheroids showed tight interactions 

between cells (Fig. 3e and Fig. S3a–b). All cells were tightly linked with each other to 

form integrated complexes. Robust intracellular filament developments were observed for all 

groups.

The DNA content in spheroids from day 1 till day 21 was monitored. As shown in Fig. 

3f, the spheroids incorporated with BP or GO@BP hetero-mixtures showed a higher DNA 

content compared with the other groups. This may be due to the advantages of phosphate ion 

supply from the oxidation of BP nanosheets (Fig. 3g). The phosphate ion release kinetics of 

BP nanosheets at 1, 2, 4, 6, 8, 10, 14, and 21 days were determined. As can be noted from 

Fig. 3h, a burst release of phosphate ions was detected in the first 6 days. After that, the 

release reached a plateau region with mild but continuous release throughout the period of 

21 days.

Phosphate ions (PO4
3−) are acknowledged to help attract calcium ions (Ca2+) to form 

calcium phosphate biominerals, which is important for late-stage bone formation.53–54 The 

calcium depositions in the spheroids were visualized by calcein stain (green) and F-actin 

staining (red). As can be seen from the fluorescence images, the spheroids incorporated with 

either GO, BP, or GO@BP HNL materials showed obvious content of calcium biominerals 

deposition, stronger than the control group (Fig. 3i). This indicates that GO nanosheets can 

help to attract calcium ions and deposition of calcium phosphate biominerals (Fig. 3j).

In Vitro Osteogenesis of Spheroids

The osteogenesis of stem cell spheroids is critical for bone regeneration 

applications.23–24, 32, 55–56 After incorporation of GO@BP HNL, the Sphero-HNL spheroids 

are slightly darker in color compared to the pure Sphero (Fig. 4a). To explore the 

osteogenesis ability of stem cells, spheroids were cultured in an osteogenic medium.

The quantitative analysis of mRNA expression of osteogenic markers osteopontin (OPN) 

and runt-related transcription factor 2 (Runx2) further confirmed the enhanced osteogenic 

differentiation of stem cells from BP nanosheets. As shown in Fig. 4b, the OPN expression 

levels in the Sphero-HNL is significantly higher than the other three groups. The Sphero-BP 

is significantly higher than the Sphero-GO and pure Sphero groups. The Runx2 mRNA 
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expression showed similar trends, with the highest expression detected in the Sphero-HNL 

group and Sphero-BP higher than the pure Sphero groups (Fig. 4c).

Immunofluorescence staining of OPN and Runx2 were conducted to confirm the osteogenic 

proteins expressions in stem cell spheroids. The OPN protein (green) was observed to 

be abundant in Sphero-BP and Sphero-HNL spheroids (Fig. 4d). As a comparison, lower 

content of OPN proteins was observed in the Sphero-GO group, with a negligible amount 

in the pure Sphero group. Further immunofluorescence staining of Runx2 showed its 

expression in all spheroids (Fig. 4e). However, a similar trend was observed that the highest 

protein contents were observed in the Sphero-HNL group. Obvious Runx2 protein was also 

observed in Sphero-GO and Sphero-BP groups at similar levels. Quantitative analysis of 

fluorescence intensity showed a significantly higher amount of OPN and Runx2 content for 

the Sphero-HNL group, as presented in Fig. 4f–g.

The intercellular OCN content was determined to be significantly higher for the spheroids 

incorporated with HNL at 14 and 21 days after induction (Fig. 4h). Interestingly, both 

sphero-GO and sphero-BP groups had higher OCN content than the pure Sphero group (Fig. 

4h). The intracellular alkaline phosphatase (ALP) activity showed a significantly higher 

level at days 14 and 21 in spheroids incorporated with GO@BP HNL hetero-mixtures 

(Fig. 4i). The spheroid group that incorporated BP nanosheets also showed significantly 

higher ALP activity than the pure spheroids and the spheroids with GO nanosheets. These 

results indicate that both BP and GO nanosheets may facilitate the osteogenesis of stem 

cell spheroids, with a better effect observed for BP nanosheets over GO nanosheets. For 

the GO@BP HNL hetero-mixtures which contained both types of 2D materials, synergistic 

effects were exhibited to enhance osteogenesis to a significantly higher level.

