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Background: Under certain conditions, the physiological repair of connective tissues might 
fail to restore the original structure and function. Optimized engineered connective tissues 
(ECTs) with biophysical properties adapted to the target tissue could be used as a substitution 
therapy. This study aimed to investigate the effect of ECT enforcement by a complex of 
multiwall carbon nanotubes with chitosan (C-MWCNT) to meet in vivo demands.
Materials and Methods: ECTs were constructed from human foreskin fibroblasts (HFF-1) 
in collagen type I and enriched with the three different percentages 0.025, 0.05 and 0.1% of 
C-MWCNT. Characterization of the physical properties was performed by biomechanical 
studies using unidirectional strain.
Results: Supplementation with 0.025% C-MWCNT moderately increased the tissue stiff-
ness, reflected by Young’s modulus, compared to tissues without C-MWCNT. 
Supplementation of ECTs with 0.1% C-MWCNT reduced tissue contraction and increased 
the elasticity and the extensibility, reflected by the yield point and ultimate strain, respec-
tively. Consequently, the ECTs with 0.1% C-MWCNT showed a higher resilience and 
toughness as control tissues. Fluorescence tissue imaging demonstrated the longitudinal 
alignment of all cells independent of the condition.
Conclusion: Supplementation with C-MWCNT can enhance the biophysical properties of 
ECTs, which could be advantageous for applications in connective tissue repair.
Keywords: engineered connective tissue, multiwall carbon nanotubes, chitosan, mechanical 
properties, collagen-based tissue scaffold

Introduction
Regenerative medicine is gaining momentum in various applications. Repairing and 
replacing damaged tissues and organs by tissue-engineered surrogates is a promising 
discipline in regenerative medicine, with compelling evidence for applications to accel-
erate healing processes and to restore the tissue and organ functions.1–4

Connective tissue is the most abundant tissue type in the human body. Its major 
functions include the support, protection, and connection of other tissues5,6 and it forms 
various components of the body like tendons, ligaments, the dermis layer of the skin, and 
the cardiac skeleton. Dependent on the function, the composition of connective tissue 
varies. Besides the ECM producing cells, collagens are the most abundant constituents 
together with other proteins like elastin, fibrillin, fibronectin, and laminin.6–8

Connective tissues are frequently prone to serious injuries, where the physiolo-
gical regeneration might fail to restore the original structure and function. 
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Therefore, many research groups are trying to develop 
new approaches in tissue engineering for the aim of gen-
erating engineered connective tissues (ECTs)3,9 with prop-
erties that specifically meet the anatomical and 
physiological requirements of the targeted connective tis-
sue type. However, there is a lack of informative data on 
their mechanical characteristics and the ways to further 
optimize their physiological performance.

Numerous macromolecules were studied for potential 
use as scaffolds for tissue engineering; chitosan was 
among the materials that showed promising results. It 
is a natural non-toxic polymer, which can be used for 
the fabrication of biodegradable 3D scaffolds in 
a variety of geometries.10 Carbon nanotubes (CNTs) 
are also interesting materials for tissue engineering due 
to their unique electrical and mechanical properties. 
Their electrical conductivity can reach up to 1000 
times greater than copper wires,11 while their tensile 
strength can be up to 63 gigapascal (GPa), which is 
around 50 times greater than that of steel.12 At the 
same time, their elastic modulus can reach between 1 
to 1.8 terapascal (Tpa).13 CNTs are made of sheets of 
six-membered carbon atom rings (graphite) that wrap 
into cylindrical tubes14,15 with a diameter in the nan-
ometer scale and a length in the micrometer scale.16,17 

