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1. Introduction

Tissue engineering is defined as an interdisciplinary field 
which involves the use of cells and a scaffold/matrix to 
develop new functional tissue for implantation back to the 
donor.[1,2] 3D scaffolds play a vital role in tissue engineering 
as they are commonly used for drug delivery, investiga­
tion of cell behavior, and material.[3] Moreover, the scaf­
fold should essentially provide a biological environment 
in which cells can readily attach, proliferate, and maintain 
their differentiated phenotype and allow deposits of new 
tissue matrix throughout the entire construct.[4,5]

Polymeric biomaterials such as polyurethane (PU), poly­
lactic acid, polycaprolactone (PCL), and poly(l-lactide-co-
ε-caprolactone) have attracted significant interest due to 

Fabrication of tissue engineering scaffolds with the use of novel 3D printing has gained lot 
of attention, however systematic investigation of biomaterials for 3D printing have not been 
widely explored. In this report, well-defined structures of polycaprolactone (PCL) and PCL- 
carbon nanotube (PCL-CNT) composite scaffolds have been designed and fabricated using a 3D 
printer. Conditions for 3D printing has been optimized while the effects of varying CNT per­
centages with PCL matrix on the thermal, mechanical and biological properties of the printed 
scaffolds are studied. Raman spectroscopy is used to characterise the functionalized CNTs and 
its interactions with PCL matrix. Mechanical properties of the composites are characterised 
using nanoindentation. Maximum peak load, elastic modulus and hardness increases with 
increasing CNT content. Differential scanning calorimetry 
(DSC) studies reveal the thermal and crystalline behaviour of 
PCL and its CNT composites. Biodegradation studies are per­
formed in Pseudomonas Lipase enzymatic media, showing its 
specificity and effect on degradation rate. Cell imaging and 
viability studies of H9c2 cells from rat origin on the scaffolds 
are performed using fluorescence imaging and MTT assay, 
respectively. PCL and its CNT composites are able to show 
cell proliferation and have the potential to be used in cardiac 
tissue engineering.
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their unique mechanical, biocompatible, biodegradable, 
and nontoxic properties.[6–11] In recent years, PCL-based 
biomaterials have been extensively used in biomedical, 
pharmaceutical, controlled drug delivery, and tissue engi­
neering applications.[12–16] Although biocompatibility, 
biodegradability, mechanical, and structural stability 
are some well-known properties of PCL, its lack of bio­
activity and surface energy (high hydrophobicity) have 
led to reduced cell affinity and small tissue regeneration 
rates.[17] One of the strategies to reduce these limitations 
is to use nanocomposites of nanoclay,[18] graphene,[19] or 
carbon nanotube (CNT).[20–22]

The incorporation of reinforcing agent such as nanopar­
ticles in the polymer matrix further stimulates the thermo­
mechanical and biological response.[23–25] Multiwalled CNT 
(MWCNT) possesses exceptional mechanical, electrical, and 
optical properties. Its high aspect ratio structure makes it 
useful as a nanofiller in the fabrication of polymeric nano­
composites, possibly leading to improved mechanical 
properties, biocompatibility, and reduced cytotoxic effect 
for biological applications.[26] The regenerative capabilities 
of the adult human myocardium when compared to the 
blood or skin are significantly minimal and insufficient to 
compensate for the loss of cardiac myocytes. A combina­
tion of the right cells, matrix, molecular and physical regu­
latory factors have to be present in order to induce tissue 
development and remodeling of the myocytes.[27,28]

PCL nanocomposites (nanoclays, graphene, and CNTs) 
can be prepared using methods such as solvent casting, 
freeze drying, and electrospinning.[19,21,22,29–34] However, 
these existing fabrication methods are unable to produce 
scaffolds of desired control pore sizes. Recently, research 
groups have started looking into the use of 3D printing 
applied to the field of biology.[35–38] In 3D printing, models 
are designed on computer-aided design (CAD) software 
or obtained through a computerized tomography (CT)/ 
magnetic resonance imaging (MRI) scan which is then 
converted to a Stereolithography (STL) file. The STL file 
consists of a series of 2D cross-sectional layers, creating a 
path for the printer to take for tracing.[36] This layer-by-
layer approach has the ability to generate spatially con­
trolled cell patterns, fabricates complex geometry scaffold 
and printing of multimaterials. These advantages give 3D 
printing its newly acquired popularity.[39–42]

