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Massive rotator cuff tears (MRCTs) of the shoulder cause disability and pain among
the adult population. In chronic injuries, the tendon retraction and subsequently the
loss of mechanical load lead to muscle atrophy, fat accumulation, and fibrosis formation
over time. The intrinsic repair mechanism of muscle and the successful repair of the torn
tendon cannot reverse the muscle degeneration following MRCTs. To address these lim-
itations, we developed an electroconductive matrix by incorporating graphene nanoplate-
lets (GnPs) into aligned poly(l-lactic acid) (PLLA) nanofibers. This study aimed to
understand 1) the effects of GnP matrices on muscle regeneration and inhibition of fat
formation in vitro and 2) the ability of GnP matrices to reverse muscle degenerative
changes in vivo following an MRCT. The GnP matrix significantly increased myotube
formation, which can be attributed to enhanced intracellular calcium ions in myoblasts.
Moreover, the GnP matrix suppressed adipogenesis in adipose-derived stem cells. These
results supported the clinical effects of the GnP matrix on reducing fat accumulation
and muscle atrophy. The histological evaluation showed the potential of the GnP matrix
to reverse muscle atrophy, fat accumulation, and fibrosis in both supraspinatus and infra-
spinatus muscles at 24 and 32 wk after the chronic MRCTs of the rat shoulder. The
pathological evaluation of internal organs confirmed the long-term biocompatibility of
the GnP matrix. We found that reversing muscle degenerative changes improved the
morphology and tensile properties of the tendon compared with current surgical techni-
ques. The long-term biocompatibility and the ability of the GnP matrix to treat muscle
degeneration are promising for the realization of MRCT healing and regeneration.
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Massive rotator cuff tears (MRCTs) of the shoulder are one of the most common inju-
ries related to tendons and muscles in the adult population (1–8). More than 200,000
rotator cuff (RC) repair procedures take place in the United States annually, and that
number is expected to increase as a result of the aging US population (1–12). The long
duration between rotator cuff tear injury and surgical repair can be described as chronic
rotator cuff tendon tear injury and is a commonly observed challenge. The tendon and
muscle retraction over months in chronic MRCTs are associated with a set of degenera-
tive changes that include muscle atrophy, fat accumulation, and fibrosis formation
(13–18). The regeneration potential of muscle cells provides an intrinsic repair mecha-
nism for minor injuries and damage. However, this repair mechanism cannot reverse
the muscle degenerative changes after MRCTs (19–21). Even with the successful repair
of the torn tendon, fat accumulation and muscle atrophy are not known to be revers-
ible (4, 7, 11, 17, 22–28).
Despite improvements in surgical procedures and postoperative rehabilitation, mus-

cle degenerative changes increase the retear rate (up to 94%) after successful RC repair
(3, 4, 11, 29–34). The limitations of current clinical treatments motivate regenerative
engineering approaches to treat muscle degeneration. This study presents a regenerative
engineering method as an alternative approach for patients with chronic MRCTs.
Skeletal muscle is a highly aligned tissue that fosters alignment and migration of cells

along the direction of tissue fibers (35–39). Studies have demonstrated that the aligned
topography of engineered matrices can significantly induce cellular elongation, alignment,
and differentiation and guide cell migration along the direction of the matrix (10, 35, 36,
38–43). Graphene-based materials are characterized by their outstanding mechanical
properties, high electrical conductivity, and chemical stability (44). Graphene can be com-
bined with a wide range of materials to engineer structures with desired characteristics
(45–51). These extraordinary properties make graphene a compelling candidate for tissue
regeneration (44, 52–54).

Significance

Currently, patients with rotator
cuff tears associated with fat
accumulation and muscle atrophy
suffer from a high retear rate after
rotator cuff repair. The
development of new treatments
to reverse these degenerative
changes may significantly reduce
the rate of retear and obviate the
need for ultimate shoulder
replacement surgery. This paper
describes the effects of a GnP
matrix that enhances muscle
regeneration and reduces fat
formation in vitro. This paper also
shows the efficacy of the
implantation of the GnP matrix in
reducing fat accumulation, muscle
atrophy, and fibrosis formation
following chronic MRCTs in a rat
model. This study showed the
potential of the GnP matrix to be
used in a clinical setting to reverse
muscle degenerative changes
following MRCTs.

Author contributions: N.S.S., L.S.N., and C.T.L. designed
research; N.S.S., H.-M.K., M.B., T.O., and A.L., performed
research; N.S.S., T.O., N.M., L.S.N., and C.T.L. analyzed
data; and N.S.S., H.-M.K., T.O., L.S.N., and C.T.L. wrote
the paper.

Reviewers: E.B., Georgia Institute of Technology; and
R.L., Biological Sciences Division, University of Chicago.

