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Conductive single‑wall carbon nanotubes/
extracellular matrix hybrid hydrogels promote 
the lineage‑specific development of seeding 
cells for tissue repair through reconstructing 
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Abstract 

Background:  The niche of tissue development in vivo involves the growth matrix, biophysical cues and cell-cell 
interactions. Although natural extracellular matrixes may provide good supporting for seeding cells in vitro, it is evita-
ble to destroy biophysical cues during decellularization. Reconstructing the bioactivities of extracellular matrix-based 
scaffolds is essential for their usage in tissue repair.

Results:  In the study, a hybrid hydrogel was developed by incorporating single-wall carbon nanotubes (SWCNTs) 
into heart-derived extracellular matrixes. Interestingly, insoluble SWCNTs were well dispersed in hybrid hydrogel solu-
tion via the interaction with extracellular matrix proteins. Importantly, an augmented integrin-dependent niche was 
reconstructed in the hybrid hydrogel, which could work like biophysical cues to activate integrin-related pathway of 
seeding cells. As supporting scaffolds in vitro, the hybrid hydrogels were observed to significantly promote seeding 
cell adhesion, differentiation, as well as structural and functional development towards mature cardiac tissues. As 
injectable carrier scaffolds in vivo, the hybrid hydrogels were then used to delivery stem cells for myocardial repair in 
rats. Similarly, significantly enhanced cardiac differentiation and maturation(12.5 ± 2.3% VS 32.8 ± 5%) of stem cells 
were detected in vivo, resulting in improved myocardial regeneration and repair.

Conclusions:  The study represented a simple and powerful approach for exploring bioactive scaffold to promote 
stem cell-based tissue repair.

Keywords:  Hybrid hydrogel, Single-wall carbon nanotubes, Extracellular matrixes, Regenerative medicine, Bioactive 
scaffolds
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Introduction
Regenerative medicine employed biomaterials, seeding 
cells and cytokines to repair injured tissues, or construct 
artificial tissues for tissue even organ replacement [1–3]. 
The regenerative strategy was especially important for 
those tissues with limited regenerative potentials, such 
as adult myocardium and nerve [4, 5]. Therefore, myo-
cardial repair or regeneration was one of the most con-
cerned areas in regenerative medicine [6, 7].

Scaffold is one of the key factors in regenerative med-
icine. They may play multiple roles in tissue repair, such 
as providing temporary matrix for cell growth, promot-
ing seeding cell survival and engraftment, regulating 
cell fate, and so on [8–11]. In the past years, various 
scaffolds were developed for myocardial repair, includ-
ing natural and synthetic ones [12, 13]. Independent 
groups have focused on improving the bioactivity as 
well as other properties of scaffolds, aiming to make 
them mimic to the natural extracellular matrix (ECM) 
as much as possible [14–16]. For the purpose, decel-
lularized technique of natural organs was developed 
which brought about ECM-based materials [17–19]. 
Through decellularization, cells were removed and 
ECM components were largely preserved. In addition, 
well-decellularized tissues may also preserve com-
plete vascular structures, allowing for the ingrowth of 
new vessel during tissue construction. Because of their 
natural organ source, ECM materials should be the 
optimal ones among various scaffolds to provide the 
closest conditions to in  vivo microenvironments for 
seeding cells [20]. Due to the development of ECM-
based materials, several breakthroughs in regenerative 
medicine have been achieved. A representative one was 
the successful construction of an artificial heart with 
rhythmic beating using the whole heart decellularized 
matrix and primary cardiomyocytes [21, 22]. Besides 
the solid scaffolds, ECM-based hydrogels were also 
developed which could be used as injectable carriers, 
more convenient for cell delivery [17, 23]. Despite the 
outstanding performance of ECM-based materials, the 
decellularization process is evitable to impair niches 
in natural tissues, leading to the loss of some bioactivi-
ties. Reconstructing a functional niche in decellularized 
ECM would be significant to improve such scaffolds in 
guiding tissue-specific regeneration [24, 25].

 Herein, a hybrid hydrogel (HH) was developed by 
incorporating single-wall carbon nanotubes (SWC-
NTs) into heart-derived ECM. Through interaction with 
ECM proteins, insoluble SWCNTs were well dispersed, 
resulting in functional niches in HH which could act like 
biophysical cues to activate the integrin-related path-
ways (Scheme 1). The efficacies of the HH in facilitating 

cardiac-lineage development of seeding cells in vitro and 
in vivo were systematically evaluated.

Materials and methods
Preparation and characterization of SWCNT‑ECM hybrid 
hydrogels
Decellularized heart ECM was prepared with the same 
procedures as our previous report [26]. SWCNT-ECM 
hybrid hydrogels (HH) were prepared by adding SWC-
NTs (diameter 0.8–1.2 nm; length 100–1000 nm, US 
nanomaterials research.) at different final concentration. 
The SWCNT-ECM solution was well mixed by stirring. 
For gelation, pH values of solution were adjusted to 7.4 
with sodium hydroxide (NaOH).

The detailed protocols for heart ECM preparation 
and HH characterization were available in supporting 
information.

Cell culture and in vitro evaluation
Cardiomyocytes were isolated from neonatal rats and 
cultured with DMEM supplemented with 10 % FBS (fetal 
bovine serum, Gibco). HHs with different SWCNT con-
centration (0, 0.5, 1 and 2  mg/mL) were evaluated for 
supporting the adhesion and survival of cardiomyocytes. 
The detailed procedures were described in supporting 
information.

Brown adipose tissues were obtained from scapula 
of young SD rats (Male, 80–100 gram). Brown adipose-
derived stroma cells (BADSCs) were isolated with the 
same procedures as previously described [27]. The influ-
ence of HH on the adhesion and survival of BADSCs were 
evaluated with the similar methods as described above 
for cardiomyocytes. Adhered cells per field were counted 
under phase contrast microscope. The cell spreading area 
and protuberance were analyzed using Image-Pro Plus 
software. Cell viability was evaluated by Live/Dead stain-
ing (L34951, Thermo Fisher Scientific, USA) and Alamar 
Blue assay respectively according to manufacturers’ 
instruction. Cell proliferation was assessed by Brdu stain-
ing. Briefly, Brdu was added into cultured cells according 
to the kit instruction (abcam) and incubated for 1 h. Cells 
were fixed with 4% paraformaldehyde. Fixed cells were 
treated with 0.3% Triton for 30 min and then, 2 M HCl 
was used to treat cells for 15 min followed by boric acid 
treatment for 15  min. After washing three times with 
PBS, 10% horse serum was added and incubated for 1 h. 
Anti-BrdU antibody was added according to the manu-
facturer’s guidance and incubated overnight at 4℃. The 
corresponding secondary antibodies were added and 
incubated for 2 h at room temperature. The nuclei were 
stained by DAPI.
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Real time PCR and Western Blotting
For real-time PCR detection, cells were collected (n = 3 
per group) and lysed with Trizol (Invitrogen). Total RNA 
was extracted isopropanol precipitation method accord-
ing to the standard procedure. cDNA was synthesized by 
reverse transcription using a commercial kit (TianGen) 
according to manufacturer’s instruction. Quantitative 
real-time PCR was then performed using SYBER Green 
Master Mix (Takara, Dalian, China). The gene-specific 
primers were available in supporting information. Gene 
expression was quantified with the 2−ΔΔCt method.

For western blotting analysis, 3 independent samples 
(n = 3 per group) which were prepared under the same 
conditions were collected and mixed for the next assay. 
Cells were lysed using Laemmli Sample Buffer (Bio-
Rad) for protein extraction. The protein was quantified 
with BCA protein assay kit (Pierce, Thermo Scientific, 
USA). Protein electrophoresis was performed with 10% 
SDS-containing polyacrylamide (SDS-PAGE) gel. The 
details for western blotting were available in supporting 
information.