In this work, we focus on the printing of PCL and CNT 
in conjunction with the 3D printer. Scaffolds with well-
defined structure have been successfully designed and 
fabricated using a 3D printer. The improved thermal and 
mechanical properties of printed scaffolds with various 
percentages of CNTs have been reported. The biodegrada­
tion behavior of PCL and its CNT composites have been 
examined in enzymatic media. Furthermore, cytotoxicity 
and cell compatibility of PCL-CNT composites have also 
been studied.

2. Experimental Section

2.1. Materials

PCL (Mn = 80 000) was purchased from Sigma-Aldrich. Func­
tionalized MWCNTs (20–30 nm outer diameter, 5–10 nm inner 
diameter with 10–30 µm length) were purchased from Chengdu 
Organic Chemicals Co., China. Chloroform, 3-(4,5-dimethylth­
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and other 
chemicals were purchased from Sigma-Aldrich.

Cardiac H9c2 cells of rat origin were derived from the same 
initial CRL-1446 cell culture obtained from the American type 
culture collection. Cells were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM) (SH30243.02, HyClone, GE Healthcare) 
supplemented with 10% fetal bovine serum (F1051 Sigma-
Aldrich), 1% Penicillin-Streptomycin (P4333 Sigma-Aldrich), and 
grown at 37 °C in a 5% CO2 humid atmosphere.

2.2. Nanocomposite Preparation

The nanocomposites were prepared by adding well dispersed 
CNT solution and PCL in chloroform, the mixture is then soni­
cated. Different amounts (1%, 3%, and 5%) of CNTs were deter­
mined according to w/w% of PCL and sonicated (Model 505 
Sonic Dismembrator from Fischer Scientific) with predetermined 
volume of chloroform for 10 min. The well-dispersed CNT solu­
tion in chloroform was mixed in PCL with chloroform solution 
and sonicated for 30 min. The PCL/chloroform ratio was kept 
constant to 8% (w/v). Pure PCL (8% w/v) was also dissolved in 
chloroform and sonicated for 30 min. Hereafter, we will term the 
nanocomposites as PCL-CNT-1, PCL-CNT-3, and PCL-CNT-5 using 
1%, 3%, and 5% CNT as the nanofiller, respectively.

2.3. 3D Printing of PCL and PCL-CNT Scaffolds

PCL and its nanocomposites were fabricated and printed by 
RegenHU Bioprinter Biofactory Machine (Switzerland). A grid 
structure was designed using BioCad software. The structure cov­
ering 20 mm × 20 mm consisted of two horizontal and two ver­
tical lines separated by 1 mm.

PCL and its nanocomposites solution were charged into two 
5 mL syringes, which were then connected to a gauge 21 nozzle 
tip and the dispenser. The substrate for printing the biomaterial 
can be fixed on the stage by turning on the vacuum selection. 
The pressure of the 3D printer was first set to 1 bar for extrusion 
of the PCL and was tuned for the systematic free flow of loaded 
material (nanocomposite) accordingly. The syringes containing 
the 8% PCL solution or with its nanocomposites were connected to 
the nozzle and calibration with the needle length measurement 
(NLM) testing (distance between the needle and the glass slide) 
was done before dispensing any solution out of the syringe. For 
this bioprinting system, the feed rate refers to the speed in which 
the stage moves (x, y-direction) allowing for the material to be 
deposited while the thickness refers to the stage moving in the 
z-direction after each layer is printed. As the feed rate of the 
3D printer is an important parameter for printing well-defined 
patterns, feed rate values of 800, 1000, and 1200 were used while 
keeping the other variables constant. Several batches of PCL and 
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its nanocomposites were printed using an optimized feed rate. 
The PCL and its nanocomposite grid scaffolds were dried under 
vacuum for 24 h before performing any characterization or 
testing. Microscopic images of the scaffolds were captured using 
stereo microscopes (Olympus SZX7 and Zeiss Axiotech).

