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Abstract 

Polycaprolactone (PCL) electrospun scaffolds have been widely investigated for cartilage repair 

application. However, their hydrophobicity and small pore size has been known to prevent cell 

attachment, proliferation and migration. Here, PCL was blended with gelatin (GEL) combining 

the favorable biological properties of GEL with the good mechanical performance of the former. 

Also, polyethylene glycol (PEG) particles were introduced during the electrospinning of the 

polymers blend by simultaneous electrospraying. These particles were subsequently removed 

resulting in fibrous scaffolds with enlarged pore size. PCL, GEL and PEG scaffolds formulations 

were developed and extensively structural and biologically characterized. GEL incorporation on 

the PCL scaffolds led to a considerably improved cell attachment and proliferation. A substantial 

pore size and interconnectivity increase was obtained, allowing cell infiltration through the 

porogenic scaffolds. All together these results suggest that this combined approach may provide 

a potentially clinically viable strategy for cartilage regeneration. 
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1. Introduction 

Due to the limited regeneration ability of the cartilage tissue, several tissue engineering (TE) 

strategies have been used to try to develop functional tissue replacements, using scaffolds, cells 

and mechanical stimulus 1. Still, the success of the those strategies rely on the development of 

appropriate scaffolding structures similar to the anisotropic organization of the cartilaginous 

tissue and the identification of appropriate cell sources, which are yet to be determined 2. To 

ensure the suitability for TE applications of any scaffold, critical requirements must be met, such 

as biocompatibility; biodegradability to allow its replacement with native tissue; porosity to 

enable oxygen, nutrients and waste diffusion and exchange; and mechanical properties consistent 

with the anatomical site in which they will be implanted 3,4. Electrospinning has been widely 

used to produce fibrous scaffolds for cartilage repair, not only due to the resemblance with the 

native nanoscale extracellular matrix (ECM) present on the cartilaginous tissue, but also because 

it is quite easy to manipulate the scaffold properties 5–11. Beside the inherent fibrous features 

displayed by these scaffolds, the characteristics of the polymers used will determine several 

properties, such as hydrophobicity, hydrophilicity, mechanical strength and cell-scaffold 

interactions 12. Among the synthetic polymers, polycaprolactone (PCL) is a FDA approved 

biocompatible and biodegradable polymer with excellent mechanical properties, easy to process 

and tailor to provide a wide range of physical properties 13,14. However, due to its inherent 

hydrophobicity and absence of natural bio-inductive abilities, PCL-based scaffolds can lower or 

prevent cell attachment and proliferation 15. Composite fibrous scaffolds made of synthetic and 

natural polymer blends combine the favorable and desired biological features of natural polymers 

with the mechanical performance of the synthetic ones 16. Gelatin (GEL) is a natural polymer 

derived from collagen, the major component of the native ECM, which has been widely used for 

TE purposes due to its relatively easy availability, low cost and biodegradability 16. Since the 

first report of electrospun PCL+GEL scaffolds by Zhang et al 17, this composite has been widely 

used as a versatile biomimetic substrate to the regeneration of a variety of tissues 18–21. However 

only a few studies have reported the use of this composite for cartilage TE 6,22,23. 

Despite the potential of the fibrous scaffolds for cartilage tissue repair, a significant limitation is 

the inherent small pore size by which these structures are characterized 24. While their high 

porosity and large surface area to volume ratio are known to be beneficial to cell attachment and 

proliferation, their pore size, much smaller than the actual chondrocyte size (10 to 20 µm 25) may 

prevent cell migration and scaffold colonization, relegating tissue formation to the surface 24,26. 

To overcome this limitation, several investigators have proposed mechanisms for increasing the 

average pore size of electrospun scaffolds. The combination of micro and nanofibers in scaffolds 

generated a wide range of pore distributions which allowed infiltration of different types of cells, 

but the reduction of the number of nanofibers affected cell spreading 27. Cryogenic 

electrospinning has also been used with satisfactory results, however this approach require a very 

complex electrospinning set-up 28. Salts and other soluble particles with varying diameters have 

been integrated as sacrificial components in fibrous scaffolds to increase pore size 7. NaCl 

particles integrated and later removed from electrospun scaffolds has produced promising cell 

infiltration results, however this technique also requires an unusual electrospinning set-up to 

allow particle deposition on top of the electrospun scaffold 29. Another mechanism to increase 

the average pore size of nanofibrous scaffolds is the co-electrospinning or electrospraying of 

sacrificial materials, such as polyethylene oxide (PEO) or polyethylene glycol (PEG), with the 

polymer of interest 24. The sacrificial polymer is then removed by immersion in a solvent that 

has no effect on the structure of the polymer of interest, leaving large pores and interfibre spacing 

in the final scaffold. The porosity can be tuned by carefully selecting the sacrificial polymer, its 

molecular weight and its flow rate, which can alter the fiber or particle diameter and deposition 
24. Using this approach, Baker et al increased scaffold porosity by co‐electrospinning PCL, a 



slowly degrading material, and PEO, an aqueous soluble material, as cell infiltration improved 

with rinsing PEO content 30. Wang et al combined PCL electrospinning with PEO 

electrospraying, obtaining a 2 and 3-fold rise of the pore size of electrospun PCL scaffolds 31. 