Calcium transient measurements
Intracellular calcium ion current was detected using 
Fluo-4 AM kit (Invitrogen) according to the manufactur-
er’s instruction and the previous report [26]. Briefly, cul-
tured cells were washed two times with Tyrode’s solution. 
Then 10 mM fluo-4 AM working solution was added and 
incubated with cells for 30 min at 37 ℃. Fluo-4 AM was 

removed and cells were washed with Tyrode’s solution 
for 3 times. A confocal laser scanning microscope (Nikon 
Eclipse Ti-E) was employed to catch the fluorescent sig-
nals at the exciting light of 488 nm and detecting light 
of 505 nm. Data was analyzed with Volocity software 
(Nikon).

Preparation of 2D and 3D cardiac tissues
To prepare 2D cell sheet, 1 cm × 1 cm sized glass slides 
were used and coated with HH. Briefly, glass slides were 
firstly treated with concentrated sulfuric acid followed 
by extensive washing with sterile water. Then, the slides 
were immersed in ethanol for 1–2 h. After air dry natu-
rally, 150 µL HH solution was added onto slides uni-
formly. The slides were dried at 37 ℃ and a thin layer of 
HH substrate would be formed on the slide. Before cell 
seeding, the slides were placed into 24 well plate, 5 × 104 
cells in 0.5mL DMED/10% FBS medium were seeded 
onto one slide and cultured at 37 ℃, 5% CO2 incubator.

To construct 3D cardiac tissue, the previously reported 
method was referenced [4]. Briefly, 2% agarose solu-
tion was added into 24 or 48 well plate (300 µL/well for 
48 well plate and 500 µL/well for 24 well plate). After 
solidification, capillary glass tubes of suitable length were 
inserted into agarose gel for fixing cardiac tissues during 
culture. HH solution was mixed with 2 × α-MEM at the 
ratio of 1:1. Then, BADSCs were suspended in HH solu-
tion at the concentration of 2.5 × 106/mL and pH was 
regulated to about 7.4. The cell suspension was poured 

Scheme 1  Regulation of SWCNT-ECM hybrid hydrogels on seeding cell fate and the underlying mechanism
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into 24 (200 µL/well) or 48-well (100 µL/well) plates. The 
plate was placed into 37 ℃, 5 % CO2 environment for 
gelation. α-MEM supplemented with 10% FBS was used 
for cultivation.

Animal experiment
All animal experiments were conducted according to the 
Guide for the Care and Use of Laboratory Animals and 
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of Beijing institute of basic medical sci-
ences (Beijing, China).

Adult male Sprague Dawley (SD) rats (200  g ± 10  g) 
were used. Myocardial infarction was prepared by the 
ligation of the left coronary artery as previously reported 
[26, 28]. Then, animals were randomly divided into four 
groups: (1) control group: intramyocardial injection of 
100µL PBS; (2) HH-treated group: intramyocardial injec-
tion of 100 µL HH solution; (3) BADSC-treated group: 
intramyocardial injection of 5 × 106 BADSC in 100 µL 
PBS; (4) HH + BADSC-treated group: intramyocardial 
injection of 5 × 106 BADSC in 100 µL HH solution. Cell 
injection was performed with the same protocol as pre-
viously reported [26]. For in  vivo tracking, cells were 
labeled with DiI dyes before transplantation according to 
manufacturer’s instructuion (Invitrogen).

Multimodality of methods were employed for evaluat-
ing therapeutic outcome, including PET/CT imaging, 
echocardiogram, histology and immunohistochemistry. 
Details of each method were available in additional file.

Statistical analysis
All data were expressed as mean ± SD. GraphPad Prism 
7 software was employed for mapping and statistical 
analysis. Student’s t-test was used for data comparison 
between two groups, while one-way ANOVA with Tuk-
ey’s post-hoc test was used for data comparison of more 
than two groups. p < 0.05 was considered as statistically 
significant.

Results and discussion
Preparation and characterization of SWCNT‑ECM hybrid 
hydrogels
With the established method [29], decellularized ECM 
was prepared using adult rat hearts. Then, SWCNT-ECM 
HHs were prepared by incorporating SWCNT of differ-
ent doses into ECM hydrogels (HH0: pure ECM hydro-
gel; HH0.5: HH containing 0.5  mg/mL SWCNT; HH1: 
HH containing 1  mg/mL SWCNT; HH2: HH contain-
ing 2  mg/mL SWCNT). The preparation procedure was 
demonstrated in Fig.  1a. Previously, both SWCNT and 
multi-walled carbon nanotube (MWCNT) were investi-
gated for biomaterial modification. However, due to the 

different structures, there are distinct properties between 
them. The study selected SWCNT instead of MWCNT 
mainly considering the following factors: (1) Size. SWC-
NTs are made up of a single graphene sheet rolled-up, 
whose diameters usually range from 0.4 to 2 nm; while 
MWCNTs are made up of several concentric graphene 
cylinders, whose diameters could range from 1.4 to 100 
nm [30, 31]. Apparently, the diameter distribution of 
SWCNTs is much narrower and modification with SWC-
NTs may produce more homogenous niches in composite 
materials. In addition, due to the unidimensional struc-
ture, SWCNTs have high surface area which is benefi-
cial for interacting with ECM proteins [32]; (2) Electrical 
property. SWCNTs have better electron-transfer property 
that very low content is effective to enhance the conduc-
tivity of composite materials [33–36]. The conductivity 
was especially important for those scaffolds used in car-
diac or neural tissues due to their electrical activities. In 
previous reports, SWCNTs were frequently selected to 
modify scaffolds for cardiac or neural application [31, 37–
41]; and (3) Mechanical property. SWCNTs are of higher 
tensile strength and elastic modulus, more suitable for 
soft tissue scaffolds; while MWCNTs have higher rigidity, 
more suitable for stiff tissue scaffolds, such as bone [42, 
43]. In fact, MWCNTs were often incorporated into com-
posite scaffolds to promote osteogenesis [44–46]. Collec-
tively, SWCNTs were selected in the study.

It was known that SWCNT was insoluble and usually 
aggregated in water (Fig.  1b). Surprisingly, when SWC-
NTs were mixed with ECM solution, they could be well 
dispersed without aggregates. We supposed that it may 
be due to the interaction between SWCNTs and ECM 
proteins. Lots of proteins may be adsorbed on SWCNTs 
due to hydrophobic interaction, covering the hydropho-
bic surface region on them and thus promoting their dis-
persion in water, as illustrated in Fig. 1c.