Depending on the number of the graphene layers, CNTs 
can be classified into single-walled or multi-walled 
(MWCNT).18 The organization of CNTs in the form of 
a three-dimensional (3D) configuration is necessary for 
the utilization of the unique CNTs’ physicochemical 
properties in the construction of tissues. It has been 
shown that MWCNT cross-linked into a porous 3D 
scaffold formed cytocompatible surfaces for the growth 
of osteoblast precursor cells.19 A study published by our 
group investigated the effects of chitosan-coated 
MWCNT (C-MWCNT) on the behavior of dermal fibro-
blasts in ECTs. The study demonstrated that the fibro-
blasts were able to organize collagen enriched with 
C-MWCNT and thereby they formed connective tissues. 
Besides, a 2D culture of fibroblasts with CNTs coated 
with chitosan showed that the presence of CNT 
increased the deposition of collagen by fibroblasts. 
Additionally, we demonstrated that the topical applica-
tion of a chitosan hydrogel enriched with CNT in 
a mouse wound model accelerated wound closure and 
enhanced fibrosis of the dermis and epithelialization of 
the epidermis layer.20 The utilization of modified 
MWCNT in the generation of scaffolds with enhanced 

mechanical and biological properties was reported 
before by Zhang and colleagues, who showed that 
these scaffolds were compatible with bone mesenchymal 
stem cells growth and differentiation, and that they also 
effectively enhanced bone regeneration in vivo.21 

Furthermore, other modified carbon allotropes, like gra-
phene oxide, incorporated in composite scaffolds of 
collagen, chitosan, and alginate also demonstrated 
improvements in their mechanical properties and could 
serve as promising scaffold for engineered bone 
tissues.22 Another interesting paper by Dai and collea-
gues reported a description for the generation of 3D 
high-porosity chitosan/honeycomb porous carbon/hydro-
xyapatite scaffold that could enhance the differentiation 
of bone mesenchymal stem cells into the osteogenesis 
direction. Besides the reported in vivo data demon-
strated an enhanced bone regeneration.23

In this project, collagen-based ECTs were generated 
containing primary human foreskin fibroblasts. These 
ECTs were enriched with different concentrations of 
C-MWCNT to enhance their mechanical properties.

Materials and Methods
Primary human foreskin fibroblasts-1 (HFF-1), cat. SCRC- 
1041, LOT 63,229,645 were obtained from the American 
Type Culture Collection [ATCC] (Manassas, VA, USA). 
Acid-soluble bovine collagen (~6 mg/mL) was purchased 
from Collagen Solutions (Glasgow, UK). DMEM powder, 
DMEM high glucose GlutaMAX, fetal bovine serum 
(FBS) and all other cell culture reagents were obtained 
from Life Technologies (Carlsbad, CA, USA). Multiwall 
carbon nanotubes (MWCNT) were obtained from Carbon 
Solutions (Riverside, CA, USA). Roti-Histofix and Rot- 
Block were obtained from Carl Roth (Karlsruhe, 
Germany). DAPI, chitosan, acetic acid, and tetramethylr-
hodamine (TRITC)-phalloidin were purchased from 
Sigma-Aldrich (St Louis, MO, USA). Sterile water 
(Aqua) was purchased from Braun (Kronberg im Taunus, 
Germany). Zeiss Lumar.V12 stereomicroscope (München, 
Germany) was used for macroscopic imaging of ECTs. 
VT1000S Vibratome® from Leica (Wetzlar, Germany) 
was used to section the tissues. An Olympus IX 81 
inverted fluorescence microscope (Hamburg, Germany) 
was used for tissue microscopic examination. RSA-G2 
solids analyzer from TA Instruments (New Castle, DE, 
USA) was used for the studies on the biomechanical 
properties of the tissues.
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Preparation of Chitosan-MWCNT 
Complex (C-MWCNT)
Chitosan solution with a concentration of 0.5% (w/v) was 
prepared in 0.5% acetic acid (v/v) aqueous solution. 
MWCNT was added to the acidic chitosan solution to 
obtain a mixture of 4% (w/v). Then, the mixture was 
sonicated for 2 h and autoclaved thereafter.