Most work to date using sacrificial components on electrospun scaffolds is limited to synthetic 

polymers 24. If a blend of synthetic and natural polymer, such as PCL+GEL, would be used, we 

hypothesized that the porosity of the final PCL+GEL scaffolds might be intensified by a gradual 

dissolution of GEL component, which will further improve cell infiltration. 

This study introduces a new engineering approach by combining the incorporation of GEL on 

electrospun PCL scaffolds and the introduction of a sacrificial material – PEG – to create 

porogenic scaffolds. This combination will allow not only improved cell attachment and 

proliferation, but also of cell migration. So, a series of electrospun scaffolds composed of PCL, 

GEL and PEG sacrificial particles were fabricated and characterized on their fibrous morphology, 

physicochemical properties, mechanical behavior and biocompatibility. 

 

2. Materials and methods 

2.1. Preparation of scaffolds with different formulations 

PCL (80kDa, Sigma-Aldrich) and GEL from porcine skin (Sigma-Aldrich) were dissolved 

separately in 2,2,2-trifluoroethanol (TFE, TCI) at a concentration of 10% (wt/v) and stirred 

vigorously at room temperature overnight. Before electrospinning, the two solutions were mixed 

in 50:50 volume ratio (PCL+GEL) and 0.2% (v/v) of acetic acid (Sigma-Aldrich) was added to 

facilitate the mixture. A 10% (wt/v) PCL solution was also prepared in a solution of TFE: 

Dimethylformamide (DMF, Fisher Scientific) (75:25 v/v) for comparison (Fig. S1) and stirred 

vigorously at room temperature overnight. The solutions were placed in 5 mL plastic syringe 

within the electrospinning machine (NANON 01, MECC), and fed at a controlled flow rate of 

1.5 mL/h to a blunt needle with a tip diameter of 0.8 mm (21G), with applied voltage of ~ 27 kV. 

The polymer jet was ejected onto a rotating drum (20 cm width and 20 cm diameter) at 750 rpm 

using a needle to collector distance of 9 cm (Figure 1a). The prepared scaffolds were dried for 1 

week at room temperature to remove residual solvent before subsequent use. To prepare the 

porogenic scaffolds, a PEG solution (1.5 g/mL) was prepared by dissolving the PEG (8kDa, 

Sigma-Aldrich) in chloroform (ACROS Organics) and stirring at 50 ºC for 30 min. The solution 

was allowed to cool down at room temperature for 10 minutes, and then poured into a 5 mL 

plastic syringe and electrosprayed simultaneously with the 10% (wt/v) PCL and 10% (wt/v) 

PCL+GEL solutions, using the same parameters of the previous set up as exemplified in Figure 

1b. To intensify the impact of the sacrificial agent the selected flow rate was 4 mL/h and a needle 

with a tip diameter of 1.2 mm (18G) was used. The PEG particles were removed from the 

PCL+PEG and PCL+GEL+PEG scaffolds by immersion in a graded series of ethanol aqueous 

solutions (90, 70, 50, 30 and 10% v/v) and then in distilled water. Afterwards, the scaffolds were 

freeze-dried (LyoQuest, Telstar). These scaffolds will from now on be referred as PCL+PEG and 

PCL+GEL+PEG when PEG particles are still present, and PCL porogenic and PCL+GEL 

porogenic after PEG removal. The thicknesses of the scaffolds, measured with the aid of a 

micrometer, were approximately the following: 115 µm for PCL, 110 µm for PCL+GEL, 130 

µm for PCL porogenic and 180 µm for PCL+GEL porogenic. 



 

Figure 1. Illustrative diagram of the electrospinning set-ups used to:(a) electrospun 10% (wt/v) PCL and 10% (wt/v) PCL+GEL 
scaffold formulations and (b) incorporate PEG particles by co-electrospinning with 10% (wt/v) PCL and 10% (wt/v) PCL+GEL 
formulations. 

2.2. Characterization of scaffolds 

2.2.1. Scanning electron microscopy (SEM) 

The morphology of fibrous scaffolds, without PEG and with PEG (before and after PEG 

removal), was visualized via SEM (Hitachi TM4000 plus, Japan) at an accelerating voltage of 5 

kV. Based on the SEM images, fiber diameter and pore size distributions were determined using 

Image J-Pro Plus software: fibers diameter was analyzed manually by measuring the diameters 

of over 100 randomly selected fibers of each scaffold formulation (n > 100); pores sizes were 

manually measuring over 50 randomly selected areas between the fibers (n > 50).  

