
© 2017 Mouthuy et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine 2017:12 3977–3991

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
3977

O r i g in  a l  R e s e a r c h

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/IJN.S133326

Investigating the use of curcumin-loaded 
electrospun filaments for soft tissue repair 
applications

Pierre-Alexis Mouthuy1,2

Maja Somogyi Škoc3

Ana Čipak Gašparović1

Lidija Milković1

Andrew J Carr2

Neven Žarković1

1Laboratory for Oxidative Stress, 
Rudjer Boskovic Institute, Zagreb, 
Croatia; 2Botnar Research Centre, 
Nuffield Department of Orthopaedics, 
Rheumatology and Musculoskeletal 
Sciences, Medical Science Division, 
University of Oxford, Oxford, UK; 
3Department of Materials, Fibres and 
Textile Testing, University of Zagreb, 
Zagreb, Croatia

Abstract: Electrospun filaments represent a new generation of medical textiles with promising 

applications in soft tissue repair. A potential strategy to improve their design is to combine 

them with bioactive molecules. Curcumin, a natural compound found in turmeric, is particularly 

attractive for its antioxidant, anti-inflammatory, and antimicrobial properties. However, investi-

gating the range of relevant doses of curcumin in materials designed for tissue regeneration has 

remained limited. In this paper, a wide range of curcumin concentrations was explored and the 

potential of the resulting materials for soft tissue repair applications was assessed. Polydiox-

anone (PDO) filaments were prepared with various amounts of curcumin: 0%, 0.001%, 0.01%, 

0.1%, 1%, and 10% (weight to weight ratio). The results from the present study showed that, 

at low doses (0.1%), the addition of curcumin has no influence on the spinning process or 

on the physicochemical properties of the filaments, whereas higher doses lead to smaller fiber 

diameters and improved mechanical properties. Moreover, filaments with 0.001% and 0.01% 

curcumin stimulate the metabolic activity and proliferation of normal human dermal fibroblasts 

(NHDFs) compared with the no-filament control. However, this stimulation is not significant 

when compared to the control filaments (0%). Highly dosed filaments induce either the inhibi-

tion of proliferation (with 1%) or cell apoptosis (with 10%) as a result of the concentrations of 

curcumin found in the medium (9 and 32 μM, respectively), which are near or above the known 

toxicity threshold of curcumin (~10 μM). Moreover, filaments with 10% curcumin increase 

the catalase activity and glutathione content in NHDFs, indicating an increased production of 

reactive oxygen species resulting from the large concentration of curcumin. Overall, this study 

suggested that PDO electrospun filaments loaded with low amounts of curcumin are more 

promising compared with higher concentrations for stimulating tissue repair. This study also 

highlighted the need to explore lower concentrations when using polymers as PDO, such as 

those with polycaprolactone and other degradable polyesters.

Keywords: electrospinning, electrospun filaments, polydioxanone, PDO, curcumin, human 

fibroblasts

Introduction
Over the last few decades, the use of textile materials for medical purposes has rapidly 

increased, with applications ranging from simple gauze for wound dressing to sutures 

and implantable patches for soft tissue repair. The global medical textile market was 

valued at US $14 billion in 2014 and is expected to reach $20 billion by 2022,1 indi-

cating an increasing growth.

Among the latest fiber technologies used for the manufacture of medical textiles, 

electrospinning has attracted much interest. Electrospinning is the process by which 
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nanoscale and microscale fibers are drawn from a polymer 

solution using high-voltage electrical charges. With their 

high surface-to-volume ratio and porosity and their ability to 

mimic the extracellular environment, electrospun materials 

have shown great promises for soft tissue repair and tissue 

engineering applications. Through their physical cues, they 

have the ability to influence cell adhesion, spreading, pro-

liferation, and differentiation.2,3

Electrospun materials are mostly produced as nonwoven 

meshes. However, methods to manufacture electrospun fila-

ments have also been developed, which can be assembled 

into twisted, braided, or woven structures.4–6 In a previous 

in vitro work,4 it was shown that electrospun yarns lead to 

an improved cell response compared with existing mono-

filaments made by plastic extrusion with the same material. 

In vivo, they have shown a mild, but quantifiable foreign 

body reaction.4 Although the overall results were promis-

ing, further improvements in the material are required, such 

as minimizing the foreign body reaction and accelerating 

the repair response. In particular, incorporating antioxidant 

molecules might help to decrease oxidative stress, known to 

be a normal response to implanted materials and linked to 

both the foreign body reaction and the repair process.7 The 

appropriate management of oxidative stress during the whole 

life of the implant through the use of antioxidant molecules 

might help to minimize the foreign body reaction and maxi-

mize the healing of the surrounding tissues.

Among the potential candidates, curcumin (1,7-bis(4- 

hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) has 

been one of the most investigated antioxidant molecules. 

Curcumin can be found in turmeric, a plant widely used in food 

preparation. It exhibits strong antioxidant, anti-inflammatory, 

and antimicrobial properties that make it a great candidate 

for wound healing applications.8–11 Besides these properties, 

it is also attractive for its availability, stability, low cost, and 

safety, which was demonstrated in numerous clinical trials. 