Generation and Processing of Engineered 
Connective Tissues (ECTs)
HFF-1 cells were maintained and propagated in 
a growth medium composed of high glucose DMEM 
containing 15% FBS and 1% penicillin/streptomycin. 
The ECTs were generated according to a method 
described in recent publications by our lab,20,24 which 
was a modified method from Tiburcy and colleagues.25 

Briefly, DMEM powder was used to prepare 10x 
DMEM, which was further used to prepare 2x DMEM 
by dilution in water and the addition of FBS up to 20%. 
C-MWCNT solution was mixed with 2x DMEM before 
it was homogeneously mixed with collagen (0.3 mg per 
tissue) and neutralized by 0.1 N NaOH. Afterwards, the 
HFF-1 cell suspension was immediately added, so that 
each 200 µL-sized ECT contained 750,000 cells. The 
mixture was homogenized by repeated gentle pipetting. 
Up to this step, all processes were performed on ice. 
Then, 200 µL of the mixtures were cast in a 48-well 
mold plate containing two flexible poles (Myriamed, 
Göttingen, Germany). The plate was kept in a cell cul-
ture incubator for 1 h at 37°C before the HFF-1 growth 
medium was added. Tissue condensation occurred 
within 24 h and the culture of the ECTs was carried 
out for 5 days in a standard cell culture incubator (37°C, 
5% CO2 and 99% humidity). The medium was changed 
every other day.

Studying the Biomechanical Properties of 
ECT
On the fifth day, ECT contraction was determined by 
calculating the percent change in the distance between 
the two flexible poles. Therefore, the ECTs were 
imaged with a Lumar.V12 stereomicroscope (Zeiss) 
and the distances were measured with ImageJ. In addi-
tion, the stereomicroscope was used to take calibrated 
ECT images from the top and side. These images were 
also analyzed by ImageJ software, and the resulting 

dimensional data were fed in Microsoft Excel 2007 to 
calculate the cross-sectional area (CSA). Next, each 
ECT was placed on two opposite hooks attached to 
the unidirectional strain rheometer set-up in 
a thermostatted organ bath (37 °C) containing PBS. 
The ECTs were elongated with a strain rate of 
0.03 mm/s along their longitudinal axis and tensile 
forces with a sensitivity of 0.1 millinewton (mN) 
were recorded until tissue rupture. The stress was cal-
culated for each point based on the measured force and 
the CSA of each ECT:

Stress = Tensile force/cross-sectional area
While the strain was calculated as relative deformation 

of the tissue:
Strain = (New length - Starting length)/Starting length.
The obtained stress-strain curves were used to calculate 

the Young’s modulus, which reflects the stiffness of the 
tissues. Therefore, the stress-strain curves were zeroed in 
X- and Y-directions, and the slope of the initial linear 
elastic phase was determined by linear regression. The 
yield point stress, the proportional limit, and the yield 
point strain were determined as the points where the 
change in stress is no longer linear with the change in 
strain. The maximum stress was determined as the peak 
recorded stress. The ultimate tensile stress and strain were 
determined as the stress and strain required for an ECT to 
break. The total area under the stress-strain curves and the 
area under the elastic region of the curves were calculated 
by GraphPad Prism version 7 software to determine the 
toughness and the resilience of the ECT, respectively 
(Figure 1).

Tissue Processing and Fluorescence 
Imaging
For histology, the ECTs were fixed in Roti-Histofix 
overnight, then washed three times with PBS and 
once with 70% ethanol before they were embedded in 
2% agarose. The tissues were sectioned in 100 µm 
slices with a VT1000S vibratome (Leica Biosystems, 
Wetzlar, Germany). The tissue slices were permeabi-
lized with 0.05% Triton X-100 in PBS for 10 min, 
blocked for 1 h in Roti-Block, and then stained over-
night with 0.5 µg/mL TRITC-phalloidin and 0.5 µg/mL 
DAPI in PBS in the dark at 4°C. Imaging was per-
formed with an Olympus IX 81 inverted fluorescence 
microscope.
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Statistics
Data are presented as arithmetic mean+standard error of 
the mean (SEM). The sample number is indicated as n. For 
statistical testing a one-way ANOVA with an appropriate 
post hoc test was applied.

