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A B S T R A C T   

Electrospun membranes are compact structures with small pore sizes that hinder cell infiltration, 
resulting in membranes with cells attached only to the external surface rather than throughout 
the entire volume. Thus, there is a need to increase the pore size of electrospun membranes 
maintaining their structural similarity to the extracellular matrix. In this work, we used glucose 
crystals embedded in polyethylene oxide (PEO) fibers to create large pores in poly(lactic acid) 
(PLA) electrospun membranes to allow for cellular infiltration. The PEO fibers containing glucose 
crystals of different sizes (>50, 50–100 and 100–150 μm) and in varying concentrations (10, 15 
and 20 %) were co-electrospun with PLA fibers and subsequently leached out using distilled 
water. PLA fibrous membranes without glucose crystals were also produced as controls. The 
membranes were examined for their morphology, mechanical properties, and potential to support 
the proliferation of fibroblasts. In addition, the immune response to the membranes was evalu
ated using monocyte-derived macrophages. The glucose crystals were uniformly distributed in the 
PLA membranes and their removal created open pores without collapsing the structure. Although 
a reduced Young’s modulus was observed for membranes produced using higher glucose crystal 
concentrations and larger crystal sizes, the structural integrity remained intact, and the values are 
still suitable for tissue engineering. In vitro results showed that the scaffolds supported the 
adhesion and proliferation of fibroblasts and the pores created in the PLAmembranes were large 
enough for fibroblasts infiltration and colonization of the entire scaffold without inducing an 
inflammatory response.   

1. Introduction 

In tissue engineering, scaffolds are combined with cells to repair damaged tissues and organs [1]. Different techniques can be used 
in the production of scaffolds, such as freeze-drying, 3D-printing, phase-separation, solvent casting, and electrospinning [2]. 

Electrospinning is a widely used technique for producing membranes that structurally resemble the extracellular matrix (ECM) of 
connective tissues [3]. These scaffolds also have high porosity and surface area-to-volume ratio and provide a suitable topography for 
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cell adhesion and proliferation, favoring cellular regeneration [4]. 
Electrospinning has been applied to different tissues such as skin [3], bone [5], cartilage [6,7], vascular [8], cardiac [9,10] and 

nervous [11,12]. However, due to the continuous deposition of ultra-fine fibers, the resulting membranes are flat structures with 
relatively small pores and high packing density of the fibers that prevent cellular infiltration and, consequently, new tissue ingrowth 
[13]. 

To increase the pore size of the electrospun membranes, different methods have been used to adjust pore size and packing density, 
such as: electrospinning with salt leaching, cryogenic electrospinning, sacrificial fibers, combination of nanofibers and microfibers, 
ultrasonication, electrospinning using a liquid bath collector, electrospinning with gas foaming, electrospinning with electrospray and 
custom-made collectors. These methods have been described and discussed in detail in several reviews [14–19]. When sacrificial 
polymers or particles are used, a homogeneous distribution must be obtained to prevent an irregular distribution of pores and ensure 
pore interconnectivity [20]. The most commonly used sacrificial agent is poly(ethylene oxide) (PEO), due to its high solubility in water 
and its electrospinnability [21]. Other studies used co-electrospinning of PEO solutions with polycaprolactone (PCL) [22] or performed 
electrospraying coupled with the electrospinning of PCL, polyglycolic acid or poly (lactic-co-glycolic) acid to form microparticles that 
can be leached out, thereby facilitating the creation of open pores [23]. A straightforward approach directly introduced particles, such 
as salt or sugar, by placing a dispensing unit above the collector while performing fiber deposition. For example, Park et al. expanded 
the pore size of silk-fibroin scaffolds by adding salt particles that were released from a rotating cylinder above the collector [24]. 
However the resulting structure had poor mechanical properties and most of the salt crystals were not incorporated in the membranes. 

