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Abstract 

Curcumin (CUR) has been shown to possess significant anti-inflammatory properties and significant 

wound healing potential. Additionally, lignin (LIG) is a renewable biomacromolecule with well-known 

antioxidant and antimicrobial properties, which makes this biomacromolecule a good candidate to 

be included in medical materials, such as wound dressings. Although many of the wound dressings 

used at present have interesting features, some are limited in terms of antibacterial properties. To 

address these limitations, in the present work, both CUR and LIG were combined with 

poly(caprolactone) (PCL), a biocompatible polymer, to obtain dressings with antioxidant and 

antimicrobial properties for wound healing treatment. Moreover, D-Panthenol (DPA) was included in 

the composite materials formulation due to its skin regenerative ability by enhancing epidermal 

differentiation. Semi-solid extrusion (SSE) 3D printing was used to manufacture wound dressings 

without the use of any solvents. 3D-printed dressings provided a sustained DPA and CUR release for 

periods of up to 4 and 35 days, respectively. A DPPH (2,2-diphenyl-1-picrylhydrozyl) assay was 

performed confirming that the presence of LIG and CUR provided antioxidant properties to the 3D-

printed dressings. Additionally, these 3D-printed materials showed a marked resistance to 

adherence of Staphylococcus aureus when compared to the PCL control 3D-printed samples, 

resulting in substantial reductions of up to 89.9% and 98.9% after incubation periods of 4 h and 24 h 

respectively. Although, all of the 3D-printed materials were able to provide a supportive 

environment for cellular attachment, viability and growth, the combination of both bioactive 

compounds CUR and DPA exhibited the most significant values for cell viability and proliferation. In 

vivo wound healing study performed in Wistar rats showed that dressings containing these novel 

two compounds CUR and DPA exhibited marked improvement at any stage of the treatment 

process. Finally, histological examination revealed that dressings loaded with CUR and DPA also 

showed the best outcomes for all the evaluated parameters: (i) epithelisation, (ii) inflammatory 

reaction, (iii) proliferation rate of fibroblast and (iv) neoangiogenesis.  

 

Keywords: Bioactive materials, 3D printing, Antimicrobial dressings, Sustained release, Curcumin, D-

Panthenol. 
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1. Introduction  

The interest in 3D printing (also known as additive manufacturing) for pharmaceutical and 

biomedical applications has increased significantly during the last decade [1,2]. A wide variety of 

formulations and medical devices have been prepared using 3D printing technology such as: tablets 

[3–5], capsules [6], suppositories [7], wound dressings [8,9] surgical instruments [10,11] or 

implantable devices [12–14] among many others. 3D printing is an umbrella term that includes a 

wide variety of techniques [15]. Recently, one of these techniques, semi-solid extrusion (SSE) (also 

known as robocasting) has gained attention for its potential pharmaceutical and biomedical 

applications [16,17]. This technology is used to combine polymers and drugs in a simple way that 

does not require the preparation of drug loaded filament [5,18,19] and can be used to load relatively 

high drug loadings [20,21]. A potential area of application of robocasting is the preparation of wound 

dressings [22].  

One of the critical needs for wound dressings is to accelerate wound healing while preventing 

bacterial infection. The use of wound dressings loaded with antimicrobial compounds has been 

gaining attention [23,24]. Therefore, 3D printing can be used to prepare personalised wound 

dressing with antimicrobial properties. Additionally, it has been reported that antioxidant 

compounds contribute to controlling oxidative stress in wounds, accelerating their healing [25,26]. A 

large selection of antioxidant molecules can be found in nature, two such compounds being lignin 

(LIG) and curcumin (CUR). Interestingly, these two compounds present both antioxidant and 

antimicrobial properties [27,28]. 

LIG is a natural polymer that can be found in vascular plants [29]. This biopolymer provides 

mechanical and chemical protection to the plants [28,30]. Additionally, LIG has been reported to 

present antimicrobial and antioxidant properties [31–35]. Therefore, LIG has potential to be used in 

wound healing applications. This is particularly interesting considering its availability as after 

cellulose, LIG is the second most abundant polymer on the planet [29,36]. This product is a by-

product of paper manufacturing and normally is used as energy source or simply treated as a waste 

[37,38]. Despite these properties, less than 2% of the total production of LIG is used to prepare 

products [37,39,40]. Therefore, there is a clear need of finding alternative uses for LIG. In recent 

years, researchers have been working on preparing a wide variety of materials containing LIG for 

biomedical applications [32,35,41–43].  

CUR is a natural molecule that can be found in turmeric (Curcuma longa) [44]. CUR present similar 

properties to LIG as it is an antioxidant, anti-inflammatory and antimicrobial compound [45]. 

Additionally, CUR has wound healing properties [45]. In addition to CUR and LIG, there are other 
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compounds that could be highly beneficial for wound healing such as D-Panthenol (DPA). This 

molecule improves epidermal regeneration by boosting lipid synthesis, epidermal differentiation and 

promoting human skin fibroblast proliferation [9,46,47] while providing a moisturising effect to the 

skin [46,48].  

In this work we propose the use of LIG, CUR and DPA combined with poly(caprolactone) (PCL), thus 

maximising the effect of the formulations to prepare 3D-printed wound dressings by using SSE 3D 

printing technology. The resulting implants were characterised through multiple techniques such as 

Fourier transform infrared (FTIR) spectroscopy, thermal analysis, X-ray diffraction (XRD) and 

optical/electronic microscopy. Subsequently, the release of CUR and DPA from the wound dressings 

was evaluated. Moreover, the biocompatibility, antimicrobial and antioxidant properties of the 

resulting materials were evaluated. Finally, the efficacy of the 3D-printed wound dressings was 

evaluated using a rat animal model. The results presented in this work highlights a potential area of 

exploitation for LIG-based materials. PCL has been used in the past for the preparation of 3D-printed 

wound dressings [23,24]. However, to the best of our knowledge, this is the first work describing the 

combination of LIG/CUR/DPA for wound healing applications. 

 

2. Materials and methods 

2.1. Materials 

Two different forms of PCL, CAPA™ 6506 (MW = 50 000 Da, i.e., high molecular weight), henceforth 

referred to as H-PCL, and CAPA™ 2054 (MW = 550 Da, i.e., low molecular weight), henceforth 

referred to as L-PCL, were both provided by Perstorp (Malmö, Sweden). LIG sample (BioPiva 190) 

was a softwood kraft LIG acquired by UPM (Helsinki, Finland). Both CUR (95%) and DPA (≥98%) were 

purchased from Alfa Aesar by Thermo Fisher Scientific (Lancashire, UK). Tween 80 (reagent grade) 

and phosphate-buffered saline (PBS) tablets to prepare PBS solution (pH 7.0) were both obtained 

from VWR (Lutterworth, UK). DPPH (2,2-diphenyl-1-picrylhydrazyl) was provided by Sigma Aldrich 

(Dorset, UK). Additionally, L-ascorbic acid E300 (ultrafine) was provided by DSM (Heerlen, the 

Netherlands). All materials and reagents were used as received. Tryptone soya broth (TSB), quarter-

strength Ringer’s solution (QSRS) and Mueller-Hinton (MH) broth were obtained from Oxoid Ltd 

(Hampshire, UK). Staphylococcus aureus NCTC 10788 was maintained in glycerol at -80°C and 

cultivated in MH broth at 37 °C and at 100 rpm when required for the microbiological assessments.  