Results and Discussion
Healing of deep wounds is a major complication in 
some diseases. Among the various processes required 
for the healing of deep wounds, fibroblast activation is 

an important step. Activated fibroblasts proliferate and 
migrate more intensively than quiescent fibroblasts and 
further transdifferentiate into myofibroblasts, which 
deposit ECM components and contract the wound 
edges.26,27 These processes are often disturbed in 
chronic wounds, like in Diabetes mellitus, where the 
occurrence of myofibroblasts is delayed or missing.28,29 

Therefore, the generation of collagen-based tissue sub-
stitutes might be an attractive approach for promoting 
the healing process, because in some tissues the grafted 

Figure 1 Schematic representation of the used ECT model. HHF-1 were mixed with bovine collagen and different percentages of C-MWCNT to generate ECTs in a 48-well 
mold plate. Each mold was equipped with two flexible poles with a spring constant of 1.5 mN/mm. At the end of the 5 days culture period, tissue contraction was analyzed 
based on the decline in pole distance. Then, the ECTs were subjected to ultimate uniaxial tensile measurements and the obtained stress-strain curves were used for the 
analysis of different biomechanical parameters. The herein presented parameters together with their functional equivalents are depicted in the representative stress-strain 
curve. The most important advantages of the used methods are listed underneath the scheme. Data from references.42–52
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collagen-based tissues can act as a sacrificial substrate 
for enhanced proteolytic processes via matrix metallo-
proteinases. This may negatively impair the balance 
between collagen deposition and turnover, thus giving 
a better opportunity for the newly deposited collagen to 
accumulate and fill in the gap.30 Besides, the break-
down products of collagen can act as chemoattractants 
for infiltrating and migrating cells from the surround-
ings towards the provisional matrix, which can effec-
tively facilitate the healing of the tissues.31 In general, 
we believe that such engineered connective tissues 
should have certain physical and biological properties. 
First, the use of cells, which display a more pro-
nounced myofibroblastic phenotype would be prefer-
able with respect to their ability to form compact 
tissues and to secrete ECM proteins necessary for 
wound healing. Second, the grafted tissues should not 
contract. Third, the tissues should be resistant to pull-
ing and compression forces that enable them to with-
stand the relatively high physical stressors in the 
engraftment region. However, these three exigencies 
are hardly achievable with collagen-based tissues as 
fibroblast on the one hand do not show a high secretory 
activity and myofibroblasts, on the other hand, tend to 
form contracted, stiff and brittle tissues, which cannot 
resist well the high pulling forces.32,33 In our opinion, 
an additional scaffold component is necessary to fulfill 
the three requirements. In that respect, MWCNT can be 
an interesting material based to their unique physical 
properties. They especially stand out due to their high 
tensile strength and elastic modulus.12,13 However, 
pristine MWCNT (without any modifications) are very 
hydrophobic, thus they tend to aggregate and precipi-
tate in aqueous environments. Besides, they are not 
biocompatible. Therefore, to utilize MWCNT in the 
construction of engineered tissues, they have to be 
coated with a hydrophilic polymer, such as chitosan, 
so that they become biocompatible and dispersible in 
hydrophilic environments.10,34–36 In addition, chitosan 
offers several biological advantages, eg it acts as 
a substrate for cell adhesion and has anti-microbial 
activity.37–41

In this project, we generated ECTs composed of pri-
mary HFF-1 and bovine collagen, which were supplemen-
ted with different percentages of C-MWCNT. We analyzed 
tissue compaction and contraction and performed an 
extensive analysis of the biomechanical tissue properties 
(Figure 1). The main advantages of the used methods are 

summarized in Figure 1. Additionally, we sectioned the 
tissues to investigate the morphology of the embedded 
cells.