It was reported that ECM hydrogel was thermo sensi-
tive and would gelatinize under 37 ℃, neutral pH con-
ditions [29]. In the study, the concentration of ECM 
solution for gelation was optimized as 6  mg/mL (Addi-
tional file  1: Figure S1). By comparison, it was found 
that the rheological and gelation properties were similar 
before and after SWCNT incorporation (Fig. 1d). Then, 
the mechanical properties of various HHs were evalu-
ated. Compared with ECM hydrogel, the compressive 
modulus of hydrogels was significantly enhanced after 
SWCNT incorporation, indicating the strength and bear-
ing capacity of hybrid hydrogels was improved (Addi-
tional file 1: Figure S2). As is known, heart is a pulsating 
organ which requires a good bearing capacity for the 
ECM [47, 48]. Therefore, we supposed that such mechan-
ical improvement in HH by SWCNT was beneficial 
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Fig. 1   Preparation and characterization of HHs. a The procedure of preparing decellularized heart ECM; b TEM observation of SWCNT and HH 
solution; c the proposed scheme of SWCNT dispersed in HH solution through interacting with ECM; d gelation of ECM hydrogel and HH at 37 ℃; 
e the electrical conductivities of HHs containing different concentration of SWCNTs; f SEM observing the surface morphology of HH; g adhesion 
and extension of cardiomyocytes on HH-coated substrate
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for application in myocardium. Another physiochemi-
cal property, the conductivity of hydrogel, was also sig-
nificantly enhanced by SWCNT in a dose-dependent 
manner (Fig.  1e). The electrical activity was a key char-
acteristic of myocardium, which was indispensable for 
cell-cell communication and synchronous beating forma-
tion [49]. Due to the improved conductivity, it could be 
supposed that the hybrid hydrogels may possess a better 
performance in regulating cardiac seeding cells. Next, 
SEM observation demonstrated the microroughness of 
the scaffolds was significantly enhanced after SWCNT 
incorporation (Fig. 1f ).

The influence of HH on adhesion and development 
of primary cardiac cells
Previously, carbon nanotubes have been employed to 
improve the properties of bio-scaffolds. It was revealed 
that cell attachment and spreading on carbon nano-
tubes would be facilitated by integrin binding [50, 51]. 
The mechanism may be related to the improved surface 
topography of scaffolds, such as surface microroughness 
[52]. The increased microroughness of scaffolds would 
promote the extension of cell antennae, the expression 
of integrin (especially integrinβ1) and thus enhance cell 
adhesion [52–54]. On the basis, primary cardiac cells 
were used for evaluation. HHs containing different dose 
of SWCNTs were used to coat culture plates. It was 
demonstrated that both adhered cell number and cell 
extension areas were increased in HH-coated plates com-
pared with ECM hydrogel-coated ones (HH0, Fig.  1g). 
The quantitative analysis showed that it was optimal 
for cell adhesion and extension when the concentration 
of SWCNT was 1  mg/mL (HH1). Further increase of 
SWCNT concentration led to some decrease of cell adhe-
sion and extension (Additional file 1: Figure S3). This may 
be due to the cytotoxicity of high dose of SWCNTs [55]. 
During the cultivation, the least cell death rate was also 
observed in HH1-coated plates (Additional file 1: Figure 
S4).

As integrin family proteins play important roles in cell 
adhesion [54, 56, 57]. We supposed that integrin and the 
downstream pathways may be activated in HH (Fig. 2a). 
6  h after adhesion on HH-coated plate, the upregula-
tion of integrinβ1 in cardiac cells was verified by immu-
nostaining (Fig.  2b). Then, western blotting provided 
additional evidence for the activation of integrin-related 
pathways (Fig.  2c). It was also known that integrin-
related pathways played important roles in regulating cell 
fate and establishment of cell-cell communication, which 
were essential for the development of functional cardiac 
tissues (Fig. 2a) [58, 59]. cTnT (cardiac marker) and con-
nexin43 (gap junction marker, CX43) were detected to 
evaluate the structural development of cardiac cells. As 

shown in Fig.  2d, western blotting showed that cTnT 
at day 7 and CX43 at both day3 and day7 were upregu-
lated in cells growing on HH-coated plates, especially 
in HH1-coated ones. The cells were further co-stained 
by anti-cTnT and CX43 antibodies to determine their 
co-localization (Fig.  2e). It could be seen that there 
were apparently more co-stained areas in cells growing 
on HH-coated plates, indicating that HH promoted the 
maturation and gap junction formation of cardiac cells. 
Calcium imaging was then performed to evaluate the 
functional development of cardiac cells. As shown in 
Fig. 2f and g, compared with ECM hydrogel (HH0), HH 
significantly promoted the development of rhythmic cal-
cium activities in cardiac cells, especially HH1. Calcium 
activity played important roles in the cell-cell excitation 
transduction of mature cardiomyocytes. Thus, the results 
indicated that the HH promoted the functional mature of 
these cells. The underlying mechanism may be compli-
cated. One of the potential mechanisms should be related 
to the activation of signal pathways promoting cell devel-
opment by SWCNTs. Previously, it has been reported 
that SWCNTs could activate several pathways influenc-
ing the cell fates, such as ERK and RhoA pathways [60, 
61]. Another potential mechanism may be related to the 
improved ECM property by SWCNTs. Conductivity is 
such a key property. Several studies have confirmed that 
conducting scaffolds could promote neural or cardiac 
development of seeding cells through facilitating cell–
cell communication [62–65]. Therefore, in the study, the 
improved conductivity of HH due to the incorporation 
of SWCNTs should be beneficial for cardiac cell devel-
opment. Of course, other unrevealed mechanisms could 
also exist, which deserved in-depth investigation in the 
future.

The influence of HH on brown adipose‑derived stem cells
Stem cells were great seeding cells in cardiac tissue engi-
neering and regeneration. Among various stem cells, 
mesenchymal stem cells (MSC) were the mostly inves-
tigated ones due to their low immunogenicity [66]. At 
present, adipose tissue was found as the most abundant 
resource of MSC and adipose-derived MSCs were con-
sidered clinically promising in future [67]. However, the 
MSC was of low cardiomyogenic potential. In recent 
years, brown adipose-derived stem cells (BADSC) were 
found with high cardiomyogenic potential [27, 68]. 
Importantly, BADSCs could spontaneously differenti-
ate into cardiomyocyte-like cells with rhythmic beating, 
which has been observed by independent groups [27, 68, 
69]. It was considered that BADSCs may be better can-
didate cells for myocardial repair than MSC. Therefore, 
BADSCs were employed in the study for further evalu-
ating HHs. BADSCs were isolated and characterized as 
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Additional file  1:  Figure S5. Like that for cardiac cells, 
HH significantly promoted BADSC adhesion and exten-
sion compared with pure ECM. The optimal HH was 
HH1 (Fig. 3a and b, Additional file 1: Figure S6a). Mean-
while, the tentacle outgrowth from cells was significantly 

more on HH-coated plates (Additional file 1: Figure S6b). 
No difference of cell viabilities was observed at day1 
among different groups, but significant higher viabil-
ity was maintained in HH1 treated group (Additional 

Fig. 2   Effects of HH on cardiomyocytes and the underlying mechanism. a The proposed mechanism of HH regulating cardiomyocytes through 
integrin β1-related pathway; b immunostaining of cardiomyocytes growing on HH using anti-integrin β1 antibody; c detection of signal molecules 
downstream integrin β1 with western blotting; d western blotting of cardiac markers in cells growing on HH; f imaging of calcium transient using 
Fluo-4 AM; g Intracellular calcium ion current of cardiomyocytes growing on HH
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file 1: Figure S7–S9) at day 3. The result indicated a good 
supporting of the HH (especially HH1) for BADSCs.