To determine the in vivo biocompatibility of injected 3D stem cell spheroids and 

incorporated biomaterials, the organs of rats injected with or without 3D stem cell spheroids 

were sliced and analyzed by histological staining. As shown in Fig. 4j, no obvious damages 

were found in various organs from the rats, including the brain, spleen, kidney, liver, lung, 

and heart. This implies that the 3D stem cell spheroids and the incorporated biomaterials are 

biocompatible for in vivo injection.

Spheroids Enhanced In Vivo Bone Regeneration in Rat Calvarial Defect

To investigate the in vivo bone regeneration ability, the functionalized 3D stem cell 

spheroids were injected in situ to the critical-sized, 5-mm diameter cranial defect in rats 

(Fig. 5a–b). At 8 weeks post-surgery, bone regeneration in the defect site was evaluated by 

micro-CT and histology. As compared with the empty control, the micro-CT reconstruction 

images demonstrated that all bone defects injected with 3D stem cell spheroids had essential 

bone formation after 8 weeks (Fig. 5c). The maximal bone regeneration was observed for the 

Sphero-NHL group, with the largest bone piece forming over most of the defect area. The 

Sphero-BP group was also observed to have excellent regeneration ability, with large bone 

pieces closing the defect gap. Quantitative analysis of bone area showed the highest value at 

the bone defect site injected with spheroids incorporated with GO@BP HNL hetero-mixture 

(Fig. 5d). In addition, significantly higher bone area was determined for the Sphero-GO, 

Sphero-BP, and pure Sphero groups, as compared with the empty control without stem 
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cell spheroid injection. Characterization of bone volume to tissue volume (BV/TV) ratio 

confirmed a similar trend with the highest BV/TV ratio detected in the Sphero-HNL group 

(Fig. 5e). Meanwhile, the Sphero-BP, Sphero-GO, Sphero-BP, and pure Sphero groups all 

showed higher BV/TV ratios than the empty control group without stem cell spheroids. 

The bone mineral density (BMD) in the defect site was further calculated. As shown in 

Fig. 5f, BMD values were significantly higher in the Sphero-BP and Sphero-HNL groups. 

These results indicate that the stem cell spheroids can enhance bone formation in vivo. The 

addition of either BP or GO nanosheets may facilitate the bone formation, with positive 

synergistic effects observed for GO@BP HNL hetero-mixtures.

Histological analysis was conducted to further evaluate the bone formation pattern in the 

defect sites. As shown in Fig. 5g, H&E staining showed that only thin layers of tissue were 

developed in the empty control group without spheroids. In contrast, a thicker tissue layer 

was observed in the bone defects injected with 3D stem cell spheroids. In addition, for the 

empty control, the bone defect was stained to be largely fibrous tissue without essential bone 

development. For bone defect injected with Sphero-HNL, obvious bone tissue was stained 

as compared to the other groups. Further toluidine blue staining (Fig. S4) and Masson 

trichrome staining (Fig. S5) showed a similar trend of larger bone formation in the defect 

area injected with spheroids incorporated with GO@BP HNL nanostructures.

In Vivo Osteogenesis and Neovascularization

The in vivo neovascularization and osteogenesis in the bone defect were detected by 

real-time quantitative polymerase chain reaction (real-time PCR) and immunofluorescence 

co-staining. As shown in Fig. 6a–c, significantly higher levels of osteogenesis marker 

expression were quantified for spheroids with GO, BP, and GO@BP HNL hetero-mixtures, 

as compared with the empty control and pure stem cell spheroids. Further, the highest 

ALP activity was determined in defects injected with spheroids incorporated with GO@BP 

HNL hetero-mixtures (Fig. 6d). The protein content for CD31 (vascular marker) and ALP 

(osteogenesis marker) were visualized by immunofluorescence co-staining. Results showed 

abundant ALP and CD31 expression in the bone defect area injected with 3D stem cell 

spheroids (Fig. 6e–f and Fig. S6). The strongest staining was observed in the defect area 

injected with spheroids incorporated with GO@BP HNL hetero-mixtures. As a comparison, 

the empty control group was largely stained with blue (cell nuclei) and showed a much 

lower content of ALP and CD31 proteins. An enlarged view of the detailed distribution 

of ALP and CD31 proteins in the defect area showed that the CD31 vascular marker was 

mainly deposited in the wall of sparsely distributed blood vessels. In contrast, the ALP 

protein showed main development surrounding the bone area, as indicated in Fig. 6e–f. 

Quantitative analysis of fluorescence intensity showed a significantly higher amount of ALP 

and CD31 for the Sphero-HNL group, as presented in Fig. 6g–h.

