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Abstract

The ability of the adult heart to regenerate cardiomyocytes (CMs) lost after injury is limited, 

generating interest in developing efficient cell-based transplantation therapies. Rigid carbon 

nanotubes (CNTs) scaffolds have been used to improve CMs viability, proliferation, and 

maturation, but they require undesirable invasive surgeries for implantation. To overcome this 

limitation, we developed an injectable reverse thermal gel (RTG) functionalized with CNTs (RTG-

CNT) that transitions from a solution at room temperature to a three-dimensional (3D) gel-based 

matrix shortly after reaching body temperature. Here we show experimental evidence that this 3D 

RTG-CNT system supports long-term CMs survival, promotes CMs alignment and proliferation, 

and improves CMs function when compared with traditional two-dimensional gelatin controls and 

3D plain RTG system without CNTs. Therefore, our injectable RTG-CNT system could potentially 

be used as a minimally invasive tool for cardiac tissue engineering efforts.

Graphical abstract
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INTRODUCTION

Heart failure (HF), a leading cause of death worldwide, is a condition in which the heart is 

unable to efficiently pump blood to the rest of the body, resulting in progressive 

cardiomyocyte (CMs) dysfunction and death.1, 2 Although a number of studies have detected 
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modest numbers of replicating CMs after cardiac injury, suggesting an attempt at myocardial 

regeneration,3 the repair typically occurs through a scarring process leading to tissue fibrosis 

and loss of function.4

Heart transplantation continues to be the gold-standard treatment for end-stage HF.5, 6 

However, complications including the limited availability of donated organs, donor–patient 

compatibility, immune rejection, and hospitalization costs limit widespread clinical 

availability.7, 8

In light of the limited efficacy of current treatments, direct injection of exogenous cells has 

been used to repair damaged myocardium. Unfortunately, poor cell survival and retention at 

the target area limit therapeutic success.9 In addition, the method of cell delivery and post-

transplantation arrhythmias are other major complications for this approach.10

As an alternative, various engineered scaffolds have been used to provide a more optimal 

environment for CMs transplantation. Approaches where CMs are seeded on biomaterial 

patches have been explored widely,11–16 although engraftment procedures rely on surgical 

implantations, and for patients with severe HF, surgical implantation is rarely an option due 

to various comorbidities.17–19

As a minimally invasive alternative, injectable scaffolds have been used to provide a suitable 

environment for encapsulation of CMs during and after injection into infarcted 

myocardium.20–22 In addition, intramyocardial biomaterial injection has the potential to 

reduce wall stress in the infarct area.23 Reverse thermal gel (RTG) systems are particularly 

appealing for cardiac tissue engineering applications, as they undergo reverse phase 

transition from a hydrophilic solution to a hydrophobic gel solely through temperature 

stimuli,24 circumventing the use of ultraviolet radiation or potentially irritating solvents 

required for other polymeric materials.20 In addition, gel swelling is not a problem with 

these systems, since the gelation is driven by hydrophobic interactions.25 Therefore, RTG 

systems may provide a minimally invasive, biocompatible, and nontoxic alternative26 for 

CMs transplantation strategies.

While polymeric scaffolds may provide essential mechanical support for CMs and the 

injured myocardium, the majority of the polymeric materials used for tissue engineering are 

electrically insulated at biologically relevant frequencies27 and thus do not conduct electrical 

signals that are critical to cardiac tissue function, such as changes in CMs membrane 

polarity.27 To improve the electrical properties of polymeric materials, a number of scaffold 

systems have incorporated conductive nanoparticles, such as carbon nanotubes (CNTs).28–31 

CNTs have unique electrical, mechanical, and thermal features. Although CNTs present 

poor solubility and a level of toxicity in the long term, more recent investigations have 

shown to solve these problems by chemically introducing functional groups.32 Recently, 

CMs seeded on rigid substrates demonstrated improvements in viability, proliferation, and 

maturation compared with traditional CMs culture controls.11, 33–35

We previously developed an injectable biomimetic RTG made of poly(serinol 

hexamethylene urea)-co-poly(N-isopropylacrylamide) (PSHU–PNIPAAm) functionalized 

with lysine (RTG-lysine) that was engineered to improve long-term CMs survival. 20 The 
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RTG-lysine system provides a straightforward delivery vehicle for CMs, as it transitions to a 

three-dimensional (3D) gel-based matrix seconds after reaching body temperature, enabling 

3D CMs growth.20 In addition, the PSHU backbone of the RTG-lysine contains several free 

amine groups for further functionalization,26, 36–39 allowing our system to be amenable for a 

wide variety of bioconjugations, providing versatility and adaptability for different 

applications.20, 26, 36, 40 Moreover, PSHU is also highly biomimetic and biocompatible, 

since amide ester bonds in the backbone structure provide characteristics similar to those 

found in natural polymers, such as collagen and gelatin.20

In this work, we used the RTG-lysine scaffold as a platform to generate a nanoengineered 

hybrid RTG-CNT to promote 3D CMs growth, survival, function, and maturation. We found 

our nanoengineered hybrid 3D RTG-CNT system to be supportive of long-term CMs 

viability, maturation, and functionality compared with traditional two-dimensional (2D) 

gelatin-coated dishes and plain 3D RTG-lysine system without CNTs.