Cardiac markers, including early stage marker gata4 
and mid-late stage markers cTnT and α-actinin, were 
detected at gene and protein levels to determine the 
effects of HH on BADSC differentiation. RT-PCR showed 
that Gata4 expression was similar among cells growing 
on different hydrogels, while cTnT and α-actinin were 
significantly upregulated by HHs. The optimal effect was 
achieved in HH1 and HH2 (Fig.  3c–e and Additional 
file  1:  Figure S10). The results indicated that the HHs 
mainly promoted the mid-later stage differentiation of 
BADSCs to cardiomyocytes. The expression of Gata4, 
α-actinin and cTnT from immunostaining was consist-
ent with those from RT-PCR. No significant difference 
of early-stage marker Gata4 was observed among differ-
ent groups, while significantly more α-actinin and cTnT 
cells were detected in those growing on HHs (Fig.  3f ). 
The gap junction protein CX43 in differentiated BAD-
SCs was also upregulated by HHs, indicating HHs pro-
moted the formation of structural connection between 
stem cell-derived cardiomyocytes (Fig.  3f ). This would 
be beneficial for the functional development and syn-
chronous beating formation of BADSC-derived cardio-
myocytes. On the basis, calcium transients were imaged 
and demonstrated that HHs significantly promoted the 
rhythmic calcium transients in BADSC-derived car-
diomyocytes (Fig.  3g). The effects were also correlated 
to the concentration of SWCNT, and the optimal effect 
was observed in HH1. The attenuated effects of higher-
concentration SWCNT (HH2) may be due to the cyto-
toxicity as mentioned above. Then, western blotting was 
performed to determine cardiac markers at protein level, 
which provided consistent evidence (Fig. 3 h). Brdu labe-
ling demonstrated a significant promotion effects of HH 
on BADSC proliferation (Additional file 1: Figure S11 and 
Fig.  3i), and the effects were correlated with SWCNT 
concentration. The optimal concentration was also 1 mg/
mL.

Construction of 2D and 3D cardiac tissues with rhythmic 
beating using HH and adult stem cells
Engineered cardiac tissues were considered as potential 
substitutes for heart transplantation [70, 71]. In the past 
years, independent groups have explored the construc-
tion of engineered cardiac tissues, including cardiac 
ring, cardiac patch and cardiac microsphere [72–74]. 
However, all of these cardiac tissues with rhythmic beat-
ing were constructed using primary cardiomyocytes or 
ESC/iPSC-derived cardiomyocytes. Cardiac sheets con-
structed using adult stem cells were previously investi-
gated too by independent groups, and they were applied 
in vivo for myocardial repair [75–77]. However, to date, it 

has not been reported to construct an cardiac tissue with 
the rhythmic beating using adult stem cells. Based on the 
potent regulation of HH1 on the cardiac differentiation 
and maturation of BADSCs, we explored the construc-
tion of a functional myocardium with adult BADSCs as 
seeding cells and HH1 as scaffolds. 2D myocardial sheet 
and 3D myocardial tissue were constructed respec-
tively. 2D myocardial sheet was constructed by seeding 
a monolayer BADSCs onto HH1 membrane (Additional 
file 1: Figure S12a). After 4 days’ culture, visible beating 
to the naked eyes was present. With time, the beating 
was more stable and powerful. After 8 days’ culture, 70% 
(7/10) cell sheets were observed with rhythmic beating 
(Additional file  1:  Figure S12b, Additional file  2:  Move 
S1). However, no visible beating was found in control 
sheets which were constructed using BADSCs and pure 
ECM. 3D myocardial tissues, constructed with the pre-
vious reported method (Additional file  1:  Figure S12c) 
[28], were also observed with rhythmic beating after 
6 days’ culture (6/10), which was more powerful than 
2D cardiac sheet (Additional file  1:  Figure S12d, Addi-
tional file  3:  Move S2). No visible beating was found in 
control tissues (constructed using BADSCs and pure 
ECM hydrogel), though local beating of tissues could be 
observed under microscopy (Additional file 4: Move S3). 
Histological examination showed more aligned distri-
bution of BADSCs in beating 3D tissues compared with 
control tissues (Additional file 1: Figure S13), which may 
explain the formation of synchronous beating. The suc-
cessful construction of rhythmic beating cardiac tissues 
suggested that the HH could provide a more potent niche 
than pure ECM to promote the structural and functional 
development of seeding cells towards cardiac tissues.

The influence of HH on BADSC engraftment in infarct 
myocardium
Myocardial ischemia was accompanied with large gener-
ation of ROS [78], which may lead to the anoikis (caused 
by the failure of adhesion to surrounding matrix) of 
transplanted cells. Thus, the efficacy of HH1 protecting 
BADSC under ROS against anoikis was evaluated in vitro 
during and after cell adhesion. When 100 µM H2O2 
was added immediately after cell seeding, significantly 
more BADSC adhered on HH1-coated matrix than that 
on HH0-coated one after 6  h (Fig.  4a and b). However, 
no significant difference of that was observed between 
HH1 and HH0 if H2O2 treatment was performed after 
cell adhesion (Fig. 4c and d). The dose of H2O2 was then 
increased to 500 µM. It was observed that lots of BADSCs 
shrank and fell off HH0-coated plate after 12  h, which, 
however, was significantly attenuated in cells grow-
ing on HH1 (Fig.  4e). In addition, both the number of 
adhered cells and their spreading area were significantly 
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Fig. 3   The adhesion, survival and differentiation of BADSCs on HHs. a The morphology of BADSCs on HHs; b, the spreading area of BADSCs on HHs; c–e, 
thermography of cardiac genes in cells growing on HH-coated substrate; f cardiac differentiation of BADSCs on HH-coated substrate; g Intracellular calcium 
ion current of BADSC-derived cardiomyocytes growing on HH-coated substrate; h western blotting detecting the expression of cardiac markers in BADSCs 
growing on HH-coated substrate; i the prolifieration of BADSCs on HH-coated substrate by Alamar Blue Assays.(*p < 0.05; **p < 0.01; ***p < 0.001)
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decreased for cells growing on HH0-coated plates com-
pared with those growing HH1-coated ones (Fig.  4f). 
On the basis, a scheme was proposed for HH1 promot-
ing BADSC adhesion under ROS condition (Fig. 4g). To 
evaluate the in  vivo efficacy of HH facilitating myocar-
dial repair, HH1 was employed as an injectable scaffold 
for intramyocardial delivery of BADSCs. 1 week after 
myocardial delivery, the engraftment of BADSCs (DiI 
labeling) in recipient myocardium was evaluated. Signif-
icant more DiI-positive cells could be seen from hearts 
receiving HH1 plus BADSCs injection than those receiv-
ing BADSCs alone injection (BADSCs in PBS, Fig.  4h 
and i). We supposed that enhanced cell retention due to 
gelation, and promoted cell adhesion should be the main 
reasons for improved engraftment of BADSCs by HH 
(Fig. 4j).

Structural and functional outcomes after intramyocardial 
delivery of BADSCs in HH
The structure and function of ischemic hearts were eval-
uated by non-invasive PET/CT imaging and ultrasound-
cardiogram respectively. Infarct area with low myocardial 
viability could be apparently seen in hearts from PET/
CT imaging (Fig.  5a). Compared with PBS control, HH 
or BADSCs treatment significantly improved myocar-
dial viability that smaller infarct area was observed, 
while the greatest improvement in myocardial viabil-
ity was detected in rats treated by HH plus BADSCs. 
The functional evaluation by ultrasoundcardiogram 
achieved consistent results that the functional param-
eters, including LVEF, LVFS, LVEDD and LVESD, were 
significantly improved by HH and BADSCs, HH plus 
BADSCs resulted in the greatest improvement (Fig. 5b). 
After sacrifice, the hearts were explanted and infarct 
size was determined on Masson trichrome stained sec-
tions. It was shown that the infarct size was significantly 
decreased in HH and BADSCs-treated animals, while left 
ventricle wall thickness was significantly increased com-
pared with PBS-treated control animals (Fig.  5c and d). 
The best improvement was also seen in animals treated 
by HH + BADSCs. Histological analysis was further per-
formed to determine the fibrosis in infarct myocardium 
among different groups. The fibrotic ratios in infarct 
zone were significantly decreased in HH and BADSCs 
treated groups compared with PBS-treated one, and 

combination of HH with BADSCs resulted in further 
improvement of myocardial fibrosis (Fig.  5e and f ). The 
residual of SWCNT in host myocardium was determined 
too on heart sections and none was observed (Fig.  5c), 
indicating SWCNT may have been completely degraded. 
Previously, the biodegradability of carbon-nanotube has 
been reported by different studies. In vivo, NADPH oxi-
dase was found to play important role in SWCNT degra-
dation. Macrophages were the key cells during NADPH 
oxidase-dependent SWCNT degradation [79]. It was 
revealed that SWCNT would be degraded by approxi-
mately 25–30% within first 4 days after macrophage 
uptake [80]. The safety of SWCNT was also reported 
previously. Two factors would attenuate the toxicity of 
SWCNT: protein binding and bio-degradation [80, 81]. 
In the study, SWCNT was bound with abundant ECM 
proteins in HH. Meanwhile, the ischemic myocardium 
may provide a beneficial environment for SWCNT degra-
dation, as lots of activated macrophage existed [82]. The 
data suggested that the in vivo application of SWCNT in 
the study should be safe.