Polylactic acid (PLA) is an aliphatic polyester produced from natural resources, unlike PCL, which is petrol based [25]. PLA is 
biodegradable, biocompatible and has been shown to induce a low inflammatory response [26]. Studies have used PLA electrospun 
fibers for several tissue engineering applications but only a few considered the pore dimension and the production of a 
three-dimensional scaffold. Shim et al. used a simple technique of mechanical expansion to produce PLA fibrous membranes with 
expanded pores [27]. Recently, Jing et al., 2019 used electrospinning to produce PLA membranes that were wetted by ethanol 
saturated CO2 to create soft continuous nanofibrous structures [28]. However, none of these studies characterized the mechanical 
properties of the scaffolds to evaluate if the structural integrity was compromised. 

In this study, we used PEO fibers as a vehicle to transport glucose crystals with controlled size, which were co-electrospun with PLA. 
These crystals were then removed to create membranes with large pores. Membranes were produced using glucose crystals with sizes 
in different ranges (<50, 50–100 and 100–150 μm) loaded in the PEO solution at different concentrations (10, 15 and 20 %). The 
mechanical properties, porosity, pore size and biocompatibility using fibroblasts and monocytes were evaluated and compared with 
PLA membranes obtained via standard electrospinning. 

2. Materials and methods 

2.1. Scaffolds fabrication 

2.1.1. Solution preparation 
PLA Luminy® L175 from Carbion (Mw = 1.63 × 105 kDa) at a concentration of 6.7 wt% was dissolved in a solvent mixture of 

chloroform and N,N-dimethylformamide, both from Carlo Erba, at a 82:18 ratio under magnetic stirring overnight. 
A solution of polyethylene oxide (PEO, Mw = 100 kDa, Sigma-Aldrich) was prepared in chloroform at a concentration of 10 % (m/ 

m). The solution was stirred overnight. Glucose granules were sieved using a sieve agitator (AS 300 control of Retsch) to separate the 
granules according to their size: <50 μm, 50–100 μm and 100–150 μm. The granules with different sizes were dispersed in the PEO 
solution at a concentration of 10 % under magnetic stirring for 30 min before the electrospinning process. Additionally, glucose 
granules with a size of 100–150 μm were dispersed in the PEO solution at concentrations of 15 % and 20 %. 

2.2. Electrospinning process 

For the electrospinning of PLA, the PLA solution was loaded into a 5 mL plastic syringe connected to a 21 G stainless steel blunt 
needle (internal diameter of 0.508 mm) and placed in a syringe pump (SyringePump NE-300) that pumped the solution at a flow rate of 

Fig. 1. – Schematic representation of the electrospinning setup.  
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0.8 mL/h. To the needle, a 12 kV voltage was applied using a high voltage power supply (Iseg T1 CP300 304p). A homemade cy
lindrical mandrel with a diameter of 8 cm, grounded and with rotational and translational motions, covered with aluminum foil, was 
kept at a distance of 20 cm from the needle tip and used to collect the fibers. 

To produce PLA membranes with expanded pores, the co-electrospinning of PLA fibers with PEO fibers embedded with glucose 
crystals was performed. To do that, the PLA and PEO with glucose solutions were co-electrospun in a 180-degree geometry using a 
syringe pump on each side of the cylindrical mandrel (Fig. 1). The PLA solution was placed in 5 mL plastic syringes and electrospun 
with the following parameters: a flow rate of 0.8 mL/h, a 21 G stainless steel blunt needle, a voltage of 12 kV applied to the needle and a 
needle tip to collector distance of 20 cm. The PEO solution with glucose crystals was also placed in a 5 mL plastic syringe and elec
trospun with the following parameters: a flow rate of 0.3 mL/h, a 19 G (internal diameter 0.686 mm) stainless steel blunt needle, a 
voltage of 18 kV applied to the needle and a needle tip to collector distance of 25 cm. 

The resulting membranes were left to dry under vacuum for 48 h to ensure solvent removal. Then, they were immersed in ethanol 
for 3h to wet the fibers and to allow water to penetrate inside the membrane. This was followed by immersion in distilled water for 24h 
with three water changes. Before freezing the samples at – 80 ◦C for 24h, they were observed under an optical microscope to confirm 
the absence of glucose granules, Finally, the samples were freeze-dried using a VacO2 system for an additional 24h. 