2.2.2. Porosity measurements 

The porosity of the PCL, PCL+GEL and the respective porogenic scaffold formulations was 

estimated using a published method 32,33. Briefly, scaffolds (n = 3) were weighted and size 

measured to calculate the apparent density by the equation (1). 

𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔/𝑐𝑚3) =
𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑 𝑚𝑎𝑠𝑠 (𝑔)

𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑐𝑚)×𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑 𝑎𝑟𝑒𝑎 (𝑐𝑚2)
    (1) 

Porosity was then calculated through the ratio of the apparent and bulk densities of the materials 

of the scaffolds (bulk densities of 1.145 g/cm3 and 1.3 g/cm3 for PCL and GEL, respectively) (2). 

𝑆𝑐𝑎𝑓𝑓𝑜𝑙𝑑 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) = 1 −
𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦(𝑔/𝑐𝑚3)

𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔/𝑐𝑚3)
× 100    (2) 

2.2.3. Attenuated total reflectance fourier transform infrared spectroscopy (ATR-FTIR)  

The chemical structure of scaffolds was determined by ATR-FTIR (Perkin Elmer Spectrum BX, 

USA) from 4000-500 cm-1 with a resolution of 8 cm-1 and 32 scans. GEL and PEG powders’ 

chemical structure were also analyzed to confirm GEL presence and PEG incorporation and 

subsequent removal, respectively. 

2.2.4. Water contact angle 

Assessment of the wettability of the PCL, PCL+GEL and the respective porogenic formulations 

was performed measuring water contact angle (n = 3) by static contact angle using the sessile 



drop method (drop volume of 3 µL) and the shape of the liquid–vapor interface was determined 

by the Young–Laplace equation. The measurements were carried out with OCA 20 (DataPhysics 

Instruments, Germany) at room temperature. 

2.2.5. Hydraulic permeability 

The hydraulic permeability of the PCL, PCL+GEL and the respective porogenic formulations 

was determined using Darcy's law 34. The scaffolds were placed in a permeability measuring 

setup and a continuous water pressure was applied on the scaffolds for 10 minutes. The flushed 

water was then collected from the outlet and weighed. For the control, no scaffold was placed 

between the flow-path. The hydraulic permeability, k (m4 N-1 s-1) was calculated by applying the 

obtained values to the equation (3). 

𝑘 =  
𝑆𝑐𝑎𝑓𝑓𝑜𝑙𝑑 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑚)

𝐹𝑙𝑢𝑠ℎ𝑖𝑛𝑔 𝑎𝑟𝑒𝑎 (𝑚2)×𝑂𝑢𝑡𝑙𝑒𝑡 𝑤𝑎𝑡𝑒𝑟 𝑚𝑎𝑠𝑠 (𝑔)
 ×  

2𝜋2𝐹𝑙𝑢𝑠ℎ𝑖𝑛𝑔 𝑎𝑟𝑒𝑎 𝑟𝑎𝑑𝑖𝑢𝑠 (𝑚)4

(𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑤𝑎𝑡𝑒𝑟 𝑚𝑎𝑠𝑠 (𝑔)/𝑂𝑢𝑡𝑙𝑒𝑡 𝑤𝑎𝑡𝑒𝑟 𝑚𝑎𝑠𝑠 (𝑔))2−1
 (3) 

2.2.6. Mechanical testing 

Tension. Rectangular-shaped samples of the scaffolds were stretched, using a Shimadzu MMT-

101N (Shimadzu Scientific Instruments, Japan) with a load cell of 100 N, at a constant cross-

head speed of 10 mm/min under dry and wet conditions (n = 6). The Young’s moduli of the 

samples were calculated through the tangent modulus of the linear portion of the stress–strain 

curve obtained. Linearity for Young’s moduli possessed a R2 > 0.95. 

Nanoindentation. Nanoindentation was performed (TTX-NHT, CSM instruments 

Nanoindenter) at room temperature, with a three-side pyramidal Berkovich diamond indenter 

having nominal edge radius 20 nm (faces 65.3 from vertical axis). Nanoindentation 

measurements (n = 3) were conducted as follows: a load rate of 1000 mN/min was applied, until 

a maximum load of 50 mN was reached and held during 10 s; then the indenter was withdrawn 

at an unloading rate of 1000 mN/min. Elastic modulus and hardness of scaffolds were calculated 

based on the Oliver and Pharr method 35. 

2.2.7. In vitro degradation assessment 

The in vitro degradation analysis of the PCL and PCL+GEL scaffolds was carried out by 

incubating the scaffolds, with known weights, in Phosphate-Buffered Saline (PBS, 1x; Sigma-

Aldrich) at 37 ºC for 14 days. Before the procedure, the PCL and PCL+GEL scaffolds were 

gradually hydrated at room temperature through a graded series of ethanol aqueous solutions (90, 

70, 50, 30 and 10% v/v)– to simulate the washes that the scaffolds are subjected upon PEG 

removal, and then placed in PBS at 37 ºC. PCL+GEL scaffolds were also place immediately in 

PBS to access the influence of the ethanol treatment on GEL depletion (PCL+GEL I). After the 

hydration step (3 hours) and 1, 3, 7 and 14 days of incubation, samples (n = 3) of each condition 

were removed, washed in distilled water and freeze-dried. Afterwards samples were weighted, 

and the percentage of polymer content left in the scaffold was calculated (4). Samples were also 

visualized in SEM, as previously described. 

𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) = (1 −  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)−𝐹𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
) × 100    (4) 

2.2.7.1. Picrosirius red staining 

GEL retention was detected by a picrosirius red staining. Briefly, scaffolds were washed in PBS 

and stained with 0.5 mg/mL picrosirius red (Direct red 80 dye; Sigma-Aldrich) in saturated picric 

acid (Sigma-Aldrich) for 1 hour, washed with 0.5 % acidified water, dehydrated in 95 and 100 

% (v/v) ethanol aqueous solutions, cleared in xylene and visualized and visualized in an optic 

microscope (Nikon Eclipse LV150). 



2.3. Biocompatibility evaluation of the scaffolds 

2.3.1. Cell culture and seeding 

An articular cartilage progenitor cell line (CP5, Sigma–Aldrich) was used to access the scaffolds’ 

biocompatibility. Cells were maintained at 37 ºC in a humidified atmosphere of 5% CO2 in air, 

in Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM/F-12, Sigma–

Aldrich), supplemented with 10% (v/v) fetal bovine serum (FBS, Sigma–Aldrich) and 1% (v/v) 

penicillin/streptomycin (P/S, Sigma–Aldrich). The medium was refreshed three times a week. 

Cells were harvested at pre-confluence using Trypsin/EDTA solution (0.25%, Sigma-Aldrich). 

Scaffolds were sterilized in 70% ethanol aqueous solution (v/v) for 4 hours and then washed in 

PBS 3 times. Scaffolds were then placed in a 24-well plate. Cells were seeded at 0.25x106 cells 

per scaffold followed by incubation at 37 ºC for 2 h to allow cell attachment. Afterwards, fresh 

medium was added until it reached a final volume of 1 mL per well. 

2.3.2. Cell metabolic activity 

A resazurin method was used to assess cell metabolic activity after 1, 3, 7 and 14 days. Resazurin 

solution (0.1 mg/mL in PBS, ACROS Organics) was added to fresh medium at a final 

concentration of 10% (v/v). Scaffolds were incubated in this solution at 37 ºC for 4 h in the dark, 

after which 100 µL per well was transferred to a 96-well plate and absorbance (Abs) at 570 and 

600 nm was measured (n = 3 for each group) in a microplate reader (Synergy HTX, BioTek). 

For each day, final absorbance values for each sample were calculated as the ratio 

Abs570/Abs600 nm minus the Abs570/Abs600 nm ratio of a negative control (scaffold without 

cells). The absorbance values of cells incubated in the tissue culture polystyrene on the first time 

point were taken as 100% and the percentage of viable cells was calculated from these control 

values. 

2.3.3. Cell morphology and infiltration 

Cell-laden scaffold formulations were fixed with 4% (wt/v) formaldehyde (ACROS Organics) in 

PBS and cell morphology and infiltration into the scaffolds were accessed. SEM was used to 

visualize cell morphology. Briefly, samples were dehydrated via graded concentrations of 

ethanol aqueous solutions (50, 70, 90, 95 and 100% v/v), dried with hexamethyldisilane (TCI, 

Japan), mounted and observed using a Hitachi TM4000 plus at an accelerating voltage of 5 kV. 

Cell infiltration was accessed through a DAPI (4',6-diamidino-2-phenylindole, Sigma) staining 

of the nucleus, and visualized using a fluorescence microscope (Axioimager M2, Zeiss) with 

magnification of 20x/0.50. Afterwards, cell infiltration was quantified using Image J-Pro Plus 

software: distance between randomly selected cell nucleus (n = 20 per scaffold formulation) and 

the scaffolds’ surface were manually measured. 

2.4. Statistical analysis 

All the quantitative data are expressed as mean ± standard deviation. Statistical significance was 

determined, using OriginLab, by performing One-way analysis of variance (ANOVA), followed 

by post hoc Tukey’s test, except for viability assays, where a One-way ANOVA with repeated 

measures was also used. Significance was accepted at p-values inferior to 0.001, 0.01 and 0.05. 