Then, the vascularization was determined on anti-
vWF-immunostained sections, which achieved con-
sistent results that the greatest revascularization was 
observed in hearts receiving HH + BADSC treatment 
(Additional file 1: Figure S14).

The influence of HH on cardiac differentiation of BADSC 
in vivo
To evaluate the in  vivo development of transplanted 
BADSCs, heart sections were immune-stained with 
cardiac markers cTnT and α-actinin. According to the 
expression of cardiac markers as well as their morpholo-
gies, engrafted BADSCs (DiI+) were divided into three 
types: (1) undifferentiated cells (UD); (2) cardiac differen-
tiation but unmatured cells (UM); (3) cardiac differentia-
tion and relative matured cells (RM).

As shown in Fig.  6a and Additional file  1:  Figure S15, 
co-localization of DiI and cardiac markers were detected 
both in BADSC alone and HH + BADSC groups. Quan-
titative analysis showed that undifferentiated cells were 
significantly less in HH + BADSC group than that in 
BADSC alone group (31.2 ± 8% VS 51.3 ± 6.4%, P < 0.01; 
Fig.  6c and d). In other word, more cells differentiated 
into cardiac lineage in HH + BADSC group. However, 

Fig. 4   HH protects BADSCs against anoikis in vitro and in vivo. a HH promoted the adhesion of BADSCs in vitro against ROS (H2O2 was used to 
provide ROS); b, c HH protected BADSCs in vitro against ROS after adhesion; d schematic illustrating the protection of HH on BADSCs against ROS; 
e quantitative analysis of adhered cells on different substrate under treatment of 100 µM H2O2 for 6 h. H2O2 was added immediately after cell 
seeding; f quantitative analysis of adhered cells on different substrate under treatment of 100 µM H2O2 for 6 h. H2O2 was added after cell adhesion 
(12 h after cell seeding); g analysis of cell adhesion and extension under treatment of 500 µM H2O2 for 6 h. H2O2 was added after cell adhesion (12 h 
after cell seeding); h In situ retention of BADSCs after intramyocardial injection in PBS and in HH; h, schematic illustrating the mechanism of cell 
retention in situ after delivery in HH; i Quantitative analysis of cell retention in recipient

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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Fig. 5   Structural and functional analysis of ischemic hearts. a PET/CT imaging detecting the infarct size of ischemic hearts in living animals; 
b echocardiogram detecting the heart function. The functional parameters, LVEF, LVFS, LVEDD and LVESD were acquired; c Masson trichrome 
staining demonstrated the morphology and structure of infarct hearts; d Comparison of infarct size and left-ventricle wall thickness of ischemic 
hearts receiving different treatment; e the fibrosis of infarct area was visualized after Masson trichrome staining and recognized using Image Pro 
Plus software; f myocardial fibrosis was statistically analyzed among different groups
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Fig. 6   In situ differentiation of BADSCs after intramyocardial delivery in HH. a Engraftment and cardiomyogenic differentiation of BADSCs in 
recipient myocardium after delivery in HH; b engraftment and cardiomyogenic differentiation of BADSCs in recipient myocardium after delivery 
in PBS; c the ratio of engrafted BADSCs at different stages of differentiation; d–f quantitative analysis of engrafted BADSCs at different stages of 
differentiation. UD indicates undifferentiated; UM indicates unmatured; RM indicates relatively mature
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among the differentiated cells, no significantly difference 
of UM cells was detected between BADSC alone and 
HH + BADSC groups (36.6 ± 4.4% VS 36.6 ± 5.3%; Fig. 6e), 
while significantly higher ratio of RM cells was detected in 
HH + BADSC group (32.8 ± 5% VS 12.5 ± 2.3%, P < 0.001; 
Fig.  6f), indicating that HH mainly promoted the mid-
late stage differentiation of BADSC towards cardiac line-
age, which was consistent with the in  vitro results. These 
data provided in vivo evidence that a niche was formed in 
SWCNT-ECM HH which potently facilitated tissue-spe-
cific development of seeding cells toward cardiac lineage. 
Furthermore, it could be concluded that more regenerated 
cardiomyocytes were originated from BADSCs in compari-
son with those studies using MSCs [77], which should have 
contributed to the myocardial improvement. Of course, 
paracrine secretion should be another important contribu-
tor of BADSCs in tissue repair like MSCs. Traditionally, it 
was supposed that brown adipose was less distributed in 
adults and thus, its clinical usage in future would be lim-
ited. However, studies in recent years confirmed that brown 
adipose also largely existed in adult humans [83]. In addi-
tion, progress was achieved too in recent years about how 
to convert white adipose tissues into brown ones [84]. 
These reports suggested that it would be possible to obtain 
enough brown adipose tissues from adult human in future.

Conclusions
In summary, this study demonstrated that SWCNT 
modification could significantly improve the bioactiv-
ity of heart ECM, resulting in a HH which could be used 
as scaffold for cardiac tissue construction and injectable 
carriers for stem cell delivery. It was shown that incorpo-
rated SWCNT in HH could form an integrin-dependent 
niche via the interaction with ECM proteins, which will 
activate integrin-related pathway and thus promote the 
development of primary and stem cell-derived cardiac 
cells towards functional tissues. When used as scaf-
folds for stem cell-based myocardial repair, significantly 
improved myocardial regeneration and repair were 
achieved compared with stem cell alone. Collectively, 
the HHs may represent a promising bioactive scaffold for 
regenerative medicine.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​
10.​1186/​s12951-​021-​00993-3.

Additional file 1. Additional information. 

Additional file 2. Additional Movie 1. 

Additional file 3. Additional Movie 2. 

Additional file 4. Additional Movie 3.

Acknowledgements
Not applicable.

Authors’ contributions
RB and JL contributed equally to this work. ZL, ZY, and HL conceived and 
designed the study. RB, JL, JZ, JS, ZJ, YL, XD and XZ performed the experi-
ments. RB and JL analyzed the results. CY and BX provided important technical 
supporting during the experiment. ZL wrote the manuscript and ZY revised 
the final version of the manuscript. All authors read and approved the final 
manuscript.

Funding
This work was supported by National Key R & D Program of China 
(2018YFA0109600), National Natural Science Foundation of China (81971168) 
and Basic strengthening research project (2019-JCJQ-ZD-120-15). The authors 
thanked the Dr. Wang for assistance during some experiments.

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
All animal experiments were conducted according to the Guide for the Care 
and Use of Laboratory Animals and approved by the Institutional Animal Care 
and Use Committee (IACUC) of Beijing institute of basic medical sciences 
(Beijing, China).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Senior Department of Cardiology, The Sixth Medical Center of PLA General 
Hospital, Beijing 100048, China. 2 Beijing Institute of Basic Medical Sciences, 
Beijing 100850, China. 3 Department of Cardiology, The Second Medical Center 
& National Clinical Research Center for Geriatric Diseases, Chinese PLA General 
Hospital, Beijing 100853, China. 4 Department of Cardiology, Beijing Electric 
Power Hospital, State Grid Corporation of China, Beijing 100073, China. 

