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Abstract
In this study, we demonstrated a Reverse Thermal Gel (RTG), which is injectable and functionalized with GOs (GO–RTG) 
that changes at room temperature (24 °C) from a mixture to a three-dimensional (3D) matrix gel soon after approaching its 
body temperature (37 °C). We also presented investigational evidence, which represents that the system of 3D GO–RTG 
promotes MCs proliferation as well as alignment, supports in long-standing survival of MCs, and enhances the function 
of MCs when compared with typical 3D plain RTG system and 2D gelatin control groups. Thus, this system of injectable 
GO–RTG can be capable of using as a negligibly invasive device for engineering efforts of cardiac tissue.

Keywords Graphene · Cardiac · Tissue engineering

Introduction

Loss of myocardiocytes after Myocardial Infarction (MI) 
causes fibrosis and degradation of matrix that leads to the 
progression of cardiac injury (CI) (Konstam et al. 2011; 
Inamdar and Inamdar  2016; Cho et al. 2013). CI drives 
to an increased treat of mortality as well as a low quality 
of natural life expectancy (Braunwald 2013). Patients with 
last stage of CI were having heart transplantation as the only 
gold standard treatment, but then the accessibility of donors 
is the primary constraint (Li et al. 2015; Barr and Taylor 
2015; Chin et al. 1999). With respect to limited availability 
of donors as well as partial regenerative capacity of car-
diac muscle tissues, hereby creates a critical requirement 
for new treatment methodologies considering MI. Studies 
were concentrating on the improvement of biomaterials with 
the aim of restoring overall cardiovascular function as well 
as to support the site of infarct (Nelson et al. 2011; Johnson 
et al. 2014; Tous et al. 2011; Radisic and Christman 2013; 
Peña et al. 2018).

Hydrogels that were injectable can deliver a predomi-
nantly desiring methodology for treating MI. This can be 
possible with their capability of delivering in an insignifi-
cantly intrusive way, therefore reducing mechanical pres-
sure on the cells while infusion as well as at the area of 
infarct, through this infarct can be provided with structural 
assistance too (Hasan et al. 2015; Janani and Sridhar Sky-
lab 2014; Aguado et al. 2012). Moreover, these platforms 
contain 3D nature, which helps in enhanced mimicking of 
in vivo microenvironment better than the platforms con-
taining 2D nature (Hirt et al. 2014). In particular, Reverse 
Thermal Gel (RTG) systems were more beneficial among all 
other injectable hydrogels, which is because they experience 
a transition of reversible solution-to-gelation (sol-to-gel) 
only via high-temperature stimuli (Park et al. 2012). This 
system is less toxic for tissues and encapsulated cells when 
compared with techniques that consider ultraviolet radiation 
for the purpose of crosslinking, whereas ultraviolet radia-
tions can produce oxidative damage to the deoxyribonucleic 
acid (Rastogi et al. 2010).

Since natural heart tissues own distinctive electrophysi-
ological conduct that is essential for the function of myocar-
diocytes (MCs) as well as for the transmission of electrical 
signals (Tandon et al. 2009). A perfect system of hydrogel 
would be conductive and assists in electrical signal transfer 
among the cells. Though the maximum of injectable hydro-
gels were electrically insulated, they hold excellent capabil-
ity of using it in the heart tissue engineering (Shin et al. 
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2013). In the process of enhancing the injectable hydrogels 
electrical properties, researchers have revised these inject-
able hydrogels by mixing with conducting NPs or by chemi-
cal conjugation, for example, gold nanoparticles (AuNPs) 
(Li et al. 2016; Shevach et al. 2014; Baranes et al. 2016; 
McCaffrey et al. 2014; Wu et al. 2006; He et al. 2016, Martín 
et al. 2015). AuNPs were extremely conductive non-haz-
ardous biological structures (Wu et al. 2006) that present 
conducting properties to other unreactive cells.

In this study, we demonstrated a Reverse Thermal Gel 
(RTG), which is injectable and functionalized with GOs 
(GO–RTG) that changes at room temperature (24 °C) from 
a mixture to a three-dimensional (3D) matrix based on gel 
soon after approaching its body temperature (37 °C). Fur-
thermore, we also presented investigational evidence, which 
represents that the system of 3D GO–RTG promotes MCs 
proliferation as well as alignment, supports in long-standing 
survival of MCs, and enhances the function of MCs when 
related with typical 3D plain RTG system and 2D gelatin 
control groups without GO.