3. Characterization 

3.1. Scanning Electron Microscopy (SEM) 

The morphology of the fibrous membranes was assessed using a Hitachi TM3030 Plus Electron Microscope operating in high 
vacuum at 15 kV. Before observation, samples were sputter coated with iridium. The ImageJ software (National Institute of Health, 
USA) [29] was used to measure the diameter of the fibers, analyzing at least 100 fibers. The results are expressed as the average ±
experimental standard deviation. The area of the pores, as well as the Feret’s diameter of the membranes was also determined using the 
ImageJ software according to You et al. [30] and Huang et al. [31], respectively. 

3.2. Porosity measurements 

The porosity of the different PLA membranes was estimated using the method described by Jung Bok Lee et al. [32]. Briefly, at least 
6 samples from each PLA membrane, cut using a 15 mm circular punch, were weighed to determine the scaffold mass (g). Their di
mensions were measured, with membrane thickness determined using a digital micrometer and area calculated based on the circle’s 
area, to obtain the apparent density according to equation (1): 

Apparent density
(
g
/

cm3)=
scaffold mass (g)

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

The porosity was obtained from the ratio of the apparent and bulk densities of PLA (bulk density: 1.24 g/cm3) according to equation 
(2): 

Scaffold porosity=1 −
scaffold apparent density

(
g

cm3

)

scaffold bulk density
(

g
cm3

) × 100 (%) (2) 

Mechanical characterization. 
Uniaxial tensile tests of the PLA membranes were performed using a test machine from Reometric Scientific. The area of each 

sample was 30 × 10 mm2 and the membrane’s thickness was in the range from 80 μm to 140 μm, measured with a digital micrometer 
(Mitutoyo Corporation, Japan). Samples were stretched using a 20 N load cell and an elongation speed of 2 mm/min at room tem
perature. At least 12 samples from three different electrospun membranes were used. The slope of the linear region of the stress-strain 
curve reveals the Young’s modulus. 

Degradation tests. 
Hydrolytic degradation of the PLA fibrous membranes was carried out using phosphate buffer saline (PBS, pH 7.4 ± 0.2) solution 

with 0.02 % w/v sodium azide (Merck, to prevent contamination by gram-negative bacteria). The initial weight (Wi) of 5 samples was 
measured for each condition and the samples were immersed in 5 mL of PBS and incubated at 37 ◦C for 24 weeks. At different time 
points (1d, 1w, 2w, 4w, 8w, 12w and 24w), the samples were removed from the degradation medium, washed 3 times with distilled 
water and dried in an incubator at 37 ◦C for 48 h. The dried samples were weighed (Wk), the scaffold remaining weight was determined 
according to equation (3) and the results were expressed as the average ± experimental standard deviation [33]. 

Remaining weight= 1 −
Wi − Wk

Wi
(3) 

After 8 weeks, degraded samples were observed by SEM according to the procedure previously described. 
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3.3. Biocompatibility evaluation of fibrous membranes 

3.3.1. Cell culture 
Human fetal foreskin fibroblasts (HFFF2 cell line, ECACC, UK), were cultured in complete Dulbecco’s modified Eagle’s medium 

(DMEM, Biowest) with 10 % fetal bovine serum (FBS, Biowest) and 1 % penicillin/streptomycin (Gibco). 
A human monocyte cell line (THP-1 cells, ATCC, UK) was cultured in RPMI-1640 with stable glutamine (Biowest) supplemented 

with 10 % heat inactivated FBS (Biowest), 1 % penicillin/streptomycin (Gibco), and 1 % non-essential amino acids (Gibco). Both cell 
types were maintained at 37 ◦C in a humidified 5 % CO2 incubator. 

Samples for cell culture were cut using a 12 mm circular punch, sterilized using 70 % ethanol for 30 min, allowed to dry for 24 h, 
and then incubated with complete culture media overnight at 37 ◦C and 5 % CO2. HFFF2 cells and THP-1 cells were seeded at a density 
of 20 × 103 cells/cm2 and 80 × 103 cells/cm2, respectively, over a 0.5 cm2 area on each sample held by homemade Teflon inserts that 
were placed inside 24-well tissue culture plates. For cell controls, cells were seeded directly onto the tissue culture plate. For THP-1 
cells, 8 nM of phorbol 12-myristate 13-acetate (PMA) dissolved in DMSO was added to the culture medium before cell seeding to 
stimulate the differentiation of monocytes into macrophages. After 48 h, the PMA containing medium was replaced with fresh 
complete culture medium without PMA. 