Competing interest statement: University of Connecticut
has filed a patent entitled “Graphene-Based Nanofibers
for Skeletal Muscle Tissue Regeneration” on behalf of
the inventors, N.S.S. and C.T.L. C.T.L. has the following
competing financial interests: Biorez, Globus, HOT, HOT
Bone, Kuros Bioscience, NPD, and Cobb (W. Montague)
NMA Health Institute. L.S.N. has the following competing
financial interests: Biorez.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email:
Laurencin@uchc.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2208106119/-/DCSupplemental.

Published August 8, 2022.

PNAS 2022 Vol. 119 No. 33 e2208106119 https://doi.org/10.1073/pnas.2208106119 1 of 12

RESEARCH ARTICLE | APPLIED BIOLOGICAL SCIENCES
ENGINEERING

https://orcid.org/0000-0002-7954-0637
https://orcid.org/0000-0001-6765-3047
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Laurencin@uchc.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208106119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208106119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2208106119&domain=pdf&date_stamp=2022-08-04


Several studies have indicated that electroconductive materi-
als can significantly promote myoblast proliferation and differ-
entiation, even without the use of external electrical stimulation
(39, 42, 45, 55). Muscle is an electrically excitable tissue, thus
with the combination of conductive material, the aligned struc-
ture may serve as a critical cue to facilitate myoblast communi-
cation, growth, and development (21, 42, 45, 56).
Studies have shown that high concentrations of calcium ions

stimulate myogenesis while reducing intracellular calcium lev-
els, and this can significantly inhibit myoblast differentiation
(57) and proliferation (58). Electroactive materials may be
responsible for increasing intracellular calcium levels (55).
Moreover, a graphene matrix may have an inhibitory effect on
lipid formation (59, 60). These effects provide strong motiva-
tions for using graphene matrices for reducing fat formation
after massive rotator cuff tendon tears.
In this study, we utilized an aligned nanofibrous structure

composed of graphene nanoplatelets (GnPs) and poly(l-lactic
acid) (PLLA) to induce muscle regeneration and reduce fat
accumulation, muscle atrophy, and fibrosis formation. The
development of this matrix promises to have an important

beneficial clinical impact, where muscle atrophy and fat accu-
mulation are addressed in the setting of massive rotator cuff
tendon tears.

Results

Morphology and Characterization of Aligned GnPs/PLLA
Nanofibers. The aligned GnP/PLLA (GnP) matrix was fabri-
cated by electrospinning (Fig. 1A). The representative SEM
images (Fig. 1B) show the diameter of nanofibers at different
matrices. Fig. 1C shows the average diameters of all nanofibers
with GnP concentration. There were no significant differences
in the average diameters among different GnP concentrations
(Fig. 1C). PLLA nanofibers exhibited increased surface conduc-
tivities with the increase of GnPs concentrations (Fig. 1D).

Myoblasts Biocompatibility and Differentiation. All the matri-
ces supported the cell viability and growth of C2C12 myoblasts
after 1, 7, and 14 d in growth media (GM) (Fig. 1E). The cells
formed aligned layers along the fibers. All GnP matrices
induced C2C12 myoblasts to express MyoD and MyoG in both
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Fig. 1. (A) Schematic illustration of the fabrication process of the GnP matrix. (B) SEM images of the aligned nanofibers. (C) Mean diameter of the
electrospun nanofibers (n = 50). The average diameters of the aligned nanofibers were 676.7 ± 149.1 nm, 645.3 ± 91.84 nm, 652.6 ± 110.8 nm, and 610 ±
186.1 nm for PLLA, GnP 0.5, 1.5, and 2, respectively. (D) Surface conductivities of the aligned matrices (**P ≤ 0.01). (E) Live/dead fluorescent images of
cell-seeded matrices with aligned orientation after 1, 7, and 14 d (green, viable cells; red, dead cells). Arrows show the main directions of nanofiber
alignment.
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GM and differentiation media (DM) after 3 and 5 d (SI
Appendix, Fig. S5).
Further, myotube formation was confirmed by myosin heavy

chain (MHC) staining, showing all matrices could induce C2C12

to form multinucleated myotubes (Fig. 2 A and C). Fig. 2 B and
D shows the quantification of myotube formation and maturation
by calculating the length, fusion, and maturation indices of the
fused myotubes. The differentiation indices of the myotubes on
the aligned GnP 1.5 were significantly greater than other matrices.
The GnP 1.5 demonstrated the longest myotube length compared
with PLLA. In addition, the alignment of the fibers and the pres-
ence of graphene significantly induced the fusion and maturation
of the formed myotubes. Fig. 2 E–G shows the comparison of
myotube length, fusion, and maturation indices between GnP 1.5
and PLLA in GM and DM, suggesting the GnP matrix itself pos-
sesses the ability to induce myoblast differentiation. We will utilize
GnP 1.5 in the following study as an optimized GnP matrix.