2.2. 3D-printed wound dressings design and manufacture 
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Wound dressings were designed using computer-aided design (CAD) software and printed using a 3D 

bioprinter (Bioscaffolder 3.2, GeSiM) (Radeberg, Germany). Prior to the printing process, all of the 

formulations used for the manufacture of these 3D-printed materials were prepared. For this 

purpose, a mixture of H-PCL/L-PCL (60%/40% w/w) was selected as the main polymer matrix and 

combined with the rest of the compounds (LIG, CUR and DPA) in the defined proportions shown in 

the Table 1 by using the SpeedMixer™ DAC 150.1 FVZ-K (Hauschild GmbH & Co. KG, Westfalen, 

Germany) at 3500 rpm for 5 min. Moreover, the abovementioned ratio of H-PCL/L-PCL was chosen 

due to its 3D printing suitability, when up to 20% of bioactive compounds are loaded in the PCL-

based matrix, as previously reported [20,21]. Then, the formulations were placed into the metal 

cartridge of the 3D bioprinter, ready to be printed. The 3D BioScaffolder system was equipped with a 

0.5 mm nozzle. The print speed used to 3D print the wound dressings (circular meshes of 10 mm 

diameter) was 10 mm/s, the print temperature used was 60 °C and the layer height and strand 

distance were 0.25 mm and 1.4 mm, respectively. Moreover, discs (circles of 13 mm diameter) were 

designed and 3D-printed to characterize the 3D-printed materials. For this purpose, the strand 

distance was set at 0.65 mm, the rest of the parameters remained the same. 

Table 1. Wound dressing formulations. 

Formulations 

PCL mixture (%) 

H-PCL (60%)/L-PCL (40%) 

LIG (%) CUR (%) DPA (%) 

PCL 100 - - - 

10% LIG 90 10 - - 

5% CUR 85 10 5 - 

5% DPA 85 10 - 5 

5% CUR_5%DPA 80 10 5 5 

2.3. 3D-printed wound dressings characterisation  

2.3.1. Microscopy 

The surface morphology of the designed 3D-printed samples was evaluated by using scanning 

electronic microscopy (SEM) (Hitachi TM3030; Tokyo, Japan) and a Leica EZ4 D digital microscope 

(Leica, Wetzlar, Germany). Moreover, the SEM micrographs were analysed using the imaging 

software ImageJ® (National Institutes of Health, Bethesda, USA) in order to measure the pore size of 

the different 3D-printed samples. 
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2.3.2. Fourier Transform Infrared (FTIR) Spectroscopy 

The FTIR spectra of the 3D-printed samples and the pure compounds were recorded using a 

Spectrum Two™ instrument (Perkin Elmer, Waltham, MA, USA) by the attenuated total reflectance 

(ATR) technique to evaluate if any interactions had taken place between the different drugs and 

polymeric compounds. For this purpose, the resulting spectra were recorded at a room temperature 

from 4000 to 600 cm− 1 with a resolution of 4 cm−1 and a total of 32 scans were collected. 

2.3.3. X-ray diffraction (XRD) analysis 

The crystalline structure of the 3D-printed samples was evaluated by XRD analysis. This assay was 

carried out using MiniFlex II Dekstop Powder X-ray diffractometer (Rigaku Corporation, Kent, UK). 

The test conditions were set to be Cu Kβ XRD source, accelerating voltage 40 kV, acceleration 

currency 15 mA, scan rate 2.0°/min, scan step 0.03° and scan range 5-60° 2Ɵ (2 theta) at room 

temperature [49]. 

2.3.4. Thermal analysis 

Thermal properties of the 3D-printed materials, pristine polymers and the pure drugs were 

evaluated by performing thermogravimetric (TGA) and differential scanning calorimetry (DSC) 

analyses. As the materials were subjected to moderate temperatures (60 °C) during the 3D printing 

process, the thermal behaviour of the polymer mixtures, with and without drug molecules, were 

examined. For this purpose, small pieces of the 3D-printed materials (between 3 and 10 mg) were 

used. TGA was performed using a Q50 Thermogravimetric analysis (TA instruments, Bellingham, WA, 

USA). Samples were heated at a rate of 10˚C/min from room temperature to 500˚C under a nitrogen 

flow rate of 40 mL/min. Additionally, a Q20 differential scanning calorimeter (TA instruments, 

Bellingham, WA, USA) was used to evaluate drug-polymer interactions and establish if CUR formed 

an amorphous dispersion after mixing with the polymer matrix. For this purpose, CUR powder and 

small pieces of 3D-printed materials (between 3 and 10 mg) were analysed from 30 °C to 300 °C at a 

heating rate of 10 °C/min, under a nitrogen flow rate of 50 mL/min. 

2.4. Antioxidant properties 

DPPH radical was employed to measure the antioxidant activity of 3D-printed materials based on the 

radical scavenging property of the LIG and CUR [31,35,50]. Briefly, 5 mL of a DPPH solution dissolved 

in methanol (50 mg/L) was added to the 3D-printed samples (circles of 13 mm diameter) placed in a 

vial. A control sample of 50 mg/L of DPPH in methanol was also measured. The samples were then 

incubated for 30 min at room temperature in a dark environment. At predetermined time intervals 

(15 and 30 min), 300 µL solution was collected and the vials were immediately replenished with an 
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equivalent volume of methanol. The absorbance of the different solutions was measured at 517 nm 

using a UV–vis plate reader (PowerWave XS Microplate Spectrophotometer, Bio-Tek, Winooski, VT, 

USA) (n = 4). Radical DPPH scavenging capacity was calculated using the Equation 1. 

Residual DPPH content (%) = 100 − 100 (A0 − A1/A0) (1) 

where A0 is the absorbance of the control sample and A1 is the absorbance in the presence of the 

sample at any time. Decreased absorbance of the reaction indicates a stronger DPPH radical 

scavenging activity. 

2.5. Antimicrobial properties 

The in vitro microbiological analysis was performed according to the previous published works 

[51,52]. A bacterial suspension of S. aureus (1 × 108 cfu mL−1) in PBS was diluted 1 in 100 with PBS 

containing 0.5% TSB. Replicate samples of the 3D-printed specimens (circles of 13 mm diameter) 

were placed in individual wells of a 24-well flat bottom tissue culture plate and then 1 mL aliquots of 

the bacterial suspension with a density of 1 × 106 cfu mL−1 were added, ensuring the 3D-printed 

specimens were completely covered. The plate was continuously shaken at 100 rpm in an orbital 

incubator at 37 °C for 4 and 24 h. Then, the samples were removed from the tissue culture plate 

using sterile forceps, and the non-adherent bacteria were removed by serial washing for 1 min, first 

in PBS (2 × 10 mL), and secondly, in QSRS (2 × 10 mL). After this washing step, 3D-printed specimens 

were transferred into fresh QSRS (5 mL), and then adherent bacteria were subsequently removed by 

sonicating for 15 min in an ultrasonic bath and vortexing for 30 s. The sonication technique has 

previously been demonstrated not to affect bacterial viability or morphology [53]. A viable count of 

the QSRS was performed by the Miles and Misra serial dilution technique [54], followed by plating 

onto Mueller-Hinton agar to determine the number of adherent bacteria on each 3D-printed 

specimen surface. Percentage reductions in adherence of S. aureus relative to the pristine PCL 

control were calculated. 

2.6. In vitro drug release studies 

An in vitro release study was performed to calculate the amount of drug eluting from the resulting 

3D-printed wound dressings (circular meshes of 10 mm diameter). The 3D-printed wound dressings 

were weighed and placed in watertight glass vials containing 50 mL of dissolution medium (PBS pH 

7.0 containing 0.5% w/w Tween 80 and 0.1% w/w L-ascorbic acid) to maintain sink conditions. 

Subsequently, these vials were placed in a shaking incubator of simulated body temperature 

conditions (37 °C), shaking at a rate of 40 rpm. At specific time points, the 3D-printed wound 

dressings were removed from the bottles, dried, and transferred to new bottles containing 50 mL of 
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fresh dissolution medium. The concentration of drugs was quantified using high-performance liquid 

chromatography (HPLC). 