2.4. Enzyme Degradation

The enzymatic degradation of PCL and its CNT nanocomposite 
scaffolds was performed at 37 °C in potassium phosphate buffer 
solution (PBS) (pH 7.4) by Pseudomonas lipase (type XIII).[52] 
Scaffolds having dimensions of 5 × 5 × 0.15 mm3 were placed in 
a small tube containing 0.1 mg mL−1 Pseudomonas lipase with 
3 mL of PBS. Enzymatic reaction was carried out for 3, 6, and 24 h 
after incubating the tubes at 37 °C with continuous shaking. The 
scaffolds were then washed with phosphate buffer and dried in 
vacuum oven. Scanning electron microscope (SEM) images before 
and after enzymatic degradation were captured by using JEOL 
JEM-5600LV scanning electron microscope.

2.5. Thermal Characterization

Differential scanning calorimeter (DSC) TA-DSC-Q-200 was used 
to measure the melting and crystallization temperatures along 
with the heat of fusion and crystallization of the scaffold mate­
rials. All the samples were heated and cooled at a scan rate of 
10 °C min−1 in the first run to obtain the peak temperatures and 
enthalpies. A repeat second heating run was carried out.

2.6. Raman Spectroscopy

Raman spectroscopic measurements were carried out in back­
scattering geometry using an Ar+ excitation source of 514 nm 
wavelength coupled with a Renishaw inVia Raman microscope.

2.7. Nanoindentation

Nanoscale mechanical properties of PCL, PCL-CNT-1, PCL-CNT-3, 
and PCL-CNT-5 nanocomposites were studied using a nanoin­
denter (NanoTest Micromaterials Ltd, Wrexham, UK) with a 
150 nm Berkovich pyramidal tip. The elastic modulus (E), max­
imum load, and hardness were obtained. Each sample was 
indented more than five times at different regions separated by 
a few millimeters.

2.8. Conductivity

Conductivity of PCL-CNT nanocomposites was studied by using 
Loresta-GP MCP-T600 from Mitsubishi Chemical Analytech.

2.9. Cytotoxicity and MTT Assay

Cell viability test with the scaffold materials was done using the 
Vybrant MTT Cell Proliferation Assay Kit by Thermofisher with a 
few modifications. Briefly, 50 000 cells were seeded onto the scaf­
fold and placed into a 24-well plate with 1 mL of medium. After 
4 d of cell seeding, the spent media was removed and 400 µL fresh 

medium and 40 µL MTT solution (component A) were added to 
each well. After 4 h incubation at 37 °C in 5% CO2, MTT solution 
from each well was carefully removed. Instead of using Compo­
nent B from the kit, 250 µL dimethyl sulfoxide was added to each 
well. The absorbance of solution was then measured at 540 nm 
using the TECAN Infinite 200 PRO plate reader.

2.10. Fluorescence Staining

Cells seeded on the PCL and PCL nanocomposite scaffolds were 
grown in DMEM media for 4 d. The scaffolds were washed two 
times with PBS and fixed with 4% paraformaldehyde for 15 min 
at room temperature. After washing off the paraformaldehyde, 
0.1% triton X was added for 5 min. Scaffolds were then incubated 
for 30 min at room temperature with ActinGreen 488 Ready­
Probes Reagent and NucBlue Fixed Cell ReadyProbes Reagent 
from Thermofisher Scientific for staining F-actin and the cell 
nucleus, respectively. After three washes with PBS, the scaffolds 
were transferred onto a glass slide where the images were cap­
tured by a Zeiss Axio fluorescence microscope.

2.11. Cell Viability and Immunofluorescence

To evaluate cell viability with the pure PCL and PCL-CNT nano­
composite, the live/dead viability/cytotoxicity kit for mamma­
lian cells (Cat no L3224) from ThermoFisher scientific was used. 
H9c2 cells (≈50 000) were grown together with PCL and PCL nano­
composite in DMEM media for 4 d in a 24 well plate. After 4 d, 
the wells were washed twice with PBS followed by the addition 
of 200 µL of 2 × 10−6 m Calcein AM and 4 × 10−6 m EthD-1 solu­
tions from the kit in the wells and incubated for 30 min at 37 °C. 
Zeiss Axio fluorescence microscope was used to observe the cells 
inside the wells.