These results indicate that the injectable 3D stem cell spheroids could facilitate in-situ 
neovascularization and osteointegration, which further enhance bone formation (Fig. 6i). 

The outcomes are consistent with previous reports that the incorporation of bone proteins or 

osteogenic nanocomponents may enhance cell osteogenesis in vitro and bone regeneration 

in vivo. For example, the addition of bone morphogenetic protein-2 (BMP-2) loaded 
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microparticles in mesenchymal stem cell aggregates significantly promoted osteogenic 

differentiation of hMSCs for bone tissue engineering.56 Furthermore, the incorporation of 

mineral-coated hydroxyapatite or fibers coated with adenosine within stem cell aggregates 

enhanced osteogenesis.23, 55

In Vivo Stem Cell and Osteogenic Factor Co-Delivery for Combinational Therapy

The osteogenesis of stem cells can be achieved by in vitro induction using a medium 

containing both phosphate and DEX for 14 days (Fig. 7a). However, this induction costs 

extra incubation time. In addition, the cells in the center of spheroids may not have effective 

access to the induction medium thus not undergo osteogenesis as expected. Furthermore, 

these cells may stop growing or even die due to the lack of access to oxygen and nutrients 

during the long induction period.

To overcome these challenges, we incorporated the osteogenic induction compounds 

within the stem cell spheroids which could induce osteogenesis from the beginning, as 

demonstrated in Fig. 7b. Since there is already phosphate supply from the black phosphorus 

nanosheets, we only need to incorporate DEX in the GO@BP HNL hetero-structures. 

Taking advantage of the large surface area of GO nanosheets, the DEX may be loaded by 

pi-pi stacking under sonication, as illustrated in Fig. 7c. The release kinetics showed that 

the DEX had burst release in 4 days if loaded on the BP nanosheets, possibly due to the 

fast oxidation of BP nanosheets, thus causing the release of surficial DEX molecules. In 

comparison, DEX loaded into GO@BP HNL hetero-mixtures maintained sustained release 

during a period of 21 days, as shown in Fig. 7d. This trend may have resulted from 

synergistic contributions from the fast release from BP nanosheets and slow release from the 

GO nanosheets.

Immunofluorescence staining showed that the stem cell spheroids with HNL had essential 

Runx2 osteogenic marker expression after induction for 14 days in an osteogenic medium 

(Fig. 7e). On the other hand, the spheroids incorporated with HNL-DEX showed comparable 

Runx2 osteogenic marker expression after incubation purely in a regular non-osteogenesis 

medium, as can be seen in Fig. 7f. The mRNA expression analysis showed essential 

expression of osteogenic markers OPN and Osterix (OSX) in Sphero-HNL after induction 

in osteogenic medium. The level of these osteogenic markers in Sphero-HNL-DEX were 

tested to be comparable to that of Sphero-HNL after induction, as shown in Fig. 7g–h. These 

results indicate that the HNL-DEX nanosheets with sustained release of phosphate ions and 

DEX molecules could induce stem cell differentiation toward an osteogenic trend.

The in vivo bone repair capability of DEX incorporated spheroids was evaluated using 

a rat cranial defect model. After 4 weeks of implantation, the micro-CT reconstruction 

images showed comparable bone regeneration with both Sphero-HNL after 14 days of 

osteo-medium induction and direct Sphero-HNL-DEX implantation without induction. 

Quantitative analysis showed close values in bone area, BV/TV ratio, and BMD for the 

two groups (Fig. 7j–l). Both groups had significant bone formation compared to the empty 

control without spheroid implantation (Fig. 7j–l).
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Histological analysis was further conducted to evaluate the bone regeneration pattern in 

the defect sites. As shown in Fig. 7m, the H&E staining showed an only thin layer of 

fibrous tissue was developed in the empty control group without spheroids. In contrast, 

thicker tissue and bone were observed in the bone defects injected with either Sphero-HNL 

with 14 days of osteo-medium induction or Sphero-HNL-DEX with direct implantation. 

Further toluidine blue staining and Masson trichrome staining demonstrated a similar trend 

of comparable bone formation in the defect area injected with the two types of stem cell 

spheroids.