Materials and methods

Materials

Hydroxy succinimide (NHS), Graphene oxide, N-(3-
(dimethylamine) propyl)-N′-ethyl carbodiimide hydrochlo-
ride (EDC-HCl), hexamethylene diisocyanate (HDI), dichlo-
romethane (DCM), anhydrous N,N-dimethylformamide 
(DMF), diethyl ether, trifluoroacetic acid (TFA), l-lysine 
monohydrochloride, graphene oxide (GO), and other sol-
vents were obtained from Sigma-Aldrich, Shanghai.

Functionalization of GO

Graphene oxide functionalization with amino benzyl mol-
ecules with surface -NH2 functionalities of 250 µmol g−1 
was adjourned in 200 mL of 1 M NaOH (pH 8), followed by 
addition of succinic anhydride (20 mg). Later, the resulting 
mixture was allowed for stirring at 27 °C for about 16 h. The 
mixture was then filtered and washed with Milli Q water to 
obtain neutral pH followed by washing with diethyl ether as 
well as with methanol. The obtained powder was used for 
characterization studies.

Polymer synthesis

In brief, PSHU was prepared by treating N-BOC-serinol 
(1.147  g, 6  mmol), HDI (2.018  g, 12  mmol), and urea 
(0.36 g, 6 mmol) in anhydrous DMF (6 mL) at 90 °C for 
about 7 days under  N2 gas atmosphere. The corresponding 
suspension was then allowed for precipitation thrice with 

the help of anhydrous diethyl ether. Milli Q water was used 
for the removal of unreacted urea, and the polymer was lyo-
philized at  − 45 °C for 48 h. The deportation of PSHU was 
performed with TFA/DCM (1:1, v/v) mixture (30 mL) and 
the corresponding reaction was carried out under room-tem-
perature conditions for about 45 min, which was followed by 
three precipitations using diethyl ether. For preparation of 
PNIPAAm-COOH, NIPAAm (5 g, 800 mmol) was reacted 
with CVA (0.06 g, 4 mmol) at a temperature of 68 °C for 
about 3 h in anhydrous DMF (10 mL) under  N2 atmospheric 
conditions and the resulting mixture was undergone for 
boiled water (60 °C) precipitation. Milli Q water was used 
to dissolve the obtained polymer followed by dialysis for 
about 5 days.

The PNIPAAm-COOH conjugation onto  PSHUNH2 
was carried out by following the below procedure. About 
5 mL of anhydrous DMF was added with PNIPAAm-COOH 
(0.75 g, 1.21 mmol) along with five molar excess of EDC-
HCl and NHS, allowed for dissolving under  N2 environment 
at room temperature for about 24 h. To the above solution, 
earlier prepared PSHU-NH2 solution (1 mL, 0.125  gmL−1) 
was mixed, allowed the reaction under room-temperature 
(24 °C) conditions for about 48 h at  N2 environment. The 
solution was then precipitated three times with diethyl ether. 
The resulting polymer was allowed for solubilizing in Milli 
Q water followed by dialysis for 5 days under room tem-
perature and filtered. The purified solution was then lyophi-
lized at − 45 °C for 2 days. For preparation of Poly(l-lysine), 
l-lysine (0.034 g, 5 mmol) along with five molar excess of 
EDC-HCl and NHS was dissolved in 5 mL of PBS buffer in 
a flask and stirred at a temperature of 4 °C for 15 min. Then, 
the earlier prepared solution of PSHU–PNIPAAm (10 mL, 
0.1 g mL−1) was dropwise added, later allowed for stirring 
for 48 h.

The polymer was then purified by following the process 
of dialysis for about 5 days, which later, filtered through 
filter paper followed by lyophilization at − 45 °C for about 
2 days. For the graphene oxide conjugation, about 300 mg 
of GO-COOH was added to 15 mL of anhydrous DMF fol-
lowed by ultra-sonication for about half an hour. To the 
above solution, 20 molar excess of EDC-HCl and NHS was 
mixed, later kept for stirring at room temperature for 15 m. 
The solution of RTG-lysine (5 mL, 0.1 g mL−1) that was 
formed in anhydrous DMF was dropwise added, and the 
reaction was carried out at room temperature for 48 h. The 
mixture was then purified through centrifugation for five 
times for the removal of unreacted GO-COOH at 4 °C and 
dialyzed for 5 days following lyophilization for 2 days at 
− 45 °C. Later, l-Lysine (0.034 g, 15 mmol) was mixed to 
react with the remaining –COOH functionalities of GO.