C-MWCNT Impairs Tissue Contraction 
of ECTs
As describe above, the ECTs without or with 
C-MWCNT were cultured for 5 days in the 48-well 
mold plates. During this time the embedded fibroblasts 
contracted the ring-shaped, collagen-based ECTs, thus 
bringing the pair of elastic poles closer to each other 
(Figure 2A). The degree of tissue contraction was 
assessed by determining the percent change of the dis-
tance between the two flexible poles of each mold. 
ECTs without C-MWCNT contracted the poles by 
around 20%, which was not affected by the addition of 
0.025% C-MWCNT. However, in the presence of 0.1% 
C-MWCNT, ECT contraction was significantly impaired 
(Figure 2B).

The, the ECTs were released from the casting molds 
and imaged to obtain the CSA. No differences in CSA 
were observed in the investigated groups (Figure 3).

The results obtained for the ECTs with 0.1% 
C-MWCNT were particularly distinct. In these tissues, 
the ability of the embedded cells to contract the matrix 
was hampered, which in our belief was not due to a failure 
in fibroblast functionality, as the cell-driven tissue com-
paction was unaffected as demonstrated by the similar 
CSA of all tissue types. Moreover, chitosan-covered car-
bon nanotubes were demonstrated to be highly biocompa-
tible in engineered tissues containing fibroblasts, epithelial 
cells, neuronal cells and cardiomyocytes and thus cyto-
toxicity could be excluded as an explanation.53–56 We 
hypothesize that the observed impairment in tissue con-
traction is based on sterical hindrance exerted by the large 
amounts of the C-MWCNT embedded in the tissues. In 
line, similar inhibitory effects on tissue contraction, for 
both carbon nanotubes and chitosan, were previously 
reported.56

C-MWCNT Modulated the Physical 
Characteristics of ECTs
The ECTs were subjected to uniaxial tensile testing for 
stress-strain analysis. In general, the obtained curves 
demonstrated that the ECTs showed an initial linear elastic 
phase followed by a plastic phase in which the stress and 
strain values were no longer proportional to each other 
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(Figure 4A). Several parameters were retrieved from the 
curves and are presented, or were used to calculate the 
amount of absorbed energy.

First, the data demonstrates that 0.025% C-MWCNT 
moderately, but significantly increased the stiffness of 
the ECTs given by the increase in Young’s modulus, 
which corresponds to the slope of the elastic phase. 
Higher contents of C-MWCNT were without influence 
on tissue stiffness compared to control (Figure 4B). 
Second, the addition of 0.1% C-MWCNT, but not of 
lower percentages, profoundly influenced the yield point 

of the ECTs, which marks the transition from the elastic 
to the plastic phase. The proportional limit, equaling the 
stress at yield point, and the yield point strain were both 
increased compared to control (Figure 4C and D). 
Consequently, the resilience, calculated as the area 
under the curve (AUC) of the elastic phase, was higher 
in the presence of 0.1% C-MWCNT (Figure 4E). This 
indicated that these tissues were able to absorb more 
energy within the elastic phase mainly based on an 
elastic phase elongation and not due to an increase in 
Young’s modulus. In line with the elongated elastic 
phase, tissues containing 0.1% C-MWCNT showed 
higher maximum tensile strength (Figure 4F). Third, 
tissue ductility was also increased in the presence of 
0.1% C-MWCNT as demonstrated by the increased plas-
tic strain, which represents the delta between the yield 
point strain and the ultimate strain (Figure 4G). The 
increases in the elastic and plastic strains resulted con-
sequently in an elongated ultimate strain, meaning 
enhanced tissue extensibility (Figure 4H). Finally, 
curve elongation increased the area under the total 
curve indicating enhanced tissue toughness (Figure 4I).

Taken together, our data demonstrate that the effects 
of the supplementation of ECTs with C-MWCNT on 
the biomechanical tissue properties critically depend on 
the added concentrations. We show that ECTs contain-
ing 0.025% C-MWCNT displayed a moderate increase 
in tissue stiffness. This increase was accompanied by 
a likewise moderate, although not significant decline in 
the yield point strain and resilience. This indicates that 
the tissues were not only stiffer, but also less elastic. 
Such an inverse relationship between increased stress 

Figure 2 Impact of C-MWCNT on ECT contraction. ECTs were constructed in a 48-well mold plate. (A) Representative ECTs with different concentrations of C-MWCNT 
in the casting molds are shown. (B) Analysis of the ECT contraction is given; the presence of 0.1% C-MWCNT significantly reduced the contraction of ECTs. *p<0.05 
compared to control and #p<0.05 compared to 0.025, as assessed by a one-way ANOVA with Tukey’s post hoc testing for multiple comparisons; n=12–13 ECTs/group.