The effect of curcumin depends mainly on the dose to which 

cells are exposed. At concentrations 10 μM, curcumin 

induces apoptosis in a wide variety of cell lines in in vitro 

wound models, as it becomes oxidizing and produces reac-

tive oxygen species (ROS).12–14 However, at concentrations 

between 1 μM and 0.01 μM, curcumin can stimulate the 

proliferation of various cell types and decrease the markers 

of inflammation and oxidative stress levels.15–18

Numerous studies have proposed electrospun meshes 

loaded with curcumin, given the potential for health care 

applications. A wide range of polymers has been used, includ-

ing polycaprolactone (PCL),19–21 polylactic acid (PLA),22 

polylactic-co-glycolic acid,23 polyvinylpyrrolidone (PVP),24 

silk,25 and cellulose acetate.26 Because of the hydrophobic 

nature of curcumin, the use of hydrophobic polymers such as 

degradable polyesters is particularly attractive to achieve a 

slow and prolonged release. Among the polymer carriers that 

have remained unexplored, polydioxanone (PDO) is promis-

ing; it is a poly(ester–ether) that degrades within 6 months 

and commonly used in medical practice as a suture material. 

Its use in tissue engineering and drug delivery applications 

has been of increasing interest in the recent years.27

Despite the number of existing studies investigating the use 

of curcumin in biomaterials, the range of concentrations in the 

materials that are relevant for wound healing applications has 

been poorly explored. Relatively high amounts of curcumin 

have been incorporated in electrospun materials, as most of 

the studies carried out propose proportions of curcumin 1% 

of the polymer weight.19–22,25,28 These materials often lead 

to concentrations near or above the apoptosis threshold of 

10 μM. Although several authors claim benefits from such 

materials to stimulate repair, it is not clear why these amounts 

have been selected while data from studies carried out with 

free curcumin suggest that lower concentrations might be 

more adequate for wound healing applications.15–17

The aims of this paper were therefore to explore a wide 

range of curcumin doses incorporated in electrospun fibers 

and to assess the potential of the resulting materials for 

wound repair applications. In order to achieve these, elec-

trospun filaments loaded with various amounts of curcumin 

were created. Then, the main physicochemical properties of 

the filaments were determined, and the response of human 

fibroblasts in vitro after exposure to the different filaments 

was assessed.

Materials and methods
Preparation of the electrospinning 
solutions
Curcumin (Sigma-Aldrich Co., St Louis, MO, USA; 94% 

curcuminoid content, 80% curcumin) was added to 

1,1,1,3,3,3-hexafluoroisopropanol (HFIP; Apollo Scientific 

Ltd, Stockport, UK) at different concentrations by successive 

dilution (by 10×): 24.4, 2.44, 0.244, 0.0244, and 0.00244 mM. 

PDO (Sigma-Aldrich Co.) was then added to each solution 

at a concentration of 9% (weight to volume ratio of HFIP). 

The concentrations of curcumin were selected to correspond 

to 0%, 0.001%, 0.01%, 0.1%, 1%, and 10% weight to weight 

(w/w) ratio of PDO. The final solutions were agitated at 

room temperature on a roller for at least 24 hours to allow 

for complete dissolution of the polymer.
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Fabrication of continuous electrospun 
filaments
Electrospinning of continuous filaments was carried out using 

a thin wire as a collector according to a method described 

previously.4 Briefly, a single-nozzle electrospinning 

setup with a high-voltage power supply system (30 kV, 

SL30P30/230; Spellman, West Sussex, UK) and a syringe 

pump (World Precision Instruments Limited, Goodfellow, 

Huntingdon, UK) was used for electrospinning. The wire 

(100 μm in diameter; Goodfellow, Llangollen, UK) was 

moved underneath the nozzle at a speed of ~0.6 mm/s. The 

distance was set at 20 cm, and the average voltage applied 

was 6 kV. The filaments were collected on a spool on the col-

lection unit.4 Samples were named according to the amount 

(in %) of curcumin (C) added to the solution: C0, C0.001, 

C0.01, C0.1, C1, and C10. An overnight vacuum treatment 

was applied to the samples before use to ensure the removal 

of solvent traces. Then, the filaments were stretched manually 

to prevent deformation during further uses, annealed at 65°C 

for 3 hours, and stored in a freezer at −20°C.

Scanning electron microscopy (SEM)
Samples were mounted on aluminum stubs using carbon 

adhesive tape and were gold/palladium coated using a sputter 

coater system (SC7620 Sputter Coater Emitech, Quorum 

Technologies Ltd, East Sussex, UK). High-resolution images 

were taken using an environmental scanning electron micro-

scope (Tescan, Brno, Czech Republic). The diameters of fibers 

and filaments were measured by using ImageJ (W.S. Rasband; 

US National Institutes of Health, Bethesda, MD, USA).

Tensile properties
Specimens were tested for failure by using tensile machine 

(Strength tester Tensolab 3000; Mesdan, Puegnago del 

Garda, Italy) at a rate of 50 mm/min. The distance between 

grips was set at 5 cm. Dried samples were tested minimum 

12 hours after taking the samples out of the freezer. For test-

ing in a wet condition, the samples were soaked in phosphate-

buffered saline solution for 2 hours prior to the experiments. 

The measurements of the force at break (N) and breaking 

strain (%) were recorded, and 10 replicates were tested per 

sample type for each experimental repeat (n=2).