l-Lysine in 5 mL of PBS buffer along with 5 molar excess 
of EDC-HCl and NHS was allowed for stirring at a tem-
perature of 4 °C for about 15 m. Simultaneously, the COOH 
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functionalities of GO were conjugated to the RTG-lysine 
which were activated with five molar excess of EDC-HCl 
and NHS. The solution was then allowed for stirring at 4 °C 
for about 15 min. Later, activated l-lysine was dropwise 
added gradually to GO–RTG, and the subsequent reaction 
was carried out for 2 days under room-temperature condi-
tions and dialyzed for about 5 days under room-temperature 
conditions followed by lyophilization at − 45 °C for 2 days.

Culture of neonatal rat ventricular myocytes (NRMs)

Neonatal rat ventricular myocytes (NRMs) were obtained 
from six rats of 1–3 day age. All the experiments related 
to animals were performed with the approval from institu-
tional animal ethical committee and all experiments were 
performed according to their guidelines. Scissors were used 
for separating ventricles followed by their dissociation in 
bicarbonate and calcium free Hanks with Hepes buffer 
comprising pancreatine (1 mg/mL) and collagenase type 2 
(500 mg mL−1). Two sequential preplating steps were fol-
lowed for enriching the myocardiocytes over nonmyocytes 
on 100 mm dishes in MEM supplemented with vitamin 
B12 (2 mg mL−1) and bovine calf serum (5%) and then cul-
tured. Later, the unattached cells were separated followed 
by culturing in 3D polymeric matrices and 2D gelatin-
coated dishes and then undergone for various treatments 
and analyzed subsequently. All the above experiments were 
performed in triplicate on a minimum of three independent 
cell cultures.

Cell culture (3D in vitro)

Freshly obtained NRMs were used for in vitro 3D culture 
experiments by adding cells at a concentration of 9 × 104 
along with polymer (150 µL), and then kept at 37 °C to 
obtain a gel. Later, warm cell culture medium of about 
100 µL was supplementarily added on top.

Characterization

A JSM-6010LA scanning electron microscopy (SEM) 
instrument (JEOL, Tokyo, Japan) was used for morpho-
logical studies. Samples for SEM analysis were prepared 
by allowing the polymers (1% w/w) at 37 °C to form a gel. 
Later, gel was added with warm water on its top, followed 
by lyophilization at − 45 °C for about 2 days, which later 
studied under SEM. Philips EM 208 instrument was used 
for transmission electron microscopy (TEM) analysis, at an 
accelerating voltage of 100 kV. A TA Instruments Q500, 
was used for thermogravimetric analyses (TGA) using 
60 mL min−1 of  N2 flow with sample weight from 0.7 to 
1 mg. The prepared samples were allowed for heating for 
about 20 min to reach 100 °C followed by raising to 800 °C 

at a rate of 10 °C  min−1. Thermal Advantage v1.1A soft-
ware was used for TGA interpretation. Furthermore, a Protek 
6100 multimeter was used for recording resistance values. 
Samples for resistance recording were prepared by dissolv-
ing 400 µL of 1.5% (w/w) polymeric solution in deionized 
water which later was kept for formation of gel at 37 °C. All 
the gels were recorded for three times for resistance at vari-
ous areas on gel. Milli Q water was used to evade external 
ions which affect the resistance of material. JPK NanoWiz-
ard 4a, atomic force microscope (AFM) was used to study 
the growth of MCs for about 21 days for their beating with 
the help of a Petri dish heater. For AFM analysis, the gel 
samples were kept for 5 min under room-temperature condi-
tions to become solution from which the polymer is removed 
followed by washing with warm media. The MCs which 
traveled to the bottom of the plate were studied using AFM, 
through a triangular cantilever whose apex is glued with a 
gold colloidal probe, to obtain a force of 0.5 nN. Thermal 
noise method was followed for cantilever calibration. For 
every 2.5 s, recordings of beating height were done by allow-
ing the constant cantilever force.