MATERIALS AND METHODS

Materials

N-Isopropylacrylamide (NIPAAm), anhydrous N,N-dimethylformamide (DMF), 4,4′-

azobis(4-cyanovaleric acid) (CVA), urea, N-BOC-serinol, hexamethylene diisocyanate 

(HDI), diethyl ether, trifluoroacetic acid (TFA), dichloromethane (DCM), N-(3-

(dimethylamino) propyl)-N′-ethylcarbodiimide hydrochloride (EDC-HCl), and L-lysine 

monohydrochloride were purchased from Sigma-Aldrich, (St. Louis, MO, USA). N-

Hydroxysuccinimide (NHS) was purchased from Alfa Aesar (Ward Hill, MA, USA). 

MWCNTs were purchased from Nanostructured & Amorphous Materials, Inc. (Texas, 

USA), and all reagents used for the MWCNT functionalization were purchased from Sigma-

Aldrich. The filters for MWCNT purification were purchased from Millipore JHWP filters 

(0.45 µm).

Equipment

Morphological characterization was performed by scanning electron microscopy (SEM) 

using a JSM-6010LA (JEOL, Tokyo, Japan). Samples were prepared as previously 

reported.20, 26, 36, 38, 41 Briefly, the polymers in solution (1% w/w) were allowed to form a 

gel at 37 °C. Warm water was then put on top, and the samples were frozen immediately by 

liquid nitrogen immersion. The frozen samples were then lyophilized at −45 °C for 48 h and 

analyzed by SEM. The storage and loss moduli were measured using an Ares 4400 

rheometer (TA Instruments) with an 8 mm parallel plate geometry. A temperature ramp was 

performed from 25 to 45 °C at a ramp rate of 2 °C at a constant strain rate of 1.0 rad s−1 at 

0.5% stain (within the viscoelastic regime) to determine gelation as a function of 

temperature. Experiments were performed in triplicate and averaged. Thermogravimetric 

analyses (TGA) were performed under a nitrogen flow (60 mL min−1) using a TA 

Instruments Q500 on sample sizes from 0.7 to 1 mg, and the mass was recorded as a 

function of temperature. The samples were heated to 100 °C for 20 min and then to 800 °C 

at 10 °C min−1. Data were interpreted using Thermal Advantage v1.1A software. 

Transmission electron microscopy (TEM) analyses were performed with a Philips EM 208 
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microscope with an accelerating voltage of 100 kV (images were acquired using an 

Olympus Morada CCD camera). CNTs samples were typically suspended in DMF with the 

help of sonication, and these suspensions were drop-casted on copper or nickel grids 

(diameter = 3.00 mm, 200 mesh, coated with carbon vacuum overnight, prior to the TEM 

analysis). Conductivity measurements were performed using a four-probe configuration with 

a Jandel resistivity meter (RM-3000) linked with a Jandel four-point probe. Resistance 

measurements were taken with a Protek 6100 multimeter. Briefly, 400 µL of 1.5% (w/w) 

polymeric solution dissolved in ultrapure water was allowed to gel at 37 °C for 2 min in a 1 

× 1 cm mold. Resistance measurements were performed three times for each gel, and 

measurements were collected in several different areas in the gel. Ultrapure water was used 

to avoid external ions that may interfere in the material resistance. Resistance measurements 

were also recorded for CNT-COOH suspended in 400 µL of ultrapure water. Viscosity 

measurements were performed by using a cone-and-plate digital viscometer (CAP2000+; 

Brookfield) at 15 °C. Thirty seconds runtime. Dry RTG-lysine or RTG-CNT was dissolved 

in growth neonatal rat ventricular myocytes (NRVM) media at 1.5% (w/w) and then 

measured in triplicate at a shear rate of 900 rpm. The viscosity of growth media was also 

analyzed under the same conditions.

CMs grown on 3D scaffolds for 21 d were characterized for their beating using atomic force 

microscopy (AFM) JPK NanoWizard 4a, (JPK Instruments USA, Carpenteria, CA) with a 

Petri dish heater. Briefly, the gel samples were allowed to come back to solution by letting 

the sample at room temperature for 5 min. The polymer solution was then removed, and the 

sample was washed with warm media. The cells that migrated to the plate bottom were then 

analyzed by AFM, by approaching a triangular cantilever with a gold colloidal probe glued 

at its apex (CP-Au-PNPL-5, NanoandMore), until a force of 0.5 nN was reached. Calibration 

of the cantilever was made applying the thermal noise method. Beating height was measured 

for 2.5 s keeping the force exerted by the cantilever as constant.

MWCNT Functionalization

Amino benzyl functionalized carbon nanotubes (200 mg) with a loading of amino groups of 

250 µmol g−1 were suspended in 200 mL of 1MNaOH (pH 8), and 20 mg of succinic 

anhydride were added. The suspension was stirred at room temperature for 16 h; it was then 

filtered on Millipore JHWP filters (0.45 µm) and washed several times with water to 

neutrality and then with methanol and diethyl ether. The dried powder weighed 205 mg. The 

powder was characterized by TGA, Kaier test, and TEM.

Polymer Synthesis

RTG-lysine was synthesized as described previously.20 Briefly, PSHU was synthesized by 

reacting N-BOC-serinol (1.147 g, 6 mmol), urea (0.36 g, 6 mmol), and HDI (2.018 g, 12 

mmol) for 7 d at 90 °C under a nitrogen atmosphere. Anhydrous DMF (6 mL) was used as 

solvent. The mixture was precipitated into excess anhydrous diethyl ether three times. 

Unreacted urea was removed by water, and the polymer was lyophilized at −45 °C for 48 h. 