2.7. Instrumentation and chromatographic condition for analytical method 

The analysis of CUR and DPA in the in vitro drug release studies were conducted using HPLC 

instrument (Agilent Technologies 1220 Infinity UK Ltd, Stockport, UK) with the method validated as 

per guidance from the International Committee on Harmonisation (ICH) 2005 [9]. The separation of 

analytes was carried out using an XSelect CSH C18 column (3.0 × 150 mm with 3.5 µm particle size) 

(Waters, Dublin, Ireland). The injection volume was 20 µL, the flow rate was 0.8 mL/min, with the 

analyses performed at room temperature. The mobile phase consisted of a mixture of 0.001% v/v of 

phosphoric acid in water (part A) and acetonitrile (B). A gradient condition was used to separate the 

analytes as detailed in Table 2. 

Table 2. Gradient condition for separation and simultaneous quantification of CUR and DPA. 

Time (min) A (%) B (%) Wavelength (nm) 

0-7 94 6 200 

7-12 25 75 435 

12-15 94 6 200 

2.8. Biocompatibility assays 

2.8.1. Cell culture and scaffold seeding 

Mouse fibroblast cell line (3T3-L1 ATCC CL-173) was cultured in DMEM (Sigma-Aldrich, Saint Louis, 

USA) with 17.5 mM glucose, 1% antibiotic-antimycotic (v/v) solution (Sigma-Aldrich, Saint Louis, 

USA), 4 mmol/L L-glutamine, 1.5 g/L sodium bicarbonate and supplemented with 10% foetal bovine 

serum (FBS) (v/v) (Sigma-Aldrich, Saint Louis, USA). Cells were seeded at a density of 2x10⁵ cell/cm² 

and incubated at 37 °C/5% CO₂ until they reached 80% confluence. 3D-printed scaffolds were 

sterilised with UV-253 nm for 15 min and then placed into a 24-well plate. The cells were dispersed 

with 0.25% (w/v) trypsin-0.53 mM EDTA solution, seeded on the structures at a density of 3x10³ 

cell/cm² and were finally incubated for 3 days at 37ºC/5% CO₂. 

2.8.2. Viability assessment 

Cell viability was measured by an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide) (Sigma-Aldrich, Saint Louis, USA) assay as previously described [55–57]. After 3 days of 

culture, 0.5 g/L of MTT stock solution was added to the wells containing the cells with/without a 3D-
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printed scaffold and incubated for 5 h until crystals had formed. After this stage, the wells were 

washed with phosphate buffered saline (PBS) solution (pH 7.2) and crystals were diluted with 

dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Saint Louis, USA). The absorbance was recorded at 570 

nm using a Sinergy H1 microplate reader (Agilent technologies, St, Clara, USA). The control positive 

used in this assay was fibroblast cells seeded with no tested materials, and Triton X-100 (1%) was 

used as a negative control. 

2.8.3. Lactate dehydrogenase release assay 

To assess the cytotoxic activity of scaffold evaluating the percentage of membrane 3D-printed 

scaffold cell rupture, lactate dehydrogenase (LDH) activity (Sigma-Aldrich, Saint Louis, USA) assay 

was carried out. The cells were resuspended in DMEM after a PBS wash, an amount of 50 μL of the 

cells suspensions was treated with 50 μL of 2% (v/v) Triton X-100 in PBS for 30 min at 37°C. 

Afterwards, 100 μL of lysed cell solution from each well was transferred into 100 μL LDH substrate in 

a 96-well plate. A standard curve to interpolate the LDH activity was also made, followed by a 30 min 

incubation in the dark. Absorbance measurements at 450 nm were taken following this period. 

2.8.4. Proliferation assay 

PicoGreen® (Invitrogen, Thermo Scientific, Waltham, MA, USA) assay was used to evaluate cell 

proliferation for all the 3D-printed scaffold conditions following the manufacturer’s guidelines. A 

standard curve of known DNA concentrations was made to determine DNA content. After 5 min of 

room temperature incubation, sample fluorescence was read on a Synergy H1 microplate reader 

(Agilent technologies, St, Clara, USA) with an excitation at 480 nm and emission at 520 nm. 

2.9. Wound size measurements in an animal model 

Animal studies met the corresponding International and National guidelines under the approval of 

The Committee on Ethics in Scientific Research of the Universidad Industrial de Santander (CEINCI-

UIS, approval number 4110, August 2020). A model for inflicted wounds was used to assess the 

effect of the 3D-printed dressings on the wound healing process in rats [58,59]. Healthy, adult 

Wistar albino male rats were randomly selected and divided into five groups: control group (CTRL) 

without using a 3D-printed dressing, 3D-printed dressing manufactured from PCL (PCL), PCL and 10% 

LIG (10% LIG), PCL, 10% LIG and 5% CUR (5% CUR) and PCL, 10% LIG, 5% CUR and 5% DPA (5% 

CUR_5%DPA) (Table 1). Every group had at least six animals (n ≥ 6), of which three animals were 

sacrificed at day 7 and the other three sacrificed at day 13, for wound size measurements and 

histology assay. Briefly, male adult rats were sedated with xylazine 2% (Erma laboratories, Funza, 

Colombia) and anesthetised before the procedure with ketamine 50 mg/mL (Holliday-Scott S.A., 
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Buenos Aires, Argentina). The back of the rats was shaved and cleaned, ensuring no unnecessary 

damage to the skin, and a single circular wound to a diameter of ~8 mm was made with a circular 

mould (8 mm diameter), a scalpel strip and scissors under aseptic conditions on the back of each 

animal for every experimental group. The circular skin portion was taken out, and then the 3D-

printed dressing was placed and sutured over the wound. Moreover, the single wounds and 3D-

printed dressings were protected with sterile gauze to avoid auto-mutilation, and removal of the 

dressings. The animals were placed in single cages upon surgery for recovery. A meloxicam 0.15% 

solution was given to each rat for five days as an analgesic. Food and water were given ad libitum 

and the photographic registration was made on the lapse of 13 days.  

Pictures of the wounds were taken on days 0, 7, and 13. Images were analysed, and the wound area 

was accurately calculated using densitometric analysis with the calibrated image to a set scale with 

ImageJ v. 1.53. (NIH, USA) software. The relative wound area was calculated using the Equation 2. 

% Wound size = [(Day X Wound area)/Day 0 Wound area] × 100 (2) 

where day 0 is the initial wound area and day X is the wound area at different time periods. 

2.10. Histological evaluation 

Rats of each experimental group were sacrificed by CO2 inhalation on seven and thirteen days after 

surgery. The wound dressings were gently detached, liberating the sutures to expose the healed skin 

on day 7 and 13 before analysis. The skin wounds were removed from the body and processed as 

described before [60] to histology assay. Briefly, the skin covered by new hair in the proximity of the 

wounds was shaved to avoid contamination. The tissues recollected were fixed in 10% buffered 

formalin without rinsing them in another solution (Sigma-Aldrich, Saint Louis, USA) and embedded in 

paraffin (Sigma-Aldrich, Saint Louis, USA). The biopsies were sectioned into 5 μm thick slices. They 

were stained with haematoxylin-eosin (Sigma-Aldrich, Saint Louis, USA) and examined under an 

optical microscope (Leica DM500, Wetzar, Germany). A semi-quantitative method was used to 

perform the following analyses: (i) epithelisation (measure of the keratinocytes migration to fill the 

excision), (ii) PMNL (presence of polymorphonuclear leukocytes-inflammatory cells infiltrated in the 

surrounding granulation tissue, and at the demarcation line), (iii) fibroblasts (presence of fibroblast 

in the granulation tissue and surrounding tissues), and (iv) formation of new vessels (presence of 

capillaries formed by endothelial cells in the subcutaneous and granulation tissue). The scale used to 

assess is as follows: in the epidermis (parameter i) (0 - thickness of cut edges, 1 - migration of 

epithelial cells (<50%), 2 - migration of epithelial cells (>50%), 3 - bridging of the incision, 4 - 

complete regeneration/keratinization), in the dermis or striated muscle layer (parameters ii, iii, iv) (0 
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- absent, 1 - mild surrounding tissue, 2 - mild demarcation line or granulation tissue, 3 - moderate 

demarcation line or granulation tissue, 4 - marked demarcation line or granulation tissue) [61,62]. 