Immunocytochemistry

α-Sarcomeric actinin 1:100 (cardiac specific marker) 
was used for immunocytochemical staining after 8, 14, 
and 21 days of culture to examine the contractile gadget 
of MCs. Similarly, CD31 1:100 and vimentin 1:100 (a 
cytoskeleton marker) employed for staining of endothelial 
cells and fibroblasts, respectively. The secondary antibod-
ies at 1:300 used were goat antirabbit antibody conjugated 
to TRITC, goat antichicken Cy5, and goat antimouse anti-
body conjugated to Alexa Fluor 488. To determine the 
junction gap area among MCs, Connexin 43 1:100 was 
examined after 21 days. The secondary antibody 1:300 
used was goat antirabbit antibody conjugated to Alexa 
Fluor 594. Later, warm PBS 1X was used for washing 
3D and 2D (control) cell cultures for two times followed 
by fixing in warm PBS containing 4% PFA for 15 min at 
37 °C. Later, all the cells were treated for 1.5 h with warm 
1% Triton X-100, and then blocked in warm 2% BSA for 
45 min in PBS, followed by incubation for overnight with 
primary antibodies at 37 °C. Then, incubation of second-
ary antibodies was performed at 37 °C for 45 min. DAPI 
was used for staining cell nuclei followed by mounting 
in Vectashield. Cells were treated with Click-IT EdU 
555 Imaging kit to know the incorporation of EdU, 12 h 
before analysis and DAPI staining was performed. A Zeiss 
LSM780 spectral, FLIM, 2P, SHG confocal instrument 
was used to take fluorescent microscopic images at four 
different locations in samples. Intracellular calcium signal-
ing of MCs was recorded to examine the electrical activity 
of MCs mounting on the controls and 3D GO–RTG, after 
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21 days of culture. All the samples were added with cell-
permeant fluo 4, AM followed by incubation for about 
30 min for 3D polymeric groups and 15 min for 2D con-
trol groups. Before imaging, all the samples were washed 
thrice with warm media. A Zeiss LSM780 confocal micro-
scope was used for recording calcium transients through-
out impulsive beating of MCs for 20 s.

Statistical analysis

ANOVA software and Student’s t test were performed for 
statistical examination. All the tests were carried out in 
triplicate and the value of P ≤ 0.05 were taken as statisti-
cally accurate.

Results and discussion

We prepared a conductive 3D RTG–GO platform, which 
supports the survival, proliferation and maturation of 
myocardiocytes using RTG-lysine. Due to the presence of 
a greater number of free primary amine groups in RTG-
lysine polymer, GO can be easily functionalized with poly-
mer. Hence, we prepared GO with -COOH functionalities by 
including amino benzyl groups to GO through the reaction 
of diazonium salt arylation. Then, succinic anhydride was 
used to include the -COOH functionalities. The introduction 
of COOH functionalities in the amino benzyl functional-
ized GO was studied using TGA analysis (Fig. 1). From 
the TGA results, it is found that a higher weight loss after 
reacting with succinic anhydride which followed by purifica-
tion steps. Furthermore, Kaiser test exhibited an outstanding 
quantity of free amino functionalities (25 µmol/g), and the 
preliminary loading of -NH2 functionalities was found to be 
345 µmol/g, representing that -COOH functionalities were 
introduced into 92.7% of GO by weight. Furthermore, this 
greater percentage of COOH groups in GO is the perfect 
model to enable the conjugation with RTG-lysine.

The GO-COOH dispersed in DMF solvent was studied by 
TEM analysis. Figure 2 represents the TEM images which 
showed that the GO-COOH was dispersed well in DMF 
under room-temperature conditions after 30 min of sonica-
tion (shown in Fig. 2b inset), revealing its higher suitability 
for conjugations. It is found that the structure of GO-COOH 
is like a thin sheet, with transparent and silk like appearance, 
which seems to be highly stable under high-energy electron 
beam of TEM. Similar kind of TEM morphological images 
was already reported in literature (Maddinedi et al. 2014, 
2015, 2018).

Scanning electron microscopy images showed the three-
dimensional morphological analysis of both RTG-lysine as 
well as RTG–GO (shown in Fig. 3). SEM image of RTG-
lysine exhibited highly porous configuration of 3D structure. 