Received: 6 May 2021   Accepted: 9 August 2021

References
	1.	 Golchin A, Farzaneh S, Porjabbar B, Sadegian F, Estaji M, Ranjbarvan 

P, et al. Regenerative medicine under control of 3D scaffolds: current 
state and progress of tissue scaffolds. Curr Stem Cell Res Therapy. 
2020;16:21.

	2.	 Hinderer S, Brauchle E, Schenke-Layland K. Generation and assessment of 
functional biomaterial scaffolds for applications in cardiovascular tissue 
engineering and regenerative medicine. Advanced healthcare materials. 
2015;4:2326–41.

	3.	 Yu Y, Alkhawaji A, Ding Y, Mei J. Decellularized scaffolds in regenerative 
medicine. Oncotarget. 2016;7:58671–83.

	4.	 Martin K, Huang CL, Caplice NM. Regenerative approaches to post-myo-
cardial infarction heart failure. Curr Pharm Design. 2014;20:1930–40.

	5.	 Takahashi J. Stem cells and regenerative medicine for neural repair. Curr 
Opin Biotechnol. 2018;52:102–8.

	6.	 Pecha S, Eschenhagen T, Reichenspurner H. Myocardial tissue engineer-
ing for cardiac repair. J Heart Lung Transplant. 2016;35:294–8.

	7.	 Cahill TJ, Choudhury RP, Riley PR. Heart regeneration and repair after 
myocardial infarction: translational opportunities for novel therapeutics. 
Nat Rev Drug Discov. 2017;16:699–717.

https://doi.org/10.1186/s12951-021-00993-3
https://doi.org/10.1186/s12951-021-00993-3


Page 15 of 16Bai et al. J Nanobiotechnol          (2021) 19:252 	

	8.	 Huang Q, Zou Y, Arno MC, Chen S, Wang T, Gao J, et al. Hydrogel scaf-
folds for differentiation of adipose-derived stem cells. Chem Soc Rev. 
2017;46:6255–75.

	9.	 An G, Guo F, Liu X, Wang Z, Zhu Y, Fan Y, et al. Functional reconstruc-
tion of injured corpus cavernosa using 3D-printed hydrogel scaffolds 
seeded with HIF-1α-expressing stem cells. Nat Commun. 2020;11:2687.

	10.	 Koh J, Griffin DR, Archang MM, Feng AC, Horn T, Margolis M, et al. 
Enhanced in vivo delivery of stem cells using microporous annealed 
particle scaffolds. Small (Weinheim an der Bergstrasse Germany). 
2019;15:e1903147.

	11.	 Griffin DR, Weaver WM, Scumpia PO, Di Carlo D, Segura T. Accelerated 
wound healing by injectable microporous gel scaffolds assembled 
from annealed building blocks. Nat Mater. 2015;14:737–44.

	12.	 Fan C, Shi J, Zhuang Y, Zhang L, Huang L, Yang W, et al. Myocardial-
infarction-responsive smart hydrogels targeting matrix metalloprotein-
ase for on-demand growth factor delivery. Adv Mater (Deerfield Beach 
Fla). 2019;31:e1902900.

	13.	 Bheri S, Davis ME. Nanoparticle-hydrogel system for post-myocardial 
infarction delivery of microRNA. ACS Nano. 2019;13:9702–6.

	14.	 Means AK, Shrode CS, Whitney LV, Ehrhardt DA, Grunlan MA. Double 
network hydrogels that mimic the modulus, strength, and lubricity of 
cartilage. Biomacromol. 2019;20:2034–42.

	15.	 Wieduwild R, Howarth M. Assembling and decorating hyaluronan 
hydrogels with twin protein superglues to mimic cell-cell interactions. 
Biomaterials. 2018;180:253–64.

	16.	 Feig VR, Tran H, Lee M. Mechanically tunable conductive interpenetrat-
ing network hydrogels that mimic the elastic moduli of biological 
tissue. Nat Commun. 2018;9:2740.

	17.	 Giobbe GG, Crowley C, Luni C. Extracellular matrix hydrogel derived 
from decellularized tissues enables endodermal organoid culture. Nat 
Commun. 2019;10:5658.

	18.	 Ventre M, Coppola V, Natale CF, Netti PA. Aligned fibrous decellular-
ized cell derived matrices for mesenchymal stem cell amplification. J 
Biomed Mater Res Part A. 2019;107:2536–46.

	19.	 Tian X, Werner ME, Roche KC, Hanson AD, Foote HP, Yu SK, et al. Organ-
specific metastases obtained by culturing colorectal cancer cells on 
tissue-specific decellularized scaffolds. Nat Biomed Eng. 2018;2:443–52.

	20.	 Kim BS, Das S, Jang J. Decellularized extracellular matrix-based bioinks 
for engineering tissue- and organ-specific microenvironments. Chem 
Rev. 2020;120:10608–61.

	21.	 Uygun BE, Soto-Gutierrez A, Yagi H, Izamis ML, Guzzardi MA, Shulman 
C, et al. Organ reengineering through development of a transplant-
able recellularized liver graft using decellularized liver matrix. Nat Med. 
2010;16:814–20.

	22.	 Ott HC, Matthiesen TS, Goh SK, Black LD, Kren SM, Netoff TI, et al. 
Perfusion-decellularized matrix: using nature’s platform to engineer a 
bioartificial heart. Nat Med. 2008;14:213–21.

	23.	 Tan QW, Zhang Y, Luo JC, Zhang D, Xiong BJ, Yang JQ, et al. Hydrogel 
derived from decellularized porcine adipose tissue as a promising 
biomaterial for soft tissue augmentation. J Biomed Mater Res Part A. 
2017;105:1756–64.

	24.	 Wang M, Bao L, Qiu X, Yang X, Liu S, Su Y, et al. Immobilization of hepa-
rin on decellularized kidney scaffold to construct microenvironment 
for antithrombosis and inducing reendothelialization. Sci China Life Sci. 
2018;61:1168–77.

	25.	 Marinval N, Morenc M, Labour MN, Samotus A, Mzyk A, Ollivier V, et al. 
Fucoidan/VEGF-based surface modification of decellularized pulmo-
nary heart valve improves the antithrombotic and re-endothelializa-
tion potential of bioprostheses. Biomaterials. 2018;172:14–29.

	26.	 Bai R, Tian L, Li Y, Zhang J, Wei Y, Jin Z, et al. Combining ECM hydrogels 
of cardiac bioactivity with stem cells of high cardiomyogenic potential 
for myocardial repair. 2019;2019:6708435.

	27.	 Liu Z, Wang H, Zhang Y, Zhou J, Lin Q, Wang Y, et al. Efficient isola-
tion of cardiac stem cells from brown adipose. J Biomed Biotechnol. 
2010;2010:104296.

	28.	 Lü S, Li Y, Gao S, Liu S, Wang H, He W, et al. Engineered heart tissue 
graft derived from somatic cell nuclear transferred embryonic stem 
cells improve myocardial performance in infarcted rat heart. J Cell Mol 
Med. 2010;14:2771–9.

	29.	 Bai R, Tian L, Li Y, Zhang J, Wei Y, Jin Z, et al. Combining ECM Hydrogels of 
Cardiac Bioactivity with Stem Cells of High Cardiomyogenic Potential for 
Myocardial Repair. Stem Cells Int. 2019;2019:6708435.