Digital images were evaluated by one independent observer blinded to the treatment groups. Semi-

quantification of parameters was conducted using ImageJ v. 1.53. software (NIH, USA). 

2.11. Statistical analysis 

All quantitative data were expressed as a mean ± standard deviation, or ± standard error of the 

mean, in the case of in vivo assays. Statistical analysis was performed using a one-way analysis of 

variance with Tukey’s post-hoc. For the release study, an unpaired t-test was used to compare the 

release values of CUR from the 3D-printed dressings, when this compound was alone or in 

combination with DPA.  

3. Results and discussion 

3.1. Preparation and physicochemical characterisation of 3D-printed samples 

PCL/LIG-based wound dressing (circular meshes of 10 mm diameter) containing 5% CUR and/or 5% 

DPA were manufactured using semi-solid extrusion (SSE) technology (Figure 1), which is a 3D 

printing process that works in a similar way as fused filament fabrication (FFF). A PCL mixture 

containing both H-PCL (60% w/w) and L-PCL (40%) was used as the main polymer matrix. This PCL 

mixture has been previously used to 3D print different medical devices, showing not only excellent 

printability properties, but also the sustainability of the 3D printing technology as the use of organic 

solvents are not required [20,21]. These organic solvents, commonly employed in other 

manufacturing techniques, such as electrospinning, can be highly flammable, harmful to humans, or 

entail potential issues in disposing [20,63]. Moreover, a purified softwood kraft LIG (10% w/w) was 

added, due to its antioxidant, antimicrobial properties [43] and the capacity to sustain the release 

hydrophobic drugs [32,41]. Kraft pulping process is the predominant pulping method and thus the 

major contributor to the availability of LIG worldwide [64].  

CUR has been widely used as a wound healing agent due to its significant wound healing properties 

[44]. Additionally, DPA has found to be effective in supporting skin regeneration by enhancing 

epidermal differentiation and facilitating wound healing [65]. Moreover, DPA is a well-known 

moisturizer and can act as skin barrier enhancer [66,67]. The meshes were evaluated using a light 

microscope (Figure 1). The addition of LIG (10% w/w) provided a clear darker brown colour with 

distinctive yellow/orange notes when CUR was added (5% w/w). Furthermore, it can be inferred that 

both CUR and DPA were successfully mixed within PCL/LIG matrix. This can be corroborated by light 

microscopy images (Figure 1), which show complete homogeneity with no visible drug aggregates. 
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These results suggest that complete mixing had taken place by using a dual asymmetric centrifugal 

laboratory mixer system and the 3D printing process itself. The good miscibility between both 

polymers CUR and LIG, and PCL can be explained by their chemical structures. CUR is a molecule that 

contains two aromatic rings and two hydroxyl groups, thus hydrogen bonding might be formed 

between the polymer chains and CUR [68]. Moreover, LIG is a molecule rich in aromatic rings, which 

could potentially interacts with the ones containing in the CUR molecule [32]. The latter interaction 

has been extensively reported in the literature [69].  

 

Figure 1. Light microscope images of the 3D-printed wound dressings containing different 

proportions (w/w) of all the compounds. Scale bar is 2 mm. 

SEM was also used to evaluate the miscibility between both polymers and CUR. SEM images of the 

3D-printed samples (Figure 2) showed no visible drug crystals or aggregates on their surfaces, thus 

corroborating the previously discussed outcomes found by using the light microscope. Moreover, 

SEM was used to assess and characterise the morphology of the surface of the 3D-printed samples. 

As observed in Figure 2, the samples containing only a PCL matrix presented a smooth and quite 

homogeneous surface. However, when LIG is added, the surface of the 3D-printed samples was still 

quite homogenous (showing a good integration of the drug and the polymers), but containing a high 

porosity. The pore size ranged from 0.47 ± 0.14 µm (5% CUR samples) to 1.56 m± 0.69 µm (5% 

CUR_5%DPA samples). Although all the 3D-printed samples presented a porous surface, the ones 

containing both drugs, CUR and DPA exhibited higher pore size (p < 0.05). Surface morphology can 

be affected by the drug concentration, as has been previously reported in the literature [18]. It has 

been reported that high porosity and highly interconnected pore structures are indeed desirable 

properties for scaffolds, since these materials could mimic naturally occurring tissue structures, 

allowing cell-cell communication as well as facilitating gas and nutrient exchange for cell 

proliferation [70], and thus, contributing to enhance the final outcomes of the 3D-printed dressings.  
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Figure 2. SEM images of the surface of the 3D-printed wound dressings containing different 

proportions (w/w) of all the compounds (A). Higher magnification of the previous conditions (B). 

Scale bars are 100 µm and 30 µm, respectively. 

FTIR analysis was performed to evaluate any potential interactions between polymers and drugs 

within the samples. The obtained FTIR spectra of the different pristine compounds and 3D-printed 

samples are presented in the Figure 3A. The spectra of the pristine PCL 3D-printed samples showed 

characteristic peaks at 2942 cm−1, 2866 cm−1 and 1723 cm−1 that can be assigned to the –CH3 

asymmetric stretching, –CH3 symmetric stretching and –C=O stretching, respectively, as previously 

reported in the literature [20,71]. Moreover, the FTIR spectrum of LIG showed several characteristic 

peaks such as the one found at 1515 cm−1 that can be assigned to the vibrations of aromatic rings 

[72]. Additionally, CUR exhibited its signature peaks at 1626 cm−1 and 1602 cm−1 that can be assigned 

to the aromatic moiety C=C stretching and benzene ring stretching vibrations, respectively [73,74]. 

These characteristic peaks for both LIG and CUR can be found in the IR spectrum of 3D-printed 

samples containing these compounds. When evaluating the 3D-printed samples, no new peaks were 

found, thus these outcomes suggest that no chemical reactions took place during the mixing or 3D 

printing processes. Jo
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Figure 3. ATR-FTIR spectra (A), XRD diffractograms (B) and DSC (C) and TGA curves (D) of each of the 

3D-printed material composites containing different proportions (w/w) of all the compounds.  

Figure 3B exhibits the XRD analyses of pure CUR, pure LIG, and the different 3D-printed samples 

detailed in Table 1. The results show that all of the 3D-printed samples presented the characteristic 

peaks of PCL (21.96° and 24.26°). It was shown that no CUR peaks were distinguished from all the 

diffractograms of 3D-printed samples. These results are thus corroborating the interaction and 

inclusion of CUR within the PCL/LIG polymer matrix, which has been previously reported in Dip-

coated PCL coatings for titanium implants [75]. In order to further investigate the results obtained 

from the XRD diffractograms and evaluate the possible interactions between the polymers and 

loaded drugs, a thermal analysis was conducted. Thermal analysis was conducted to evaluate the 

possible interactions between the polymers and loaded drugs. DSC analysis showed that when CUR 

was incorporated to the PCL/LIG-based polymer matrix, the sharp and endothermic melting point of 

CUR at around 176.76 °C was not observed (Figure 3C). These results suggest that CUR is interacting 

within the PCL/LIG matrix and, thus, the crystalline form of the pure drug is converted to the 

amorphous form after been combined with the polymer matrix. Similar outcomes have been 

previously reported not only for CUR [32], but also for other types of drugs such as dipyridamole [20] 

or acetylsalicylic acid (ASA) [21]. Therefore, these results also corroborate the previously stated 

drug-polymer interactions. Furthermore, all the 3D-printed samples showed the characteristic 
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endothermic melting point of PCL at around 56°C (Figure 3C), as reported in the literature [76]. 