Fig. 1  TGA of GO-NH2 and GO-COOH

Fig. 2  TEM images of GO-
COOH dispersion in DMF 
solvent
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On the other hand, RTG–GO exhibited the presence of 
fibrous GOs mesh in SEM images, which may be advan-
tageous for endorsing higher synchronized myocardiocytes 
contractions resulting in the electromechanical and electro-
physiological host–cell coupling, which is an important field 
of future research examinations. However, similar kind of 
fibrous mesh network of carbon nanotube-based hydrogels 
was reported that are comparable to heart Purkinje fibers 
(Shin et al. 2013), which found in the inner walls of heart 
ventricles, functioning as a conductive system, generating 
coordinated contractions of left and right ventricles (Boyden 
et al. 2016; Brunello et al. 2014).

An oscillatory shear rheometric analysis was performed 
to know about the storage, sol–gel phase transition, as well 
as loss moduli (shown in Fig. 4). A temperature sweep was 
used to measure the sol-to-gel phase transition which was 
studied at ~ 31 °C (that is near body temperature) for gels 
with and without GO, which is ideal for in vivo studies. The 
obtained viscosity properties for RTG gels with and with-
out GO exhibited that RTG–GO showed higher moduli i.e. 

G′ = 221 ± 24.6 Pa, G″ = 146 ± 21.6 Pa when compared to 
RTG-lysine which is G′ = 82.0 ± 4.2 Pa, G″ = 48.7 ± 2.2 Pa. 
Hence, it can be concluded that the chemical conjugation 
of GO advances the mechanical properties of RTG system, 
which further be helpful to improve the mechanical sup-
port to the wounded heart. Similarly, it was reported in the 
literature that alginate hydrogels were found to very good 
exercise capacity after they injected into the left-ventricular 
heart muscle (Anker et al. 2015).

Similarly, conducting resistance measurements were per-
formed for electrical characterization of both the systems of 
RTG-lysine and GO–RTG (Fig. 5). It is found that RTG–GO 
showed less resistance at 37 °C when compared to RTG-
lysine in nano-pure water (RTG–GO 144.3 KΩ ± 4.3; RTG-
lysine: 236.8 KΩ ± 3; MWGO-COOH 24.3 KΩ ± 0.64), rep-
resenting that GO-COOH and RTG–GO exhibited higher 
conductance than RTG-lysine.

Furthermore, the analysis of viscosity for both the sys-
tems of RTG-lysine and GO–RTG were carried out to know 
the use of prepared materials for cell delivery, and the com-
parison study was performed with cell culture media. Fig-
ure 6 exhibits that RTG-lysine and GO–RTG at about 1.5% 
showed a comparatively minimum viscosity that is advan-
tageous for injecting polymer (RTG–GO: 13.4 + 2.5; RTG-
lysine: 16.78 + 1.2; media: 21.9 + 0.8 mPa s).

The technique of immunocytochemistry was performed 
to investigate the phenotype as well as organization of the 
NRMs, which were cultured in 3D with the help of RTG 

Fig. 3  SEM microscopic 
images of the RTG-lysine and 
RTG–GO. The red arrows in 
RTG–GO image represented the 
fibrous GOs mesh

Fig. 4  Loss moduli and storage of both RTG-lysine and GO − RTG, 
and corresponding bottom lines represented the improved mechanical 
properties of RTG-lysine and aqueous solution of RTG–GO under the 
conditions of room temperature

Fig. 5  Resistance measurements of RTG-lysine and RTG–GO
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scaffolds. A protein associated with heart muscle contrac-
tion, α-sarcomeric actinin on staining was utilized as car-
diovascular-specific indicator. A protein associated with 
cytoskeletal fibroblast, vimentin on staining was utilized to 
distinguish fibroblasts, which usually comprises around 10% 
population of the cell inside our NRMs’ isolation procedure 
(Martinelli et al. 2013a, b). CD31 cells were utilized as an 
indicator for endothelial cells, which did not generally exist 
in the present protocol of MCs’ development (Peña et al. 
2016).

In contrast, no cells of positive CD31 were noticed in 
the culture as expected. However, through the technique of 
fluorescence microscopy, an obvious structure of cardiac sar-
comere was revealed, which was showed by cross-striations 
in NRMs grownup in 3D by utilizing both the systems of 
RTG (Fig. 7). Despite the fact that a few of fibroblasts were 
also noticed in both the polymeric scaffolds, yet majority 
of the cells were noticed to be MCs as represented by their 
α-actinin-positive cardiovascular phenotype at all points of 
time (Fig. 8). Furthermore, α-actinin-positive cells were 
identified to be the majority portion of cells in the RTG 
systems when related with the cells cultured ion in the con-
trols of 2D gelatin. On the other hand, when related with 
the polymeric systems, the quantity of fibroblasts increased 
significantly in the controls of 2D gelatin. In spite of the 
fact that initial culture proportion of fibroblast raised in 
the system of polymeric, evidently, the polymeric matrix 
stifled their long-standing proliferation capabilities; when 
related with the controls of 2D gelatin, these results were 
in accordance with one of the previously reported results 
(Peña et al. 2016). Furthermore, the microporous design of 
the three-dimensional reverse thermal gel scaffolds endorses 
elongation and cellular alignment of both fibroblasts as well 
as MCs, which can be favourable for both enhanced cell 
contractility as well as MCs’ maturation.

