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Synthetic, resorbable scaffolds for bone regeneration have poten-
tial to transform the clinical standard of care. Here, we demon-
strate that functional graphenic materials (FGMs) could serve as an
osteoinductive scaffold: recruiting native cells to the site of injury
and promoting differentiation into bone cells. By invoking a Lewis
acid-catalyzed Arbuzov reaction, we are able to functionalize
graphene oxide (GO) to produce phosphate graphenes (PGs) with
unprecedented control of functional group density, mechanical
properties, and counterion identity. In aqueous environments, PGs
release inducerons, including Ca2+ and PO4

3−. Calcium phosphate
graphene (CaPG) intrinsically induces osteogenesis in vitro and in
the presence of bone marrow stromal cells (BMSCs), can induce
ectopic bone formation in vivo. Additionally, an FGM can be made
by noncovalently loading GO with the growth factor recombinant
human bone morphogenetic protein 2 (rhBMP-2), producing a scaf-
fold that induces ectopic bone formation with or without BMSCs.
The FGMs reported here are intrinsically inductive scaffolds with
significant potential to revolutionize the regeneration of bone.
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Strong, biodegradable, and intrinsically osteoinductive im-
plants have the capacity to revolutionize the treatment of

severe bone injuries. Despite their potential, decades of research
have failed to generate a synthetic material that incorporates all of
the necessary characteristics of an ideal bone scaffold and cultivates
an optimal environment for bone regeneration. Current treatments
rely on surgical fixation of bone grafts or devices to impart struc-
tural stability at the site of injury. However, these therapies suffer
limitations: suitable donor sites are at a premium for autografts,
while allografts risk rejection. Metallic hardware produces good
results but remains permanently (1, 2), which limits use in children
and can damage surrounding tissue (3). Regenerative engineering
strategies could ultimately produce superior degradable scaffolds
that activate the body’s innate healing pathways and eliminate the
need for grafts and nonresorbable prosthetics.
Bone spontaneously heals minor fractures; however, inherent

healing mechanisms fail when tissue is severely damaged (4). To
enhance the natural regenerative response, stem cell therapies
hold tremendous potential (5), but the recruitment, retention, and
differentiation of these cells at the site of injury remain a challenge
(6, 7). To support cell-mediated regeneration, a resorbable synthetic
scaffold that matches the chemical and mechanical properties of
bone and retains and drives differentiation of stem cells could sub-
stantially improve the treatment of traumatic bone injuries. How-
ever, no synthetic scaffold material has been reported that provides
mechanical stabilization, degradability, and cell instructive moieties.
To drive regenerative healing, a composite material that mimics

the complexities of native tissue must be developed. One promising
composite component is graphene oxide (GO), a nanostructured
carbon material with mechanical strength (8), an aqueous degra-
dation pathway (9), and tunable surface chemistry (10). Further-
more, cells readily adhere to and grow on graphenic materials (11),

and GO offers a plethora of organic functionalities that can
be exploited to derive functional graphenic materials (FGMs)
(12). However, many reported functionalization strategies for
creating FGMs lack the control and nuance required for biomimetic
functionalization.
Herein, we report phosphate graphene (PG) as a biomimetic

class of stem cell scaffolds for bone regeneration that show intrinsic
osteoinductivity in vitro and in vivo. To produce this scaffold ma-
terial, the Arbuzov reaction was borrowed from organic chemistry
and applied to GO: by using a Lewis acid catalyst, reaction con-
ditions allow for unprecedented control of PG composition, en-
abling the production of hydroxyapatite-like surfaces. Furthermore,
this chemistry incorporates selectively labile bonds to enable the
tunable, controlled release of “inducerons”: (13) ions that are
known to direct osteogenic differentiation of stem cells without the
use of growth factors. This material exhibits tunable mechanical
properties and degradability and retains stem cells while instructing
their osteogenic differentiation. Thus, PG is a promising scaffold
material that could enable stem cell-driven bone regeneration.