However, this melting point slightly changed by one degree either higher or lower than that of PCL, 

when the rest of the compounds were added to the formulations.  

To further investigate these interactions between PCL, LIG and both drugs, TGA analysis was also 

performed (Figure 3D). Prior to the analysis of the 3D-printed samples, both drugs were analysed 

using TGA to ascertain their thermal stability, as the material was subjected to a moderate 

temperature (60 °C) during the 3D printing process. As can be observed in Figure 3D, DPA and CUR 

were both stable at 60 °C. LIG showed an initial small weight loss (around 5.5% of the total weight) 

due to the water content, and after this stage the LIG began to degrade slowly from approximately 

190°C to 210°C, as reported in the literature [30,77]. Moreover, DPA is more thermolabile than CUR 

(266°C) or PCL mixture (261°C) as it started degrading at temperatures around 172°C. Thus, this 

would explain that 3D-printed samples containing DPA showed a lower Tonset (212 °C) than the blank 

(PCL mixture) 3D-printed samples. Additionally, the rest of the 3D-printed samples containing 10% 

LIG (10% LIG), and 10% LIG and 5% CUR (5% CUR) showed similar Tonset of 254°C and 257°C, 

respectively.  

3.2. Antioxidant properties of 3D-printed materials 

 Reactive oxygen species (ROS) play a crucial role in the mobilisation of the normal wound healing 

response [78]. In order to evaluate the antioxidant properties of the 3D-printed dressings, a DPPH 

assay was carried out (Figure 4). Although PCL matrix showed minimal antioxidant activity, reducing 

the DPPH concentration up to ca. 27% after 30 min, the dressings containing 10% LIG or 10% LIG and 

5% CUR were able to remarkably reduce the DPPH concentration up to ca. 71% and 74%, 

respectively, after 15 min (Figure 4). As expected, these results indicate that the presence of LIG and 

CUR gave the dressings antioxidant properties. Although the antioxidant properties of CUR have 

been previously proved in several studies  [79,80], the addition of CUR (5% w/w) did not significantly 

increase the antioxidant properties of the 3D-printed materials, thus no synergistic effect was found. 

LIG and CUR are both well-known antioxidant compounds [81,82], thus, these results are in 

agreement with those found in the literature [35,41,83,84]. Antioxidant properties may provide 

added benefit to the final wound dressing. These wound management products which are able to 

regulate this balance are a target for new therapies [82]. Additionally, LIG can be used as protective 

agent in order to prevent the degradation of the drugs loaded in the dressings, as well as to modify 

the drug release profile [41].  
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Figure 4. Residual DPPH content as a function of time for PCL/LIG-based 3D-printed dressings using 

an initial DPPH concentration of 50 mg/L.  

3.3. Antibacterial properties of 3D-printed materials 

One of the most important properties when manufacturing wound dressings, is the ability to avoid 

complications related with persistent infection which could lead to delayed wound healing [85]. 

Additionally, natural polymers such as LIG or CUR have shown enough potential as antibacterial 

agents [31,35,86], thus offering a new way to fight bacterial infection [87]. For instance, CUR has 

been already reported as an antibiotic resistance breaker against a multi-resistant clinical isolate of 

Mycobacterium abscessus [86]. Bacterial adherence to the surface of the 3D-printed samples was 

studied with the Gram-positive S. aureus as a model pathogen. Moreover, this pathogen can cause a 

wide variety of clinical manifestations [88]. Infections caused by S. aureus are common both in 

community-acquired and hospital-acquired settings [88]. Moreover, this pathogen causes the most 

medical device-related infections [89].  

3D-printed samples were tested with inoculi of S. aureus (1 × 106 cfu mL−1) over incubation periods 

of 4 h and 24 h. Percentage and logarithmic reductions in the number of adherent bacteria to each 

3D-printed sample relative to the PCL control (3D-printed samples containing only PCL) are 

presented in the Figure 5.  As noted in Figure 5A and C, 3D-printed samples containing LIG (10% LIG), 

LIG and CUR (5% CUR), and LIG, CUR and DPA (5% CUR_5%DPA) showed a marked resistance to 

adherence of S. aureus when compared to the PCL control 3D-printed samples, resulting in 

substantial reductions of up to 88.8%, 89.9% and 86.9% after 4 h and 96.6%, 98.9% and 93.6% after 

24 h of incubation periods (p < 0.05), respectively. Nevertheless, no significant differences were 

found between all the loaded samples, 10% LIG, 5% CUR and 5% CUR_5% DPA (p > 0.05). Moreover, 

all the 3D-printed samples revealed logarithmic reductions (after 4 h incubation period) equal or 
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greater than 1 unit (after 24 h incubation period) in comparison to the PCL control samples (p < 0.05) 

(Figure 5B and D). Additionally, after a challenged period of 24 h, those 3D-printed samples 

containing LIG and CUR (5% CUR) showed the greatest logarithmic reduction (around 2 units), 

followed by samples containing only 10% of LIG (10% LIG) (around 1.5 units), however, no significant 

differences were found between these two samples (p > 0.05) (Figure 5D).  

 

Figure 5. S. aureus adhesion reduction relative to PCL control for the rest of the PCL/LIG-based 3D-

printed wound dressings containing different proportions (w/w) of all the compounds after 

incubation periods of 4 h (A) and 24 h (C). S. aureus adhesion to PCL/LIG-based 3D-printed wound 

dressing after incubation periods of 4 h (B) and 24 h (D). 

These results are very promising considering that anti-infective dressings have the ability to avoid 

complications related with persistent infection which could lead to delayed wound healing [85]. 
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Different LIG-based materials, such LIG/poly(butylene succinate) composites (up to 15% LIG w/w) 

have shown marked resistance to adherence of S. aureus when compared to the poly(butylene 

succinate) control sample, resulting in significant reductions of around 90% in adherence of S. aureus 

after 24 h incubation [35]. The phenolic groups of LIG are known to damage the bacterial envelope 

and subsequently lead to cell lysis and release of the cellular components, thus providing 

antimicrobial properties to this biomacromolecule [43,90,91]. Moreover, these outcomes are 

indicative that the addition of CUR to the 3D-printed samples (5% CUR) demonstrated a greater 

efficacy in reducing adherence of bacteria to the 3D-printed samples surfaces. The antibacterial 

action of CUR has been extensively reported in the literature [86,92–94]. For instance, CUR has been 

incorporated to composite chitosan films, exhibiting significant antibacterial activity against 

Escherichia coli [92]. The antibacterial activity of this phenolic compound can be attributed to its 

capacity to inhibit the polymerization of filamentous temperature-sensitive protein Z (FtsZ), a 

protein which is necessary for cell division and bacterial sustainability [95]. Additionally, bacterial 

adherence to the biomaterials surface depends on many factors including chemistry, hydrophobicity 

and surface energy, drug loading and also on bacterial surface properties [96,97], thus it can be 

hypothesised that inclusion of DPA may affect at least one of these factors. Although the samples 

containing DPA (5% CUR_5% DPA) showed the lowest logarithmic reduction, no significant 

differences were found between all the loaded samples, 10% LIG, 5% CUR and 5% CUR_5% DPA (p > 

0.05). Therefore, these antimicrobial dressings have a great potential to minimize the appearance of 

complications related with persistent infections when treating a wound.  