On the other hand, while relating both the systems of 
RTG, it is noticed that the proportion of α-actinin-positive 
cells continued to be almost same at all points of time 
excluding day 7. On the 7th day, the number increased 

significantly in the system of carbon nanotubes–reverse 
thermal gel (GO–RTG).

While majority of the researchers were focusing on the 
investigation of MCs for restoration of cardiac tissues, it 
is also essential to study about endothelial cells as well 
as fibroblasts to restore the typical cardiac tissues. Criti-
cal functions like electrical stimuli propagation as well as 
electrical coupling with myocardiocytes were carried out 
by fibroblasts in the myocardium. To perform vasculariza-
tion, endothelial cells are primarily essential as per previ-
ous reports (Vunjak-Novakovic et al. 2010). Despite the fact 
that endothelial cells were not been used in the current cul-
tures, however, the purpose can be fulfilled by performing 
coculture of cardiac fibroblast and MCs in 3D which has an 
incredible capability of emerging as an artificial cardiovas-
cular tissue.

Later, we evaluated the proliferation capability of 2D 
gelatin controls as well as NRMs cultured in both the RTG 
systems. Proliferation assay, 5-ethynyl-2ʹ-deoxyuridine 
(EdU) was performed in absolute medium at 4, 3, and 2 days 
after seeding, to analyze the proliferation capabilities. The 
assay of EdU is a simple and extremely sensitive process 
that is used to label the freshly fabricated DNA of the cell 
proliferation. Moreover, when compared with rest of the 
traditional process like Phosphorylated-Histone H3 (pHH3) 
and BrdU52 (Martinelli et al. 2013a, b), which were used to 
identify cell division that is expressed only in cell prolifera-
tion, EdU has same rates and profiles of proliferating cells. 
Earlier, we have examined the influence of carbon nanotubes 
in the proliferation ability of MCs with the help of pHH3 
and BrdU as indicators of cell proliferation (Martinelli et al. 
2013a, b). We did not observe any kind of difference between 
both the indicators, in terms of proliferating cell rates. Thus, 
as EdU has similar proliferating cell rates than pHH3 and 
BrdU, EdU has been utilized to label the nuclei of cell pro-
liferation, whereas to differentiate among fibroblast and car-
diac cells, antibodies for α-sarcomeric vimentin and actinin 
were utilized, correspondingly. In contrast, all the systems 
of culture displayed incorporation of EdU at all the points of 
time (Fig. 9, red nuclei). On the 2nd day, depending on the 
quantity of positive EdU cells, we observed that the prolif-
erating positive cells of α-sarcomeric actinin in the reverse 
thermal gel-lysine (39% ± 17.3) were significantly more than 
in the two-dimensional gelatin control groups (8.9% ± 2.1) 
or in the GO–RTG system (15.76% ± 1.27) (Fig. 10). On 
the other hand, the proportion of positive EdU NRMs in 
the system of GO–RTG raised to 23.3% ± 7 on the 3rd day. 
However, on the 3rd day, the number of proliferative NRMs 
reduced to 9.6% ± 4 on the system of RTG-lysine and the 
proportion of proliferative NRMs increasing on the gelatin 
control continued to be constant (6 ± 3). On the 4th day, the 
proportion of α-sarcomeric actinin and EdU positive cells 
reduced progressively according to time, and reached to their 

Fig. 6  Resistance measurements of RTG-lysine and RTG–GO
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lowest volumes of each systems (GO − RTG:15.8% ± 1.6, 
reverse thermal gel-lysine: 5% ± 1.3, 2D gelatin controls: 
3.8% ± 1). As the restoring capabilities of MCs were not suf-
ficient for total cardiac restoration after injury (Eulalio et al. 
2012), also as the system of GO–RTG seems to enhance 
the proportion of cardiovascular cell division in the culture 
according to time, this process can be perfectly useful to 
endorse cell proliferation of MCs from the typical tissue as 
well as the transplanted MCs. On the other hand, when com-
pared with the systems of RTG-lysine and GO − RTG, we 
observed an obvious increase of proliferating fibroblasts in 
the 2D gelatin controls on the 2nd day. No obvious change in 

the proliferating fibroblasts was noticed among the samples 
on the 3rd and 4th day.