Differential scanning calorimetry (DSC)
DSC experiments were carried out by using a PerkinElmer 

Inc., DSC 8000 instrument (Waltham, MA, US). A flow 

of nitrogen gas was maintained over the samples to cre-

ate a reproducible and dry atmosphere and to eliminate air 

oxidation of the samples at higher temperatures; ~5 mg of 

material was placed in covered aluminum pans (the pans 

were not sealed). A covered empty pan was used as the 

reference. DSC scans were performed from 25°C to 140°C 

with a heating rate of 10°C/min. The sample was held for 

2 minutes at 140°C and then cooled from 140°C to 25°C at 

a rate of 10°C/min. A reheating scan was then performed 

with the same settings. The crystallinity was calculated as 

follows: X(%) = H
f
/H

f
100%*100, where H

f
 is the measured 

heat of fusion (J/g), H
f
100% is the theoretical heat of fusion of 

a 100% crystalline material, which was calculated as being 

141.2 J/g for PDO.29

Fourier transform infrared (FTIR) 
spectroscopy
The surface chemistry of the filaments was analyzed by using 

an FTIR spectrometer (Spectrum 100 FT-IR; Perkin Elmer) 

equipped with an attenuated total reflection. Each spectrum 

was acquired with a resolution of 4 cm−1 by an accumulation 

of 128 scans, and the signal was measured in a range between 

400 and 4,000 cm−1.

Curcumin release in vitro
In order to compare the amount of curcumin released after 

24 hours from the different filaments, 1 cm of each sample 

(12 replicates) was incubated in 100 μL of culture medium 

(fibroblast growth medium [FGM]; Lonza, Basel, Switzerland) 

at 37°C. After 24 hours, the medium was removed and 

analyzed directly by using liquid chromatography–mass 

spectrometry (LC-MS). A standard curve was established 

by successive dilution of a curcumin–dimethyl sulfoxide 

(DMSO) stock solution in medium.

LC-MS analysis for identification and 
quantification of curcumin
The LC-MS protocol used in this study was modified from 

an existing protocol.30 Chromatographic separation of cur-

cuminoids and metabolites was performed with an LC 1200 

series system (Agilent Technologies, Santa Clara, CA, USA), 

which consisted of a Binary Pump SL and Hi-P-Autosampler 

(with injection volume of 2 μL). Elution was achieved with 

an Agilent Poroshell 120 EC-C8 column (2.1×50 mm, with 

a particle size of 2.7 μm). The mobile phases consisted of 

10 mM ammonium acetate with 0.1% (volume to volume 

ratio) formic acid in water (A) and of pure acetonitrile (B). 

A linear gradient was applied as follows with a flow rate of 

0.25 mL min−1: 0–3 minutes, 20% B; 3–10 minutes, 85% B; 

11.5–15 minutes, 20% B, with a total run time of 15 minutes. 
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The concentrations of curcumin released in the medium (see 

“Curcumin release in vitro” section) were quantified by using 

a calibration curve established from known concentrations of 

curcumin in DMSO. The confirmation of the identity of cur-

cumin was obtained by using a 6,460 triple-quadrupole mass 

spectrometer (Agilent Technologies) equipped with an Agilent 

Jet Stream electrospray ionization ion source operating in 

negative mode. A product ion scan was employed for the con-

firmation of the compound, which was identified at m/z 149. 

The acquisition parameters were as follows: collision energy 

(CE), 12 V; fragmentor voltage, 110 V; MS scan range from 

50 m/z (minimum) to 500 m/z (maximum); drying N
2
 tempera-

ture, 300°C; gas flow, 7 L min−1; nebulizer pressure, 15 psi; 

sheath gas temperature, 350°C; sheath gas flow, 10 L min−1; 

capillary voltage, 2,000 V; nozzle voltage, 1,000 V.

Cell culture
Normal human dermal fibroblasts (NHDFs) isolated from 

two donors were purchased from Lonza. The cells were 

thawed and cultured according to the manufacturer’s instruc-

tions. Briefly, the cells were seeded in tissue culture flasks 

(treated polystyrene; Corning, New York, NY, USA) with 

FGM (Lonza), which contains 10% fetal bovine serum 

(Lonza), 0.5% human fibroblast growth factors (Lonza), 0.5% 

insulin (Lonza), and 0.5% GA-1000 (Gentamicin sulfate and 

amphotericin-B; Lonza). The cells were cultured at 37°C in a 

humidified 5% CO
2
 incubator. At 80% confluence, they were 

trypsinized and seeded in well plates for experiments.

Cell experiments
For proliferation and metabolic activity assays, NHDFs were 

seeded at 1×104 per well in 96-well plates and were allowed 

to attach for 24 hours prior to the experiments. Filaments, 

cut in pieces of 1 cm (equivalent to ~0.13 mg in average), 

were sterilized for 20 minutes under ultraviolet lights before 

being added to the plates. In order to simulate oxidative stress 

conditions, the cells were cultured in the presence of 50 μM 

H
2
O

2
 (hydrogen peroxide; Kemika, Zagreb, Croatia) to pro-

vide oxidative stress conditions. Preliminary work showed 

that this concentration was less than the IC50 but significantly 

reduced the metabolic activity of NHDFs.