PSHU was deprotected using 30 mL of TFA/DCM (1:1, v/v) mixture. The deprotection 

reaction was performed for 45 min at room temperature. The resulting polymer was purified 

by three precipitations into diethyl ether. PNIPAAm-COOH was synthesized by reacting 
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NIPAAm (5 g, 800 mmol) and CVA (0.06 g, 4 mmol) for 3 h at 68 °C under nitrogen 

atmosphere. Anhydrous DMF (10 mL) was used as solvent. The mixture was precipitated 

into hot water (60 °C). The polymer was then dissolved in ultrapure water and dialyzed 

(MWCO: 12 000–14 000 Da) for 5 d. The conjugation of PNIPAAm-COOH onto PSHU-

NH2 was performed as follows: PNIPAAm-COOH (0.75 g, 1.21 mmol) was dissolved in 5 

mL of anhydrous DMF with five molar excess of EDC-HCl and NHS at room temperature 

under a nitrogen atmosphere for 24 h. PSHU-NH2 solution (1 mL, 0.125 gmL−1) prepared in 

anhydrous DMF was added, and the reaction was performed for 48 h at room temperature 

under a nitrogen atmosphere. The mixture was precipitated into excess diethyl ether three 

times. The polymer was then dissolved in ultrapure water and dialyzed (MWCO: 12 000–14 

000 Da) for 5 d at room temperature and then filtered through a 2 µm filter. The filtered 

solution was lyophilized at −45 °C for 48 h. Poly(L-lysine) was synthesized by dissolving L-

lysine (0.034 g, 5 mmol) in 5 mL of phosphate-buffered saline (PBS) with five molar excess 

of EDC-HCl and NHS in a 25 mL round-bottom flask. The mixture was stirred for 15 min at 

4 °C. PSHU–PNIPAAm solution (10 mL, 0.1 g mL−1) prepared in PBS was added dropwise, 

and the reaction was performed for 48 h at room temperature. The polymer was dialyzed 

(MWCO: 12 000–14 000 Da) for 5 d at room temperature and then filtered through a 2 µm 

filter. The filtered solution was lyophilized at −45 °C for 48 h. For the CNT conjugation, 300 

mg of CNT-COOH was dissolved in 15 mL of anhydrous DMF and sonicated for 30 min. 

Twenty molar excess of EDC-HCl and NHS was then added, and the mixture was stirred for 

15 min at room temperature. RTG-lysine solution (5 mL, 0.1 g mL−1) prepared in anhydrous 

DMF was added dropwise, and the reaction was performed for 48 h at room temperature. To 

remove unreacted CNT-COOH, the mixture was centrifuged 5 times at 4000 rpm at 4 °C. 

Then, the polymer was dialyzed (MWCO: 12 000–14 000 Da) for 5 d at room temperature 

and lyophilized at −45 °C for 48 h. L-Lysine (0.034 g, 15 mmol) was then added to cover the 

remaining COOH groups of the CNT. L-Lysine was dissolved in 5 mL of PBS with five 

molar excess of EDC-HCl and NHS. The mixture was stirred for 15 min at 4 °C. At the 

same time, the COOH groups of the CNT conjugated to the RTG-lysine were activated with 

five molar excess of EDC-HCl and NHS. The mixture was stirred for 15 min at 4 °C. The 

activated L-lysine was then added dropwise to the CNT-RTG, and the reaction was 

performed for 48 h at room temperature. The polymer was dialyzed (MWCO: 12 000–14 

000 Da) for 5 d at room temperature and then lyophilized at −45 °C for 48 h.

Neonatal Rat Ventricular Myocytes Culture

NRVMs were prepared from six, 1–3 d old, pups. All animal studies were performed 

according to the guidelines of the University of Colorado Denver Animal Care and Use 

Committee. Briefly, ventricles were separated from the atria using scissors and then 

dissociated in calcium and bicarbonate-free Hanks with Hepes (CBFHH) buffer containing 

500 mg mL−1 of collagenase type 2 (Worthington, Biochemical Corporation), and 1 mg/mL 

of pancreatine. Cardiomyocytes were enriched (>90% purity) over nonmyocytes by two 

sequential preplating steps on 100 mm dishes in MEM, 4.5 g supplemented with 5% bovine 

calf serum and 2 mg mL−1 vitamin B12 and cultured as previously described.1 Unattached 

cells (predominantly myocytes) were collected and cultured in 2D gelatin-coated dishes and 

into 3D polymeric matrices and then subjected to the different treatments and subsequent 
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analyses. All experimental conditions were tested in triplicate on at least three independent 

cell cultures.

3D in Vitro Cell Culture

In vitro 3D culture experiments were performed with the freshly isolated NRVMs by mixing 

9 × 104 cells with 150 µL of polymeric solution and allowed to form a gel at 37 °C. Then 

100 µL of warm cell culture medium was added on top. Triplicates from at least three 

independent experiments were analyzed for this study.

Immunocytochemical staining

Immunocytochemistry was performed after 8, 14, and 21 d of culture using the cardiac-

specific marker α-sarcomeric actinin 1:100 (Sigma) to assess the contractile apparatus of 

CMs, vimentin 1:100 (Abcam), a cytoskeleton marker commonly used for fibroblast 

staining, and CD31 1:100 (Abcam) as marker for endothelial cells. Goat antimouse antibody 

conjugated to Alexa Fluor 488 (Invitrogen), goat antichicken Cy5 (Abcam), and goat 

antirabbit antibody conjugated to TRITC (Sigma) were used as secondary antibodies at 

1:300. Connexin 43 1:100 (Sigma) was assessed at 21 d to determine the gap junction area 

between CMs. Goat antirabbit antibody conjugated to Alexa Fluor 594 was used as 

secondary antibody 1:300 (Invitrogen). 3D and 2D (control) cell cultures were washed twice 

with warm PBS 1X and then fixed in warm PBS containing 4% PFA for 15 min at 37 °C. 