3.3.2. Viability test 
A resazurin (Alfa Aesar) solution (0.04 mg/mL in PBS) was used to evaluate the viability of the cells. Resazurin, which has an 

absorbance maximum at 600 nm, is reduced to resorufin, which has an absorbance maximum at 570 nm, by viable cells. On different 
days (1, 3, 5, 7, 10 and 14 for HFFF2 and 2, 4, and 7 for THP-1), the culture media were replaced by complete medium supplemented 
with 50 % of the resazurin solution. Wells without cells were filled with this medium and used as reference. Five replicates were 
performed for each experimental condition. The plates were incubated for 3 h in the CO2 incubator and then the medium absorbance 
was measured at 570 nm and 600 nm using a Biotex ELX 800UV microplate reader. The cell viability is proportional to the corrected 
absorbance, which was obtained by subtracting the absorbance measured at 600 nm from the one measured at 570 nm and subtracting 
the absorbance of the medium control. Analysis of variance (ANOVA) was performed using the OriginPro 2018 software to determine 
the significance of differences between samples. For multiple comparisons, Tukey’s test was used, and the differences were assumed to 
be statistically significant if p < 0.05. 

3.3.3. Phalloidin and DAPI staining 
After 2 days for THP-1 cells and 5 days for HFFF2 cells, the different PLA samples were fixed with 3.7 % formaldehyde and per

meabilized with 0.5 % Triton X-100 in PBS. To observe the actin cytoskeleton and the nuclei, cells were stained with Actin-stain 555 
Phalloidin (100 nM in PBS) (Cytoskeleton, Inc.) for 60 min and with DAPI (300 nM in PBS) (Molecular Probes) for 5 min, respectively. 
All samples were mounted on glass coverslips with mounting media (Mowiol from Sigma-Aldrich) and imaged with an epi-fluorescence 
microscope Nikon Eclipse Ti–S equipped with a Nikon D610 digital camera. 

4. Results and discussion 

4.1. Membranes characterization 

Electrospinning was used to produce regular fibers with smooth surfaces. To increase the pore size of the electrospun PLA 

Fig. 2. – Scanning Electron Microscopy images of electrospun PLA fibers and PLA fibers co-electrospun with PEO fibers loaded with glucose crystals 
of different sizes: (a) membranes without glucose and PEO; (b) membranes with 10 % of glucose crystals with <50 μm; (c) membranes with 10 % of 
glucose crystals with 50–100 μm; (d) membranes with 10 % of glucose crystals with 100–150 μm; (e) membranes with 15 % glucose crystals with 
100–150 μm and (f) membranes with 20 % glucose crystals with 100–150 μm. Scale bars: 50 μm (a) and 100 μm (b–f). 
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membranes, the PLA solution was co-electrospun with a PEO solution containing glucose crystals with sizes of three different ranges. 
The morphology of the membranes after electrospinning was analyzed by SEM, as depicted in Fig. 2. Both the glucose crystals and the 
PEO fibers leached out from the membranes using distilled water, creating voids in the membranes, as observed by the SEM images 
represented in Fig. 3. The standard PLA membranes were also submitted to the same procedure for comparison purposes. To prevent 
the loss of bulk volume after removing the porogens and drying the membranes, they were freeze-dried to preserve the voids created by 
the porogens removal, maintaining structural stability. The membranes presented a less compact structure with larger pore size 
compared to the standard PLA membranes. It was also possible to observe larger voids in membranes where larger glucose crystals 
were used. Additionally, after removal of the sacrificial agent, wider pore area and pore size dispersion were measured in the PLA 
membranes that contained larger glucose crystals in concentrations of 10 % and 15 % (PLA 100–150 and PLA15 100–150, Fig. 4). The 
small pores characteristic of standard electrospun membranes were present in the structure of all membranes. Additionally, it was 
observed that increasing the quantity or size of granules deposited in the PLA membrane did not affect the random fiber orientation, 
and the membranes maintained their structure. The average fiber diameter was similar among all membranes but those that were co- 
electrospun with PEO and glucose crystals presented a wider fiber diameter distribution, featuring both thinner and larger fibers 
compared to standard PLA (Fig. 3). Despite the clear evidence of large pores in the membranes after removal of the porogens, the bulk 
porosity of the membranes did not change significantly. The porosity of the PLA membranes was 90 %, while the porosity of the PLA 
membranes after leaching out the crystals ranged between 85 and 88 % (Table 1). 