Cell proliferation
The proliferation of NHDFs in the presence of the filaments 

was determined with the 5-bromo-2′-deoxyuridine (BrdU) 

colorimetric assay, which was performed according to the 

manufacturer’s instructions (Sigma-Aldrich). Briefly, the BrdU 

was added to each well for 4 hours prior to the end time point 

to allow DNA incorporation. Next, the supernatant with the 

filaments was removed, and the cells were washed twice with 

Hanks solution. Then, the cells were fixed for 30 minutes with 

FixDenat solution. Subsequently, the anti-BrdU-peroxidase 

(1:100) was added to each well and incubated at room tem-

perature for 90 minutes. After removing the unbound antibody 

conjugate, 100 μL of the substrate solution was added and 

allowed to stand for 5 minutes. The reaction was quenched 

by adding 25 μL of 1 M H
2
SO

4
 solution. The absorbance was 

directly measured at 450 nm with a reference wavelength 

of 690 nm by using an ELISA plate reader (Multiskan EX; 

Thermo Fisher Scientific, Waltham, MA, USA).

Cell metabolic activity
Cell metabolic activity was measured by using the MTT 

assay (EZ4U; Biomedica, Vienna, Austria) according to the 

manufacturer’s instructions.31 Briefly, the medium in each 

well was replaced by 100 μL of Hanks solution (pH =7.4). 

Dye solution in volume of 20 μL was added to each well and 

incubated for 2 hours at 37°C. The absorbance was measured 

directly at 450 nm with a reference wavelength of 620 nm 

using an ELISA plate reader (Multiskan EX; Thermo Fisher 

Scientific).

In vitro wound healing assay 
(scratch test)
The cells were seeded in 12-well plates at a density of 1×105 

cells per well and were cultured for 24 hours to allow for 

adhesion. A scratch was gently introduced in the center of 

the cell monolayers using a sterile 1,000-μL pipette tip. 

The medium was replaced to remove the cell debris, and a 

filament (10 cm) placed in a cell crown insert was fitted into 

the scratch area. The cells were incubated in the presence of 

50 μM H
2
O

2
. Cell spreading in the gap area was analyzed 

by using ImageJ (W.S. Rasband; US National Institutes of 

Health) using photographs taken over a period of 3 days.

Catalase activity analysis
The cells were seeded in 12-well plates at a density of 1×105 

cells per well and were cultured for 24 hours to allow for 

adhesion. A length of 10 cm of each filament was then 

placed in each well (triplicates), and the cells were incu-

bated for another 24 hours in the presence of 50 μM H
2
O

2
. 

The catalase activity was then measured by the modified 

method of Goth.32 For catalase activity assay, 40 μL of cell 

lysate was mixed with 65 mM H
2
O

2
 for the start of the reac-

tion. Different dilutions of H
2
O

2
 (0–75 mM) were used for 

standards. The reaction was stopped after 5 minutes by the 

addition of 100 μL of 200 mM ammonium molybdate, and 

color development was measured in a plate reader at 450 nm. 
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One unit of catalase activity is defined as the amount of 

enzyme needed for the degradation of 1 μmol of H
2
O

2
/min 

at 25°C. Catalase activity is expressed in graphs as values 

relative to control (CTRL) (no-filament control).

Determination of glutathione (GSH) 
levels
GSH levels were measured on the same samples as those 

used for the catalase test. The intracellular GSH content was 

measured by the modified protocol described by Tietze.33 

Briefly, the samples were diluted to 0.03 mg/mL of protein, 

and 150 μL of each sample was used for the assay. Reduced 

GSH in serial dilutions (0–20 mg/mL) was used as a standard. 

Reaction was started by the addition of freshly prepared reac-

tion mix: 1.8 mM 5,5-dithio-bis-2-nitrobenzoic acid, 0.4 U 

GSH reductase, and 0.6 mM nicotinamide adenine dinucle-

otide phosphate in phosphate buffer (100 mM NaH
2
PO

4
 and  

5 mM EDTA, pH 7.4). The formation of 2-nitro-5-thiobenzoic 

acid was monitored in a plate reader at 450 nm. GSH con-

centration in cell lysates is expressed in graphs as values 

relative to CTRL.

ROS assay
The ROS measurement is based on the intracellular oxidation 

of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) 

to 2′,7′-dichlorofluorescein.34 For ROS measurements, the 

cells were seeded in white 96-well plates at a density of 

1×104 cells per well and were left for 24 hours to allow for 

adhesion. The medium was then replaced by fresh medium 

with 50 μM H
2
O

2
, and a length of 1 cm of each filament 

was then placed in each well (triplicates). After incubation 

for 24 hours, the medium was removed, and the cells were 

rinsed with Hanks solution. Following this step, the cells 

were preincubated with 200 μL of Hanks solution contain-

ing 10 μM DCFH-DA at 37°C for 60 minutes. Then, the 

cells were treated with 50 μM H
2
O

2
. Fluorescence was 

measured before treatment and 50 minutes after treatment 

by using a Cary Eclipse Fluorescence Spectrophotometer  

(Varian Medical Systems of Palo Alto, CA, USA) with 

excitation at 500 nm and emission detection at 530 nm.

Statistical analysis
Statistical analysis was performed by using GraphPad Prism 

software (Version 7; GraphPad Software, Inc., La Jolla, CA, 

USA). Data were expressed as means with standard devia-

tions. The results were analyzed using one-way analysis of 

variance with significance set at P0.05.

Results and discussion
Filament preparation
PDO filaments loaded with various amounts of curcumin were 

successfully prepared by electrospinning, as shown in Figure 1.  