The Underlying Mechanisms of Graphene in Enhancing Skeletal
Muscle Regeneration. We hypothesized that increased myotube
formation was attributed to improved intracellular calcium levels
induced by the GnP matrix. Fig. 3 shows the calcium imaging of
C2C12 on both PLLA and GnP 1.5 matrices. The results indi-
cated increased fluorescence intensity of Fluo 4-AM in myoblasts
on the GnP matrix compared to PLLA at days 1 and 3 in GM.
Furthermore, the cells in DM increased the calcium levels com-
pared to GM and increased fluorescence intensity can be observed
for both matrices after 3 d in DM. The Fluo-4 AM intensities on
GnP and PLLA matrices were similar at day 7 in both GM and
DM. GnP showed lower intensity on day 7 compared with day 3.

The Efficacy of Graphene in Reducing Adipogenesis In Vitro.
Next, the effect of graphene on adipogenic differentiation in
adipose-derived stem cells (ADSCs) was evaluated. Both matri-
ces supported the cell viability of rat ADSCs and no differences
were observed between GnP and PLLA at day 3 in GM (SI
Appendix, Fig. S6). Adipogenic media were introduced to
induce adipogenic differentiation on day 3. Fig. 4B shows there
is no significant difference of cell viability on both matrices
after 12 d in the adipogenic medium. The formation of lipid
droplets was detected and quantified by Oil Red O staining on
day 12 on both GnP and PLLA matrices (Fig. 4 C and D).
GnP showed a significantly lower absorbance than PLLA.

The Efficacy of the GnP Matrix in Reducing Muscle Atrophy
and Fat Accumulation in a Rat Chronic MRCT Model. We next
investigated the efficacy of the implantation of the GnP matrix
in a rat model of chronic MRCTs. At 16 wk after the tendon
resection, tendons were sutured back to repair and the GnP
matrix was implanted (SI Appendix, Figs. S1 and S2). All oper-
ated rats had normal activity after the surgery and no problems
associated with the surgery, such as infection, were observed
during the study. The surgical sites were intact and no tendon
rerupturing was observed at both harvesting time points. Gross
examination of the supraspinatus and infraspinatus muscles
showed obvious muscle atrophy and retraction compared to
normal muscle (SI Appendix, Fig. S9).

Fig. 5A shows the hematoxylin and eosin (H&E) and tri-
chrome staining images of the infraspinatus muscles at 24 wk.
N-24, NR-24, S-24, and G-24 indicate the native group, no
repair group, suture repair group, and GnP matrix groups at
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Fig. 2. (A) Immunofluorescent images of differentiated myotubes after 7 d on aligned matrices in GM immune-stained for MHC (green) and nucleus (blue).
(B) Quantification of myotube length, fusion index, and maturation index of differentiated myotubes after 7 d on aligned matrices in GM. (C) Immunofluores-
cent images of differentiated myotubes after 7 d on aligned matrices in DM immune-stained for MHC and nucleus. (D) Quantification of myotube length,
fusion index, and maturation index of differentiated myotubes after 7 d on aligned matrices in DM. Comparison of (E) myotube length, (F) fusion index,
(G) maturation index between PLLA and GnP 1.5 in both GM and DM, (ns = P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001).
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24 wk, respectively. The fibrosis percentage significantly reduced
after the repair surgery; however, there are no significant differences
between S-24 and G-24 (Fig. 5B). In the infraspinatus muscle, the
fat accumulation grading for G-24 is statistically lower than that
for NR-24, but there was no statistically significant difference
between S-24 and G-24 (Fig. 5C). At 24 wk, there is a significant
difference between NR-24 (16.11 ± 4.83%) and G-24 (5.13 ±
7.57%) in infraspinatus muscle mass reduction. Although both
S-24 and G-24 showed a lower level of muscle atrophy grading
compared with NR-24, no statistically significant differences
were observed (Fig. 5D). Of note, G-24 showed a lower degree
of muscle atrophy grade compared to S-24 but did not show a
statistically significant difference (Fig. 5D).
The effects of GnP matrix implantation in the supraspinatus

muscle revealed similar trends with the infraspinatus muscles.

Fig. 5E shows the histological images of the supraspinatus
muscles at 24 wk. NR-24 showed the significant formation of
fibrosis in supraspinatus muscle compared with N-24 and both
repaired groups (Fig. 5F). The fibrosis percentage significantly
reduced after the repair surgery in the repaired groups. How-
ever, there were no statistically significant differences between
the suture repair and GnP matrix repair. The fat accumulation
grading in the supraspinatus muscle was significantly lower
in G-24 compared with NR-24, but there was no statistically
significant difference between S-24 and G-24 (Fig. 5G). The
muscle atrophy evaluation shows no statistically significant dif-
ferences between the repair groups and NR-24, or between
S-24 and G-24 (Fig. 5H). Although NR-24 showed the highest
supraspinatus mass reduction compared with the S-24 and
G-24, no statistically significant differences were observed.

Fig. 3. Calcium imaging of C2C12 myoblasts on the matrices at days 1, 3, and 7 after cell culturing in both GM and DM. Schematic image showing the effects
of the GnP matrix on the concentration of intracellular calcium ions.