Rationale for Material Design
The ideal scaffold for stem cell-driven bone regeneration en-
courages stem cell retention and differentiation, is mechanically
sound and intrinsically ordered to support activity while the
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injury is healing, and degrades over a year to match the
timeline of intrinsic bone healing. FGMs chemically derived from
GO have an aqueous degradation pathway, intrinsic long-range or-
der, and robust mechanical properties. Furthermore, recent research
has shown GO to be compatible, support cell adhesion, and in some
cases, promote osteogenic differentiation of stem cells. Here, we
describe a method to create an osteomimetic PG scaffold. This
synthetic approach gives us a graphenic scaffold with hydroxyapatite-
like functionality at the interface and furthermore, is programmed
to elute osteoinstructive inducerons, including Ca2+, Li+, Mg2+,
and PO4

3− (14). These simple signaling ions instruct stem cell
differentiation; thus, this scaffold is designed to be intrinsically
osteoinductive and degradable while offering mechanical stability
derived from the strength of graphene.

Results and Discussion
Synthetic Incorporation of Inducerons. We developed a universal
synthetic procedure to covalently tether polyphosphates onto GO
with an array of counterions, generating PG materials (Scheme 1
and SI Appendix, Fig. S1A). The addition of a Lewis acid catalyst
(15–17) enables the Arbuzov reaction to be applied universally to
GO to provide PGs with a controlled density of polyphosphate
anchor points and a plethora of counterions. This key addition of
magnesium bromide diethyl etherate as a catalyst to activate the
epoxides on GO enhances efficiency and enables this functional-
ization method to serve in biomedical applications: control of the
polyphosphate density and incorporation of a wide range of coun-
terions were not previously accessible (18) (SI Appendix, Fig. S2).
Ca2+, Li+, and Mg2+ were incorporated as phosphate counterions
for their known osteoinductive capabilities, producing CaPG, LiPG,
and MgPG, respectively. K+ and Na+ were incorporated as non-
osteogenic controls, producing KPG and NaPG, respectively.
Characterization of PGs demonstrated effective covalent func-

tionalization with phosphate groups. Deconvolution of both the
FTIR spectroscopy (19, 20) and the X-ray photoelectron spec-
troscopy (XPS) (21, 22) spectra reveals unique peaks corre-
sponding to P–C bonds (Fig. 1 and SI Appendix, Figs. S3–S8 and
Table S1). Additional characterization using thermogravimetric
analysis (TGA) and X-ray diffraction (XRD) demonstrated re-
duction of the graphenic backbone during functionalization, which
should translate to a scaffold with lower oxidative stress and in-
creased compatibility in vivo (23) (SI Appendix, Figs. S9 and S10).

Processing into 3D Scaffolds with Osteomimetic Mechanical Properties.
For applications as a load-bearing bone scaffold, the mechanical
properties of the scaffold must approximate native bone for stabili-
zation. Single-layer and bulk graphene-based composites have excel-
lent mechanical properties (8, 24–26); thus, the graphenic component
of PG provides mechanical strength. To create a 3D scaffold, PG
powders were processed into pellet constructs (SI Appendix, Fig. S1B)
via hot pressing at moderate temperature and high pressure.
Hot press processing did not disrupt the covalent phosphate

functionalization of PG materials. Compared with unprocessed
PG powders, PG pellets showed minimal changes in their TGA
thermograms as well as their spectra from XPS, Raman spectros-
copy, and FTIR spectroscopy (SI Appendix, Figs. S3–S9 and S11).
TGA confirmed that the processing temperature did not exceed

the onset temperature (To) of PG powders. XRD indicated a re-
duction in the intergallery spacing postprocessing that is likely a result
of packing from high-pressure processing (SI Appendix, Fig. S10).
Compressive universal testing and dynamic mechanical anal-

