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Abstract Use of drug-carrying scaffolds in regenerative medicine induces simultaneous tissue regeneration and
drug release at the injury site. In this research, nanofibrous scaffolds based on poly-caprolactone/decellularized
Wharton’s jelly matrix (PCL/DWIM) with a weight ratio of 20:80 containing curcumin were prepared through
electrospinning method. Nanofibrous scaffolds were then compared in terms of morphology, physicochemical
properties, and drug release in the presence and absence of MWCNTs-COOH. The morphology of the fibers,
observed using a Scanning Electron Microscope (SEM), shows that the presence of curcumin and MWCNT
increases the conductivity of the solution and charge density as well, thereby reducing the diameter of nanofibers
and facilitating the electrospinning process. Infrared Spectroscopy (FTIR) indicated the interaction between the
functional groups in curcumin, DWJM, and MWCNT, hence an improvement in the tensile strength of the scaffold.
Addition of MWCNT-COOH increased the tensile strength of the scaffold by about two times that of the scaffold
without ceramics. Curcumin, as a lipophilic substance in the PCL/DWJM structure, prevents the reduction of the
contact angle while addition of MWCNT-COOH decreases the contact angle of water. The drug release evaluation
revealed that compared to the polymer scaffold without ceramics, the amount of curcumin released from the
scaffold containing MWCNT-COOH enhanced due to the increased repulsion of the negative charges between the
oxygen anion and carboxylate anion.
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1. INTRODUCTION

Tissue engineering is a combination of material
science and cell technology that provides bio-imitation of
natural tissue by designing and manufacturing a scaffold.
The main purpose of fabricating tissue engineering
scaffolds is to restore the damaged tissues; therefore, the
selection of materials, manufacturing method, simulation
of the properties, and biological function of the scaffold
are of high important in tissue engineering science (Lavik
& Langer, 2004). The preparation and use of a
biodegradable scaffold with the ability to release drugs to
regenerate long-term tissues, such as articular cartilage,
is regarded as a new solution to improving damages to
this type of tissue. Polymer-based scaffolds play an
important role in tissue engineering. Scaffolds with a
nanofibrous structure similar to the ECM structure can
create suitable biomimicry for ablated tissue
(Zadehnajar, Akbari, et al., 2019). Electrospinning is one
of the conventional methods for producing nanofiber
scaffolds (Ghasemi-Mobarakeh et al., 2008; Zadehnajar,
Akbari, et al., 2019). The combination of PCL with
natural polymers, while increasing the hydrophilic
properties, will also reduce the mechanical strength of the
scaffolds. Studies have shown that the application of
decellularized ECM (dECM) as a natural polymer can

increase the similarity of the function and nature of the
scaffold to the target tissue (Jeon et al., 2016). A few
studies employed dECM as a natural polymer in the
construction of scaffolds (Lin et al., 2020). Wharton's
jelly found in the umbilical cord is similar to articular
cartilage ECM in terms of some compounds such as
hyaluronic acid, glycosaminoglycan, and collagen type 2,
making it a promising material in the regenerative
medicine of this type of tissue (Lin et al., 2020; Xu et al.,
2020). Carbon-based nanotechnology is rapidly
advancing due to its wide applications in regenerative
medicine. Nowadays, multi-wall carbon nanotubes
functionalized with a carboxyl group (MWCNT-COOQOH)
are widely used to increase the strength and improve the
biological properties of composites. In the present study,
curcumin was used as a plant compound with
hydrophobic, negatively charged, and anti-inflammatory
properties in the construction of polymer-ceramic
scaffolds. In the current research, simultaneous
electrospinning of curcumin was carried out along with
PCL-DWIJM/MWCNT  combination.  Further, the
morphology, physical and chemical properties, and
curcumin release in the presence and absence of
MWCNT-COOH were evaluated and compared.
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2. MATERIALS AND METHODS

In the present study, PCL (molecular weight =
80,000), curcumin (HOCgH3 (OCH3z) CH=CHCO), CH,
Mw= 368.38 g/mol) and sodium didecyl sulfate (SDS,
C12H25NaSOy4, density = 1.1 g/cm3, Mw = 288.38 g/mol,
purity > 98.5%) were purchased from Sigma-Aldrich
(USA). Multi-walled carbon nanotubes functionalized
with carboxyl (diameter = 5-25 nm, length = 0.5-2
micrometers, conductivity s/m 107-105 and purity >
95%) were also purchased from Pisgaman Nano
Materials Company of Iran. Trifluoroethanol (TFE,
C2H3F30, density = 1.38 g/cm3, Mw = 100.04 g/mol,
purity > 99%) and trifluoroacetic acid (TFA, CoHF;0,
density = 1.49 g/cm3, Mw = 169.87 g/mol) solvents,
purity > 99%) were purchased from Merck, Germany. To
prepare DWJM, 20 blood-free human fetal umbilical
cords were cut into pieces. The Wharton’s jelly contained
in them was collected and stirred for 5h under 0.1 wt.%
SDS solution at ambient temperature. The remaining
bodies were thoroughly washed using Phosphate Buffer
Solution (PBS) and then centrifuged at 8000 rpm at 4°C
to separate the bodies. The collected objects were kept in
a freezer at -80 °C for 12 hours and finally placed in a
freeze dryer for 24 hours to remove moisture.