Fig. 4. (A) Schematic illustration of the lipid droplets on GnP 1.5 and PLLA matrices after 12 d of adipogenic induction. (B) CCK8 cell viability on both matri-
ces at day 3 in GM and day 12 in DM. (C) Representative images of the stained lipid droplets on the matrices after 12 d of adipogenic induction. (D) Quantifi-
cation of the stained lipid droplets was conducted by eluting the Oil Red O stain and measuring absorbance at 510 nm. The readings were normalized to
the plain matrix (**P ≤ 0.01).
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The GnP matrix boosted its therapeutic effects by the long-
term implantation. Fig. 6A shows the histological images of
infraspinatus muscles at 32 wk. N-32, NR-32, S-32, and G-32
indicate the native group, no repair group, suture repair group,
and GnP matrix groups at 32 wk, respectively. The fibrosis in
the infraspinatus muscle significantly reduced for G-32 com-
pared to NR-32 and S-32 (Fig. 6B). The implantation of the
GnP matrix also significantly reduced the fat accumulation
compared to the NR-32 and S-32 groups (Fig. 6C). As shown
in Fig. 6D, a significant reduction of atrophy grading was
observed in G-32 compared with NR-32 and S-32 (Fig. 6D).
Besides, the mass reduction percentage of infraspinatus muscle
was 20.66 ± 5.17%, 20.36 ± 4.09%, and 1.36 ± 6.48% for
NR-32, S-32, and G-32 groups, respectively. G-32 showed sta-
tistically significant differences with NR-32 and S-32.
Once again, the GnP matrix implantation brought significant

effects on the supraspinatus muscles. Fig. 6E shows the histological

images of supraspinatus muscles at 32 wk. The reduction of the
fibrosis rate in G-32 was found compared to NR-32 (Fig. 6F).
The fat accumulation grading and fat area percentages of supra-
spinatus muscle at 32 wk showed statistically significant differ-
ences between G-32 and NR-32. (Fig. 6G). The atrophy grading
showed a significant reduction in muscle atrophy of G-32 com-
pared with NR-32 and S-32 at 32 wk. Similarly, the mass reduc-
tion percentage of supraspinatus muscle was 24.14 ± 12.56%,
23.45 ± 11.25%, and 4.92 ± 5.01% for NR-32, S-32, and
G-32 groups, respectively. G-32 showed statistically significant
differences with NR-32 and S-32.

Overall, histological analysis showed GnP matrix implantation
induced a reversal of muscle degeneration (SI Appendix, Table
S1). Notably, there were no statistically significant differences of
all measured parameters (fibrosis formation, fat accumulation,
and muscle atrophy) between the native group and GnP matrix
group at 32 wk in both infraspinatus and supraspinatus muscles.

Fig. 5. (A) Representative histological images of infraspinatus muscle at 24 wk. The H&E and trichrome staining of cross-sections of the infraspinatus
muscles used for the quantification of (B) fibrosis formation, (C) fat accumulation, and (D) muscle atrophy evaluation for different groups at 24 wk. (E) Repre-
sentative histological images of supraspinatus muscle at 24 wk. The H&E and trichrome staining of cross-sections of the supraspinatus muscles used for
the quantification of (F) fibrosis formation, (G) fat accumulation, and (H) muscle atrophy evaluation for different groups at 24 wk. (*P ≤ 0.05, **P ≤ 0.01,
***P ≤ 0.001, ****P ≤ 0.0001).
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Physiological Changes of Degenerative Muscle after 32 Weeks
in a Rat Chronic MRCT Model. The distribution of different
types of MHC (MyHC I and II) in supraspinatus and infraspi-
natus muscles at 32 wk was evaluated by immunostaining. Fig.
7 A and C shows the majority of muscle fibers in native muscle
(N-32) are MyHC II (fast muscle fiber). The muscle under-
went switching from fast (MyHC II) to slow (MyHC I) fiber
type after MRCTs in both supraspinatus and infraspinatus
muscles. Although suture repair did not alter the expression of
MyHC I, this switching backed to the normal (native) muscle
following the RC repair with the GnP matrix. The statistical
analysis showed significant differences between G-32 and S-32
in infraspinatus, as well as G-32 and NR-32 in both muscles,
whereas there were no significant differences between N-32 and
G-32 (Fig. 7 B and D).
The cross-sectional area of muscle fibers was measured at

32 wk (SI Appendix, Fig. S10). MRCTs induced significant loss

of fiber size and NR-32 showed the smallest size in both supra-
spinatus and infraspinatus muscles. The average fiber size in
G-32 showed statistically significant differences compared to that
in S-32 and NR-32, while there was no significant difference
between N-32 and G-32.