Tensile stress-strain tests were performed on the PLA fibrous membranes after removing the porogens to evaluate the effect of the 
open pores on the mechanical performance of the membranes. In Table 1, the mechanical properties are reported, namely, the Young’s 
Modulus, the ultimate tensile strength and the elongation at break. A representative stress-strain curve for each PLA membrane is 

Fig. 3. – Scanning Electron Microscopy images of electrospun PLA fibers after leaching out the PEO and glucose crystals and their respective fiber 
diameter histograms. (a) PLA fibers; PLA fibers co-electrospun with PEO fibers loaded with glucose crystals of different sizes: (b) 10 %, <50 μm; (c) 
10 %, 50–100 μm; (d) 10 %, 100–150 μm; (e) 15 %, 100–150 μm and (f) 20 %, 100–150 μm. 
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shown in Fig. 5. The standard PLA membranes presented a Young’s modulus of 15 ± 3 MPa. The Young’s modulus of PLA fibers 
produced using electrospinning depends on the fiber’s characteristics such as fiber diameter and orientation. According to Shi et al. 
[34], the mechanical properties of PLA fibrous membranes obtained by electrospinning were smaller than the Young’s modulus of the 
standard PLA membranes produced in the present study. This difference can be related to the average fiber diameter of the PLA fibers 
obtained in this study, which was smaller when compared to the average diameter of the PLA fibers produced in the study performed 
by Shi et al. Another factor that affects the mechanical properties of the PLA membranes is the treatment of the membranes with 
ethanol to remove the PEO fibers and the glucose crystals. According to Pavlova et al., 2019 [35], ethanol has a plasticizer effect on 
PLA membranes. In their work, after drying the ethanol treated PLA membranes, they observed membranes with higher elongation at 
break and higher Young’s modulus. 

The PLA membranes, after removing glucose grains of dimensions smaller than 100 μm, showed a slightly reduced Young’s 
modulus when compared to standard PLA membranes. The values of elongation at break and the ultimate tensile strength were similar 
between the PLA membranes and the membranes where glucose crystals with dimensions inferior to 100 μm were leached out. 
However, when glucose crystals with sizes between 100 and 150 μm were removed from PLA membranes, a significant reduction of 
Young’s modulus and ultimate tensile strength as well as an increase in the elongation at break were observed when compared to the 
standard PLA membranes. Thus, the use of large crystals created voids large enough to significantly affect the mechanical properties of 
the membranes. A linear relationship between the decrease of tensile strength and stiffness with the presence of sacrificial PEO fibers 
was observed before by Baker et al. [36] and Voorneveld et al. [37]. The decrease in the Young’s modulus should be even more 
pronounced in our study due to the additional removal of the glucose crystals, particularly the ones with larger sizes. Soft tissues in the 
human body present Young’s moduli ranging from 0.01 MPa to 15 MPa [38]. The Young’s modulus of human skin, which depends on 
the skin source and the age, varies from 0.10 MPa in the initial slope of the stress-strain curves (up to 40 % stretching) and up to 18.8 
MPa in the high strain-region [39]. In the study developed by Zahouani et al., the mechanical properties of the dermis as well as dermis 
equivalents were determined to be 8 kPa [40]. Despite the significant reduction of the Young’s modulus of the PLA membranes after 
leaching, they still have mechanical properties suitable for being applied as skin substitutes. 

The degradation of the PLA electrospun membranes was determined by measuring the weight changes of the PLA membranes over 
24 weeks in PBS at 37 ◦C. PLA is degraded by hydrolysis of the ester-bond backbone, which occurs by surface or bulk erosion and 

Fig. 4. – Area (μm2) and Feret’s diameter (μm) of the pores for the different PLA membranes.  