The in vivo neovascularization and osteogenesis in the defect sites were analyzed by PCR 

and immunofluorescence co-staining. As shown in Fig. 8a–c, significantly higher levels of 

osteogenesis marker expression were quantified for the two spheroid groups compared with 

the empty control. Further, the vascular marker CD31 protein and osteogenesis marker ALP 

protein was visualized by immunofluorescence staining. As shown in Fig. 8d–e, abundant 

ALP and CD31 expression were observed in the bone defect area injected with either 

Sphero-HNL with 14 days of osteogenic medium induction or Sphero-HNL-DEX with 

direct implantation, both significantly higher than the empty control. As can be seen from 

the fluorescence images in Fig. 8f, the strongest ALP and CD31 fluorescence was observed 

in the defect area injected with spheroids incorporated with GO@BP HNL hetero-mixtures. 

An enlarged view of the detailed distribution of CD31 proteins in the defect area showed 

these proteins were mainly deposited in the wall of sparsely distributed blood vessels. In 

contrast, the enlarged view of ALP protein showed the main development surrounding the 

bone area. As a comparison, the empty control group was largely stained with blue (cell 

nuclei) and had a much lower content of CD31 and ALP protein. These results indicate that 

both injectable Sphero-HNL with 14 days osteogenic medium induction and Sphero-HNL-

DEX with direct implantation could facilitate in-situ neovascularization development and 

osteointegration, and subsequent bone formation.

DEX has been widely utilized to induce the osteogenesis of mesenchymal stem/progenitor 

cells. The in vivo animal studies also demonstrated that DEX could facilitate the 

formation of callus and stimulate bone bridging in the bone defect area.57 In addition, 

DEX incorporated mesoporous silica nanoparticles were reported to stimulate osteogenic 

differentiation of stem cells with elevated ALP activity, calcium deposition, and bone-related 

protein expressions. The in vivo intramuscular implantation of these DEX incorporated 

nanoparticles in rats for 3 weeks showed effective osteogenesis and bone regeneration, as 

confirmed by both computed tomography (CT) and histological analysis.58 In the current 

study, DEX incorporated with 2D materials further confirmed that DEX delivery enhanced 

the in vitro cell osteogenesis and in vivo bone regeneration.

Previous work has reported that both BP nanosheets and GO nanosheets are able to facilitate 

bone cell proliferation and osteogenesis on hydrogels and 3D printed scaffolds.59–62 The 

outcomes from the current work demonstrated that the 2D hetero-nano-layered materials 

containing BP nanosheets and GO nanosheets are able to embed into the stem cell spheroids 

and enhance the osteogenic induction in vitro. Cell and animal studies also demonstrated 

that the 2D hetero-nano-layered materials were able to serve as carriers for osteogenic 

factors delivery and enhance osteogenesis and neovascularization in vivo for bone tissue 
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regeneration. These results indicate that the 2D hetero-nano-layered materials are promising 

as delivery carriers for bioactive molecules for various biomedical applications.

CONCLUSION

In summary, we engineered functional spheroids with MSCs embedded with 2D black 

phosphorus and graphene oxide (blended 2DHNL) to create a 3D cell-instructive 

microenvironment for bone repair. The biocompatibility and effects of the engineered 2D 

materials on the proliferation and osteogenic differentiation of stem cells were evaluated 

in an in vitro 3D spheroidal microenvironment. The in vivo study by transplanting these 

engineered spheroids into rat calvarial defects showed excellent support of osteogenic 

differentiation of MSCs with essential bone regeneration. Immunofluorescence staining of 

vascular marker CD31 and osteogenic marker ALP indicated the 3D stem cell spheroids 

could facilitate in-situ osteointegration and neovascularization in bone defects. Loading 

of osteogenic inductive factor DEX on the 2DHNL allowed internal osteogenic induction 

without prior incubation in the osteogenic medium. The shortened overall culture time 

offers a great advantage for clinical translation. These 2DHNL embedded functional stem 

cell spheroids, with phosphate and osteogenic induction factor co-delivery capability, could 

provide cells and differentiation clues in an all-in-one system to create large tissues in a 

time-effective manner, thus are promising for large bone defect repair.