Toxicity Evaluation of GnP Matrix on Different Organs. The
histological staining of the internal organs showed no obvious
tissue damage, inflammation, toxicological effects, or any mate-
rial accumulation in the organs at 8 and 16 wk after implanta-
tion of the GnP matrix (Fig. 8). The congestion grading
showed there are no statistically significant differences between
graphene matrix–implanted and nonimplanted groups.

The Efficacy of Reversing Muscle Degeneration on Tendon
Healing. The effect of GnP matrix implantation on tendon
healing was investigated by the histological staining. The H&E

Fig. 6. (A) Representative histological images of infraspinatus muscle at 32 wk. The H&E and trichrome staining of cross-sections of the infraspinatus
muscles used for the quantification of (B) fibrosis formation, (C) fat accumulation, and (D) muscle atrophy evaluation for different groups at 32 wk. (E) Repre-
sentative histological images of supraspinatus muscle at 32 wk. The H&E and trichrome staining of cross-sections of the supraspinatus muscles used for
the quantification of (F) fibrosis formation, (G) fat accumulation, and (H) muscle atrophy evaluation for different groups at 32 wk. (*P ≤ 0.05, **P ≤ 0.01,
***P ≤ 0.001, ****P ≤ 0.0001).
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staining of the tendon–bone interface showed that no fibrocar-
tilage zone formation can be observed in S-32. However, the
separating line between tendon and bone became partially
unclear in G-32. The tendon–bone continuity and regularity
can be observed in G-32 (Fig. 9). The expression of glycosami-
noglycan (red-stained area in the Safranin O–stained images) at
the tendon–bone interface indicated the formation of a new fibro-
cartilage layer in G-32. The treatment of muscle atrophy and fat
accumulation using the GnP matrix exhibited a positive effect on
tendon-to-bone insertion maturity compared with NR-32 and
S-32. The histology of NR-32 shows the retracted tendon stump
(marked with a suture at the time of detachment) and the gap
between the humerus and tendon stump. In S-32, the collagen
fibers presented an irregular arrangement, and the fibrocartilage
layer was not observed in the tendon–bone interface. On the
other hand, the chondrocytes in G-32 were almost aligned in
rows in the fibrocartilage zone. Moreover, the orientation of colla-
gen fibers was spatially aligned in the tendon. In general, more
fibrocartilage zones, oriented cells, and oriented fibers were
observed in G-32 compared to other injured groups.

The Efficacy of Reversing Muscle Degeneration on Tendon
Tensile Properties. The load-to-failure tests of the tendon were
performed to gain insight into the functional effect of the GnP
matrix. The most common location of failure for NR-24 and
NR-32 was at the enthesis, while all N-24 and N-32 groups
failed at the midsubstance. The repair groups (S and G) showed
a combination of failure locations with no regular pattern. SI
Appendix, Fig. S11 demonstrates the representative images of
both supraspinatus and infraspinatus tendons and the different
failure behaviors of the samples.
The biomechanical tests were performed to measure the

peak load, stiffness, and Young’s modulus of both supraspina-
tus and infraspinatus tendons. All parameters were significantly
lower in all injured groups than in the native group at 24 wk
(Fig. 10 A and B). Similarly, the cross-sectional area of the

repair site was significantly higher in all injured groups than in
the normal tissue. However, G-24 showed a significantly lower
cross-sectional area of the supraspinatus tendon and a higher
peak load compared to S-24.

At 32 wk, NR-32 and S-32 showed significantly lower peak
load and stiffness of both supraspinatus and infraspinatus ten-
dons compared to N-32. However, there are no statistically sig-
nificant differences between G-32 and N-32. The GnP matrix
revealed significant differences compared to NR-32. The signif-
icant differences can be observed in the cross-sectional area and
Young’s modulus of both tendons in N-32 compared to other
groups. The cross-sectional area of both supraspinatus and
infraspinatus tendons in G-32 was significantly lower than that
in S-32. The GnP matrix group demonstrated an overall
increase in stiffness, peak load, and Young’s modulus compared
to NR-32 and S-32 (Fig. 10 C and D) in both tendons. The
differences of tensile properties between G-32 and S-32 were
not statistically significant; however, the mechanical test results
of G-32 were greater than S-32 in all parameters.

Discussion

In this study, we successfully fabricated the aligned GnP matrix.
As indicated in Fig. 1E, the alignment of myoblasts along with
nanofiber direction suggested that the matrices induced cellular
orientation. The aligned orientation of the matrix mimicked the
natural structure of muscle tissue, which is composed of highly
aligned and long multinucleated myotubes, which provide an
essential topographical cue to enhance myoblast growth and dif-
ferentiation (42, 55, 61, 62). It has been reported that providing
a conductive environment under these conditions with no exter-
nal electrical stimulation can enhance myotube formation and
maturation (39, 63). Our GnP matrix showed the synergistic
benefit of myoblast differentiation by combining topographical
and electrical cues. Myotubes on the GnP matrix showed high
differentiation and maturation in both GM and DM. The