 

3. Results and discussion 

3.1. Morphology of the electrospun fibrous scaffolds 



All formulations were successfully electrospun (Figure 2). It should be noted that in order to 

obtain uniform and beadless PCL fibers using TFE, it was necessary to add DMF to the solvent 

system, (Figure S1). PCL+GEL fibers were smoother, more uniform and possessed significantly 

lower fiber diameters (0.30 ± 0.07 µm) than the PCL fibers (0.69 ± 0.19 µm) (Figure 2a, b, and 

c). In reality, since GEL has higher density (1.3 g/cm3) than PCL (1.13 g/cm3), GEL 

incorporation on the PCL solution allowed the preservation of an optimum viscous behavior, and 

consequently, prevented capillary instabilities of the jet at the tip of the needle 19,36. Furthermore, 

the average fiber diameter of PCL+GEL scaffolds falls within the range of values reported for 

type II collagen fibrils (100 nm to 300 nm) 36–38. Still, despite the potential stimulatory effect of 

such small fibers, they greatly reduced the scaffolds’ pore sizes, particularly for PCL+GEL (3.97 

± 1.15 µm; Figure 2j) where 65 % of the pores were smaller than 5 µm. PCL scaffolds, on the 

other hand, possessed bigger pores (6.23 ± 1.85 µm; Figure 2i) that ranged mostly from 5 to 10 

µm (80%). Nonetheless, since adequate pore sizes determine the degree of cell migration into the 

scaffold, and ultimately the scaffolds’ in vitro and in vivo performance, and chondrocyte 

diameters range from 10 to 20 µm 25,39, it was required an optimization of this parameter. In this 

regard, PEG sacrificial particles were simultaneously electrosprayed with each spinning solution 

(Figure 2d and e). Spherical particles with a broad diameter distribution were obtained (Figure 

2f), with average sizes of 17.66 ± 9.98 µm for PCL+PEG and 17.98 ± 11.26 µm for 

PCL+GEL+PEG. These PEG particles were then removed, creating porogenic scaffolds with 

large interfibre spaces (Figure 2g and h). Pore sizes were substantially higher on scaffolds after 

PEG particles removal, with a 2 and 3-fold increase of the average pore size value from PCL to 

PCL porogenic (12.46 ± 5.62 µm; Figure 2i) and from PCL+GEL to PCL+GEL porogenic 

scaffolds (14.27 ± 4.23 µm; Figure 2j), respectively. A slight difference was also observed 

between both porogenic formulations pore sizes, which could be attributed to an additional GEL 

dissolution from PCL+GEL porogenic scaffolds 17. It should be noted that in order to preserve 

the 3D structure of the porogenic scaffolds, a gradual ethanol-based hydration was performed, as 

ethanol is a non-solvent for PEG at room temperature 37. This procedure was particularly crucial 

to the hydrophilic GEL-containing scaffolds, since GEL is insoluble in ethanol 40. Indeed, upon 

first contact with high concentration ethanol solutions, GEL stablishes bonds with ethanol 

molecules, creating ethanol sandwich clusters with the layer of water molecules inside, which 

ultimately leads to fiber dispersion, and preservation of the fibrous structure 41. This way GEL 

fiber fusion as well as rapid and excessive GEL dissolution can be prevented 31, which in fact 

was confirmed by the biodegradation studies on the PCL+GEL (Figure S2). The dissolved 

amount of GEL was lower ( 40 %) on the PCL+GEL scaffolds subjected to the ethanol hydration 

treatment compared to the PCL+GEL controls, immersed only in PBS ( 50%) (Figure S2a). In 

fact, these results suggest that virtually no GEL remained in the scaffolds when the referred 

treatment was not employed, which is consistent not subjected to the referred treatment, which 

was consistent with the polymer mass loss results. Furthermore, the SEM images of the degraded 

samples confirmed the reduced GEL fiber fusion on the PCL+GEL scaffolds subjected to the 

ethanol hydration treatment, and increased fiber dispersion attributed to the referred ethanol 

sandwich clusters (Figure S2b). 



 

Figure 2. SEM images of PCL (a), PCL+PEG (d), PCL porogenic (g), PCL+GEL (b), PCL+GEL+PEG (e) and PCL+GEL porogenic (h) 
fibrous scaffolds; fibre diameter of PCL and PCL+GEL scaffolds (c); PEG particle diameter distribution of PCL+PEG and 
PCL+GEL+PEG scaffolds (f); pore size distributions of PCL and PCL porogenic (i), and PCL+GEL and PCL+GEL porogenic scaffolds 
(j). Scale bar: 30 μm. Statistical analysis by One-way ANOVA followed by post hoc Tukey’s test; ###p <0.001. 

 

 

 

 



3.2. Physicochemical characterization of the fibrous scaffolds 

Table 1 summarizes the main physical properties of the developed scaffolds: thickness, porosity, 

hydraulic permeability and water contact angles. The porogenic scaffolds were thicker than the 

regular ones, implying that the PEG removal procedure preserved the 3D porogenic arrangement. 