As we know that one of the major prominent structural 
properties of heart is intercellular communication (Severs 
et al. 2004, 2008; Kostin et al. 2004), we examined the local-
izations as well as levels of gap intersections for Connexin 
43 (C43) cells by immunostaining. Later, GO–RTG system 
was used to culture the cells for about 20 days followed by 
comparing with cells cultured in 3D RTG-lysine as well as 
2D gelatin controls. Image J was used to quantify the por-
tion of C43 in the positive cells of α-actinin. Figure 11 dis-
plays the illustrative images of NRMs stained for α-actinin 

Fig. 7  Fluorescence staining 
images of fibroblasts and NRMs 
cultured in various substrates. 
α-DAPI (blue), vimentin (pink), 
as well as actinin (green)
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(green) as well as C43 (red) post 20 days of culturing in the 
systems of RTG as well as two-dimensional gelatin con-
trol groups. When related with the systems of RTG-lysine 
(0.88 μm2 ± 0.13) and 2D gelatin controls (0.25 μm2 ± 0.1), 
we observed that the NRMs cultured in the system of 
GO–RTG were holding the greatest area of C43-positive 
(1.87 μm2 ± 0.36) (Fig. 12). As we already know that, NRMs 
that were cultured in the system of RTG-lysine were also 
holding a considerably higher area of C43-positive when 

related with the 2D gelatin vehicles. However, various inves-
tigational reports have demonstrated that the organization of 
C43 is essential for cellular impulse propagation as well as 
typical ventricular function in the healthy heart of human 
(Severs et al. 2004; Kostin et al. 2004). In contrast, the major 
mechanism directing to arrhythmias can be the modification 
of C43 organization (Martinelli et al. 2013a, b). As a result, 
the system of GO–RTG can stimulate a major organized por-
tion of C43 expression that can be helpful in enhancing the 

Fig. 8  Percentage quantification of growth of fibroblast and NRMs in RTG systems and gelatin control

Fig. 9  Proliferation assay of fibroblasts and NRMs on various substrates

Fig. 10  Proliferation assay of fibroblasts and NRMs on various substrates on days 2, 3, and 4
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integration as well as the function of transplanted MCs with 
the development and host of operational syncytia (Martinelli 
et al. 2013a, b).

One of the earlier reports stated that systematized 
instinctive intracellular calcium fluctuations were inter-
linked with MCs cell function as well as maturation (Mar-
tinelli et al. 2013a, b). To examine the cellular heart func-
tions, we picturized the instinctive calcium oscillations 
to evaluate NRMs’ electrical movement post-culturing 
for 20 days (data not shown). When related with the cells 
cultured in 2D gelatin controls, we noticed that NRMs 
cultured in 3D RTG-lysine, 3D GO–RTG contains signifi-
cantly more recurrent calcium transients. We also observed 
that when compared to system of RTG-lysine, NRMs cul-
tured in the system of 3D GO–RTG significantly holds 
greater similar calcium transients (synchronized oscilla-
tions with homogeneous frequency). Furthermore, 83 and 
94% of the analyzed overall cells (35) in the RTG-lysine 
system as well as gelatin controls, respectively, present 
a similar calcium oscillation with 95% of the analyzed 
overall cells (35) in the system of GO–RTG. Thus, these 
responses backup the proposal of combining a 3D nature 

ecosystem along with the existence of carbon nanotubes, 
which could enhance the MCs intracellular function as 
well as communication towards a greater matured cardiac 
composition.