	30.	 Fabbro A, Prato M, Ballerini L. Carbon nanotubes in neuroregeneration 
and repair. Adv Drug Deliv Rev. 2013;65:2034–44.

	31.	 Xiang C, Zhang Y, Guo W, Liang XJ. Biomimetic carbon nanotubes for 
neurological disease therapeutics as inherent medication. Acta Pharma-
ceutica Sinica B. 2020;10:239–48.

	32.	 Madani SY, Mandel A, Seifalian AM. A concise review of carbon nano-
tube’s toxicology. Nano reviews. 2013;4.

	33.	 Yao Y, Shiu KK. Electron-transfer properties of different carbon nano-
tube materials, and their use in glucose biosensors. Anal Bioanal Chem. 
2007;387:303–9.

	34.	 Cao J, Wang Y, Chen C, Yu F, Ma J. A Comparison of graphene hydro-
gels modified with single-walled/multi-walled carbon nanotubes as 
electrode materials for capacitive deionization. J Colloid Interface Sci. 
2018;518:69–75.

	35.	 Cui T, Lin L, Qin LC, Washburn S. Direct measurement of chiral structure 
and transport in single- and multi-walled carbon nanotubes. J Phys 
Condensed Matter. 2016;28:475302.

	36.	 Dumitrescu I, Unwin PR, Macpherson JV. Electrochemistry at carbon 
nanotubes: perspective and issues. Chemical communications (Cam-
bridge, England). 2009. pp. 6886–901.

	37.	 Simonovic J, Toljic B, Nikolic N, Peric M, Vujin J, Panajotovic R, et al. Dif-
ferentiation of stem cells from apical papilla into neural lineage using gra-
phene dispersion and single walled carbon nanotubes. J Biomed Mater 
Rese Part A. 2018;106:2653–61.

	38.	 Jan E, Kotov NA. Successful differentiation of mouse neural stem cells 
on layer-by-layer assembled single-walled carbon nanotube composite. 
Nano Lett. 2007;7:1123–8.

	39.	 Sun H, Zhou J, Huang Z, Qu L, Lin N, Liang C, et al. Carbon nanotube-
incorporated collagen hydrogels improve cell alignment and the perfor-
mance of cardiac constructs. Int J Nanomed. 2017;12:3109–20.

	40.	 Cabiati M, Vozzi F, Gemma F, Montemurro F, De Maria C, Vozzi G, et al. 
Cardiac tissue regeneration: a preliminary study on carbon-based 
nanotubes gelatin scaffold. J Biomed Mater Res Part B Appl Biomater. 
2018;106:2750–62.

	41.	 Pedrotty DM, Kuzmenko V, Karabulut E, Sugrue AM, Livia C, Vaidya VR, 
et al. Three-dimensional printed biopatches with conductive ink facilitate 
cardiac conduction when applied to disrupted myocardium. Circul 
Arrhythmia Electrophysiol. 2019;12:e006920.

	42.	 Bernard C, Marsaudon S, Boisgard R, Aimé JP. Competition of elastic and 
adhesive properties of carbon nanotubes anchored to atomic force 
microscopy tips. Nanotechnology. 2008;19:035709.

	43.	 Meysami SS, Dallas P, Britton J, Lozano JG, Murdock AT, Ferraro C, 
et al. Ultra-stiff large-area carpets of carbon nanotubes. Nanoscale. 
2016;8:11993–2001.

	44.	 Huang B, Vyas C, Byun JJ, El-Newehy M, Huang Z, Bártolo P. Aligned 
multi-walled carbon nanotubes with nanohydroxyapatite in a 3D printed 
polycaprolactone scaffold stimulates osteogenic differentiation. Mater Sci 
Eng C 2020;108:110374.

	45.	 Li X, Liu H, Niu X, Yu B, Fan Y, Feng Q, et al. The use of carbon nano-
tubes to induce osteogenic differentiation of human adipose-derived 
MSCs in vitro and ectopic bone formation in vivo. Biomaterials. 
2012;33:4818–27.

	46.	 Du Z, Feng X, Cao G, She Z, Tan R, Aifantis KE, et al. The effect of carbon 
nanotubes on osteogenic functions of adipose-derived mesenchymal 
stem cells in vitro and bone formation in vivo compared with that 
of nano-hydroxyapatite and the possible mechanism. Bioact Mater. 
2021;6:333–45.

	47.	 Den Hondt M, Vanaudenaerde BM, Maughan EF, Butler CR, Crowley C, 
Verbeken EK, et al. An optimized non-destructive protocol for testing 
mechanical properties in decellularized rabbit trachea. Acta biomaterialia. 
2017;60:291–301.

	48.	 Kharaziha M, Nikkhah M, Shin SR, Annabi N, Masoumi N, Gaharwar 
AK, et al. PGS:Gelatin nanofibrous scaffolds with tunable mechanical 
and structural properties for engineering cardiac tissues. Biomaterials. 
2013;34:6355–66.



Page 16 of 16Bai et al. J Nanobiotechnol          (2021) 19:252 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	49.	 You JO, Rafat M, Ye GJ, Auguste DT. Nanoengineering the heart: 
conductive scaffolds enhance connexin 43 expression. Nano Lett. 
2011;11:3643–8.

	50.	 Imaninezhad M, Schober J, Griggs D, Ruminski P, Kuljanishvili I, Zustiak SP. 
Cell Attachment and Spreading on Carbon Nanotubes Is Facilitated by 
Integrin Binding. Front Bioeng Biotechnol. 2018;6:129.

	51.	 Kroustalli AA, Kourkouli SN, Deligianni DD. Cellular function and adhesion 
mechanisms of human bone marrow mesenchymal stem cells on multi-
walled carbon nanotubes. Ann Biomed Eng. 2013;41:2655–65.

	52.	 Li X, Zhou J, Liu Z, Chen J, Lü S, Sun H, et al. A PNIPAAm-based thermo-
sensitive hydrogel containing SWCNTs for stem cell transplantation in 
myocardial repair. Biomaterials. 2014;35:5679–88.

	53.	 Alanko J, Ivaska J. Integrin “endoadhesome” signaling suppresses anoikis. 
Cell Cycle (Georgetown Tex). 2016;15:605–6.

	54.	 Benoit DS, Tripodi MC, Blanchette JO, Langer SJ, Leinwand LA, Anseth KS. 
Integrin-linked kinase production prevents anoikis in human mesenchy-
mal stem cells. J Biomed Mater Res Part A. 2007;81:259–68.

	55.	 Zhang Y, Ali SF, Dervishi E, Xu Y, Li Z, Casciano D, et al. Cytotoxicity effects 
of graphene and single-wall carbon nanotubes in neural phaeochromo-
cytoma-derived PC12 cells. ACS Nano. 2010;4:3181–6.

	56.	 Guo Q, Furuta K, Lucien F, Gutierrez Sanchez LH, Hirsova P, Krishnan A, 
et al. Integrin β(1)-enriched extracellular vesicles mediate monocyte 
adhesion and promote liver inflammation in murine NASH. J Hepatol. 
2019;71:1193–205.

	57.	 Yu L, Hou Y, Xie W, Camacho JLC, Cheng C, Holle A, et al. Ligand diffusion 
enables force-independent cell adhesion via activating α5β1 integrin and 
initiating Rac and RhoA signaling. Adv Mater. 2020;32:e2002566.

	58.	 Zeng D, Ou DB, Wei T, Ding L, Liu XT, Hu XL, et al. Collagen/β(1) integrin 
interaction is required for embryoid body formation during cardiogenesis 
from murine induced pluripotent stem cells. BMC Cell Biol. 2013;14:5.