Furthermore, higher porosities were registered on the porogenic scaffolds in relation to their 

respective regular scaffolds. In fact, PCL+GEL porogenic displayed the highest porosity, which 

can be attributed not only to the improved pore sizes, but also to the GEL dissolution after PEG 

removal. A similar trend was observed for the scaffolds’ hydraulic permeability. Even though 

the registered permeability values were considerably higher than those reported for articular 

cartilage (1016 to 1015 m4/Ns 43), they imply the presence of an enhanced pore interconnectivity 

that allowed water flow that is, ultimately, expected to facilitate nutrient supply and waste 

removal in vitro 44,45. The water contact angle measurements revealed that scaffolds became 

hydrophilic with the incorporation of GEL (from 130.20 ± 4.18  of the PCL to 29.53 ± 1.80  of 

PCL+GEL scaffolds), due to presence of the amine and carboxyl function groups in the GEL 

structure 21. Since cell adhesion occurs preferably in hydrophilic surfaces, it is expected an 

improved cell response to these hydrophilic scaffolds 5,19–21. Interestingly, the water contact 

angles of the PCL+GEL porogenic (43.50 ± 6.17 ) were significantly higher than the contact 

angle measured for the PCL+GEL scaffolds. Both increased surface roughness and GEL 

dissolution could have contributed to this difference. Indeed there are reports of higher contact 

angle in surfaces with higher porosity and roughness due to the trapped air in the interfibre space 

which allows the water droplets to be sustained on the surface 46. Still, despite of the increased 

surface roughness of the PCL porogenic, no substantial differences of the water contact angles 

were found with the PCL-only based scaffold. 

The infrared spectra of electrospun scaffolds are shown in Figure 3. The PCL spectra displays 

strong bands attributed to CH2 stretching at 2940 cm−1, 2866 cm−1 and 734 cm−1, C=O stretching 

at 1720 cm−1, COC stretching at 1241 cm−1 and 1162 cm−1 and OC stretching at 1046 cm−1 and 

961 cm−1 47 (Figure 3a). The incorporation of GEL in the PCL scaffold led to the appearance of 

protein-related bands at 3294 cm−1 attributed to NH stretching of amine bonds, and at 1647 

cm−1 and 1543 cm−1 assigned to C=O stretching and the combination of N–H bending and C–N 

stretching of the amide bonds, respectively 12,48,49 (Figure 3a). A shifting from the original 

absorption bands was observed in the PCL+GEL scaffolds, suggesting a possible hydrogen bond 

between ester group of PCL and amine group of GEL. Indeed, the characteristic band of PCL, 

regarding C=O stretching and COC stretching, originally situated at 1720 and 1162 cm−1 were 

found at 1725 and 1186 cm−1 on PCL+GEL scaffolds, respectively. Likewise, the characteristic 

amide bands of GEL, regarding stretching and the C=O stretching and the combination of N–H 

bending and C–N stretching, originally situated at 1624 and 1532 cm−1 shifted to around 1647 

and 1543 cm−1. Similar conclusions were previously reported 50. When PEG microparticles were 

added to the regular formulations, several new PEG-related bands appeared in their spectra 

associated with the CH2 stretching at 2876 cm−1, the CH2 bending at 1468 cm−1 and 1342 cm−1, 

the O–H and C–O–H stretching at 1278 cm−1 and 1096 cm−1 and the C–C stretching at 956 cm−1 

and 842 cm−1 51–53 (Figure 3b and c). The absence of these bands on the spectra of the porogenic 

scaffolds confirmed that the PEG microparticles were indeed removed (Figure 3b and c). It 

should also be noted that, as previously suggested, GEL continued to be present in the GEL-

containing scaffolds after the PEG removal treatment (Figure 3c). 

 

 



Table 1. Physical properties of the scaffolds. Statistical analysis by One-way ANOVA followed by post hoc Tukey’s test; ###p 
<0.001, ##p <0.01; where ## and ### denote statistically significant difference of the referred scaffold formulation with the 
remaining. 

Properties PCL PCL porogenic PCL+GEL 
PCL+GEL 

porogenic 

Scaffold 

thickness (µm) 
117.19 ± 11.97 130 ± 15.38 111.56 ± 23.07 181.25 ± 39.85 

Porosity (%) 71.26 ± 1.96## 75.25 ± 1.39 77.77 ± 2.14 83.48 ± 1.94### 

Hydraulic 

permeability 

(×105 m4/Ns) 

0.84 ± 0.15 1.89 ± 0.45## 0.62 ± 0.47 3.06 ± 0.77## 

Water contact 

angles () 
130.20 ± 4.18 123.87 ± 3.70 29.53 ± 1.80### 43.50 ± 6.17### 

 



 

Figure 3. ATR-FTIR spectra of the PCL and PCL+GEL (a), PCL+PEG and PCL porogenic (b) and PCL+GEL+PEG and PCL+GEL 
porogenic (c). 