Fig. 7. (A) The immunohistochemistry images of MyHC I (slow), II (fast), and (B) the ratio of MyHC I/MyHC II in infraspinatus muscle at 32 wk for all groups.
(C) The immunohistochemistry images of MyHC I and II and (D) the ratio of MyHC I/MyHC II in supraspinatus muscle at 32 wk for all groups. (*P ≤ 0.05,
**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001).
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incorporation of GnP into aligned nanofibers could successfully
induce myotube elongation and maturation without the need for
changing the environmental conditions of the cell culture. Espe-
cially, myoblast cultured on the GnP 1.5 showed the highest val-
ues of myotube length (411.4 ± 160.8 μm), fusion (70.37 ±
3.044%), and maturation indices (57.59 ± 7.163%) among dif-
ferent GnP concentrations we tested in GM (Fig. 2B). We hence
concluded that GnP itself induced myoblast differentiation and
myotube formation.
It is important to understand the underlying mechanism of

GnP in promoting cell differentiation in the context of under-
standing its effects on muscle repair and regeneration. It is
known that calcium ions play important roles not only in muscle
cellular contraction but also in modulating the muscle gene
expression through altering the function and localization of tran-
scriptional factors (57, 64, 65). Wang et al. reported a higher
concentration of calcium ions of cardiac myoblasts on a conduc-
tive matrix (64). We detected the higher intracellular calcium

ion levels of C2C12 myoblasts on the GnP matrix (Fig. 3). It is
noted that there is an increase in intracellular calcium level of
C2C12 on PLLA matrix in DM. This may be caused by C2C12

myoblast differentiation, which has been reported to express
L-type calcium ion channels (57). The calcium levels in the
myoblasts were further decreased at day 7. The presence of gra-
phene might have a rapid and short-term effect on increasing the
concentration of intracellular calcium ions and its effect gradu-
ally reduces. This result is consistent with the enhanced MHC
expression, which showed the myotube formation and matura-
tion at day 7 in both GM and DM (Fig. 2 A and C). This study
demonstrated a correlation between the increased intracellular
calcium ion level and the enhanced myotube formation on the
GnP matrix. One of the possible explanations for the GnP effect
on calcium levels could be its nanostructure. It has been reported
that nanometer and submicrometer-sized graphene materials
increase the intracellular calcium ions via releasing the calcium
ions from internal stores into the cytoplasm (66). However, we

Fig. 8. H&E staining and the congestion grading of the liver, kidney, lung, spleen, and heart of the GnP implanted and nonimplanted groups at 24 and 32 wk.
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cannot conclude the elevated intracellular calcium level is the
only mechanism for the regenerative potential of graphene.
We also confirmed that graphene could suppress lipid pro-

duction in ADSCs (Fig. 4). These outcomes suggest the inhibi-
tory effect of graphene on adipogenesis. This promising result
provides a compelling case for using the graphene matrix in
reducing fat formation during RC healing.
Muscle degeneration following massive rotator cuff tendon

tears is described by fat accumulation, muscle atrophy, and fibro-
sis formation in the RC muscles (17, 33, 67–71). In this study,
we confirmed a significant increase in fat accumulation, muscle
atrophy, and fibrosis formation at 16 wk (NR-16) compared with
normal muscles (N-16) (SI Appendix, Fig. S8). We utilized a stan-
dard grading system to classify the severity of fat accumulation
after RCTs, described by Goutallier et al. (67, 72). Clinically a
large number of RCTs are in stage 1 or stage 2 (71). Our results
are related mostly to grades 1 to 2 of Goutallier’s grading for
supraspinatus and grades 2 to 3 for infraspinatus. Consistent with
other studies (68, 73), our results showed more severe fat accumu-
lation in the infraspinatus muscle compared to the supraspinatus
following the chronic RCT model at 24 and 32 wk. There is no
clear explanation for this phenomenon. Since the rate of fibrous
of tissues was significantly lower in the supraspinatus muscle
compared to the infraspinatus muscle, the severe fat accumula-
tion and fibrosis formation in the infraspinatus could be caused
by different levels and distributions of muscle progenitors such
as fibro/adipogenic progenitor cells in the muscles.
It is known that current surgical repair cannot reverse fat

accumulation and muscle atrophy (9, 74). Patients with moder-
ate/severe fat accumulation and muscle atrophy suffer from a
high retear rate after RC repair (9, 74). Similarly, our results
showed that suture repair of the tendons alone with no treat-
ment on RC muscles could not effectively reverse the fat accu-
mulation and muscle atrophy (Figs. 5 and 6). However, the
implantation of the GnP matrix significantly reduced fat accu-
mulation compared with the suture repair and no repair
groups. These results showed that the efficacy of the GnP
matrix was enhanced over time from 24 wk to 32 wk in both
muscles (SI Appendix, Table S1). In addition, muscle atrophy
as measured by cross-sectional area and mass reduction were
improved by the use of the GnP matrix. The results support

the potential of the GnP matrix to reverse moderate-to-severe
muscle atrophy following a chronic RCT.