Figure 1 Curcumin incorporation in PDO electrospun filaments.
Notes: (A) Curcumin molecular structure, (B) curcumin powder, (C) sketch representing the electrospinning process using a thin wire to collect the continuous filaments 
(orange), (D) gross appearance of the filaments showing the gradient of colors resulting from the different amounts of curcumin incorporated in the electrospinning solution: 
0%, 0.001%, 0.01%, 0.1%, 1%, and 10% (weight to weight ratio of PDO).
Abbreviations: PDO, polydioxanone; HV, high voltage.
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Curcumin is a hydrophobic molecule, which consists of two 

phenol groups connected by two α,β-unsaturated carbonyl 

groups as shown in Figure 1A. The powder, which has a yellow-

orange color (Figure 1B), was easily dissolved in HFIP. Its addi-

tion to the PDO solution did not influence visibly the spinning 

process (sketched in Figure 1C) and did not affect the average 

voltage applied, which remained at ~6 kV for all experiments. 

The resulting filaments display similar dimensions (width: 0.3 

mm; thickness: 0.1 mm) and show a gradual change in color as 

the concentration of curcumin increases (Figure 1D).

Although the possibility of electrospinning flat meshes 

loaded with curcumin was demonstrated with various polymers 

(see the “Introduction” section), this is the first time that pure 

PDO has been used as a carrier and that curcumin-enriched 

materials have been produced in the form of long continuous 

filaments. It is also worth noticing that the detachment of 

the material from the collecting surface (wire) is performed 

without any solvents. This is possible because the surface of 

contact between the material and the wire is small and because 

the mesh produced on the wire is made of a strong, intercon-

nected fibrous network.4 It can therefore be assumed that no 

leaching of curcumin occurs during the detachment step.

Morphology of the filaments
Figure 2 shows the microscopic images of the filaments 

loaded with different amounts of curcumin. The fibrous 

morphology was maintained for all samples, but more 

bridges and merged fibers were observed at the concentra-

tions of curcumin of 1% and 10%. As shown in Table 1, the 

average diameter of the electrospun fibers remains ~2 μm for 

concentrations 0.1% but significantly decreases at higher 

concentrations, reaching values of 1.6±0.6 μm (significantly 

different to 0.1%, P0.001) and 1.1±0.6 μm (significantly 

different when compared to all the groups, P0.001) at 1% 

and 10% of curcumin, respectively.

Similar observations were found in the literature. For 

instance, the average diameter of PVP fibers was decreased 

following the incorporation of curcumin.24 The  same  

Figure 2 SEM images of PDO electrospun filaments loaded with various amounts of curcumin.
Notes: (A) 0%, (B) 0.001%, (C) 0.01%, (D) 0.1%, (E) 1%, (F) 10% (percent weight to weight ratio of PDO). Scale bars represent 20 μm; magnification 3,000×.
Abbreviations: PDO, polydioxanone; SEM, scanning electron microscopy.

Table 1 Average diameters of electrospun fibers observed in the 
different filaments

% curcumin (w/w) 0 0.001 0.01 0.1 1 10

Diameter (μm) 1.8±0.7 1.9±0.6 1.9±0.9 2.1±0.9 1.6±0.6 1.1±0.6

Note: Data presented as mean ± SD.
Abbreviation: w/w, weight to weight.
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was observed for PLA22 and for poly(ε-caprolactone)-

poly(ethylene glycol)-poly(ε-caprolactone) fibers.35 It 

was shown that the incorporation of curcumin actually 

increases the conductivity of electrospinning solution, 

thereby enhancing the thinning of the spinning jet and 

decreasing the fiber diameter.22

Mechanical, chemical, and thermal 
properties of filaments
Mechanical properties
Figure 3A and B shows the mechanical properties of 

filaments. Both the maximal force (force at break) and 

the maximum elongation (elongation at break) increase 

significantly at the concentrations of curcumin 1%. 

The strength increases by a third while the elongation is 

doubled. No significant difference was observed between 

the dry and wet tests. This increase in both strength and 

elongation might be explained by the reduction in fiber 

diameter observed for 1% and 10% and the more intercon-

nected network of fibers (due to a higher number of bridges 

and crossings).

Surface chemistry
Figure 3C shows the spectra of the different filaments. 

Characteristic bands of pure curcumin (see Figure S1) are 

observed at 3,510 cm−1 (O–H stretching of the phenol group), 

1,599 cm−1 (aromatic C=C stretching), and 1,501 cm−1 (C=O 

stretching, C–C=O bending).36 The main characteristic 

bands of pure PDO (Figure 3C, Curve a) are observed at 

2,927 cm−1 (C–H stretching), 1,734 cm−1 (C=O stretching 

of ester groups), and 1,429 cm−1 (C–H bending).37

After incorporation of curcumin in PDO, the typical 

O–H absorption bands of curcumin were not observed in 

the filament spectra spectrum. This could be attributed to 

the formation of intermolecular hydrogen bonding between 

O–H of curcumin and C=O of PDO. The effect of add-

ing curcumin in the PDO matrix is best seen in the region 

1,500–1,600 cm−1 although it is difficult to detect 10%. 

In C10, the bands at 1,588 cm−1 and 1,518 cm−1 found in 

the FTIR spectra correspond to the bands observed in pure 

curcumin at 1,599 cm−1 and 1,501 cm−1, respectively. This 

shift may reveal hydrophobic interactions between curcumin 

and PDO, such as C=C interactions. These hydrophobic 

Figure 3 Mechanical, chemical, and thermal properties of PDO electrospun filaments loaded with various amounts of curcumin.
Notes: (A) Maximum force, (B) maximum elongation (black and white squares: dry test, white: wet test), ***P,0.001. (C) FTIR spectra of PDO electrospun filaments 
loaded with various amounts of curcumin: a. 0%, b. 0.001%, c. 0.01%, d. 0.1%, e. 1%, and f. 10%, (D) DSC curves of PDO electrospun filaments loaded with various amounts 
of curcumin (heating): a. 0%, b. 0.001%, c. 0.01%, d. 0.1%, e. 1%, and f. 10%.
Abbreviations: DSC, differential scanning calorimetry; FTIR, Fourier transform infrared; PDO, polydioxanone.
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interactions may have contributed to improving the strength 

of the materials at concentration 1%.