2.12. Statistical Analysis

Data are presented as the mean ± standard deviation compared 
using unpaired t-test. All data were analyzed using Prism soft­
ware (version 6.01). P < 0.05 was considered to indicate a statisti­
cally significant difference.

3. Results and Discussion

3.1. 3D Printing of Scaffolds

Figure 1a shows the images of the 3D printed scaffolds of 
PCL and its nanocomposites. Conditions for 3D printing 
have been achieved by changing the pressure, speed 
(feed rate), and needle size. Optimized conditions for dif­
ferent feed rates with constant temperature, pressure, and 
needle size have been compiled in Table S1 (Supporting 
Information). Printed PCL and its CNT composite scaffolds 
with different feed rates have been compiled in Figure S1 
(Supporting Information). The default feed rate and thick­
ness were optimized at 1000 and 0.20 µm, respectively, for 
our further studies. The grid structure of the PCL and its 
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nanocomposites becomes more prominent with increasing 
CNT percentage. The nanotube and PCL matrix interaction 
plays a vital key role; CNT acts as a nanofiller and holds 
the PCL matrix to obtain the well-defined structures. Strip 
width decreases from PCL to PCL-CNT-5.

In order to obtain the detailed information of the 
printed scaffolds, the single window is being observed 
along with a grid through a bright field microscope. More­
over, several areas have been chosen in the scaffold to get 
the overall idea of the structure of the printed scaffolds. 
It is clearly observed from the images in Figure 2, as the 
nanoparticle percentage increases in the PCL matrix, the 
scaffold structure becomes more defined and ordered. The 
average width of PCL and its nanocomposites were deter­
mined by analyzing the images through high-frequency 
NBS 1963A standard resolution test target (R2L2S1P1) 
from Thorlabs (2″ x 2″) and toup camera software. 

Figure 1b shows the graph between the average widths 
calculated versus the CNT percentage in the samples. The 
average strip widths of the PCL, PCL-CNT-1, PCL-CNT-3, and 
PCL-CNT-5 grid are 450 ± 30, 380 ± 15, 326 ± 15, and 300 ± 
20 µm, respectively. The distance between each horizontal 
and vertical stripes of the grid window increases with 
increasing content of CNTs. The distance between hori­
zontal and vertical strips of the PCL, PCL-CNT-1, PCL-CNT-3, 
and PCL-CNT-5 grid window are 425 ± 25, 550 ± 20, 625 ± 
20, and 675 ± 25 µm, respectively (Figure 1b). The cross-
junction of the grid also describes the prominent micro­
structure of the scaffolds. The inset of the Figure 1b shows 
the representative printed PCL-CNT-5 scaffold, as it is dis­
cernible from the image that the overall scaffold structure 
(length, breadth) is printed in a consistent manner with 
high precision.
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Figure 1.  a) Stereo microscopic images of PCL and its 
nanocomposites (scale bar: 2 mm). b) Average line width of the 
grid (black squares) and average distance between the strips 
(blue circles) of PCL and its nanocomposites w.r.t. percentage of 
CNT present in the sample (inset figure showing the representa-
tive printed picture of PCL-CNT-5 scaffold). Figure 2.  Optical images of single window and cross junction of 

3D printed pure PCL and its indicated nanocomposite grids: a) PCL, 
b) PCL-CNT-1, c) PCL-CNT-3, and d) PCL-CNT-5 (scale bar: 400 μm).
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3.2. Characterization of 3D Printed 
PCL Nanocomposites