EXPERIMENTAL SECTION

Fabrication of BP and GO Nanosheets

BP nanosheets were fabricated by liquid exfoliation as described previously.40, 63 Briefly, 

30 mg of BP powder (ACS Material, LLC, Pasadena, CA) was sonicated for 1 hour 

using a probe model sonicator (Qsonica Q500) in 30 mL deionized (DI) H2O followed 

by 12 hours of sonication in an ice bath sonicator (Elmasonic S10, Elma Schmidbauer 

GmbH, Germany). Unexfoliated BP powder was removed by centrifugation (5000 rpm, 

10 min), and the BP nanosheets in the supernatant were collected. GO nanosheets were 

exfoliated from natural graphite (~150 μm flakes, Sigma Aldrich, Milwaukee, WI) using 

an improved Hummers’ method, as described previously.37 The GO@BP hetero-nano-layers 

were fabricated by mixing BP nanosheets and GO nanosheets followed by sonication for 5 

min in an aqueous solution.

Cytotoxicity Screening and Spheroid Biocompatibility

Rat bone marrow-derived mesenchymal stem cells (rBMSCs) (Sprague-Dawley, Fisher 

Scientific, PA) were cultured in low glucose Dulbecco’s Modified Eagle’s Medium (DMEM, 

Gibco, Carlsbad, CA) supplemented with 0.5% penicillin-streptomycin (Pen-Strep, Gibco) 

and 10% fetal bovine serum (FBS, Gibco) in a 37 °C cell incubator (5% CO2, 95% relative 

humidity). Prior to cell studies, the exfoliated 2D materials solution were further sonicated 

for 1 hour and placed under UV for 30 min for full dispersion and sterilization. To determine 

the cytotoxicities of GO nanosheets and BP nanosheets, rBMSCs were co-cultured with 

varied concentrations of GO and BP nanosheets for 3 days. The rBMSC cell numbers in 
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each treatment were determined using the MTS assay, and cell viability was calculated by 

normalizing to tissue culture polystyrene (TCPS) positive control (set as 100%).

For the spheroid viability study, rBMSCs were trypsinized from a cell culture flask, counted, 

centrifuged, and resuspended to a final concentration of 4 ×105 cells/mL in a culture 

medium containing varying concentrations of GO nanosheets and BP nanosheets. Corning 

spheroid microplates (Corning, Arizona) were used to form the spheroids by adding 50μL 

cell solution to each well with individual spheroids consisting of 2 × 104 cells. The 

microplate with cells was centrifuged gently for 5 minutes at 1500 rpm before culture in 

the incubator. After 3 days of culture, the cell viability in spheroids was determined by 

staining with the LIVE/DEAD® Cell Imaging Kit (Thermo Fisher Scientific, Waltham, MA) 

and scoped on an inverted laser scanning confocal microscope (Carl Zeiss, Germany).

Functionalized Spheroid Formation

The rBMSCs were trypsinized from cell culture flask and resuspended to a final 

concentration of 4 ×105 cells/mL in four types of culture medium: 1) pure medium, 2) 

medium containing 4 μg/mL GO nanosheets, 3) medium containing 4 μg/mL BP nanosheets, 

and 4) medium containing 4 μg/mL GO nanosheets and 4 μg/mL BP nanosheets. Corning 

spheroid microplates were used to form the spheroids by adding 50μL cell solution to 

each well with individual spheroids consisting of 2 × 104 cells. The microplate with cells 

was centrifuged gently for 5 minutes at 1500 rpm before culture in the incubator. After 

1 day of spheroid formation, the medium was gently replaced with osteogenic medium 

supplemented with 10 mM β-glycerophosphate sodium, 50 μg/mL ascorbic acid (AA), 

and 10 nM dexamethasone (DEX) (Sigma-Aldrich Co., Milwaukee, WI). After 3 days of 

culture, the spheroids were fixed in 4% paraformaldehyde (PFA) solution and dehydrated 

by critical point drying. After being mounted on an aluminum stub and sputter-coated with 

gold-palladium, the morphological structures of spheroids were observed on a scanning 

electron microscope (S-4700, Hitachi Instruments, Tokyo, Japan).

Cellular Filaments and DNA Contents in Spheroids

Fixed spheroids were washed with PBS, permeabilized with 0.2% Triton X-100, and stained 

with rhodamine-phalloidin (RP, Cytoskeleton Inc, Denver, CO) and 4’,6-diamidino-2-

phenylindole (DAPI). Fluorescence-labeled rBMSC spheroids were imaged on a laser 

scanning confocal microscope (Carl Zeiss, Germany). The dsDNA in spheroids was 

extracted using 200μL pureTRIzol (Bio-Rad, Hercules, CA, U.S.A.) and 40μL chloroform. 