Thermal properties
Figure 3D and Table 2 show the thermal properties of 

electrospun filaments obtained from the DSC curves. The 

main differences between samples are observed for C10, as 

the onset of the melting peak appears earlier and the melt 

requires less energy than other filaments. This means that 

the polymer has become more amorphous, as shown by the 

lower crystallinity value (~26%, whereas all other samples 

have ~40%). This shows that the presence of curcumin at 

large concentrations diminishes the ability of the polymer to 

form crystalline structures, probably due to its ability to bind 

to PDO chains, as indicated by the FTIR data. It also sug-

gests that curcumin probably interacts mainly with polymer 

chains in the amorphous phase, as reported previously.38 This 

change in crystallinity might have further implications such 

as affecting the degradation properties of the material.39

Release of curcumin in culture medium
Figure 4 shows the results related to the release of cur-

cumin in culture medium. The standard curve, shown in 

Figure 4A, was validated over a concentration range of 

0.005–10 μM. Figure 4B shows the calculated concen-

trations of curcumin released from the filaments in the 

medium after 24 hours. While C0.001 led to concentrations 

below the limit of detection, C0.01 and C0.1 released cur-

cumin at concentrations ~0.01 and 0.1 μM, respectively. 

Interestingly, C1 releases curcumin at ~9 μM, and C10 

leads to concentrations ~32 μM (the sample was diluted 10×  

for measurements).

Although C0.001 is below the limit of detection 

(0.005 μM), it is expected that the filament releases curcumin 

at ~0.001 μM as it contains 10× less than that of C0.01. Future 

work with larger amount of material should help to determine 

this fact. The increase in concentration between C0.1 and C1 

is surprising (1 μM was expected, given the value of C0.01 

and C0.1), but it might be due to the significantly lower 

diameter of C1 compared with C0.1, which results in larger 

surface area and therefore faster release. The fact that C10  

is not released 10× the amount of C1 may be because the 

concentration of curcumin is near the limit of solubility, 

known to be at ~50 μM in culture medium.12 This may slow 

down the diffusion of curcumin out of the material.

It is worth noticing that the concentrations provided here 

do not take into account the degradation of curcumin that has 

occurred during the incubation period, which is a limitation. 

Curcumin is known to degrade spontaneously by autoxidation 

in culture medium.40 Although the 24 hours of incubation was 

performed in the dark, the degradation of curcumin is still 

expected.41 This makes it difficult to calculate the percentage 

of curcumin released from the fibers based on the concentra-

tions calculated. With the values available, the concentrations 

measured represent ~3% of the total amount incorporated 

Figure 4 Curcumin concentrations in culture medium after incubation of the filaments.
Notes: (A) Standard curve made by successive dilutions of a curcumin–DMSO solution of known concentration, (B) Curcumin concentrations observed in medium after 
24 hours of incubation with the different electrospun filaments (dashed line = solubility limit). For each measurement, a total of 12 samples were polled together to minimize 
the number of samples tested. Error bars represent 10% of the indicated value, which is the estimated error made on weight measurements during sample preparation.
Abbreviations: DMSO, dimethyl sulfoxide; BDL, below detection limit.

×

Table 2 Thermal characteristic of the electrospun filaments

Filament Tg (°C) Tmonset (°C) Δh (J g−1) X (%)

C0 74.8 99.2 61.6 43.6
C0.001 76.3 98.4 56.5 40
C0.01 75.7 97.9 59.9 42.4
C0.1 76.1 98.0 56.5 40
C1 75 97.5 55.5 39.3
C10 76 96.3 37.2 26.3

Abbreviations: Tg, glass transition temperature; Tm, melting temperature.
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for C0.01 and C0.1, whereas they represent 28% for C1. 

Although these relatively low percentages (compared with 

those in the literature) may indicate the potential of PDO as a 

carrier for the slow delivery of curcumin, future work should 

investigate how much has actually been degraded. Future 

work will also examine different time points to look at the 

release profiles over an extended period of time. Figure S2 

presents the preliminary data showing the release profiles 

for C0.1 and C1.

Cell metabolic activity and proliferation 
of NHDFs
NHDFs were incubated with the filaments, and Figure 5 

shows the effect of released curcumin on their metabolic 

activity (MTT) and proliferation (BrdU). The MTT results 

indicate that C0.001 and C0.01 lead to significantly higher 

values (P0.05 and P0.01, respectively) compared with 

the CTRL at Day 1. However, the values were not significant 

when compared with the filament control (C0, no curcumin). 

Only C10 was significantly different from all other samples, 

as it showed very little metabolic activity. At Day 7, the time 

by which cell populations have normally reached confluence, 

no difference was observed between samples except for C10, 

which shows no metabolic activity. Results from the BrdU 

assay showed that C0.001 leads to significantly higher values 

(P0.05) compared with CTRL at Day 1, but the increase 

was not significant when compared to C0. BrdU results also 

indicated that both C1 and C10 were significantly reducing 

the proliferation of NHDFs at both Day 1 (P0.01 and 

P0.001, respectively) and Day 7 (P0.001 for both). As 

shown in Figure 5C and D, the scratch test showed that the 

cells fill the wound area by Day 3 with filaments C0 to C0.1.  