Cells were permeabilized with warm 1% Triton X-100 for 1.5 h, blocked in warm 2% BSA 

in PBS (blocking buffer) for 45 min, and incubated with primary antibodies overnight (all 

the steps were performed at 37 °C). Secondary antibodies were incubated for 45 min at 

37 °C. Cell nuclei were stained with DAPI, and samples were mounted in Vectashield 

(Vector Laboratories). When indicated and 12 h prior analysis cells were further processed 

using the Click-IT EdU 555 Imaging kit (Life Technologies) to reveal EdU incorporation, 

according to the manufacturer’s instructions, and stained with DAPI. Fluorescent images 

were taken from four regions of each sample (n = 3) with a Zeiss LSM780 spectral, FLIM, 

2P, SHG confocal. Within each experiment, instrument settings were kept constant. To 

assess the electrical activity of CMs growing in the 3D CNT-RTG and controls, after 21 d of 

culture, we recorded intracellular calcium signaling of CMs. Cell-permeant fluo 4, AM was 

added, according to manufacture instructions, to each sample and incubated for 15 min for 

2D control groups and 30 min for 3D polymeric groups. Samples were washed three times 

with warm media before imaging. Calcium transients during spontaneous beating of CMs 

was recorded using a Zeiss LSM780 confocal and was measured for 20 s. Experiments were 

performed in triplicate from three independent experiments and averaged. Data were 

corrected for background epifluorescence.

Statistical Analysis

For all proposed experiments, data were collected in triplicate from at least three 

independent experiments. ImageJ was used for cell counting in 10 fields per each condition. 

For calcium transients, signals from myocytes were collected and analyzed from 10 fields 

per sample and averaged. For the AFM measurements, data were acquired from at least 10 

cells per sample and averaged. Statistical significance between experimental groups was 
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determined using ANOVA. ANOVA Power analysis was completed using GraphPad 

Prism7software. A p value of less than 0.05 was considered statistically significant.

RESULTS AND DISCUSSION

RTG-CNT Synthesis

With the aim of creating a conductive CNT polymer that not only supports CMs survival, 

maturation, and proliferation but also possesses the advantages of an injectable RTG, we 

developed a 3D RTG-CNT system using our previously established RTG-lysine as 

platform.20

The reactive groups that can be coupled with amine-containing molecules are by far the 

most common functional groups present on modification reagents.42 Carboxylic acid 

(COOH) groups can be easily conjugated in a high yield to primary amines to form amide 

linkages by EDC/NHS chemistry.43 Since the RTG-lysine polymer contains a large number 

of free primary amine groups,20 COOH-functionalized CNTs can be chemically conjugated 

with the polymer (Figure 1A). Therefore, we first began synthetizing CNT with a COOH 

group by incorporating amino benzyl groups to commercial MWCNT via the diazonium salt 

arylation reaction route as previously described by Bahr et al.44 Succinic anhydride was then 

added to incorporate the COOH groups (Figure 1A). The incorporation of COOH groups in 

the amino benzyl functionalized CNT was demonstrated by TGA (Figure 1B). The results 

show a larger weight loss after the reaction with succinic anhydride and the following 

purification, with a yield of 320 µmol of COOH groups per gram of material. The Kaiser test 

revealed a residual amount of 25 µmol/g free amino groups, where the initial loading of 

amino groups was 345 µmol/g, indicating that COOH groups were incorporated into 92.7% 

of the CNT by mass. This high percentage of COOH in the CNT is ideal to facilitate the 

chemical conjugation with the RTG-lysine.

CNTs often produce mixtures of solid morphologies that self-associate into aggregates45, 46 

To have an optimal conjugation of CNTs to polymeric materials, it is essential to achieve a 

uniform dispersion of CNTs in solvents,45 especially after their functionalization. The 

dispersion of CNTs-COOH in DMF was analyzed by TEM. Figure 1C shows that the CNTs-

COOH were well-dispersed in the solvent, which is ideal for further conjugations. The 

solubility of our MWCNT-COOH in DMF was then compared with commercial oxidized 

MWCNT-COOH (Sigma). On the one hand, Supporting Information Figure 1 shows that the 

commercial oxidized CNTs agglomerate and adsorbed the DMF solvent even after 30 min 

sonication. On the other hand, our CNTs-COOH were well-dispersed in DMF under the 

same conditions (30 min of sonication at room temperature).

Our obtained CNTs-COOH were chemically conjugated with the free primary amine group 

of the RTG-lysine to obtain the RTG-CNT as shown in Scheme 1. Previously optimized 

concentration of CNTs, as reported by Martinelli et al.,33–35 were used for the RTG-CNT 

synthesis.

The 3D morphological characterization of both RTG-lysine and RTG-CNT was performed 

by SEM. Cross-sectional images of the 3D structure revealed a highly porous configuration 
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with interconnected porous structures in both RTG systems (Figure 2A). Both appeared to 

have similar porosity regarding pore size and pore distribution, but the RTG-CNT system 

presents a fibrous mesh of CNTs among the pores (Figure 2A, bottom right panel). Shin et 

al. observed a similar fibrous mesh network in GeIMA-CNT hydrogels, which they 

described to be similar to heart Purkinje fibers.27 Purkinje fibers are located in the inner 

heart ventricular walls, where they work as a conductive system, creating synchronized 

contractions of the right and left ventricles.47, 48 Similarly, the fibrous CNTs mesh found in 

our RTG-CNT system may be beneficial for promoting more synchronized CMs 

contractions and, therefore, may help in the electrophysiological and electromechanical 

host-cell coupling, which is an area for future investigations.