After centrifuging for 10 min at 12000 rpm, the dsDNA pellets were washed with 75% (v/v) 

ethanol, dried, and redissolved in double-distilled water. The concentrations of extracted 

dsDNA were detected by NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA, U.S.A.).

Phosphate Ion Release and Calcium Deposition in Spheroids

The phosphate ion release kinetics from spheroids was determined using the phosphate 

assay kit (ab65622, Abcam, Cambridge, UK) according to the kit protocol. After fixation, 

the minerals deposited in spheroids were stained with 50 μM calcein solution, and filaments 
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in cells were stained with rhodamine-phalloidin. The stained minerals and cells in spheroids 

were scoped on an inverted laser scanning confocal microscope.

Osteogenesis Biomarker Expression and Staining in Spheroids

The mRNA expression level of osteogenic markers was quantified by real-time PCR using 

rat-specific primers (Table S1). After being cultured for 14 days, the stem cell spheroids 

were fixed for 1 hour with 4% PFA solution and then permeabilized by 0.2% Triton X-100 

solution for another hour. Fixed spheroids were incubated with 3% bovine serum albumin 

(BSA)/PBS solution to block non-specific binding sites at 37 °C for 30 minutes. To stain the 

osteogenic markers, the spheroids were incubated with anti-Runt-related transcription factor 

2 (Runx2) antibody (1:100 in PBS, Abcam, ab23981) or anti-osteopontin (OPN) antibody 

(1:100 in PBS, Abcam, ab8448) overnight at 4°C. A secondary goat anti-rabbit IgG (Alexa 

Fluor 488, Abcam, ab150077) was used to label the osteogenic proteins by incubation for 2 

hours. After the staining, spheroids were further stained with 4’,6-diamidino-2-phenylindole 

(DAPI) at 37 °C for 10 min to label cell nuclei. The immunofluorescence labeled spheroids 

were visualized by a LSM 780 Zeiss Confocal Microscope. Fluorescence intensities were 

analyzed by the ImageJ software.

Alkaline Phosphatase (ALP) Activity and Osteocalcin (OCN)

Functionalized spheroids were lysed in 0.2% Triton X-100 solution for 30 minutes, and the 

ALP concentration was quantified using a QuantiChrome™ Alkaline Phosphatase Assay Kit 

(DALP-250, BioAssay Systems, Hayward, CA) according to the protocol instructions. The 

OCN concentration in the spheroids culture medium was quantified by the Rat Osteocalcin 

Enzyme Immunoassay Kit (Alfa Aesar, Haverhill, MA) and calculated using a standard 

curve method according to the standard concentrations provided by the kit.64

In Vivo Bone Regeneration of Spheroids in Rat

All animal work in the current study was performed in accordance with the Institutional 

Animal Care and Use Committee (IACUC) of Mayo Clinic, Rochester, MN. Two critical-

sized cranial defects of 5-mm diameter were created on both sides of the skull in the 

Sprague Dawley rats.65–67 The four types of spheroids with varied components were 

dispersed in 100 μl sterilized saline solution at a concentration of 20 spheroids per 

formulation. The saline with spheroids was then transferred into a 1 mL syringe and injected 

to the defect immediately. Empty defects without spheroids served as control. The skin of 

defects was closed with non-resorbable 4–0 Vicryl sutures. Each formulation was studied 

by three replicates. After 8 weeks of implantation, rats were sacrificed, and cranial defect 

tissues were fixed for 1 day in 10% PFA solution and scanned on a micro-CT system 

(Bruker Skyscan 1276, Germany).

In Vivo Osteogenesis and Neovascularization of Stem Cell Spheroids

Rat defects were decalcified in EDTA hydrochloric acid decalcifying solution (Thermo 

Fisher Scientific) then embedded in paraffin and sliced. Histological staining with H&E, 

toluidine blue, and Masson trichrome staining was conducted and scoped by a scanner 

(AxioScan Z1, Carl Zeiss, Germany). In vivo neovascularization and osteogenesis in 
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the bone defects were analyzed by immunofluorescence co-staining of CD31 (Novus 

Biologicals, USA) and ALP (Novus Biologicals, USA) with observation using a laser 

scanning confocal microscope.