ysis were used confirm that the mechanical properties of PG
scaffolds approximated those of bone. With the increased agility
of the synthetic method, we were able to tune the chemical func-
tionalization density to the properties of PG scaffolds to exhibit
stiffness and strengths comparable with those of bone (27, 28):
Young’s moduli (E) up to 1.8 GPa, compressive storage moduli (E′)
up to 291 MPa, shear storage moduli (G′) up to 545 MPa, and
ultimate compressive strengths (UCS) up to 300 MPa (Fig. 2 and SI
Appendix, Fig. S12). PG pellets were also tough (UT; up to 2,326
J·m−3·104). Furthermore, the compressive mechanical properties
did not display a strain rate dependence (SI Appendix, Fig. S13),
indicating that the scaffolds could withstand an array of loads
associated with activities, such as walking and running, without
compromising mechanical integrity. Critically, producing PG
scaffolds with biomimetic mechanical properties will prevent
stress shielding observed with metallic implants while providing
support capable of withstanding large loads to protect the fragile
healing interface.

Aqueous Stability of PG Scaffolds. For application in vivo, the 3D
PG scaffolds must maintain mechanical integrity in aqueous
environments while bone is regenerated. In nonunion bone de-
fects, it is expected that stabilization will be required over the
course of a month. Thus, the compressive mechanical properties
of pellets in aqueous conditions were evaluated over 28 d (SI
Appendix, Fig. S14). PG scaffolds remained intact throughout the
course of the experiment, except for LiPG, which lost mechanical
integrity upon immersion in water. This is likely because the large
intergallery spacing enabled water infiltration, accelerating disas-
sembly of LiPG scaffolds. Hydrated PG scaffolds had E′ an order
of magnitude lower than dry pellets; however, over 28 d in water,
minimal changes were observed. In contrast, without the entan-
glement of the polyphosphate chains, GO pellets were unstable
and rapidly dispersed in water (SI Appendix, Fig. S1C).

Scheme 1. Development of a catalyzed Arbuzov synthesis of PGs with
control of the counterions through the ring opening of epoxides on GO.
Note that the structure of GO is simplified for clarity.
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Fig. 1. Chemical characterization of the phosphate functionalization of GO
powders. (A) FTIR spectra showing the emergence of phosphate stretches
between 1,200 and 1,000 cm−1 as highlighted in gray. (B) Peak deconvolu-
tion of FTIR fingerprint regions demonstrating phosphate peaks unique to
PG materials, where the presence of the P–C peak is indicative of covalent
phosphate functionalization on the graphene backbone. (C) XPS elemental
analysis of PG materials showing the presence of phosphorus and the re-
spective counterion. (D) High-resolution XPS carbon scans demonstrating a
P–C stretch at 283.5 eV.
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FTIR, TGA, and XPS analyses of scaffolds after prolonged
aqueous exposure revealed that the CaPG scaffold underwent
significant chemical changes into a structure resembling reduced
GO (SI Appendix, Figs. S3–S9). We consider this result to be
especially promising, as it suggests that CaPG shares an aqueous
degradation pathway with GO and that the large volume of lit-
erature studying the compatibility of GO is indicative of the
compatibility of CaPG. Additional experiments are underway to
confirm this hypothesis.

Elution of Inducerons. We hypothesized that, over the course of
degradation, CaPG scaffolds were eluting osteoinductive Ca2+ and
PO4

3− ions during their aqueous degradation. We were able to
quantitatively measure Ca2+ elution (29) from CaPG scaffolds in
PBS, revealing a controlled delivery of up to 500 μM of Ca2+ per 1
mg of CaPG (SI Appendix, Figs. S15 and S16). The release profile
of Ca2+ showed an initial burst release within the first day followed
by a controlled release up to day 14. The final Ca2+ concentration
was ∼10 mM, which is similar to the ideal concentration of ∼8 mM
for osteogenic differentiation (30). After fitting the data to a
mathematical model (31), we concluded that the elution of Ca2+

was diffusion controlled. Furthermore, PO4
3− was also released

from CaPG pellets with a burst release profile that reached
equilibrium after the second day (SI Appendix, Figs. S15 and S16).
CaPG scaffolds deliver up to 20 μM of PO4

3− per 1 mg of CaPG.
Since Ca2+ and PO4

3− are known to induce osteogenic differen-
tiation, this suggests that a degradable CaPG scaffold is a highly
promising material for controlled release of inducerons to support
osteogenic differentiation.