The sol–gel phase transition and the storage and loss moduli of both RTG-lysine and RTG-

CNT were determined using oscillatory shear rheometry (Figure 2B). The sol to gel phase 

transition was measured using a temperature sweep and determined to be at ~31 °C for gels 

with and without CNTs, which is near body temperature and ideal for biomedical 

applications. RTG gels with and without CNTs have viscoelastic properties at 37 °C, where 

the RTG-CNT presented higher moduli (G′ = 221 ± 24.6 Pa, G″ = 146 ± 21.6 Pa) than the 

RTG-lysine (G′ = 82.0 ± 4.2 Pa, G″ = 48.7 ± 2.2 Pa). Therefore, the chemical conjugation 

of CNT improves the mechanical properties of the RTG system. Although the polymer 

concentration tested in this investigation makes gels with low stiffness, we previously 

reported that increasing the polymer concentration in solution increases the mechanical 

properties of RTG systems,36 which may be beneficial to provide mechanical support to the 

wounded heart. Anker et al. reported that alginate hydrogel injected into the left ventricular 

(LV) heart muscle improved exercise capacity and mitigated symptoms of human subjects 

with advanced HF.49 However, the treatment mortality was 8.6%, which indicates that more 

biocompatible materials are still needed.

Electrical characterization of both the RTG-lysine and RTGCNT systems was performed by 

conducting resistance measurements (Figure 2C). The RTG-lysine system exhibited a higher 

resistance at 37 °C than the RTG-CNT and the CNT-COOH in nano pure water (RTG-lysine: 

236.8 KΩ ± 3; RTG-CNT 144.3 KΩ ± 4.3; MWCNT-COOH 24.3 KΩ ± 0.64), indicating 

that the RTG-CNT and CNT-COOH have greater conductance compared to the RTG-lysine. 

As expected, the CNT-COOH had the lowest resistance, agreeing with previously published 

studies by Bandaru et al.,50 while the RTG-CNT had a resistance between the RTG-lysine 

polymer and the CNT-COOH.

Because of the interest of using the RTG-CNT system for cell delivery, viscosity analysis of 

both RTG-lysine and RTG-CNT systems were also performed and compared with cell 

culture media. Figure 2D shows that both RTG-lysine and RTG-CNT solutions at 1.5% 

present low viscosity, which is beneficial for polymer injection (Supporting Information 

videos S1 and S2 shows the injection of the polymeric materials through a 31 gauge needle 

in 37 °C water). (RTG-lysine: 16.78 + 1.2 mPa s; RTG-CNT: 13.4 + 2.5 mPa s; media: 21.9 

+ 0.8 mPa s).
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Therefore, the RTG-CNT, which not only had a higher conductance but also presents better 

mechanical properties in term of stiffness than the RTG-lysine, and has a low viscosity, 

holds great promise for use as an injectable material for cardiac tissue engineering.

In Vitro Long-Term NRVMs Survival

We previously reported that NRVMs cultured in 3D using our RTG-lysine system have 

improved survival, function, and proliferation, all in comparison to traditional 2D gelatin-

coated culture-plate and plain RTG.20 Therefore, we used our RTG-lysine system as a 3D 

control to assess the biological effects of the RTG-CNT scaffold on NRVMs. Traditional 2D 

gelatin coating culture dishes, broadly used for NRMV culture and prepared as previously 

described,33, 34 were also used as controls.

The organization and phenotype of the NRVMs cultured in 3D using the RTG scaffolds were 

investigated by immunocytochemistry. Staining for α-sarcomeric actinin, a protein involved 

in cardiac muscle contraction, was used as cardiac-specific marker. Staining for vimentin, a 

cytoskeletal fibroblast protein, was used to identify fibroblasts, which typically comprise 

~10% of the cell population within our NRVMs isolation protocol.33, 34 CD31 was used as a 

marker for endothelial cells, which are not normally present in our current CMs preparation 

protocol.20

On the one hand, as expected, no positive CD31 cells were observed in the cultures. On the 

other hand, fluorescence microscopy revealed a clear cardiac sarcomere structure 

represented by cross-striations in NRVMs grown in 3D using both RTG systems (Figure 

3A). Even though some fibroblasts were observed in both polymeric scaffolds, most of the 

cells are CMs as shown by their α-actinin-positive cardiac phenotype during all time points 

(Figure 3B). In addition, a greater percentage of cells in the RTG systems were α-actinin-

positive compared to cells cultured on the 2D gelatin controls. In contrast, the number of 

fibroblasts significantly increased in the 2D gelatin controls compared with the polymeric 

systems. Although the original culture percentage of fibroblast increased in the polymeric 

systems, clearly the polymeric matrix suppressed their long-term proliferation capacity 

compared with the 2D gelatin controls as has been reported previously.20 In addition, the 

microporous architecture of the 3D RTG scaffolds promotes cellular alignment and 

elongation of both CMs and fibroblasts, which is beneficial for both CMs maturation and 

improved cell contractility.

However, when comparing the two RTG systems, the percentage of cells that were α-

actinin-positive remained nearly constant for all the time points except at day 8, when this 

value was significantly increased in the RTG-CNT system.

Although most investigations focus on the study of CMs for cardiac tissue remodeling, 

fibroblasts and endothelial cells are also essential to mimic the native cardiac tissue. 