3.4. In vitro drug release studies 

The release of CUR from the 3D-printed wound dressings was studied in the presence and absence 

of DPA (5% CUR_5%DPA and 5% CUR samples, respectively). The 3D-printed wound dressings 

exhibited a prolonged release of CUR without an initial burst of drug over 35 days both in the 

presence and absence of DPA in the dressings (Figure 6A-B). Incorporating both CUR and DPA into 

the formulations did not affect the release of CUR from the dressings (p > 0.05). The cumulative drug 

release of CUR from the dressings ranged between 6.58–7.09% and 81.04–88.18% in the first 6 h and 

35 days, respectively. Moreover, to investigate the release profile of DPA from the 3D-printed 

wound dressings containing both drugs DPA and CUR, the release study was conducted over 10 days 

using the conditions as previously mentioned. Figure 6C-D shows that the release profile of DPA 

from the 3D-printed wound dressings presented an initial burst release, 40.73% (0.73 mg) in the first 

6 h, followed by a more sustained release over a 96 h period with cumulative release of 81.79% (1.47 

mg). 
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Figure 6. In vitro CUR release curves from CUR-loaded 3D-printed wound dressings in PBS at 37 °C 

expressed in mg as function of time (A) and expressed in percentage as a function of initial CUR 

loading (B) (n = 4). In vitro DPA release curve from DPA-loaded 3D-printed wound dressing in PBS at 

37 °C expressed in mg as function of time (A) and expressed in percentage as a function of initial DPA 

loading (B) (n = 4). 

The differences in drug release profile between DPA and CUR are likely attributed to their solubility 

in water and partition in water-insoluble polymeric system [98]. DPA is a hydrophilic small drug 

molecule that is highly soluble in the release medium, but poorly partitions in PCL. During the 

fabrication, phase separation may occur rapidly between DPA and PCL, resulting in a deposition of 

some DPA at the surface of PCL wound dressings [99]. Hence, this leads to an initial burst release 

and a faster release rate when compared to CUR. Nevertheless, this 3D-printed system was able to 

sustain the release of DPA, a hydrophilic drug molecule, for 4 days since the interactions taking place 

between the polymers and the remaining portion of the drug led to a slower release rate. Similar 

results have already been reported in the literature [21,100]. For instance, Domínguez-Robles et al., 

manufactured ASA-loaded PCL-based vascular grafts by using SSE 3D printing technology, where a 

higher initial drug delivery was found, followed by a more sustained release [21]. In a different 

research work, the authors prepared 3D-printed levofloxacin-loaded thermoplastic polyurethane 
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(TPU)-based meshes, which also exhibited a higher initial drug release for the first 24 hours, followed 

by a more sustained release [100]. On the contrary, CUR is insoluble in water and more compatible 

to PCL. CUR was dissolved within the PCL matrix, with the help of the liquid L-PCL, and thus 

homogenously encapsulated within the PCL/LIG matrix. Similar results have already been reported in 

the literature [20]. Therefore, the 3D-printed wound dressings exhibited a prolonged drug release of 

CUR over 1 month period without a rapid burst release. 

PCL has a relatively long degradation time (from months to years), however, this can be affected by 

several factors such as the molecular weight [76,101,102]. Therefore, the addition of L-PCL (low-

molecular-weight PCL) can influence the degradation rate of the 3D-printed dressings and 

subsequently their release profile, as previously reported by other PCL-based materials [76,102]. For 

instance, Stewart et al., showed that when the proportion of L-PCL of PCL-based films was increased, 

the degradation rate of them was also increased [76]. Moreover, in the same study, the authors also 

showed that films containing the highest proportion of L-PCL showed the most rapid release, thus 

concluding the polymer degradation contributed to the drug release process [76].  

3.5. Biocompatibility studies 

Quantitative cell viability for each 3D-printed scaffold formulation was evaluated using an MTT 

assay. Results presented in Figure 7A revealed that, compared to the control (plate cells culture) all 

the conditions were met in order to maintain viable cells. Although PCL showed the lowest cell 

viability, i.e, 77.04 ± 4.29 % (p < 0.05), these results are suggest that the mixture of both H-PCL and 

L-PCL was not cytotoxic to the fibroblast cell line [103]. Moreover, the samples containing both 

drugs CUR and DPA (5%DPA_5%CUR) exhibited a cell viability percentage of 147.09 ± 14.12 % (p < 

0.0001), after three days of incubation and in respect to the control. The rest of the samples did not 

show any significant differences in comparison to the control (p > 0.05). However, it is important to 

note that, those results confirms that all the tested conditions did not induce any toxicity to the 

fibroblast cell line.  

In the other hand, cellular LDH release was measured to evaluate the cytotoxic effect of the 

biomaterials (Figure 7B). LDH values revealed that for all treatment groups, there was a statistical 

significance (p < 0.0001) compared to the control. The addition of LIG and/or CUR helped to 

decrease the LDH release. However, the combination of both drugs CUR and DPA (5% CUR_5% DPA) 

showed the lowest LDH release proportion. Figure 1B indicates that LDH activity tends to decrease 

among the groups. These findings not only corroborate the cell viability results, but also suggest 

there is a synergistic effect with the 5% CUR_5% DPA treatment to maintain the integrity of the 

fibroblast cell membrane.  
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PicoGreen® assay was used to assess the capability of the scaffold to induce cell proliferation (Figure 

7C). PCL and 10% LIG treatments were found to have 98.47 ± 3.53 and 95.47 ± 6.62 ng/mL, 

respectively with a significantly reduced level of cell proliferation (p < 0.0001). Moreover, the 

addition of CUR (5% CUR) helped to maintain the level of cell proliferation of the control (plate cells 

culture). However, the outcomes showed that 5%CUR_5% DPA samples were able to effectively 

increase fibroblasts proliferation with statistical significance (p < 0.01) in comparison to the control. 

These findings are therefore in agreement with those found in the cell viability and cytotoxicity tests 

reported herein. 

Figure 7. Biocompatibility assays on 3T3-L1 fibroblasts. MTT assay results show the percentage of 

viable cells (A). LDH release percentage of membrane 3D-printed scaffold cell rupture (B). PicoGreen 

assay results showing total DNA content of cells on control (cell plate culture, dotted line), PCL, 10% 

LIG, 5% CUR and 5% CUR_5%DPA (C). All the samples for the experiments were cultured for a period 

of 72 h. A standard curve of known dsDNA (ng mL−1) was used to calculate the DNA content from the 

samples. "*, **, ***, ****" denotes a statistically significant difference (p < 0.05) in cell number with 

respect to control (plate cells culture) (n = 3). 

Our biological results showed that scaffolds had good cytocompatibility, low cytotoxicity and high 

proliferation when cultured with 3T3-L1 fibroblasts. This cell line was used to better correlate our in 

vitro results to the in vivo findings in rats, since this cell line is taxonomically similar to human cells. 

Initially, cell viability for PCL was found to be over 75%. According to Li et al., materials with a cell 

viability over 75% represent no cytotoxicity.  However, statistical analysis indicated that this 

biomaterial alone had the lowest significant ratio compared to the control. Moreover, the LDH test 

revealed that PCL had a low cytotoxic effect on cells, but it must be considered that the proliferation 

rate was significantly lower which confirmed our viability results. Nevertheless, previous 

investigations have shown that PCL is a biocompatible material, which is commonly used for the 

development of biomedical applications [104,105]. In the case of 10% LIG, this formulation had over 

80% viability which agrees with previous studies that have stated the addition of LIG may have a 

positive effect on cell behaviour [106–109]. Cell viability tests correlate with the low cytotoxic effect 
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found, explained by the complex aromatic structure of the LIG, which at the same time can reduce 

the oxidation propagation reaction and benefit cell survival [108,110]. Our results agree with Wang 

et al., who demonstrated that Bone Marrow Stem Cell (BMSC) viability and cytotoxicity were 

gradually enhanced by different PCL and LIG combinations; however, no statistical significance was 

found when compared to the control group [110]. Conversely, we found there is a similar 

proliferation pattern as the PCL condition, suggesting that 10% LIG preparation can sustain viable 

cells in a non-cytotoxic medium but with a low proliferation ratio in the fibroblast cell type.  