In Vivo Osteogenesis and Bone Repair Combinational Therapy

Spheroids with DEX loaded GO@BP hetero-nano-layer.—The GO@BP-DEX 

hetero-nano-layer was fabricated by mixing of BP nanosheets, GO nanosheets, and 

dexamethasone solution followed by sonication for 5 min. The release kinetic of DEX from 

GO@BP-DEX hetero-nano-layers was carried out in PBS solution (pH 7.4) and monitored 

via UV−vis spectra at 242 nm. Stem cell spheroids incorporated with GO@BP-DEX hetero-

nano-layer were fabricated using the corning spheroid microplates (Corning, Arizona) 

with the same procedures as described above. Immunofluorescence staining and mRNAs 

expression detection in spheroids with GO@BP-DEX hetero-nano-layer were carried out 

using similar procedures.

In vivo bone repair.—Animal work was conducted using Sprague Dawley rats with two 

critical-sized cranial defects of 5-mm diameter on both sides of the skull. Spheroids with 

GO@BP induced for 14 days in osteogenic medium and spheroids with GO@BP-DEX 

hetero-nano-layer without in vitro induction were implanted into the defects. Empty defects 

without spheroids served as control. The skin of defects was closed with non-resorbable 

4–0 Vicryl sutures. Each formulation was studied by three replicates. After 4 weeks of 

implantation, rats were sacrificed, and cranial defect tissues were fixed for 1 day in 10% 

PFA solution and scanned on a micro-CT system

Immunohistology analysis.—The rat cranial defects were decalcified in EDTA 

hydrochloric acid decalcifying solution. After being embedded in paraffin, the tissues were 

sliced and stained with H&E, toluidine blue, and Masson trichrome staining then scoped by 

a scanner. In vivo neovascularization and osteogenesis in the bone defects were analyzed by 

immunofluorescence staining of ALP and CD31.

Statistical Analysis

Statistical analysis of data was conducted by one-way analysis of variance (ANOVA) 

followed by Tukey’s post-test. Groups with p values less than 0.05 were marked as 

significantly different.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic demonstration of the injectable functionalized stem cell organoids for bone 

regeneration. a) The fabrication of 2D black phosphorus (BP) and graphene oxide (GO) 

nanosheets by exfoliation and construction of stem cell spheroids functionalized with 

BP and GO hetero-nano-layers (HNL). The sustained release of phosphate ions by BP 

oxidation and enhanced biomineralization deposition due to the large surface area of GO 

stimulated the osteogenesis of stem cells through the elevated expression of osteogenic 

proteins, including alkaline phosphatase (ALP), osteopontin (OPN), osteocalcin (OCN), 

and runt-related transcription factor 2 (Runx2). b) An operative scheme of inspirational 

stem cell/osteogenic factor co-delivery strategy using spheroids and two-dimensional hetero-

nano-layers for enhanced bone regeneration.
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Fig. 2. 
Material characterizations. AFM imaging and height profile of a) 2D GO nanosheets 

and b) 2D BP nanosheets. TEM images of c) GO and d) BP nanosheets. Detailed e) 

SEM images and f) TEM images of BP nanosheets (marked with *) wrapped with GO 

nanosheets. g) Element mapping of carbon (red), oxygen (blue), and phosphorous (green) 

of GO@BP mixtures. h) Schematic demonstration of wrapping BP with GO nanosheets to 

create 2DHNL. i) SEM image of pure stem cell spheroids and functionalized spheroids that 

incorporated with GO, BP, and GO@BP nanosheets.

Liu et al. Page 19

ACS Nano. Author manuscript; available in PMC 2022 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Spheroids formation and characterization. In vitro stem cell cytotoxicity of a) GO 

nanosheets and b) BP nanosheets at various concentrations. c) Stem cell spheroids live/

dead staining at 3 days after the incorporation of various concentrations of GO and BP 

nanosheets. d) Photograph of MSC spheroids (Sphero) and spheroids incorporated with GO 

nanosheets (Sphero-GO), BP nanosheets (Sphero-BP), and GO@BP HNL (Sphero-HNL) 

at day 1. e) Immunofluorescent images of whole MSC spheroids and their enlarged edge 

views at day 7 (red: rhodamine-phalloidin; blue: DAPI). f) DNA contents of the four groups 

of spheroids. g) Phosphate ion release by the oxidation of BP nanosheets. h) Phosphate 

ion release kinetics from spheroids incorporated with BP and GO@BP HNL. i) Calcium 

deposition in spheroids as visualized by calcein stain (green) and F-actin staining (red) after 

14 days of culture. j) Potential mechanism of biomineral deposition taking advantage of 
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large surface areas of 2D materials. (%, $, #: p < 0.05 to control group (0 μg/mL); *: p < 

0.05 to Sphero group).
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Fig. 4. 
Osteogenesis of stem cell spheroids. a) Photographs of the Sphero and Sphero-GO@BP. 