A solution of 12 wt.% PCL/DWJM with a ratio of
20:80 was prepared. First, a certain amount of PCL was
stirred in TFE solvent for 1 hour at ambient temperature.
Then, a certain amount of DWJM was stirred in TFA for
30 minutes at room temperature and then added to the
PCL solution. Next, 5 wt.% curcumin was added to the
PCL/DWJM polymer mixture and homogenized with the
polymer solution for 10 minutes.

Subsequently, 1 wt.% MWCNT-COOH was added to
the polymer solution containing the drug and dispersed
in the solution for 8 minutes using sonicator. The
obtained solution was electrospun at the voltage of 18
kV, distance of 20 cm, rate of 0.25 ml/h (ml/h), and room
temperature of 25 °C. In this research, two types of
samples, i.e., PCL-DWJM-Cur (control sample) and
PCL-DWJM-Cur/MWCNT (considered sample), were
prepared. In this research, the PCL-DWJM-Cur scaffold
with the abbreviation PDC and PCL-DWJM-
Cur/MWCNT scaffold are introduced as PDCW in the
text.

3. RESULTS AND DISCUSSION

The presence of MWCNT increases the conductivity
of the polymer solution and enhances the elongation of
the polymer jet in the electric field during the
electrospinning process. Studies have shown that the
processability of DWJM is more challenging than natural
polymers due to its collagen structure; therefore, it is
expected not to exhibit the same morphology and
distribution of fiber diameter. Curcumin, as a negatively
charged drug, can enhance the charge density in the
polymer solution, thereby increasing the conductivity of
the solution. According to the results obtained from the
morphology and average diameter of the fibers, the
presence of MWCNT with high intrinsic conductivity,
along with curcumin, reduced the diameter of the fibers
and improved their morphology. Additionally, due to the
tubular structure, MWCNTSs align with the nanofibers,
which increases the elongation of the jet in the electric
field.

The presence of DWJIM as a polypeptide with
functional groups NHs; and COOH, alongside the
hydrophobic polymer PCL, improved the water contact
angle in the two scaffolds. It should be noted that
curcumin is a lipophilic substance that does not tend to
interact with polar water molecules. The contact angles
of PDC and PDCW scaffolds were measured as
71.16°+7.54 and 66.85°+3.09, respectively. The scaffold
without MWCNT had a tensile strength of 1.87+0.48
MPa; however, the presence of MWCNT-COOH in the
PDCW scaffold significantly increased the tensile
strength up to 3.98+2.69 MPa. MWCNT with its high
tensile strength can increase the tensile strength while
improving the morphology of nanofibers. Based on the
obtained results, the presence of MWCNT-COOH
triggered more release of curcumin during the test period.
COOH groups present in MWCNT and DWJM, after
being placed in an aqueous environment with pH=7.4, are
converted into COO™ negative charge anion and release
H* cation in the environment.

Curcumin is stable in acidic environments with little
tendency to dissolve; however, after exposure to an
alkaline environment (pH<7), OH groups are ionized and
become O anions by releasing H*, thus accelerating the
process of hydrolysis of the polymer matrix. The scaffold
induces more curcumin release during the test and
finally, after 18 hours, it reaches the maximum release.
An increase in the negative charge created by COOH
groups due to the presence of MWCNT and formation of
O anion caused by curcumin creates a repulsive force in
the structure, hence more curcumin release by the PDCW
scaffold. Due to the smaller amount of COOH groups in
the structure of PDC scaffold, the repulsive forces
between O and COO" anions are lower than those in the
PDCW scaffold, thus resulting in longer drug retention in
the nanocomposite.

4. CONCLUSION

The results from hydrophilicity and tensile strength
confirmed that an increase in the carboxyl functional
groups due to the presence of MWCNT, as well as the
high strength of this material, reduced the water contact
angle and increased the tensile strength of the PDCW
scaffold. Infrared spectroscopy also revealed the
physicochemical interactions in the structure of
nanocomposites. According to the findings of drug
release evaluation indicated that the formation of COO"
and O anions due to the interaction of COOH and OH
present in MWCNT, DWJM, and curcumin with water
caused repulsion within the structure of the scaffolds and
accelerated the drug release process. Of note, the release
of H* cation due to the formation of anions is one of the
important factors involved in the dissolution of polymer
chains. The repulsive forces and hydrolysis process in the
nanocomposite scaffold containing MWCNT-COOH,
compared to the PDC, led to more efficient drug release.
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