Compatibility and Osteoconductivity in Vitro. We prepared and
characterized aqueous dispersions of PG materials and dem-
onstrated that they are cytocompatible and did not alter sub-
cellular compartments using NIH-3T3 fibroblasts, RAW 264.7
macrophages, and human mesenchymal stem cells (hMSCs) (SI
Appendix, Figs. S17–S20) (32). Cells adhere to and grow on PG
substrates (SI Appendix, Fig. S19) and pellets (Fig. 3), demonstrating
osteoconductivity.

Osteoinduction in Vitro.The efficacy of a bone regeneration scaffold
can be enhanced if the material promotes osteogenic differentia-
tion of hMSCs. Excitingly, CaPG encourages expression of an
osteoblastic phenotype in hMSCs in vitro (Fig. 4). Alkaline
phosphatase (ALP) is highly expressed in osteoblasts (33) and is a
quantitative stain correlating with the level of osteoblastic ex-
pression. hMSCs exposed to CaPG and cultured in growth media
(designed to maintain multipotency with no added growth factors)
exhibited a 240% increase in ALP expression (Fig. 4 A and D).
Compared with hMSCs cultured in osteogenic media (commer-
cially available media designed to maximize osteogenic differen-
tiation using growth factors), cells exposed to CaPG had similar
expression levels. A similar result was obtained when assaying for

Alizarin Red S (ARS), which labels calcium deposits that are in-
dicative of mineralization from cells displaying an osteogenic
phenotype (34): hMSCs exposed to CaPG had a 170% increase in
the intensity of the ARS labeling (Fig. 4 B and E). Other PGs and
GO showed intermediate increases in these levels; however, the
ability of CaPG to intrinsically induce osteogenesis to the same
extent as growth factors is particularly remarkable.
qRT-PCR was used to quantify the expression of important

osteogenic genes of hMSCs exposed to PG materials: collagen
type I alpha 1 (COL1A1), bone morphogenetic protein 2 (BMP-
2), and runt-related transcription factor 2 (RUNX-2). Small nu-
clear ribonucleoprotein D3 (SNRPD3) and proteasome subunit
beta 2 (PSMB2) were used as reference genes due to their
constant levels of expression (35). Cellular exposure to either PG
materials or osteogenic media for 14 d resulted in relatively small
changes in the expression of the genes examined compared with
the no treatment growth media control (Fig. 4C). At this time
point, hMSCs were expressing ALP, a phenotypic marker of
osteoblasts, indicating that hMSCs were already committed to
the osteoblastic lineage. Since it is during the early stages of
osteogenic differentiation that the potent growth factor BMP-2
serves to activate RUNX-2, which is considered the principle
osteogenic master switch (36–38), it is likely that peak expression
of these osteogenic genes has already passed. Type I collagen is a
target of RUNX-2 (36–38), and optical imaging confirmed that,
after 14 d, cells were confluent and already generated a sub-
stantial amount of extracellular matrix.
Overall, in vitro, CaPG was best able to induce differentiation

of hMSCs into an osteoblastic phenotype. Even in growth media
designed to preserve multipotency, CaPG resulted in significant
osteogenic differentiation of hMSCs that was similar to that ob-
served for hMSCs cultured in osteogenic media with growth fac-
tors tailored to induce osteogenesis. This superior differentiation
likely results from controlled release of Ca2+ and PO4

3− indu-
cerons, structural mimicry of natural bony apatite, and mechanical
stiffness. Thus, CaPG shows promise as a cell-instructive, intrin-
sically osteoinductive material.