With C1, however, despite the fact that BrdU showed inhibi-

tion of proliferation, the scratch test results indicated that the 

average gap area of ~50% observed at Day 3 was not signifi-

cantly different from lower concentrations (as reflected by the 

large standard deviation). However, C10 clearly prevented 

cell proliferation and migration in the vicinity of the filament 

(placed in the wound area) compared with the controls and 

other filaments (P0.01 at Day 3).

Although cells were not grown directly onto the materials, 

it seems clear that high concentrations of curcumin in the 

Figure 5 (Continued)
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filaments (1% and 10%) were not favorable to wound healing. 

The MTT and BrdU assays indicated that cells do not survive 

in the presence of C10, as values were close to zero at both 

Days 1 and 7. Moreover, C1 seemed to inhibit proliferation 

although it did not induce cell death. This was shown by a 

metabolic activity similar to C0 at both Days 1 and 7 (no 

significant difference), despite the low BrdU values. This 

result, together with the mixed results obtained from the 

scratch test, indicated that C1 might be at the threshold of 

being toxic for NHDFs. Therefore, although such concen-

trations might be attractive for anti-cancer therapies35 or 

antimicrobial applications,24 they are unlikely to be encour-

aging tissue regeneration. These results are consistent with 

previously published data, showing that curcumin inhibits 

cell growth or induces apoptosis in a variety of cell lines, 

including fibroblasts, at concentrations ranging from 10 to 

100 μM.12,13,42 Moreover, similar observations have been 

made with the experiments carried out with free curcumin 

(see Figure S3). It was suggested that the toxicity caused by 

high concentrations of curcumin results from a pro-oxidant 

effect leading to a large increase in ROS production.13

At low curcumin concentrations (0.001% and 0.01%), the 

filaments stimulated proliferation of NHDFs compared with 

the CTRL. However, this effect was not significant when com-

pared to the filament control C0. This means that the polymer 

itself might contribute to improve the cell metabolic activity 

and proliferation, such as by reacting with the H
2
O

2
 present in 

the medium (added to simulate oxidative stress conditions). 

Interestingly, the stimulation effect of free curcumin was 

observed to peak at ~1 μM (instead of ~0.001 and 0.01 μM 

for the filaments) in the experiments with free curcumin (see 

Figure S3B). This suggests that the polymer carrier PDO is 

efficient at protecting the curcumin from degradation and that 

slow delivery from the polymer may be more effective than 

using curcumin in free form. This may be linked to the rapid 

autoxidation of the molecule in culture medium (see “Release 

of curcumin in culture medium” section). The role played by 

the polymer will be explored in more detail in future work. 

The stimulation effect of curcumin at low concentrations has 

previously been described in the literature. For instance, it 

was shown that the application of 0.02 μM of curcumin for 

24 hours significantly increased the proliferation of 3T3-L1 

preadipocytes.16 In a different study, a concentration of 

0.5 μM curcumin was effective to induce the proliferation of 

embryonic neural progenitor cells.15 Low doses of curcumin 

(0.1, 0.5, and 1 µM) were also shown to stimulate the pro-

liferation of spinal cord neural progenitor cells.17 In a recent 

in vivo study, it was shown that electrospun mats made of PCL 

loaded with 0.5% curcumin significantly increased the rate of 

wound closure in a mouse compared with a control PCL mat.43 

However, the biological response to curcumin concentrations 

varies largely between animal and human cells.44

It is important to note that, in this study, NHDFs were 

incubated with the filaments and not actually grown on 

the material. Further work should also investigate whether 

culturing cells directly onto the materials may affect the 

Figure 5 Response of NHDFs grown with the curcumin-loaded filaments.
Notes: (A): Relative absorbance (relative to CTRL) measured for the MTT assay after 1 day (left) and 7 days (right) of culture. (B) Relative absorbance measured for the 
BrdU assay after 1 day (left) and 7 days (right) of culture. Magnification 10×. (C) Cell layer observed in the scratch area after 3 days of culture in the control well (no filaments) 
and in wells with the filaments C0.1, C1, and C10. (D) Wound area closure over time of culture. All the experiments were performed in the presence of 50 μM H2O2. Error 
bars represent standard deviations (n=4, samples in triplicate, *P0.05, **P0.01, ***P0.001).
Abbreviations: BrdU, 5-bromo-2′-deoxyuridine; CTRL, control; NHDFs, normal human dermal fibroblasts.
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concentration at which curcumin induces apoptosis and 

stimulates proliferation. In particular, it has been suggested 

that curcumin might concentrate at the material surface or 

in the cell membrane in contact with the material rather than 

being released into the medium.45

Antioxidant activity
As shown in Figure 6A and B, there was no significant change 

in catalase activity and GSH content between the CTRL and 

the filaments C0 to C1. However, both tests showed signifi-

cantly higher values for C10 compared with the control and 

the other filaments (except for C0 and C0.1 for the catalase 

assay). Furthermore, as indicated in Figure 6C, a significant 

reduction in ROS production was observed for C1 and C10 

compared with the other samples.