On the other hand, the formulation 5% CUR had an increasingly good viability level and a reduced 

cytotoxic effect. However, no significant differences were found for the proliferation state assessed 

for 5% CUR formulation that had a similar result as the experimental control group. In line with this, 

our data have suggested that the 5%CUR_5%DPA combination exhibits the greatest viability among 

the treatments supported by the considerably low cytotoxic effect. Furthermore, proliferation 

assessment allowed us to imply that fibroblasts could significantly proliferate on these 

5%CUR_5%DPA scaffolds as compared to all conditions. Previous findings have found a high number 

of live cells where they have used DPA or CUR as stimulant agents, taking advantage of their intrinsic 

capabilities which have enabled the cells to adhere and survive properly [44,58,111–114]. 

Additionally, these favourable results may be explained because the combination of these bioactive 

components might have a synergistic effect in those in vitro assays proposing that this biomaterial 

may be suitable in an in vivo model where we expect the wound healing process would be improved 

[9]. 

3.6. Wound closure analysis 

To evaluate the efficacy of the 3D-printed dressings, a macroscopic analysis was carried out and the 

wound healing process was measured (Figure 8). The analysis did not show any sort of complication 

during the time of observation neither exudation, nor infection, or suppuration. All groups resulted 

in almost complete wound closure after 13 days of treatment (Figure 8A). Wound size 

measurements (Figure 8B) revealed that both PCL and 10% LIG samples had a similar feature in 

wound closure when compared to the CTRL, since both samples did not show any statistical 

significance on days 7 and 13 (p > 0.05). Moreover, the addition of CUR improved the wound 

closure, 5% CUR dressings showed significant differences when compared to the CTRL, PCL and 10% 

LIG dressings (p < 0.05), after 7 days of treatment. Additionally, 5% CUR_5% DPA 3D-printed 

dressings appeared to accelerate the wound closure rate in comparison to both, CTRL and PCL 

dressings not only after 7 days of treatment, but also after 13 days of treatment (p < 0.05). These 
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results are thus suggesting that 5% CUR_5% DPA 3D-printed dressings has the best ability to 

accelerate the wound healing process in an in vivo model. 
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Figure 8. Wound healing assessment on Wistar rats. Macroscopic analysis of the progress of wound 

healing during days 0, 7, and 13 of untreated (CTRL) and treated (3D-printed dressings sutured over 

the wound) rats before and after the application of examined dressings (scale bar is 5 mm) (A). 

Quantification of wound size calculated as percentage size compared to the original size in the 

presence of the different 3D-printed wound dressings (B). "*, **, ***, ****" denotes a statistically 

significant difference (p < 0.05). The values are presented as the mean ± standard error of the mean 

(n = 3). 

Wound size analysis revealed that there was a gradual recuperation in wound healing in all the 

conditions. On day 7, statistical analysis of our data showed a significant decrease in wound size for 

5% CUR and 5% CUR_5% DPA treatments in comparison to the CTRL, PCL and 10% LIG dressings (p < 

0.05). Fahimirad et al., reported that a CUR loaded PCL-based scaffold could significantly improve 

the wound closure in 5 days in comparison to all the groups [111]. Those results agree with these 

found in our study by using 5% CUR or 5% CUR_5% DPA treatments after 7 days. Moreover, the 

results indicated that after 13 days of treatment, the wound healing process was complete. This 

reflects numerous others studies that include in vivo models which have also used CUR or DPA 

[47,58,112,113,115]. Nevertheless, a stronger decrease in wound size by using both drugs together 

in the 5% CUR_5% DPA treatment was found in our study. Indeed, Proksch and Nissen showed the 

effect of DPA-containing creams reducing skin roughness and inflammation, while accelerating skin 

barrier repair after inducing irritation in the skin by applying sodium lauryl sulphate [48]. Thus, the 

outcomes found in this work may be explained by the co-active effect of the antioxidant, 

antibacterial and anti-inflammatory activity of this novel combination [44,108].  

The results presented in this work are encouraging regarding the potential wound healing 

capabilities of PCL/LIG wound dressings loaded with CUR and DPA. However, it is important to 

remember that  skin anatomy and physiology between humans and rats may be a limitation in the 

correlative potential for implementation in humans [116,117]. Nevertheless, a rodent standardised 

model is essential to provide valuable translational information due to the broad knowledge base on 

rat wound healing from years of extensive research [118,119]. Additionally, mesh scaffolds sutured 

over the wound may mimic the splint model characteristics to prevent dermal contraction and 

increase the relevancy of the animal model to wound healing in humans [118,120]. 

 

3.7. Histological analysis 
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Hematoxylin-eosin (H&E) stained images of the wounds on days 7 (Figure 9A) and 13 (Figure 10A) 

were analysed by applying a semi-quantitative score to evaluate the following parameters: (i) 

epithelisation, (ii) inflammatory reaction PMNL (presence of polymorphonuclear leukocytes-

inflammatory cells infiltrated in the surrounding granulation tissue, and at the demarcation line), (iii) 

fibroblasts (presence of fibroblast in the granulation tissue and surrounding tissues) and (iv) 

formation of new vessels after 7 (Figure 9B) and 13 days (Figure 10B). Moreover, CTRL on day 0 was 

also analysed revealing the initiation of inflammatory reaction (see Supporting Information, Figure 

S1).  

After 7 days of surgery the epithelisation (measure of the keratinocytes migration to fill the excision) 

of open wounds for all the treatment groups was not complete (see Figure 9B and Figure S2 in 

Supporting Information). In line with this, 10% LIG and 5% CUR samples showed significant 

differences respect to CTRL (p = 0.0091 and p = 0.0002, respectively) and PCL samples (p = 0.0313 

and p = 0.0005, respectively). However, only 5% CUR_5% DPA samples exhibited a significantly 

higher re-epithelisation score on day 7 in comparison to all conditions: CTRL (p < 0.0001), PCL (p < 

0.0001), 10% LIG (p < 0.0001) and 5% CUR (p = 0.0007). Therefore, according to these results, DPA is 

accelerating wound healing through stimulating re-epithelialisation, which is in agreement with 

previous in vivo findings [46,121]. The presence of PMNL in the granulation and surrounding tissues 

indicate an inflammatory reaction. Interestingly, our data revealed that the dressings containing 10% 

LIG, 5% CUR and 5% CUR_5% DPA had greater reduction when compared with the CTRL and PCL 

dressings (p < 0.05), after 7 days of treatment. In contrast, fibroblast evaluation showed that there 

was a stable proliferative state, and we did not find any significant differences among the groups (p 

> 0.05), except for 5% CUR_5% DPA treatment, which had a significant difference with respect to the 

CTRL (p < 0.05), but not with rest of the conditions (p > 0.05). Still, rats receiving 5% CUR_5% DPA 

treatment showed better values at this parameter. Therefore, in addition to re-epithelialisation, 

valuable effect of DPA on wound healing may be the result of increased fibroblast proliferation, as 

previously reported by Oguz et al. [121]. Vascularisation scores were significantly increased for 10 % 

LIG (p = 0.0060), 5% CUR (p = 0.0011) and 5% CUR_5% DPA (p = 0.0010) groups respect to the CTRL. 

Moreover, 5%CUR and 5% CUR_5% DPA groups had significance differences respect to PCL (p = 

0.0176 and p = 0.0164, respectively). Therefore, it can be established that 10% LIG, 5% CUR and 5% 

CUR_5% DPA 3D-printed dressings helped to promote a better vascularization of the skin tissue. 
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Figure 9. Wound healing microscopic analysis with semi-quantitative assessment on day 7 after 

surgery for each condition and CTRL. Representative histological Haematoxylin & Eosin (H&E)-

stained images of the wound sites (A). Score of histological parameters used to evaluate the wound 
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healing process in the histological sections (B). "*, **, ***, ****" denotes a statistically significant 

difference (p < 0.05). The values are presented as the mean ± standard error of the mean (n = 3). 