Fibrosis is one of the main outcomes of most muscle injuries (18,
75). The formation of fibrosis following rotator cuff tears causes the
stiffness of skeletal muscle, which increases the tension on RC mus-
cle and subsequently inhibits the repair of chronic RCTs (18). Our
observation on fibrosis percentage by Masson’s trichrome staining
confirmed the formation of fibrosis following an MRCT in both
supraspinatus and infraspinatus muscles (Figs. 5 B and F and 6 B
and F). The data showed that repairing the torn RC either with or
without the matrix implantation can reduce fibrosis. With the GnP
matrix implantation, the fibrosis formation was significantly reduced
compared with the suture group and the no repair group.

Furthermore, the ratio of muscle fiber types showed that the
muscle underwent switching from fast to slow fiber type in
NR-32 and S-32. This is consistent with other studies showing
the fast-to-slow shift in muscle fiber types following the RCT
(73). However, the implantation of the GnP matrix significantly
reversed this switching, similar to the normal muscle (N-32)
(Fig. 7 B and D).

The goal of massive rotator cuff tendon tear treatment is to
improve tendon morphology and tensile properties. Here, we
showed that reversing rotator cuff muscle degeneration is the
real key to addressing the real problem. Addressing muscle
degeneration can reduce retraction stress on the tendon and
improve tendon healing.

The tendon morphology of N-32 showed aligned collagen
fibers, which gradually fused into a fibrocartilage zone before reach-
ing the bone (Fig. 9). The tendon-to-bone interface in NR-32 and
S-32 was replaced by fibrous scar tissue and the tendon histology
showed disorganized collagen with a sudden transition into the
bone. G-32 presented the organized collagen and partial formation
of the fibrocartilage layer at the tendon–bone interface. Although
glycosaminoglycan deposition occurred at the attachment site,
we could not observe a consistent reformation of an organized
transition zone with calcified and noncalcified fibrocartilage.

It was reported that the high tension, which is required to
repair a torn tendon back to the bone in a chronic model, causes
a high rate of retear after surgery (76). Moreover, this high tension
weakens the biomechanical properties and increases the cross-
sectional area of the tendon–bone insertion site (76). However,

Fig. 9. The representative images of H&E (Top and Middle) and Safranin O (Bottom) staining of the tendon–bone insertion for native, no repair, suture, and
GnP matrix at 32 wk following the surgery.

PNAS 2022 Vol. 119 No. 33 e2208106119 https://doi.org/10.1073/pnas.2208106119 9 of 12

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208106119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208106119/-/DCSupplemental


reducing fat accumulation and muscle atrophy in G-32, improved
the stiffness, peak load, and Young’s modulus of both infraspi-
natus and supraspinatus tendons compared to the no repair and
suture repair groups. This treatment can be further developed
by involving tendon tissue regeneration strategies together with
muscle. The combined treatments of tendon and muscle may
be able to have synergistic effects in rotator cuff tendon/muscle
healing.
There have been expanding applications of graphene-based

materials in the field of biomedical science engineering; therefore,
human body exposure to these materials has rapidly increased
(66). The evaluations of the safety and biocompatibility of gra-
phene materials on body health are important. Different studies
have investigated the biocompatibility of graphene-based materi-
als in vitro and in vivo (44, 77–79). However, the long-term
toxicity data have not been widely reported. We evaluated the
systemic toxicity of graphene matrix in the rats at 8 and 16 wk
after implantation. Our findings have shown no significant health
risk, no obvious tissue damage, and no toxicological effects. A
mild inflammatory response was observed in the organs after
implantation of the GnP matrix. No material accumulation was
found in the organs in these experimental conditions.

Conclusion

Massive chronic rotator cuff tendon tears of the shoulder repre-
sent a widespread clinical condition that can by highly problem-
atic. We believe that muscle degeneration in chronic massive
rotator cuff tears constitutes the real problem that must be
addressed. In this study, we reported the efficacy of a unique
graphene-based formulation in reversing the degenerative
changes of RC muscles. First, we showed that the incorporation
of graphene nanoplatelet GnPs into aligned nanofibers signifi-
cantly increased the myogenic differentiation of C2C12 myoblasts
in vitro. Our work indicates that the significant effects of gra-
phene on myoblasts can be attributed to graphene’s ability in
enhancing intracellular calcium ions. Also, we showed that the
graphene matrix suppressed adipogenesis in ADSCs. This obser-
vation provides a promising approach in using this graphene-
based matrix to treat and reduce fat accumulation, which is a
major challenge in musculotendinous injuries. Further, we found
significant effects of the GnP matrix on reducing fat accumula-
tion, muscle atrophy, and fibrosis formation in vivo, implanting
the matrix on both supraspinatus and infraspinatus muscles fol-
lowing a chronic MRCT. Our results showed that reducing the

Fig. 10. The results of biomechanical testing, including the tendon cross-sectional area, stiffness, peak load, and Young’s modulus of (A) supraspinatus
tendon at 24 wk, (B) infraspinatus tendon at 24 wk, (C) supraspinatus tendon at 32 wk, and (D) infraspinatus tendon at 32 wk following the RCTs. (*P ≤ 0.05,
**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001).
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muscle degenerative changes can improve the biomechanical
properties of the tendons and subsequently the outcomes of sur-
gery. Furthermore, the histological results of the internal organs
confirmed the long-term safety of the GnP matrix in this rat
model. These promising results of biocompatibility and the
potential of the GnP matrix to treat muscle degeneration provide
compelling information for using the GnP matrix in future
studies.