Figure 3 Effect of C-MWCNT on the cross-sectional area of the ECT. The 
incorporation of C-MWCNT showed no significant effect on the cross-sectional 
area of the ECTs in comparison with the control, n=8–9 ECTs/group.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2021:16 994

Kittana et al                                                                                                                                                          Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


and decreased strain is typically found for the scarred 
skin57 and is a result of the structural incoherence in 
the scar caused by myofibroblasts.58 However, we 
believe that a higher content of myofibroblasts is not 
a feasible explanation for our result. Myofibroblasts 
display higher tensile forces than their fibroblast coun-
terparts, and consequently, they give rise to more com-
pacted and/or contracted tissues.56,59,60 ECTs with 
0.025% C-MWCNT, however, did not differ in their 
CSAs and contraction behavior from control ECTs.

The likeliest explanation for the stiffness increase 
seen in the 0.025% C-MWCNT containing ECTs is the 
presence of C-MWCNT itself, as several studies have 
demonstrate that MWCNT enhance the Young’s module 
of different types of non-cellular composites, ie 

including chitosan or collagen. Most often the increase 
in stiffness was found to be dependent on the concen-
tration of the MWCNT.61–65 If this holds true for 
MWCNT-containing cell-populated tissues is unfortu-
nately not clear as there is only few data available. 
Moreover, the investigated tissues were in most cases 
generated in a two-step process including the indepen-
dent generation of the scaffold followed by cell 
seeding.66,67 We believe that seeding cells in a pre- 
adjusted 3D environment results in very different 
effects, than letting the cells build their own environ-
ment based on their biological specifications. 
Especially, fibroblasts react highly sensitive to their 
mechanical environment. In general, these cells adapt 
their intracellular tension, which is mainly conferred by 

Figure 4 Effect of C-MWCNT on the mechanical properties of ECTs. Representative stress-strain curves of ECTs supplemented with increasing concentrations of 
C-MWCNT are depicted (A). Data as to Young’s modulus [stiffness] (B), yield point-stress [proportional limit] (C), yield point strain [elasticity] (D), resilience is the area 
under the curve (AUC) of the elastic phase (E), maximum tensile stress [strength] (F), plastic strain [ductility] (G), ultimate strain [extensibility] (H), the total area under 
the stress-strain curve [toughness] (I). *p<0.05 compared to the corresponding control as assessed by a one-way ANOVA with Dunnett’s post hoc test, n=7–8 ECTs/group.
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the actin cytoskeleton, according to the experienced 
mechanical environment.59,68–70 By adding 
C-MWCNT, we expected that the fibroblasts experi-
ence a higher resistance while trying to contract the 
tissues, which would result in a more pronounced 
myofibroblastic phenotype. This idea was further sup-
ported by data demonstrating that MWCNT could 
directly induce the transdifferentiation of different 
types of fibroblasts into myofibroblasts.71–73 However, 
as mentioned above neither the CSA data nor the con-
traction analysis of C-MWCNT containing ECTs sup-
ported this hypothesis.

Moreover, taking the stiffness-enhancing function 
of MWCNT and the suggested effect on fibroblast 
transdifferentiation into consideration, it was all the 
more surprising that concentrations above 0.025% of 
C-MWCNT lowered the stiffness again and resulted 
instead in the presence of 0.1% C-MWCNT in 
a pronounced increase in tissue elasticity and ductility, 
and consequently in an increased resilience and tough-
ness. Currently we are not able to explain these find-
ings mechanistically, but we believe that several factors 
could add to the observed effects.