After 13 days of treatment, the regeneration of the epidermis was complete (see Figure 10A and 

Figure S3 in Supporting Information) in almost all the group treatments. The differentiation process 

was confirmed by the maturation of keratinocytes as shown using the epithelisation scores (Figure 

10B). Specifically, epithelisation scores in 5% CUR and 5% CUR_5% DPA treatments were increased, 

revealing significant differences in comparison to the CTRL group (p < 0.05). Moreover, Inflammatory 

reaction measured by the presence of PMNL (Figure 10B) showed that, in general terms, the 

inflammation reaction was lower when compared with the one found at day 7 (Figure 9B). 

Additionally, the lower presence of these cells found after applying 10% LIG, 5% CUR and 5% 

CUR_5% DPA 3D-printed dressings in comparison to the CTRL, indicated that inflammatory process 

was practically finished after 13 days of treatment. Moreover, a regression in the number of 

fibroblasts was seen in the CTRL and PCL groups at day 13, when compared to same groups at day 7. 

Nevertheless, the proliferation state of fibroblasts was maintained in the other experimental groups 

10% LIG, 5% CUR and 5% CUR_5% DPA. According to the angiogenesis, PCL alone did not induce this 

process as seen on day 7, however, the addition of LIG, CUR, or CUR and DPA maintained the degree 

of vascularisation respect to the CTRL after 13 days of treatment (p < 0.05). Moreover, in this sense, 

5% CUR_5% DPA 3D-printed dressings showed a higher degree of significance when compared to the 

CTRL group (p < 0.0001). 
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Figure 10. Wound healing microscopic analysis with semi-quantitative assessment on day 13 after 

surgery for each condition and CTRL. Representative histological Haematoxylin & Eosin (H&E)-

stained images of the wound sites (A). Score of histological parameters used to evaluate the wound 

healing process in the histological sections (B). "*, **, ***, ****" denotes a statistically significant 

difference (p < 0.05). The values are presented as the mean ± standard error of the mean (n = 3). 
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The semi-quantitative microscopic analysis exposed that infiltration of PMNL was attenuated by all 

the treatments (10 % LIG, 5% CUR and 5% CUR_5% DPA) when compared to the CTRL and 3D-printed 

dressings made only from PCL, after 7 days of treatment. The anti-inflammatory (PMNL presence) 

synergistic activity of these components LIG, CUR and DPA may cause the inhibition of NF-(κ)B 

transcription factor, reducing the production of inflammatory proteins, e.g., TNF-α and IL-1 

cytokines, therefore reducing inflammation. In addition, the known scavenging action against 

reactive oxygen species (ROS) (a major cause of inflammation) is added to the effects of these 

treatments. Further, the reduction of the inflammatory reaction seen in the 3D-printed dressing-

loaded treatments allows the damaged skin to easily enter the later stages of wound healing 

[44,47,108].  

On the other hand, the proliferation rate of fibroblasts in the animal model showed significant 

differences between the CTRL and the 3D-printed dressings containing LIG (10% LIG), LIG and CUR 

(5% CUR) and LIG, CUR and DPA (5% CUR_5% DPA) after 13 days of treatment (p < 0.05). 

Additionally, at this time, 10% LIG dressings also revealed significant differences in comparison with 

the PCL dressings (p < 0.05) However, some of those changes present in the skin tissue are not 

evident in the in vitro results of PCL and 10% LIG fibroblast cell line proliferation. This may be 

explained by the presence of different factors existing within the tissue, for instance, biological 

modifiers (growth factors, enzymes, and cytokines), the activity of target cells such as macrophages, 

and the environment of the extracellular matrix that influence positively the proliferation of 

fibroblasts in skin tissue [122–125]. In contrast, the 5%CUR_%DPA 3D-printed dressings helped to 

significantly increase proliferation when compared to the CTRL after 7 (p = 0.0212) and 13 days of 

treatment (p = 0.0073) not only in the in vivo assay, but also in the in vitro assay (p = 0.0046). These 

outcomes are thus indicative that even when the proliferative factors are not present in the artificial 

environment model, these conditions stimulate proliferation of these cells, which is favourable for 

tissue regeneration. 

Keratinisation (epithelisation) and neoangiogenesis (formation of new vessels) were also significantly 

improved by the addition of CUR (5% CUR) and both CUR and DPA (5% CUR_5% DPA) after 7 and 13 

days of treatment. According to the macroscopic (Figure 8A) and microscopic analyses as well as the 

score of histological parameters (Figures 9 and 10) the wounds healed mainly by re-epithelisation. 

The sutured scaffolds may serve as a circular splint to prevent dermal contraction although some 

level of contraction may be observed as previously suggested [116–118,120]. These results are 

associated with the synergistic effect of these bioactive components proposing that this biomaterial 

may be suitable in an in vivo model where we expect the wound healing process would be improved 

[9]. Moreover, these findings are indicating the capability of these two compounds to induce 
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neoangiogenesis and improve keratinisation since the early stages to the end stages of the wound 

healing process. Nevertheless, it is also important to note that 10% LIG dressings also induced 

neoangiogenesis and re-epithelisation effects at the early stages (7 days) of the wound healing 

process. Taking all these factors into account, these novel and valuable findings may strengthen the 

future of 3D-printed PCL/LIG-based dressings containing both CUR and DPA (5% CUR_5% DPA 

dressings) as the best formulation for translational applications. 

 

4. Conclusions 

This work described the preparation, characterization, and testing of PCL/LIG-based wound dressings 

loaded with CUR and DPA prepared using SSE 3D printing technology. SSE was successfully used to 

combine CUR, DPA and LIG with PCL in a simple way to obtain homogeneous wound dressings. These 

materials showed clear antioxidant and antimicrobial properties due to the addition of both natural 

compounds LIG and CUR. Moreover, the resulting wound dressings were capable of providing 

sustained release of CUR and DPA. The release of CUR was slower (35 days of release) due to its 

hydrophobic nature as opposed to DPA hydrophilic nature (4 days of release).  

PCL/LIG-based wound dressings loaded with CUR and DPA were tested using a Wistar rat animal 

model to evaluate their wound healing potential, as well as their safety. The results of the in vivo 

assay showed that dressings containing both drugs exhibited marked improvements from the early 

to the end stages of the wound healing process. Moreover, histological examination revealed that 

both natural compounds LIG and CUR had a remarkable influence on the improvement of all the 

parameters associated with the wound healing process, such as epithelisation, low presence of 

PMNL, presence of fibroblast in the granulation and surrounding tissues, and formation of new 

vessels. Furthermore, the combination of LIG, CUR and DPA showed the best outcomes for the 

parameters mentioned above. Thus, the results presented in this work show the promising feasibility 

of the SSE 3D printing technique being utilised for the manufacture of drug-eluting wound dressings.  

The outcomes found in this work are promising. Due to the simplicity of SSE, this technology can be 

used to prepare wound dressings on demand at the point-of-care adapted for patients’ needs. 

Despite these promising results, there is still work to do before this can happen. For example, the 

results obtained in rats do not always correlate with the performance in humans. Therefore, more 

work is required to move this technology forward by evaluating its performance in humans. Finally, 

before this can happen there are still many regulatory questions that need to be addressed by 

regulators such as FDA or EMA about the use of 3D-printing at the point-of-care. However, this 
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scenario is changing at a fast pace as regulators are working closely with researchers to address 

potential issues. 
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Highlights 

 3D printing was used to prepare PCL/lignin-based wound dressings loaded with curcumin 

and D-Panthenol. 

 The resulting 3D-printed dressings showed excellent antioxidant and antimicrobial 

properties. 

 3D-printed dressings provided sustained release of both bioactive agents, D-Panthenol and 

curcumin.  

 3D-printed dressings were able to provide a supportive environment for cellular attachment, 

viability and growth.  

 In vivo study showed that dressings exhibited marked improvements at all stages of the 

wound healing process.  
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