 

 



3.3. Mechanical characterization of the fibrous scaffolds 

The tensile mechanical properties are displayed in Figure 4a-c. The stress-strain behavior of the 

fibrous scaffolds in dry and wet states contained two stages – the first one corresponds to the 

linear elastic response followed by a non-linear plastic behavior, which generally ends with the 

fracture of the fibrous layer 50,54 (Figure 4a and b). Under dry conditions (Figure 4a and c), 

PCL+GEL scaffolds displayed higher Young’s modulus (26.79 ± 6.60 MPa) than PCL alone 

(12.21 ± 1.15 MPa). Since GEL is a stiffer polymer, an increase of the composite Young’s 

modulus was expected 17,38. Also, PCL+GEL fiber diameter was considerably smaller, resulting 

in increased crystallinity and, consequently, higher elastic modulus 55–57. The respective 

porogenic scaffolds exhibited lower Young’s modulus (9.00 ± 1.60 MPa and 12.97 ± 6.54 MPa 

for PCL porogenic and PCL+GEL scaffolds, respectively), due to the increase of porosity 30,38. 

Regarding tensile strength and elongation at break, it was not possible to compare the four 

scaffold formulations because most of the scaffolds tested were distensible beyond the range of 

the testing device. The mechanical properties of the scaffolds were also accessed under wet 

conditions, since these conditions reflect more closely the native physiological environment. 

Here, there was a substantial reduction of the tensile properties of the GEL-containing scaffolds 

from 26.79 ± 6.60 MPa and 12.97 ± 6.54 MPa for dry PCL+GEL and PCL+GEL porogenic to 

3.20 ± 0.91 MPa and 2.23 ± 0.91 MPa for wet PCL+GEL and PCL+GEL porogenic scaffolds, 

respectively (Figure 4b and c). This behavior can be attributed to GEL hydrophilic character, and 

it was already reported for wet GEL-based nanofibrous scaffolds 6,54. There were no significant 

differences between the Young’s modulus of PCL scaffolds under dry and wet conditions, and 

for PCL porogenic scaffolds the difference was significant, which can be attributed to the 

increased pore size 30, but minor compared with GEL-containing scaffolds. Even though these 

values were substantially lower, they still fell within the range of values reported for cartilage 

tissue elastic modulus (2-12 MPa) 43,58. 



 

Figure 4. Mechanical properties of the PCL, PCL porogenic, PCL+GEL and PCL+GEL porogenic fibrous scaffolds: Tensile stress-
strain curves under dry (a) and wet (b) conditions and respective tensile modulus (c); load-indentation depth curves (d) and the 
respective indentation moduli (e) and hardness (f). Statistical analysis by One-way ANOVA followed by post hoc Tukey’s test: 
###p <0.001, ##p <0.01, where # denotes statistical significant differences between formulations under each condition; ***p 
<0.001, *p <0.05, where * denotes statistical significant differences between conditions for each formulation. 

 

The scaffolds’ compressive properties were here assessed using nanoindentation (Figure 4d-e), 

given that the scaffolds were too thin for conventional compression to be conducted 43,59. From 

the load-indentation depth curves (Figure 4d), it is possible to infer that the incorporation of GEL 

into the PCL scaffold formulations significantly increased the maximum penetration depth, 

which can be attributed to a possible fiber softening upon GEL addition. This conclusion was 

confirmed by the calculations of the indentation modulus and hardness (Figure 4d and e). Indeed, 

significantly lower moduli were registered for GEL-containing scaffolds (1.07 ± 0.24 GPa and 

0.52 ± 0.03 GPa for PCL+GEL and PCL+GEL porogenic, respectively) in comparison to the 

PCL-based scaffolds (28.76 ± 7.14 GPa and 12.14 ± 1.65 GPa for PCL and PCL porogenic, 

respectively). Similar conclusions have been obtained through the compression of 3D printed 

PCL+GEL scaffolds, implying that the incorporation of a natural polymer can degrade the 

compression elastic modulus 60. Furthermore, a statistically significant different indentation 

moduli was observed between regular and porogenic scaffolds, inferring a substantial impact on 

the compressive mechanical properties of the scaffolds upon pore enlargement. Likewise, the 



hardness of the GEL-based scaffolds was significantly lower (28.20 ± 7.64 MPa and 17.18 ± 3.84 

MPa for PCL+GEL and PCL+GEL porogenic as opposed to 940.97 ± 231.97 MPa and 583.67 ± 

138.32 MPa for PCL and PCL porogenic, respectively). Assuming 0.001 – 6 MPa and 40 – 140 

MPa to be the range of the indentation and compression modulus of native articular cartilage, 

respectively 9,61,62, GEL-containing scaffold formulations better approximate the required 

compressive properties, suggesting its potential for cartilage TE. 