	59.	 Li Y, Shi X, Tian L, Sun H, Wu Y, Li X, et al. AuNP-collagen matrix with local-
ized stiffness for cardiac-tissue engineering: enhancing the assembly 
of intercalated discs by β1-integrin-mediated signaling. Adv Mater. 
2016;28:10230–5.

	60.	 Sun H, Tang J, Mou Y, Zhou J, Qu L, Duval K, et al. Carbon nanotube-
composite hydrogels promote intercalated disc assembly in engineered 
cardiac tissues through β1-integrin mediated FAK and RhoA pathway. 
Acta biomaterialia. 2017;48:88–99.

	61.	 Matsumoto K, Shimizu N. Activation of the phospholipase C signaling 
pathway in nerve growth factor-treated neurons by carbon nanotubes. 
Biomaterials. 2013;34:5988–94.

	62.	 Martinelli V, Cellot G, Toma FM, Long CS, Caldwell JH, Zentilin L, et al. 
Carbon nanotubes instruct physiological growth and functionally mature 
syncytia: nongenetic engineering of cardiac myocytes. ACS Nano. 
2013;7:5746–56.

	63.	 Martinelli V, Cellot G, Toma FM, Long CS, Caldwell JH, Zentilin L, et al. 
Carbon nanotubes promote growth and spontaneous electrical activity 
in cultured cardiac myocytes. Nano Lett. 2012;12:1831–8.

	64.	 Wu Y, Guo L. Enhancement of intercellular electrical synchronization by 
conductive materials in cardiac tissue engineering. IEEE Trans Bio-med 
Eng. 2018;65:264–72.

	65.	 Song S, Amores D, Chen C, McConnell K, Oh B, Poon A. Controlling 
properties of human neural progenitor cells using 2D and 3D conductive 
polymer scaffolds. 2019;9:19565.

	66.	 Schu S, Nosov M, O’Flynn L, Shaw G, Treacy O, Barry F, et al. Immu-
nogenicity of allogeneic mesenchymal stem cells. J Cell Mol Med. 
2012;16:2094–103.

	67.	 Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, et al. 
Human adipose tissue is a source of multipotent stem cells. Mol Biol Cell. 
2002;13:4279–95.

	68.	 Yamada Y, Yokoyama S, Wang XD, Fukuda N, Takakura N. Cardiac stem 
cells in brown adipose tissue express CD133 and induce bone marrow 
nonhematopoietic cells to differentiate into cardiomyocytes. Stem Cells. 
2007;25:1326–33.

	69.	 Yamada Y, Wang XD, Yokoyama S, Fukuda N, Takakura N. Cardiac pro-
genitor cells in brown adipose tissue repaired damaged myocardium. 
Biochem Biophys Res Commun. 2006;342:662–70.

	70.	 Malki M, Fleischer S, Shapira A, Dvir T. Gold Nanorod-Based Engineered 
Cardiac Patch for Suture-Free Engraftment by Near IR. Nano Lett. 
2018;18:4069–73.

	71.	 Zimmermann WH, Melnychenko I, Wasmeier G, Didié M, Naito H, Nixdorff 
U, et al. Engineered heart tissue grafts improve systolic and diastolic func-
tion in infarcted rat hearts. Nat Med. 2006;12:452–8.

	72.	 Gao L, Gregorich ZR, Zhu W, Mattapally S, Oduk Y, Lou X, et al. Large car-
diac muscle patches engineered from human induced-pluripotent stem 
cell-derived cardiac cells improve recovery from myocardial infarction in 
Swine. Circulation. 2018;137:1712–30.

	73.	 Goldfracht I, Protze S, Shiti A, Setter N. Generating ring-shaped engi-
neered heart tissues from ventricular and atrial human pluripotent stem 
cell-derived cardiomyocytes. Nat Commun. 2020;11:75.

	74.	 Jiang B, Xiang Z, Ai Z, Wang H, Li Y, Ji W, et al. Generation of cardiac 
spheres from primate pluripotent stem cells in a small molecule-based 
3D system. Biomaterials. 2015;65:103–14.

	75.	 Roberts EG, Piekarski BL, Huang K, Emani S, Wong JY, Emani SM. Evalua-
tion of placental mesenchymal stem cell sheets for myocardial repair and 
regeneration. Tissue Eng Part A. 2019;25:867–77.

	76.	 Wang Y, Zhang J, Qin Z, Fan Z, Lu C, Chen B, et al. Preparation of high 
bioactivity multilayered bone-marrow mesenchymal stem cell sheets 
for myocardial infarction using a 3D-dynamic system. Acta biomaterialia. 
2018;72:182–95.

	77.	 Miyahara Y, Nagaya N, Kataoka M, Yanagawa B, Tanaka K, Hao H, et al. 
Monolayered mesenchymal stem cells repair scarred myocardium after 
myocardial infarction. Nat  Med. 2006;12:459–65.

	78.	 Lin Y, Liu J, Bai R, Shi J, Zhu X, Liu J, et al. Mitochondria-inspired nanopar-
ticles with microenvironment-adapting capacities for on-demand drug 
delivery after ischemic injury. ACS Nano 2020;14:11846–59.

	79.	 Ding Y, Tian R, Yang Z, Chen J, Lu N. NADPH oxidase-dependent degrada-
tion of single-walled carbon nanotubes in macrophages. J Mater Sci 
Mater Med. 2017;28:7.

	80.	 Yang M, Zhang M. Time-dependent degradation of carbon nanotubes 
correlates with decreased reactive oxygen species generation in mac-
rophages. Int J Nanomed. 2019;14:2797–807.

	81.	 Lu N, Sui Y, Ding Y, Tian R, Peng YY. Fibrinogen binding-dependent cyto-
toxicity and degradation of single-walled carbon nanotubes. J Mater Sci 
Mater Med. 2018;29:115.

	82.	 Alonso-Herranz L, Sahún-Español Á. Macrophages promote endothelial-
to-mesenchymal transition via MT1-MMP/TGFβ1 after myocardial infarc-
tion. 2020;9:e57920.

	83.	 Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine AB, et al. 
Identification and importance of brown adipose tissue in adult humans. 
N Engl J Med. 2009;360:1509–17.

	84.	 Kawabe Y, Mori J, Morimoto H, Yamaguchi M, Miyagaki S, Ota T, et al. 
ACE2 exerts anti-obesity effect via stimulating brown adipose tissue and 
induction of browning in white adipose tissue. Am J Physiol Endocrinol 
Metabol. 2019;317:E1140-e9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Conductive single-wall carbon nanotubesextracellular matrix hybrid hydrogels promote the lineage-specific development of seeding cells for tissue repair through reconstructing an integrin-dependent niche
	Abstract 
	Background: 
	Results: 
	Conclusions: 
	Anchor 6

	Introduction
	Materials and methods
	Preparation and characterization of SWCNT-ECM hybrid hydrogels
	Cell culture and in vitro evaluation
	Real time PCR and Western Blotting
	Calcium transient measurements
	Preparation of 2D and 3D cardiac tissues
	Animal experiment
	Statistical analysis

	Results and discussion
	Preparation and characterization of SWCNT-ECM hybrid hydrogels
	The influence of HH on adhesion and development of primary cardiac cells
	The influence of HH on brown adipose-derived stem cells
	Construction of 2D and 3D cardiac tissues with rhythmic beating using HH and adult stem cells
	The influence of HH on BADSC engraftment in infarct myocardium
	Structural and functional outcomes after intramyocardial delivery of BADSCs in HH
	The influence of HH on cardiac differentiation of BADSC in vivo

	Conclusions
	Acknowledgements
	References