The mRNA expressions of osteogenic markers b) OPN and c) Runx2 in stem cell spheroids 

after 14 days of culture. d) Immunofluorescent imaging of osteogenic OPN protein (green), 

F-actin (red), and nuclei (blue) in stem cell spheroids. e) Immunofluorescent imaging of 

osteogenic Runx2 protein (green), F-actin (red), and nuclei (blue) in stem cell spheroids. 

Quantified fluorescence intensity for f) OPN and g) Runx2 markers in spheroids. h) Relative 

OCN content and i) ALP activity of stem cell spheroids. j) Histological staining of the major 

organs of rats after 8 weeks of implantation with spheroids (scale bar: 200 μm). (*: p < 

0.05).
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Fig. 5. 
In vivo bone formation in rat calvarial defects. a) Schematic demonstration of bone 

formation in defects treated with stem cell spheroids and b) photograph of in vivo 
implantation of the spheroids. c) Micro-CT reconstruction of the rat cranial defect only 

(Control) or defects with stem cell spheroids after 8 weeks of implantation. Quantitative 

analysis of d) bone area, e) bone volume/tissue volume ratio, and f) bone mineral density. g) 

H & E staining of tissue samples from rat cranial defects without (Control) or with stem cell 

spheroids. NB: New Bone; OB: Original Bone; T: Tissue. (*: p < 0.05).
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Fig. 6. 
In vivo neovascularization and osteogenesis in rat calvarial defects. In vivo mRNA 

expression of a) BMP-2, b) OCN, and c) Runx2 and d) in vivo ALP activity after 8 weeks. 

Immunohistochemistry staining of e) ALP (green) with nuclei (blue) and f) CD31 (red) with 

nuclei (blue) in untreated rat cranial defects (Control) or defected implanted with various 

stem cell spheroids after 8 weeks. Quantified fluorescence intensity of g) ALP and h) CD31 

marker. i) Schematic demonstration of in vivo osteogenesis and neovascular formation in the 

defect area.
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Fig. 7. 
An all-in-one system for in vivo stem cell and osteogenic factor co-delivery enabling bone 

formation during a shorted overall treatment time. a) Current strategy using stem cell 

spheroids encapsulating GO@BP hetero-nano-layers (Sphero-HNL) for bone formation. 

b) Proposed strategy using Sphero-HNL loaded with DEX for in vivo osteogenesis and 

bone formation. c) Fabrication of DEX-loaded GO@BP hetero-nano-layers and stem cell 

spheroids. d) The in vitro DEX release kinetics during a 21-day period. Immunofluorescence 

staining of Runx2 osteogenic marker in e) Sphero-HNL after induction using the osteogenic 

medium for 14 days and f) Sphero-HNL-DEX after incubation using the non-osteogenic 

medium for 14 days. The mRNA expressions of osteogenic markers g) OPN and h) OSX 

in stem cell spheroids (SH: Sphero-HNL in osteogenic medium; SHD: Sphero-HNL-DEX 

in non-osteogenic medium). i) Micro-CT reconstruction of the untreated rat cranial defect 

and defects after 4 weeks of implantation with Sphero-HNL induced by osteogenic medium 
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for 14 days and Sphero-HNL-DEX without in vitro induction. Quantitative analysis of j) 

bone area, k) bone volume/tissue volume ratio, and l) bone mineral density. m) H & E 

staining, Toluidine blue staining, and Masson’s trichrome histochemical staining of tissue 

samples from rat cranial defects: 1) empty control, 2) defects implanted with Sphero-HNL 

induced by osteogenic medium for 14 days, and 3) defects directly implanted with Sphero-

HNL-DEX without in vitro induction. NB: New Bone; OB: Original Bone; T: Tissue. (*: p < 

0.05; ns: not significant).
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Fig. 8. 
In vivo osteogenesis and neovascularization in rat calvarial defects. In vivo mRNA 

expression of a) BMP-2, b) OCN, and c) Runx2 after 4 weeks. Quantified fluorescence 

intensity for d) ALP and e) CD31 marker. f) Immunohistochemistry staining of CD31 (red) 

with nuclei (blue) and ALP (green) with nuclei (blue).
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