Table 1 
– Results of porosity analysis and tensile tests of PLA fibrous membranes. Ultimate tensile strength, σ, Young’s modulus, Y, and strain at break, ε 
(mean ± experimental standard deviation).  

Fibrous membrane Porosity (%) Mechanical testing 

Y (MPa) σ (MPa) ε (%) 

PLA 90 ± 2 15 ± 3 1.4 ± 0.3 61 ± 9 
PLA <50 μm 87 ± 2 10 ± 4 1.3 ± 0.4 72 ± 6 
PLA 50–100 μm 88 ± 2 14 ± 3 1.2 ± 0.3 52 ± 9 
PLA 100–150 μm 85 ± 2 5 ± 2 1.3 ± 0.3 91 ± 8 
PLA15 100–150 μm 86 ± 2 3 ± 1 0.9 ± 0.2 115 ± 14 
PLA20 100–150 μm 88 ± 1 4 ± 1 0.9 ± 0.1 106 ± 14  

T. Vieira et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e36091

7

results in monomers and oligomers of lactic acid [41,42]. The degradation profiles of the PLA membranes are shown in Fig. 6a. After 
removing the porogens, the membranes barely lose weight over 24 weeks, independently of the structure of the membrane (quantity 
and dimension of porogen). A similar result was obtained by Dias et al. who showed that PLA electrospun membranes barely lost 
weight over the period of 20 weeks [43]. SEM images were also acquired after that period to evaluate the morphological changes 
(Fig. 6b–g). The structure of the membranes was slightly compromised as can be observed in the SEM images, with visible rupture of 
some fibers. However, their smooth morphology was maintained. The increase in the membrane pore size caused by the removal of 
glucose crystals and PEO did not negatively affect the degradation rate of PLA electrospun membranes over a period of up to 24 weeks. 
When this type of scaffold is used for wound healing applications, PLA persists in the body for at least 12 months, providing sufficient 
time for dermal remodeling and new tissue formation [44]. 

Fig. 5. – Typical stress-strain curves of the electrospun PLA membranes after removing the glucose crystals.  

Fig. 6. – (a) Hydrolytic degradation of electrospun PLA membranes immersed in PBS during 24 weeks. Scanning Electron Microscopy images of 
electrospun fibers after immersion in PBS during 24 weeks: PLA fibers (b) and PLA fibers co-electrospun with PEO fibers loaded with glucose crystals 
of different sizes: (c) 10 %, <50 μm; (d) 10 %, 50–100 μm; (e) 10 %, 100–150 μm; (f) 15 %, 100–150 μm and (g) 20 %, 100–150 μm. 

T. Vieira et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e36091

8

4.2. In vitro evaluation 

The viability of HFFF2 cells seeded on PLA membranes was evaluated using the resazurin assay over a period of 14 days. The 
resazurin assay measures the metabolic activity of cells, which is assumed to be proportional to the number of cells. The cell population 
results are shown in Fig. 7. An adhesion ratio of 56 % when compared to the cell control was observed for PLA sample. Although PLA is 
a biocompatible polymer, its hydrophobic nature can impair the adhesion rate of cells. The adhesion ratios for the membranes with 
bigger pores were smaller, revealing an increased difficulty of cells to adhere to a more open structure. The cell population increased 
over time for all samples but lagged the control at all time points. However, the cell proliferation rate of the PLA membranes, evaluated 
by the ratio between cell populations on days 14 and 1, was similar to the cell control when compared to the PLA membranes with 
larger pores, as presented in Table 2. Confluence was reached faster in cell controls and then in PLA membranes without large pores, 
suggesting a delayed proliferation in the membranes with larger pores. This happens despite the higher similarity of electrospun 
membranes with the extracellular matrix, where the cells need more time to establish contact points and reach confluence, which was 
also previously reported by Querido et al. [45], Jiang et al. [46], and Chang et al. [47]. 