These results suggest that the oxidative levels induced 

by curcumin released from C10 stimulated the antioxidative 

defense mechanisms of NHDFs. However, the increases 

in catalase activity and GSH content were not sufficient to 

protect the cells, as shown by the low values of MTT and 

BrdU assays, indicating cell death (see Figure 5A–D). In 

terms relative to the number of cells, levels of ROS caused 

by C10 are actually much higher compared with all other 

filaments (5× when using MTT values), indicating a high 

level of oxidative stress that could not be overcome with 

increased catalase and GSH. Considering this, these results 

are consistent with the existing data showing that concentra-

tion of curcumin 10 µM induces ROS.12–14 Moreover, it is 

worth noting that ROS are known to react rapidly with other 

molecules such as lipids, which could lead to more stable 

signaling molecules further affecting cell growth.31

In the present study, no evidence was showed that cur-

cumin contributes to the antioxidant defense system as a 

radical scavenger molecule. Future work will investigate 

the effect of curcumin-loaded filaments on the activi-

ties of redox-sensitive transcription factor (eg, nuclear 

factor kappa-light-chain-enhancer of activated B cells, 

nuclear factor erythroid 2-related factor 2, and peroxisome 

Figure 6 Antioxidant/oxidant markers observed in NHDFs cultured with the filaments.
Notes: (A) Catalase activity, (B) GSH content, (C) relative fluorescence unit reflecting ROS content. All the experiments were performed in the presence of 50 μM H2O2. 
Error bars represent standard deviations (n=4, samples in triplicate, *P0.05, ***P0.001).
Abbreviations: CTRL, control; GSH, glutathione; NHDFs, normal human dermal fibroblasts; ROS, reactive oxygen species.
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proliferator-activated receptor gamma) on which curcumin 

has been shown to have an effect,46–48 as well as on the 

content in lipid peroxidation products (such as acrolein and 

4-hydroxynonenal).

Conclusion
More care should be taken when determining the con-

centration of curcumin to incorporate into a biomaterial. 

Crucial considerations include the intended application, the 

targeted tissue, and the properties of the implant (eg, size, 

shape, porosity, and specific surface area). In particular, it 

is important to ensure that the amount of curcumin released 

in the surrounding environment (tissues and body fluids) 

does not reach the apoptosis threshold following the material 

implantation.

In this paper, we have explored a wide range of cur-

cumin concentrations incorporated into PDO and assessed 

the potential of the resulting materials for soft tissue repair 

applications. PDO is a degradable polymer commonly used 

in medical and dental applications as suture material, and 

its use as a drug carrier is of increasing interest. PDO fila-

ments were prepared with various amounts of curcumin: 0%, 

0.001%, 0.01%, 0.1%, 1%, and 10% (w/w ratio). The results 

from the present study showed that, although high concentra-

tion of curcumin (1% and 10%) might be attractive for their 

better mechanical properties, they inhibit the proliferation of 

NHDFs or cause apoptosis. This was confirmed by the con-

centrations found in the medium after 24 hours of incubation, 

which are near or above the toxicity threshold of curcumin. 

Filaments with 10% curcumin were also shown to increase 

the catalase activity and GSH content, indicating the presence 

of higher amounts of ROS, a result of curcumin’s toxicity. 

At lower concentrations (0.1%), curcumin had no effect on 

the physicochemical properties of the filaments. However, 

the lowest concentrations (0.001% and 0.01%) stimulated 

both the metabolic activity and the proliferation of NHDFs 

compared with the CTRL.

Overall, these findings suggested that PDO filaments 

loaded with low amounts of curcumin, in particular 0.01%, 

are more promising materials for stimulating tissue repair 

than those loaded with high concentrations. This paper also 

indicated the potential of PDO as a drug carrier in the context 

of tissue repair applications, given the slow release and small 

amounts of curcumin needed to stimulate cell proliferation. It 

highlighted the need to explore lower concentrations for other 

polymers, in particular those similar to PDO, such as those with 

PCL and other degradable polyesters. Moreover, additional in 

vitro work studying the behavior of cells grown directly onto 

the materials and future in vivo studies using relevant animal 

models should help to confirm the most relevant range of 

curcumin concentrations for soft tissue repair applications.
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Supplementary materials

Figure S1 FTIR spectrum of curcumin.
Abbreviation: FTIR, Fourier transform infrared.

Figure S2 Amount of curcumin released in culture medium (in percent of the total amount incorporated) from C0.1 and C1 filaments, over up to 72 hours.
Notes: For each measurement, a total of 12 samples were polled together to minimize the number of samples tested. Error bars represent 10% of the indicated value, 
which is the estimated error made on weight measurements during sample preparation. These results do not take into account the amounts of curcumin that might have 
been degraded in the medium over the incubation and storage periods (C1 is only reaching 21% instead of the previously observed average of 28%) and must therefore be 
considered carefully.

Figure S3 Response of NHDFs grown with free curcumin for 24 hours.
Notes: (A) Relative absorbance (relative to control: 0 μM curcumin, 0 μM H2O2) measured for the MTT assay. (B) Relative absorbance measured for the BrdU assay. 
Dilutions were made from a stock solution of 25 mM of curcumin in DMSO, and all the experiments were performed in the presence of 50 μM H2O2. Error bars represent 
standard deviations (n=4, samples in triplicate).
Abbreviations: BrdU, 5-bromo-2′-deoxyuridine; DMSO, dimethyl sulfoxide; NHDFs, normal human dermal fibroblasts.
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