In Vivo Evaluation of Osteoinductivity. To verify the intrinsic osteoin-
ductivity of CaPG in vivo, we studied ectopic bone formation in the
s.c. space of mice. We chose this model, because osteoinductivity is
clearly observable, while the ability to grow bone in this nonnatural
position is more challenging and thus, more indicative of the innate
abilities of the material. The experiment compared three mate-
rials: (i) GO (to determine the baseline osteoinductivity of a ge-
neric unmodified material); (ii) CaPG (to test the osteoinductivity
of this osteomimetic FGM); and (iii) GO + recombinant human
bone morphogenetic protein 2 (rhBMP-2) as a positive control, as
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Fig. 3. hMSCs adhere to and grow on 3D scaffolds of PG materials. (A)
Whole-pellet images (top view) and (B) higher-magnification images of
hMSCs cultured on PG pellets for 7 d and then labeled for nuclei (blue),
F-actin (green), and mitochondria (red).
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we hypothesized that GO would localize rhBMP-2 to support
bone formation. Each material was tested with and without ex-
ogenous bone marrow stromal cells (BMSCs).
A transgenic fluorescent reporter mouse model was used to

delineate the contribution of host and donor cells in ectopic
bone formation (39). Col3.6 fluorescent protein reporter mice
contain a 3.6-kb DNA fragment derived from the rat type I
collagen (collagen I alpha 1) promoter that directs strong ex-
pression of fluorescent protein in preosteoblasts and osteoblasts.
Fluorescence intensity reflects levels of osteogenic differentiation,
with low levels of expression in osteoprogenitor cells and in-
creasingly higher levels of expression during osteoblast mat-
uration. This combined with histological methods allows for
preservation of fluorescence in nondecalcified bone and enables
imaging of osteoblast reporters with mineralization fluoro-
chromes and ALP staining. This allows for a determination of
cells that are retained on injection and cells that are recruited
due to the osteoinductive capacities of the material. To eliminate
the effect of processing conditions, FGMs were delivered through
injection of an FGM slurry, which coalesced to form a pseudoim-
plant in vivo. This delivery method has been previously reported
(23), and it enables convenient cellular loading onto FGMs and
reduces trauma at the implant site (SI Appendix, Fig. S21).
Implant sites showed no obvious tissue necrosis or toxicity. At

8 wk postinjection, GO and CaPG implants showed cellular infil-
tration with evidence of cellular uptake and clearance. Histological

sections of liver, spleen, and kidneys showed no obvious tissue
damage, toxicological effects, or inflammation. Also, no accumu-
lation of GO or CaPG was observed in any of these tissues (SI
Appendix, Fig. S22). These observations suggest good long-term
compatibility for graphenic implants in vivo.
Innate osteoinductivity has been suggested for GO (40–43),

but the effect was minimal under these conditions. Of 10 injections
of GO with BMSCs, only 1 showed the presence of cyan donor cells
after 8 wk, showing a weak ability of GO to retain donor cells at the
implantation site (Fig. 5C). Interestingly, the one implant that
retained donor cells at the implantation site showed ectopic min-
eralized tissue formation contributed by both donor and host cells.
GO implanted without donor cells showed no osteoinductivity.
CaPG showed significant intrinsic osteoinductivity in vivo