Methods

Detailed information is provided in SI Appendix, Methods.

GnP Matrix Optimization. Nonfunctionalized GnPs were used in this study,
which consist of multilayers of platelet-liked graphite nanocrystals with an overall
thickness of ∼3 to 10 nm (40, 52, 53). To optimize the content of graphene, differ-
ent concentrations of GnP/PLLA solutions were prepared for electrospinning (SI
Appendix). The morphology and electrical conductivity were tested. Further, the bio-
compatibility and differentiation potential of the matrices were investigated upon
seeding the matrices with C2C12 cells in both standard GM and DM. The myoblasts
viability and differentiation were investigated using live/dead assays and immunos-
taining. The cells were imaged with a confocal microscope and the myotube length,
fusion index, and maturation index were measured for each group. The fusion
index was determined as the percentage of MHC-positive cells with more than two
nuclei among the MHC-positive cells (80, 81). The maturation index was calculated
as the percentage of myotubes with more than five nuclei (42, 61).

The concentrations that showed higher levels of cell viability, myotube forma-
tion, and maturation were selected for the rest of the studies. The effect of gra-
phene on intracellular calcium levels was evaluated using Fluo-4-AM calcium
imaging. Besides, the effect of graphene on adipogenic differentiation in ADSCs
was investigated in vitro through Oil Red O staining and quantitative analysis.
The results of graphene were compared with the PLLA matrix as the control
group. The optimized matrix, which showed the highest cell viability and myo-
tube formation and showed the inhibitory effects on adipogenesis was evaluated
in a preclinical animal model of chronic MRCTs.

Animal Study Design. All animal experiments were performed following
protocols approved by the Institutional Animal Care and Use Committee at the
University of Connecticut. In order to create the chronic injury model of massive
full-thickness RCTs, we used the standard time point of 16 wk. To show the
competence of the time point, the model was developed using 12 male
Sprague–Dawley rats (11 wk old, Charles River Laboratories, Inc.). The massive
full-thickness injury was created on both supraspinatus and infraspinatus ten-
dons in the left shoulder. The rats were killed after 16 wk and evaluated in terms
of muscle degenerative changes (SI Appendix, Fig. S8). Following the develop-
ment of the model, 72 male Sprague–Dawley rats (11 wk old, Charles River Lab-
oratories, Inc.) were utilized for the study where the left shoulders were used for
the experimental groups and the right shoulders were used as native control
groups. At 16 wk after the injury, 48 rats were randomly selected for the repair

procedure. The 24 remaining rats were used as the no repair control groups. The
suture surgical techniques were performed on 48 selected rats to repair both
tendons. Half of the rats were randomly selected for GnP matrix implantation on
the muscles following the tendon repair. The matrices were transplanted on the
supraspinatus and infraspinatus muscles. Rats were killed, and tissues were har-
vested at 24 and 32 wk after the initial injury for analysis (equal to 8 and 16 wk
after the matrix implantation in the repair groups). Harvested muscles were
imaged and characterized using immunohistochemistry, H&E, and Masson’s
trichrome histology. The muscle atrophy was evaluated using wet weight mea-
surement, muscle atrophy grading, muscle cross-sectional area quantification,
and immunohistochemistry analysis of MHC I and MHC II as mentioned in SI
Appendix (17, 71–73, 82, 83). The fat accumulation was evaluated using a grad-
ing system and fat area quantification. The degree of fibrosis was measured as
the area of collagen staining fibers divided by the total area of the image after
trichrome staining. Internal organs were imaged and characterized using H&E
and the tendon–bone tissues were harvested for biomechanics and histologi-
cal assessment.

Statistical Analysis. The unpaired Student’s t test was used to compare
between two groups. One-way analysis of variance (ANOVA) was used to analyze
the comparison among more than two groups. The significant differences in
groups were determined by Dunn, Dunnett, Sidak, and Tukey pairwise compari-
son tests. If the data failed the normality test, a Kruskal–Wallis test with Dunn’s
multiple comparisons was run to compare the groups; otherwise, one-way
ANOVA with Tukey’s or Sidak’s multiple comparisons test was used. The data are
expressed as means± SD and the difference of P< 0.05 was considered statisti-
cally significant.

Data Availability. All study data are included in the article and/or supporting
information.
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