Atomic force microscopy was performed to measure 
the spontaneous oscillations of NRMs cultured in the 2D 
gelatin control group as well as RTG systems on the 20th 
day. When compared with other technologies, atomic force 
microscopy can be utilized to measure the refraction of a 
bendable cantilever at the time of interaction with the bottom 
of the cell, which helps to analyze the biomechanical charac-
teristics of the cells Lanzicher et al. (2015a, b). Atomic force 
microscopy was used in few of the earlier investigations to 
effectively record the modified nuclear mechanical charac-
teristics of MCs with the help of cardiomyopathy mutation 
(LMNA D192G) (Lanzicher et al. 2015a, b). Atomic force 
microscopy could also be utilized to record the elevation of 
instinctive oscillations of MCs. In the current examination, 
NRMs were cultured for 20 days in the system of RTG, and 
then, the cells were retrieved for the examination by utilizing 
the flexible characteristic of the gels. The temperature was 
reduced to 25 °C, which made the RTGs convert to mix-
ture, by which the MCs transferred to the plate surface, and 
finally, they were studied. The activity of beating of NRMs 
was recorded as heights in the reflection of the cantilever, 
which provides facts regarding the height and frequency 
recorded during the phases of depolarization and polariza-
tion. The MCs’ activity of beating, cultured in various con-
ditions, is represented in Fig. 13. These responses achieved 
with the atomic force microscopy were in accordance with 
those achieved with the analysis of calcium transient. Con-
sequently, this verifies the significance of a 3D environ-
ment to deliver intracellular communication as well as cell 
support. On the other hand, NRMs that are cultured in the 
3D GO–RTG displayed greater contraction during beating 
(Fig. 13), signifying that the environment of 3D GO–RTG 
backs a higher effective contraction of MCs.

Fig. 11  Fluorescence images showing intercellular communication of NRMs after 20  days of culture growing on different substrates. DAPI 
(blue), sarcomeric α-actinin (green), and connexin 43 (red dots)

Fig. 12  Quantification of junction area of Cx43 gap for RTG–GO, 
RTG-lysine, and Control (2D gelatin)
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These responses recommend that the 3D GO–RTG system 
could be better than the system of RTG-lysine, while the 2D 
gelatin controls is being beneficial for durable cardiovascu-
lar cell growth (i.e., up to 20 days), function, and prolifera-
tion, demonstrating that the biological conjugation of carbon 
nanotubes to the system of RTG-lysine enhances the system’s 
biocompatibility, which finally makes the GO–RTG system as 
a favourable mechanism for the applications of in vivo.

There is a possibility of carbon nanotubes to inhibit nutri-
tious from an exterior source and further play as transporters 
supporting in a greater direct cells adsorption of proteins. 
Moreover, since the carbon nanotubes were extremely con-
ducting materials of electricity (Bosi et al. 2013), quite a few 
studies represented that carbon nanotubes enhance intracel-
lular interaction (Shin et al. 2013; Martinelli et al. 2013a, b) 
endorsing MCs maturing. In contrast, the accurate impact of 
carbon nanotubes on MCs was not yet revealed completely 
and was highly considered to investigate further. However, 
the microporous framework of 3D RTG scaffolds endorses 
a higher structured cellular arrangement impersonating the 
cardiovascular tissue as reported earlier (Peña et al. 2016). 
Thus, carbon nanotubes and 3D RTG function improve the 
survival of MCs, function, and proliferation development. 
On the other hand, the utilization of RTG–GO environment 
as a cell distribution system in an in vivo mechanism as 
well as the knowledge of carbon nanotubes impact on MCs 
proliferation, maturation, and their survival were required 
to be examined further.

Conclusions

To conclude, we have prepared a system of an injectable 
conductive atmosphere, specifying cues of both electro-
physiological as well as topographical for natural MCs. This 

developed system improves long-standing survival of MCs 
along with a better-aligned organization of cell, as well as 
enhanced cellular maturation and function. Moreover, on 
combining GO with 3D system helps MCs proliferation 
and decreases long-lasting proliferation of fibroblast. As 
we know the fact that GOs were always having an issue of 
safety, here in this study, we exhibited that the GOs chemi-
cal conjugation with the system of RTG-lysine enhances the 
GOs proliferation, survival, function, as well as alignment, 
validating that the polymer of GO–RTG is no more cyto-
toxic in vitro. Finally, as per our knowledge, this system 
of GO–RTG with low viscosity that switches to a three-
dimensional matrix depending on temperature variation 
has not only an incredible capability for negligibly invasive 
methods to restore injured cardiac tissue, but can also be 
potentially utilized as a three-dimensional scaffold for the 
investigations of in vitro.

Funding This research was supported by Heilongjiang Qigihar Science 
and Technology Department (CN) (Grant SFZD-2017028).
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