Raman spectroscopic technique is being 
used to observe the structural integrity 
of CNT in the PCL matrix. Figure 3 shows 
the Raman spectra of COOH function­
alized CNT and their subsequent PCL 
nanocomposites (PCL-CNT-1, PCL-CNT-3, 
and PCL-CNT-5). The disordered graphite 
structure or sp3-hybridized carbons of 
the CNT is demarcated by the peak at 
1350 cm−1 also known as D-band, while 
the structural intensity of sp2-hybrid­
ized carbon atoms or tangential mode is 
assigned to peak at 1580 cm−1 (G-band). 
The Raman spectrum of PCL shows 
the characteristic peaks at 1723 cm−1 
(νCO), 1040–1106 cm−1 (skeletal vibra­
tion), 1470–1415 cm−1 (δCH2), and 1281–
1305 cm−1 (wCH2) attributable to CH2 
groups.[34,43,44] Both characteristic bands 
(D and G) are absent in pure PCL. The PCL 
characteristic peaks are also discernible 
in the nanocomposites. As the CNT content increases in 
nanocomposites, the peaks attributed to CH2 groups and 
skeletal vibration becomes broad due to submerging of D 
band and the interaction of CNT’s with PCL matrix.

There is no shifting of both D and G bands after nano­
composite formation, implying only physical adsorption 
of PCL on the surface of CNT. The degree of functionaliza­
tion of CNTs can be estimated by the D–G band intensity 
ratio (ID/IG). The ID/IG ratio is calculated for CNT and its 
nanocomposites. The D band is merged with CH2 group 
peaks of the PCL in its nanocomposites. The peaks in the 
range of 1200–1520 cm−1 have been deconvoluted and 

curve fitted. There was no significant change observed 
in ID/IG ratio for CNT and its nanocomposites, refer­
ring a physical adsorption of PCL onto CNT walls in the 
nanocomposites. Moreover, the structural integrity of 
CNT walls was totally conserved after the formation of 
nanocomposites.

3.3. Thermal Behavior

Figure 4a shows the representative DSC traces of PCL and 
its CNT nanocomposites. Distinct endothermic melting 
peaks (Tm) at 63.5, 64.3, 65, and 64.8 °C for PCL, PCL-CNT-1, 
PCL-CNT-3, and PCL-CNT-5, respectively, were observed. 
Heat of fusion (ΔH) increases in nanocomposites in the 
presence of CNTs (73.4, 76.5, 78.5, and 79.6 J g−1 for PCL, 
PCL-CNT-1, PCL-CNT-3, and PCL-CNT-5, respectively) due to 
enhanced interaction between polymer chains and CNTs 
(Figure 4b). The enhancement in the enthalpy of fusion 
is probably due to the nucleation effect of CNTs. The peak 
temperature and enthalpy of fusion for the second run 
has been compiled in Figure S2 (Supporting Information) 
shows the same behavior as the 1st run. The cooling curves 
reveal an increase in crystallization temperature (Tc) for 
nanocomposites as compared to pure PCL. The crystalliza­
tion peaks are slightly broader for nanocomposites as com­
pared to pure PCL (Figure 4c). The gradual shifting of Tc is 
being noticed from 25, 33, 35, and 35 °C for PCL, PCL-CNT-1, 
PCL-CNT-3, and PCL-CNT-5, respectively, and nanocompos­
ites also seem to be slightly crystalline in cooling period as 
compared to pure PCL ((ΔΗc) 49, 51.8, 52.5, and 53.8 J g−1 for 
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PCL, PCL-CNT-1, PCL-CNT-3, and PCL-CNT-5, respectively) 
(Figure 4d). This is presumably due to the nucleating 
effect of CNT on PCL crystallization. Moreover, increase in 
the crystallization is also noticed for other polymers like 
PU due to the alignment of chains in the domains, due to 
self-assembly and increasing hard segment content.[45] 
Similarly, polymer chains may also align due to nuclea­
tion effect of CNTs, which increases the crystallization 
behavior of nanocomposites.[32,46] The increasing content 
of CNTs further increases the crystallization temperature 
and broadens the crystallization peak, indicating restricted 
mobility of polymer chains in the nanocomposite.