Fibroblasts have important functions in the myocardium including electrical coupling with 

cardiomyocytes and propagation of electrical stimuli. Endothelial cells are required for 

vascularization.51 Even though we were not able to find endothelial cells in our cultures, the 

fact that we can perform a coculture of both CMs and cardiac fibroblast in 3D holds 

tremendous potential as an emerging artificial cardiac tissue.
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We next analyzed the proliferation capacity of NRVMs cultured in the RTG systems and on 

2D gelatin controls. Cells were analyzed using a 5-ethynyl-2′-deoxyuridine (EdU) 

proliferation assay in complete medium at 2, 3, and 4 d postseeding. EdU is an easy and 

highly sensitive method to label newly synthesized DNA of proliferative cells. In addition, 

EdU has similar profiles and rates of cell proliferation than other traditional methods such as 

BrdU52 and phosphorylated-histone H3 (pHH3),33, 34 marker of cell division that is only 

expressed in proliferating cells. We previously analyzed the effect of CNT in the 

proliferation capacity of CMs using BrdU and pHH3 as markers of cell division.33, 34 No 

differences in terms of cell proliferation rates were observed between both markers. 

Therefore, since EdU has similar rates of cell proliferation than BrdU and PHH3, it was used 

to label proliferating cells nuclei, while antibodies for α-sarcomeric actinin and vimentin 

were used to distinguish between cardiac and fibroblast cells, respectively. On the one hand, 

all culture systems showed EdU incorporation at all time points (Figure 4A, red nuclei). On 

day 2, there were significantly more proliferating α-sarcomeric actinin-positive cells in the 

RTG-lysine (39% ± 17.3) than in the RTG-CNT system (15.76% ± 1.27) or on the 2D 

gelatin controls (8.9% ± 2.1) based on the number of EdU-positive cells (Figure 4B). 

However, at day 3, the percentage of EdU-positive NRVMs increased to 23.3% ± 7 in the 

CNT-RTG system. On the other hand, the amount of proliferative NRVMs decreased on the 

RTG-lysine system to 9.6% ± 4 at day 3. The percentage of proliferative NRVMs growing 

on gelatin control remained constant at day 3 (6 ± 3). The percentage of EdU- and α-

sarcomeric actinin-positive cells progressively decreased over time, reaching the lowest 

levels for each system at day 4 (2D gelatin controls: 3.8% ± 1; RTG-lysine: 5.0% ± 1.3; 

RTG-CNT: 15.8% ± 1.6). Since the regenerative capacity of CMs after injury is insufficient 

for complete heart restoration3 and because the RTG-CNT system appears to improve the 

percentage of cardiac cell proliferation in culture over time, this system could be potentially 

beneficial to promote proliferation of both transplanted CMs and CMs from the native 

tissue. However, a significant increment of dividing fibroblast was observed at day 2 on the 

gelatin controls compared with the RTG-CNT and the RTG-lysine systems. No significant 

differences of dividing fibroblast were observed at days 3 and 4 between the samples.

Since intercellular communication is one of the most important organizational features of the 

heart,53–55 we investigated the levels and localizations of the gap-junctions through 

immunostaining for connexin 43 (Cx43), after cells had been cultured in the RTG-CNT 

system for 21 d and then compared with 2D gelatin controls and cell cultured in the 3D 

RTG-lysine. The area of Cx43 in α-actinin-positive cells was quantified by imageJ. Figure 

5A shows representative images of NRVMs stained for Cx43 (red) and α-actinin (green) 

after 21 d of culture in the RTG systems and on 2D gelatin controls. As shown in Figure 5B, 

we found that NRVMs cultured in the RTG-CNT had the greatest Cx43-positive area (1.87 

µm2 ± 0.36) when compared with 2D gelatin controls (0.25 µm2 ± 0.1) and the RTG-lysine 

system (0.88 µm2 ± 0.13). As expected, NRVMs cultured in the RTG-lysine system also had 

a significantly greater Cx43-positive area compared with the 2D gelatin controls. On the one 

hand, several studies have indicated that Cx43 organization is crucial for normal ventricular 

function and cellular impulse propagation in the healthy human heart.54, 55 On the other 

hand, alteration of the Cx43 organization may be one of the main mechanisms leading to 

arrhythmias.33 Therefore, the fact that the RTG-CNT systems promote a more organized 
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area of Cx43 expression may be beneficial in improving the function and integration of 

transplanted CMs with the host and for the development of functional syncytia.33

It has been reported that organized spontaneous intracellular calcium oscillations are 

correlated with CMs maturation and cell function.33 To investigate cellular cardiac function, 

we imaged spontaneous calcium transients to assess NRVMs electrical activity after 21 d of 

culture (Figure 5C). We found that NRVMs cultured in both 3D RTG-CNT (Supporting 

Information video s3) and 3D RTG-lysine (Supporting Information video s4) had more 

frequent calcium oscillations compared to cells cultured on 2D gelatin controls (Supporting 

Information video s5) and that NRVMs cultured in the 3D RTG-CNT system had more 

homogeneous calcium oscillations (synchronized beating with similar frequency) compared 

with the RTG-lysine system. Moreover, 95% of the total cells analyzed (35) in the RTG-

CNT system present this synchronized calcium transients profile, where 83% and 94% of the 

total cells analyzed (35) in the RTG-lysine system and in the gelatin control group, 

respectively, present a similar calcium transients profile as shown in Figure 5. Therefore, our 

findings support the idea that the combination of a 3D culture environment and the presence 

of CNTs may improve CMs intracellular communication and function toward a more mature 

cardiac phenotype.