 

3.4. Biocompatibility evaluation of the fibrous scaffolds 

An important aspect to prescreen the biocompatibility of a scaffold is to access its general 

cytotoxicity towards cells cultured in vitro 6. A non-toxic resazurin metabolic assay was used to 

access the percentage of viable articular cartilage progenitor cells on PCL, PCL porogenic, 

PCL+GEL and PCL+GEL porogenic fibrous scaffolds after 1, 3, 7 and 14 days of culture, 

through the internalization and metabolic reduction of resazurin, a blue poorly fluorescent dye, 

to resorufin, a highly fluorescent compound, detected by spectrophotometry 63. The results, 

shown in Figure 5a, indicate that initial cell attachment was substantial for the four scaffold 

formulations. PCL+GEL scaffolds displayed a significantly higher cell viability at the beginning 

of the culture time, suggesting that the presence of GEL was beneficial to improve cell 

attachment, not only due to the GEL hydrophilic character, but also to the presence of cell 

recognition domains (RGD) on its structure 5,6,17. The percentage of viable cells increased 

significantly on the four scaffold formulations throughout the culture period, indicating that cell 

proliferation occurred. As previously referred, the topographic features of these constructs can 

have a beneficial impact of cell behavior 64. By day 7, the percentage of viable cells on GEL-

containing scaffolds was considerably higher. By day 14, a cell viability plateau was reached for 

PCL+GEL scaffolds, possibly implying that the cell proliferation rate decreased due to cell 

contact growth inhibition – scaffold saturation 63. On the contrary, the percentage of viable cells 

on porogenic scaffolds continued to increase, suggesting these scaffolds, due to their enlarged 

pore size and improved pore interconnectivity, possessed considerably more surface area for cells 

to spread and migrate. SEM images of the cell-laden scaffolds (Figure 5c) revealed that cells 

adhered and spread well through the surface of all scaffolds, exhibiting multiple filopodia 

attached to the surface. It is even possible to clearly visualize the nucleus of the cells. There were 

no visible differences of cell morphology between PCL, PCL+GEL and PCL porogenic 

scaffolds. However, in PCL+GEL porogenic scaffolds, it appears that cells penetrated through 

the scaffold, as it is possible to distinguish fibers on top of the cells layer. Several studies have 

reported this migration pattern on scaffolds developed with this porogenic approach 30,65. It is 

interesting to note that on PCL porogenic scaffolds, also with increased pore size, this behavior 

was not clearly visible, which could be associated with the absence of GEL and the respective 

functional peptide sequences necessary for integrin binding 66. A small degree of GEL dissolution 

on PCL+GEL porogenic scaffolds may also be responsible. The enlarged pore size of PCL+GEL 

porogenic may also explain why this 3D migration pattern was not prominently observed on the 

PCL+GEL scaffolds, where cell migration was relegated to the surface. A similar trend was 

observed through the DAPI staining of the cell-seeded scaffolds, also displayed in Figure 5c. 

Unmistakably, a higher degree of cell infiltration was observed on the porogenic scaffold 

formulations (29 and 80 % for PCL porogenic and PCL+GEL porogenic, respectively), with a 

statistically significant difference from the respective regular scaffold formulations (9 and 11 % 

for PCL and PCL+GEL, respectively) (Figure 5b). Furthermore, once again, PCL+GEL 

porogenic scaffolds displayed the highest cell infiltration. 



 

Figure 5. In vitro studies: percentage of viable articular cartilage progenitor cells seeded on the scaffolds after 1, 3, 7 and 14 
days of culture (a); and respective quantification of the cell infiltration after 14 days (b); SEM images and 
immunocytochemistry of nuclei (DAPI) of articular cartilage progenitor cells seeded on the scaffolds after 14 days of culture, 
scale bars: 50 µm. Statistical analysis by One-way ANOVA followed by post hoc Tukey’s test: ***p <0.001, **p <0.01, where * 
denotes statistical significant differences of each formulation over time; ###p <0.001, ##p <0.01, #p <0.05, where # denotes 
statistical significant differences between formulations on each culture period. 

 

 

4. Conclusion 

Here, an innovative engineering combined approach was developed to overcome two significant 

limitations of the PCL electrospun scaffolds for cartilage repair, their lack of bio-inductive 

properties and their characteristic small pore size. This methodology consists on incorporating a 

natural polymer – GEL – and a sacrificial material – PEG, later removed by immersion in water 

– to the PCL scaffolds. GEL was successfully blended with PCL, and the resulting composite 

scaffolds possessed improved wettability, resulting in better cell attachment and proliferation. 

The porogenic scaffolds developed had indeed increased pore size and interconnectivity, that 



allowed a significantly higher degree of cell infiltration into the scaffold, and the achievement of 

a more homogeneous cell distribution, which ultimately might generate functional tissue 

replacement, in vitro or after in vivo implantation. Even though further work should be done to 

optimize this combined approach, these results demonstrate that this innovative methodology has 

great potential for scaffold development for cartilage TE applications. For future work, it is 

intended to use the best scaffold formulation – PCL+GEL porogenic –for the development of 

three-dimensional anisotropic scaffolds with a depth-dependent organization of the fibers, 

mimicking the articular cartilage arcade-like collagen arrangement. 
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