3.4. Nanoindentation (Mechanical Response 
of Scaffolds) and Conductivity

Figure 5a shows the load versus indentation depth repre­
sentative curve for PCL and its nanocomposites obtained 
through nanoindentation.[47–49] The indentation depth 

is fully recovered for PCL and its nanocomposites during 
unloading, demonstrating the elastic behavior of PCL and 
its nanocomposites even after the incorporation of CNTs. 
The lower indentation depth with the higher peak load is 
being observed with increasing CNT content in the nano­
composites. It is probably due to the increase in strength 
achieved via CNT reinforcement which resists the elastic 
deformation of the nanocomposites. The representative 
curve of different samples with maximum load value has 
been shown in Figure 5a. The maximum peak load value is 
1.16, 1.21, 1.27, and 1.34 mN for PCL, PCL-CNT-1, PCL-CNT-3, 
and PCL-CNT-5, respectively, while the calculated 
average load value is 0.88 ± 0.28, 1.12 ± 0.09, 1.17 ± 0.10, 
and 1.27 ± 0.07 mN for PCL, PCL-CNT-1, PCL-CNT-3, and 
PCL-CNT-5, respectively (Figure 5b). The average load value 
and maximum peak load value gradually increase with 
increasing CNT content is because of the reinforcement 
effect of stiffer CNTs in the PCL matrix.

The elastic modulus (E) of PCL and its nanocompos­
ites is being calculated by PCL-CNT-5 nanocomposite 
has an average value of 0.87 ± 0.10 GPa, which is a 70% 
improvement over PCL (E = 0.51 ± 0.18 GPa). PCL-CNT-1 
and PCL CNT-3 also show improvement of 35% and 55% 
in the E value, respectively, as compared to PCL. PCL-CNT-1 
and PCL-CNT-3 have average E values of 0.69 ± 0.15 and 
0.79 ± 0.06 GPa, respectively. The average E value of PCL-
CNT-5 nanocomposite is slightly higher than PCL-CNT-1 
and PCL-CNT-3. Similarly, hardness is also being calculated 
for PCL and its nanocomposites. The value of hardness 
is 0.057 ± 0.010, 0.069 ± 0.010, 0.067 ± 0.004, and 0.072 ± 
0.003 GPa for PCL, PCL-CNT-1, PCL-CNT-3, and PCL-CNT-5, 
respectively. The increase in hardness can be explained by 
the reinforcement of CNT in PCL matrix with its increasing 
content. Thus the elastic modulus, peak load value, and 
hardness increase with increasing CNT content.

Conductivity of PCL-CNT nanocomposites increases 
with increasing CNT content. The conductivity value 
of PCL[50] is less than 10−15 S cm−1, which increases 
six orders of magnitude for PCL-CNT-1. Eight and 
nine orders increase in the conductivity is being dis­
cerned for PCL-CNT-3 (2.2 × 10−7 S cm−1) and PCL-CNT-5 
(1.2 × 10−6 S cm−1), respectively.

3.5. Enzymatic Biodegradation

Biodegradation studies[32,51,52] have been carried out on 
PCL and its nanocomposites at 37 °C in Pseudomonas 
lipase type XIII enzyme media in buffer solution 
shown in Figure 6a. The enzyme degradation rates of 
nanocomposites are slower as compared to pristine PCL. 
The weight loss of 70% and 80% has been observed for PCL-
CNT-3 and PCL-CNT-1 scaffold, respectively, after 24 h of 
enzymatic degradation against the maximum weight loss 
for pure PCL. The PCL exhibits the faster degradation rate 
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Figure 5.  Nanoindentation of PCL and its indicated nanocom-
posites. a) Representative maximum load versus displacement 
graph. b) Bar graph representing the comparison of hardness, 
modulus, and average load.
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as compared to nanocomposites due to greater amorphous 
zone as compared to the nanocomposites, which are more 
susceptible to hydrolysis by enzymatic biodegradation. 
The morphology observed in SEM images of PCL and its 
CNT nanocomposites have been presented in Figure 6b to 
compare the degradation rates. The degradation images of 
scaffolds have been taken after 6 h. PCL and its nanocom­
posite scaffold having six grid windows for each sample 
is being displayed by SEM images at time t = 0. As it is 
discernible from the SEM images after 6 h, highest deg­
radation is being observed for PCL followed by PCL-CNT-1 
and PCL-CNT-3. Morphology of PCL and its nanocompos­
ites cannot be observed after 24 h because it was difficult 
to recover the samples from the enzyme solution. The 
degradation rate is dependent on surface area and scaf­
fold structure. In the case of grids the effective area and 
window pores enhance the binding activity and sites for 
Pseudomonas enzyme, which results in the higher and 
faster rate of biodegradation. However, enzymatic biodeg­
radation of PCL and its nanocomposites can be tuned by 
varying the CNT percentage in the nanocomposites as well 
as the concentration of enzymes.