when implanted with BMSCs. Of the 10 implants, 4 showed the
presence of cyan donor cells 8 wk postimplantation. Bony matrix
was confirmed by the presence of white mineralized tissue
throughout the implant along with strong alizarin complexone
(AC) labeling of calcific depositions and ALP activity (Fig. 5D).
Analysis of the high-magnification area at a cellular level showed
colocalization of bright topaz and cyan fluorescent signals with
sharp AC lines and ALP-positive osteoblasts. Tartrate-resistant
acid phosphatase (TRAP) is a marker of osteoclasts, and areas of
TRAP-positive cells within the implant demonstrate active re-
sorption and remodeling of the implant. CaPG implants that
failed to retain BMSCs or were injected without BMSCs failed to
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Fig. 4. CaPG induces osteogenic differentiation of hMSCs. (A) ALP expression of hMSCs exposed to PG materials for 10 d for growth media and 21 d for
osteogenic media. ANOVA F values: 13.48 for growth media and 12.83 for osteogenic media. (B) ARS of hMSCs exposed to PG materials for 28 d quantified
from ARS absorbance. ANOVA F value: 3.66 for growth media and 8.44 for osteogenic media. *n < 3 due to off-center localization of the majority of hMSCs (SI
Appendix, SI Text). (C) Gene expression after 14 d of exposure to PG materials quantified from qRT-PCR using the 2–ΔΔCt method compared with two reference
genes. Note that the no treatment (NT) growth media sample is the calibrator. ANOVA F value: 1.88 for BMP-2, 3.30 for COL1A1, and 1.37 for RUNX-2. (D–F)
Representative whole-well and higher-magnification images of (D) ALP expression (red); (E) ARS expression (red); and (F) nuclei (blue), F-actin (green), and
phase contrast (gray). Bars are sample means, and error bars are sample SDs except for C, for which they are propagated SEs; n = 3 for all except for ALP
growth media, for which n = 4. Lines between bars indicate a two-tailed P value < 0.05 from Sidak post hoc test.
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induce osteogenesis ectopically. These results showed the ability
of CaPG to significantly enhance the retention of donor cells and
provide signals intrinsically without the use of growth factors to
direct osteogenesis.
We also investigated noncovalent modification of GO with

rhBMP-2, since rhBMP-2 is a better positive control than dem-
ineralized bone matrix in these transgenic mice (44). GO is
known to adsorb proteins (45), and excitingly, we found that this
association was sufficient to retain rhBMP-2 in a bioactive form
at the injection site. The GO + rhBMP-2 implants were envel-
oped by a uniform and compact mineralized bone tissue re-
sembling cortical bone overlaid with ALP-positive osteoblasts
and strong AC label (SI Appendix, Fig. S23D). There were also
areas of trabecular-like bone within the implant that were posi-
tive for AC label and ALP activity. The presence of TRAP-
positive cells within the implant site implies active tissue re-
sorption and remodeling. Additionally, the implant site showed
the presence of ALP-negative nonmineralized compartments,
indicating the formation of marrow-like tissue.
The addition of BMSCs to the GO + rhBMP-2 group also led to

localized s.c. bone formation similar to that observed in the GO +
rhBMP-2 group (Fig. 5F). Of the 10 implants, 3 showed the
presence of cyan donor cells colocalized with topaz host cells
within the mineralized tissue indicating the donor and host cell
contribution in bone formation. Quantitative radio opacity mea-
surement, however, did not show significant differences between
the GO + rhBMP-2 and GO + rhBMP-2 + BMSC groups, im-
plying that addition of BMSCs to GO + rhBMP-2 did not sig-
nificantly increase the extent of bone formation. Overall, GO was
able to successfully bind and retain rhBMP-2 at the s.c. injection
site and support ectopic bone formation in a localized manner.

Summary and Impact
We report the creation of intrinsically osteoinductive scaffolds
for bone regeneration composed of FGMs. Using a Lewis acid-
catalyzed Arbuzov reaction enables unprecedented control of
GO functionalization to produce biomimetic PGs. PGs and
specifically, CaPG were shown to elute inducerons, small ions
that induce osteogenesis, including Ca2+ and PO4

3−, in aqueous
conditions. CaPG was shown to induce osteogenesis in vitro to
the same extent as growth factors. In vivo, CaPG was found to
also be intrinsically osteoinductive when implanted with BMSCs.
Also, noncovalent modification of GO with rhBMP-2 showed
excellent osteoinductivity in vivo. These findings demonstrate
the potential of FGMs as intrinsically osteoinductive scaffolds
that support bone regeneration. Additional work is underway
to process these materials into customizable scaffolds and to optimize
the osteoinductive qualities through synergistic delivery of rhBMP-2
with CaPG. Our FGM scaffolds could change the way that
physicians treat severe bone injuries: enabling patients to recover
fully through complete regeneration of functional healthy bone.

Methods
All aspects of the animal protocol were approved by UConn Health In-
stitutional Animal Care and Use Committee (IACUC). Full details are provided
in SI Appendix.
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