Spontaneous beating of NRVMs cultured in the RTG systems and on 2D gelatin controls 

was also measured by AFM at day 21. Among other applications, AFM can be used to study 

the biomechanical properties of cells by measuring the deflection of a flexible cantilever 

while interacting with the cell surface;56 previous studies have used AFM to successfully 

measure the altered nuclear mechanical properties of CMs with the cardiomyopathy LMNA 
D192G mutation by AFM.57 In addition to measuring biomechanical properties of cells, 

AFM can be used to measure the height of spontaneous beating of CMs (Figure 6A). For our 

study, we cultured NRVMs in our RTG systems for 21 d and used the reversible property of 

the gels to retrieve cells for investigation: reducing the temperature to 25 °C, the RTGs 

became solutions, whereupon CMs migrated to the bottom of the plate, and these were 

analyzed. The beating activity of NRVMs was registered as peaks in the deflection of the 

cantilever, giving information about the frequency and height registered during the 

polarization and depolarization phases. Figure 6B shows the beating activity of CMs 

cultured in different conditions. Our results obtained with the AFM were similar to those 

obtained with the calcium transient analysis; therefore, this corroborates the importance of a 

3D niche to provide cell support and intracellular communication. However, NRVMs that 

were growing in the 3D RTG-CNT presented higher contraction while beating (Figure 6B), 

suggesting that the RTG-CNT niche supports a more efficient CMs contraction.

Our results suggest that the RTG-CNT may be superior to RTG-lysine and the 2D gelatin 

controls in being supportive of long-term cardiac cell survival (up to 21 d), proliferation, and 

function, proving that the chemical conjugation of CNT to the RTG-lysine improves the 

biocompatibility of the system, making the RTG-CNT polymer a promising system for in 

vivo applications (ongoing study). As previously reported by Martinelli et al., CNTs tightly 

interact with CMs, penetrating the cell membrane.34 CNT are cylindrically hollow-shaped 

nanostructures, made of one or more concentric rolled-up graphene sheets, which possess 

high surface area.58, 59 Since CNTs are hollow materials and because we previously 
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observed a tight CNTs-CMs interaction, it is possible that CNTs may adsorb nutrients from 

the external media and further act as carriers helping in a more direct cells protein 

adsorption. In addition, because CNTs are highly electrically conductive materials,60 several 

investigations indicate that CNT improve intracellular communication27, 33 promoting CMs 

maturation. On the one hand, the precise effects of CNT in CMs are not fully understood and 

deserve further investigations. On the other hand, the microporous architecture of the 3D 

RTG scaffolds promotes a more organized cellular alignment mimicking the cardiac tissue 

as previously reported.20 Therefore, both 3D RTG niche and CNTs enhance CMs survival, 

proliferation maturation, and function; however, the use of the RTG-CNT as a cell delivery 

system in an in vivo model and the understanding of the CNTs effect in CMs maturation, 

proliferation, and survival needs to be further analyzed.

It is also important to mention that several safety concerns of CNT are often an issue when 

they are used in biological environments.61, 32 CNT dispersed in polymeric scaffolds can 

result in variable toxicity effects, since they can be released from the polymeric matrix.62 

Here, we offer a safer alternative by chemically conjugating CNT into a non-biodegradable 

material. We previously demonstrated that our RTG systems, with the present chemistry 

used in this investigation, are non-biodegradable under acidic and enzymatic conditions.41 

This particular characteristic may keep the conjugated CNT in the polymeric matrix. In 

addition, the MWCNT-COOH synthesis procedure here proposed may avoid further toxic 

effect caused by metallic impurities and oxidative debris presented in oxidized 

CNTCOOH.62 However, as previously mentioned, in vivo studies are required to prove the 

biocompatibility of the material (ongoing research).

CONCLUSIONS

We have developed an injectable conductive culture system, providing both topographical 

and electrophysiological cues for native CMs. This system promotes long-term CMs survival 

with a more aligned cell organization, as observed by immunocytochemistry, and improved 

cellular function and maturation, as shown by more robust Ca2+ transients and stronger 

contractility by AFM. In addition, the combination of the 3D niche and the CNT favors CMs 

proliferation and suppresses long-term fibroblast proliferation. Although safety concerns of 

CNTs are always an issue, here we demonstrated that the chemical conjugation of CNTs to 

the RTG-lysine system improves CMs survival, proliferation, alignment, and function, 

proving that the RTG-CNT polymer is non-cytotoxic in vitro. Finally, we believe that this 

low-viscosity RTG-CNT system that transitions to a 3D matrix by temperature stimuli not 

only has a tremendous potential for minimally invasive approaches to repair damaged heart 

tissue but also could be potentially used as 3D scaffold for in vitro investigations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MWCNT-COOH. (A) Schematic representation of MWCNT-COOH synthesis. (B) TGA of 

MWCNT-NH2 (blue) and MWCNT-COOH (green). (C) TEM shows MWCNT-COOH 

dispersion in DMF. Scale bar 2000 nm.
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Figure 2. 
(A) Cross-section micrographs of the RTG systems at different magnifications. (top) RTG-

lysine and (bottom) RTG-CNT. A fibrous CNT mesh network can be observed in the RTG-

CNT system (red arrows). (B) Storage and loss moduli of both RTG-lysine (red) and RTG-

CNT (blue) and temperature-dependent phase transition: the chemical conjugation of CNT 

improves the mechanical properties of the RTG-lysine system. (bottom, 1) An aqueous 

solution of RTG-CNT at room temperature turns to (bottom, 2) physical gel at 37 °C. (C) 

Resistance measurements: the hybrid CNT-RTG presented a resistance between both the 

RTG polymer and the CNT-COOH. (ANOVA-Dunn’s test) (CNT-COOH “vs” RTG-lysine 

****p value: <0.0001; n = 20; RTG-lysine “vs” RTG-CNT ***p value: 0.0002; n = 20; 

RTG-CNT “vs” CNT-COOH ***p value: 0.0002, n = 20). (D) Both RTG systems present 

lower viscosity than media. (ANOVA-Bonferroni’s test) (media “vs” RTG-lysine **p value: 