The high concentration of C-MWCNT might have 
impacted the formation and cross-linking of collagen 
fibrils, which could result at least in part in the 
observed effects. In this context, it was shown that eg 
single-walled CNT could indeed affect the collagen 
fibril assembly kinetics and the collagen fibril morphol-
ogy resulting in thicker and stiffer collagen fibers.74 

Another important factor, which influence the viscoe-
lastic properties of collagen fibrils is intermolecular 
cross-linking, ie exerted by the enzymatic family of 
lysyl oxidases. Inhibition of these enzymes in vivo in 
rats was shown to result in more ductile tail tendons 
compared to tendons from untreated rats. However, the 
inhibition of cross-linking also reduced the elastic 
modulus and the strength of the tendons,75 which is 
in line with a computational model that calculated the 
influence of cross-links on the viscoelastic properties 
of collagen fibrils.76 We hypothesize that the more than 
2-fold increase in the length of the plastic phase 
observed in our ECT with 0.1% C-MWCNT could 
result from an inhibition in cross-linking. Moreover, 
we believe that the enhanced elasticity and strength, 
which is in contrast to the expectations considering 
a decrease in cross-linking, is a consequence of the 
mechanical stabilization given by the C-MWCNT. 

Future studies including morphological analyses of 
the ECT with e.g high-resolution transmission electron 
microscopy could help to gain more insight in the 
structural organization of the single components of 
these tissues. Moreover, the use of other biocompatible 
scaffold material with a different geometry, like dis-
persed graphene oxide nanosheets, or a more complex 
composition, like nitrogen-doped MWCNT-cellulose- 
nanohydroxyapatite composites, could help to get 
insights in the structural-functional relationship of 
ECTs.21,77 How the C-MWCNT might affect cross- 
linking is an open question. This could be simply due 
to sterical hindrance of the fibril assembly by the 
MWCNT or based on a more indirect effect, potentially 
involving the embedded cells. In a recent study, it was 
demonstrated that fibroblasts are able to engulf 
MWCNT. The consequence was a decrease in intracel-
lular stiffness most likely due to a disaggregation of 
actin filaments.78 The resulting increase in G-actin 
could finally result in a decreased expression of lysyl 
oxidase.44 Further studies are needed to address the 
expression and activity of lysyl oxidases in the 
C-MWCNT-supplemented ECT.

Microscopic Examination of ECTs
To gain more insight in the orientation and morphology of the 
embedded cells, TRITC-Phalloidin was used to stain the actin 
fibers of HFF-1 in ECT sections, while DAPI was used to 
stain the nuclei (Figure 5). From the fluorescence images of 
the control ECTs, it can be noticed that the cells are aligned 
along their stretch axis, thus forming anisotropic tissues 
(Figure 5A–C). The applied C-MWCNT did not hamper the 
alignment of the embedded cells at any concentration and the 
C-MWCNT were evenly distributed within the tissues 
(Figure 5D–L). That carbon nanotubes do not disturb or 
even improve cell alignment has been already shown in 
collagen-based cardiac constructs.55 Whether or not the 
actin cytoskeleton is changed in the ECT with C-MWCNT 
is difficult to assess by fluorescence microscopy due to the 
opaque nature of the carbon nanotubes. As mentioned above, 
other optical methods, like high-resolution transmission elec-
tron microscopy, could help to answer this question.

In summary, our data demonstrate that 0.025% of 
C-MWCNT moderately, but significantly increased the 
stiffness of ECTs, whereas 0.1% of C-MWCNT 
impaired tissue contraction, and increased the elasticity, 
extensibility, and the ability of energy absorption. Thus, 
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our data demonstrates that the outcome of the applica-
tion of C-MWCNT is strongly dependent on the added 
concentration and do not simply follow a linear 
relationship.

Conclusion
The incorporation of 0.1% C-MWCNT in ECTs could 
favorably improve their biomechanical properties, which 

could be utilized for potential in vivo applications in con-
nective tissue repair, like the dermis layer in the skin, 
tendons and ligaments, which require high endurance 
capacities against external stressors.
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