3.6. Cytotoxicity Assay and Cell 
Compatibility

MTT assay was performed to evaluate 
both the viability and toxicity of H9c2 
mouse myoblast cells on PCL and its 
nanocomposite scaffolds for 4 d as shown 
in Figure 7a. MTT assay showed that cells 
were not only viable on PCL scaffold but 
also on the PCL-CNT nanocomposite as 
well. Based on this experimental con­
dition, it seems that H9c2 cells on the 
PCL-CNT-1 scaffold have a greater prolif­
eration than those growing on the PCL or 
PCL-CNT-3 scaffold. However, statistical 
analysis of the data showed that there 
is no significant difference in compare 
with the control indicating that the 
scaffolds may provide more favorable 
conditions for the adhesion and prolif­
erations for the H9c2 cells. One major 
concern with the use of CNTs is toxicity 
to the cells.[53] Moreover, the cell scaffold 
fluorescence images were also captured 
to observe the cell growth and health 
after 4 d; cells are adhered on the sur­
face of scaffolds and were growing in a 
healthier way. The cell proliferation was 
observed in all the scaffolds but was 
more in PCL-CNT-1 as compared to other 
scaffolds (Figure 7b). Additional assay of 
the PCL–CNT scaffolds using Live/dead 

staining assay for 4 d shown in Figure 8 was performed 
to show that cells were growing healthy with both PCL 
and its nanocomposites. Although it has been mentioned 
that CNT improves the proliferation of the cells,[53] it was 
observed in other cells types like L929 and NIH3T3 cells in 
PCL matrix.[51] The slight increase in proliferation of H9c2 
myoblast cells on PCL-CNT nanocomposites was observed. 
No cytotoxic effect on H9c2 myoblast cells due to added 
CNTs was shown after several days in the printed PCL–CNT 
scaffolds.

4. Conclusions

Fabrication of well-defined PCL and its CNT composite scaf­
fold structures was achieved by 3D printing. Incorporation 
of CNTs reinforced the alignment of the polymer chains 
resulting in slight enhancement in crystallinity and inter­
action with PCL matrix, which was observed from DSC 
and Raman spectroscopy. Nanoindentation results have 
shown the gradual enhancement in elastic modulus, hard­
ness, and maximum peak load in PCL-CNT composites. 
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Figure 6.  a) Percentage weight loss of PCL and its indicated nanocomposite scaffolds 
during enzymatic (lipase from Pseudomonas sp., Type XIII) degradation at 37 °C. b) SEM 
images of PCL and its indicated nanocomposites before and after degradation. The “0 h” 
and “6 h” indicate the time before and after 6 h degradation, respectively.
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Enzymatic biodegradation revealed the structural and 
nanotube content dependence on the rate of biodegrada­
tion. Biodegradation can be tuned by selecting particular 
scaffold structure followed by the CNT content and enzyme 
concentration. MTT assay and fluorescence imaging results 
have shown that the myoblast cells are attaching to the 
scaffolds and are in healthy condition after 4 d. It can be 
concluded that PCL-CNT nanocomposites with 1% CNT 
show the optimal conductivity and stiffness for the prolif­
eration of H9c2 cells. To conclude, PCL scaffolds have been 
fabricated with different CNT content using the 3D printer. 
Tuned degradation and cell compatibility might be fur­
ther utilized for the application of the scaffolds in tissue 
engineering, as the PCL-CNT matrix can be enzymatically 
biodegraded after the formation of cardiac tissue.
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