0.0013; n = 5; RTG-lysine “vs” RTG-CNT *p value: 0.0238; n = 5; RTG-CNT “vs” media 

****p value: <0.0001, n = 5).
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Figure 3. 
Fluorescence staining of NRVMs and fibroblasts cultured in different substrates. Sarcomeric 

α-actinin (green), vimentin (pink), and DAPI (blue). (A, top) NRVMs cultured on 2D gelatin 

control. (A, middle) NRVMs cultured in 3D RTG-lysine. (A, bottom) NRVMs cultured in 

3D RTG-CNT. (B) Quantification of the percentage of NRVMs and fibroblast growing in 

gelatin-control and the RTG systems. Significant differences on the % of NRVMs can be 

observed at all the time points between the gelatin control group and RTG systems. 

(ANOVA-Bonferroni’s test). Day 8: RTG-lysine “vs” gelatin control ****p value: <0.0001; 

n = 8; RTG-CNT “vs” gelatin control ****p value: <0.0001; n = 8; RTG-CNT “vs” RTG-

lysine *p value: <0.018; n = 8. (ANOVA-Dunn’s test) Day 14: RTG-lysine “vs” gelatin 

control *p value: 0.0487, n = 8; RTG-CNT “vs” gelatin control ****p value: <0.0001, n = 8. 

(ANOVA-Bonferroni’s) Day 21: RTG-lysine “vs” gelatin control ****p value: <0.0001, n = 

8; RTG-CNT “vs” gelatin control ****p value: <0.0001, n = 8. Significant differences on the 

% of fibroblast were also observed at all time points between the gelatin control group and 

RTG systems. (ANOVA-Bonferroni’s test) Day 8: RTG-lysine “vs” gelatin control ****p 
value: <0.0001, n = 8; RTG-CNT “vs” gelatin control ****p value: <0.0001 n = 8. RTG-

CNT “vs” RTG-lysine *p value: 0.018 n = 8. (ANOVA-Dunn’s test) Day 14: RTG-lysine 

“vs” gelatin control *p value: 0.0487, n = 8; RTG-CNT “vs” gelatin control ****p value: 

<0.0001 n = 8. (ANOVA-Bonferroni’s test) Day 21: RTG-lysine “vs” gelatin control ****p 
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value: <0.0001; n = 8; RTG-CNT “vs” gelatin control ****p value: <0.0001; n = 8. Data are 

presented as mean ± standard deviation (SD).
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Figure 4. 
Proliferation assay of NRVMs and fibroblasts. (A, left to right) NRVMs and fibroblast 

cultured on 2D gelatin control, 3D RTG-lysine and 3D RTG-CNT at day 4. (B) Significant 

differences of dividing NRVMs on the RTGlysine system were observed at day 2 when 

compared with the gelatin controls (****p value: <0.0001, n = 8) and with the RTG-CNT 

scaffold (***p value: 0.0004, n = 8). Significant differences of dividing NRVMs on the 

RTG-CNT system were observed at days 3 and 4 when compared with the gelatin control 

and the RTG-lysine system. Day 3: RTG-CNT “vs” gelatin control ****p value: <0.0001, n 
= 8; RTG-CNT “vs” RTG-lysine ****p value: <0.0001, n = 8. Day 4: RTG-CNT “vs” 

gelatin control ****p value: <0.0001, n = 8; RTG-CNT “vs” RTG-lysine ****p value: 

<0.0001, n = 8; significant differences of dividing fibroblast were observed at day 2 between 

the gelatin controls and the RTG polymers. Day 2: gelatin control “vs” RTG-lysine *p value: 

0.0241, n = 8; gelatin control “vs” RTG-CNT *p value: 0.0166, n = 8. Data are presented as 

mean ± SD.
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Figure 5. 
Intercellular communication of NRVMs growing in different substrates after 21 d of culture. 

(A) Fluorescence images of connexin 43 (red dots), sarcomeric α-actinin (green), and DAPI 

(blue) staining of NRVMs (top) NRVMs cultured on 2D gelatin control; (middle) NRVMs 

cultured in 3D RTG-lysine; (bottom) NRVMs cultured in 3D RTG-CNT. (B) Quantification 

of Cx43 gap junction area: Significant differences on Cx43 gap-junction were observed 

between the gelatin control groups and the RTG systems. RTG-lysine “vs” gelatin control 

****p value: <0.0001, n = 8; RTG-CNT “vs” gelatin control ****p value: <0.0001, n = 8; 

RTG-CNT “vs” RTG-lysine ****p value: <0.0001, n = 5. Data are presented as mean ± SD 

(n = 5). (ANOVA-Bonferroni’s test). Data are presented as mean ± SD (n = 5). (C) 

Spontaneous calcium transients of NRVMs growing on 2D gelatin control and in 3D RTG 

systems (n = 5).
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Figure 6. 
Spontaneous beating of NRVMs cultured for 21 d in different substrates by AFM. (A) 

Schematic representation of the beating activity of NRVMs measurements by the deflection 

of the AFM cantilever. (left to right) AFM cantilever gently pushing the nuclear region the 

CM, the beating activity of CM pushed away the AFM cantilever, providing information 

about beating height and frequency. (B) NRVMs cultured in the 3D RTG-CNT presented 

higher contraction, while beating suggesting that the CNT-RTG niche supports a stronger 

cardiomyocyte contraction.
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Scheme 1. 
RTG-CNT Synthesis
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