The cytoskeleton and the nuclei of the cells were stained with phalloidin and DAPI, respectively (Fig. 8). Differences were observed 
in the cells’ cytoskeleton when they were seeded on membranes with different structures. The cells presented a more stretched 
morphology, with longer actin filaments and a larger projected area in contact with membranes with larger pores (Fig. 8d–f). It was 
also observed that cells spread across different planes in membranes with large pores, unlike in standard PLA membranes where cells 
are mainly located on the surface. The presence of large pores enables cell penetration in the z-plane, which allows cells to be 
distributed throughout the membrane. Hodge and Quint also reported an increase in cell infiltration when polyethylene oxide mi
croparticles were used as sacrificial agents to create expanded pores in PLA electrospun membranes having pore sizes around 20 μm 
[23]. Other studies used cryogenic electrospinning [48,49] as a pore-enlarging strategy to obtain fibrous membranes with enlarged 
pores without collapsing, when compared to other porogen agents. Larger pores, with diameters of 40 μm, were created inside the 
electrospun membranes, allowing for cell infiltration. 

It is crucial to consider the inflammatory response when developing scaffolds destined for Tissue Engineering, as it significantly 
affects how the body accepts the foreign material and its ability to heal successfully after implantation [50]. Electrospun membranes 
have been shown to influence macrophage activation and inflammatory response, which depends on fiber diameter, alignment and 
pore size. Fibers with large diameter [51], high degree of alignment [52] and large pore size [53] have shown the ability to induce 
macrophage polarization towards the anti-inflammatory (M2) phenotype. 

THP-1 cells were cultured in the presence of the PLA membranes to evaluate their effect on immune response modulation. When 
THP-1 cells induced by PMA to differentiate into macrophages were seeded on the PLA membranes, their adhesion was higher for the 
standard PLA membranes, even when compared to the cell control, and decreased for membranes with larger pores (Fig. 9). Addi
tionally, the cellular metabolic activity reduced as a function of culture time while the cells seeded on the well plates (cell control) 
exhibited unaffected metabolic activity over time. The absence of a strong metabolic activity suggests that the fibrous membranes do 
not activate the macrophages into the pro-inflammatory (M1) phenotype [54]. Similar results were obtained previously by Fuller et al., 
2016 [55] who found a reduced metabolic activity of macrophage derived THP-1 monocytes in polycaprolactone electrospun mem
branes over time. Our results suggest that the fibrous membranes can modulate the immune response towards the anti-inflammatory 
phenotype. 

Fig. 7. – HFFF2 cell population on PLA membranes after removing the glucose crystals and on tissue culture plastic wells (CC) determined using the 
resazurin assay on days 1, 5, 7, 11 and 14 (mean ± standard deviation, n = 5). The results were statistically compared to the PLA membranes for 
each time point, using ANOVA with a significance level of p < 0.05 (represented by an asterisk). 
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Table 2 
– Adhesion ratio and cell proliferation evaluated by the ratio between cell populations on day 14 and on day 1 (PR14/1) of HFFF2 cells of PLA 
membranes with different pore sizes. Results are expressed as mean ± combined standard uncertainty.   

PLA PLA <50 μm PLA 50–100 μm PLA 100–150 μm PLA15 100–150 μm PLA20 100–150 μm Cell control 

Adhesion ratio (%) 56 ± 2 48 ± 3 50 ± 2 49 ± 2 44 ± 3 45 ± 2 100 ± 1 
PR14/1 4.2 ± 0.1 3.6 ± 0.2 4.1 ± 0.1 2.7 ± 0.2 4.8 ± 0.2 2.7 ± 0.2 2.5 ± 0.1  

Fig. 8. – Fluorescent images of cytoskeleton (phalloidin – red) and nuclei (DAPI – blue) of HFFF2 cells at day 7 of culture seeded on PLA membranes 
(a) and PLA membranes co-electrospun with PEO fibers loaded with glucose crystals of different sizes: 10 %, <50 μm (b); 10 % 50–100 μm (c); 10 %, 
100–150 μm (d); 15 %, 100–150 μm (e) and 20 %, 100–150 μm (f). Scale bar: 100 μm. 

Fig. 9. – THP-1 cell population on PLA membranes after removing the glucose crystals and on TCP wells (CC) determined using the resazurin assay 
on days 2, 4 and 7 (mean ± standard deviation, n = 4). The results were statistically compared to the PLA membranes for each individual day, using 
ANOVA with a significance level of p < 0.05 (represented by an asterisk). 
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The representative images of the staining of macrophages cytoskeleton and nuclei with phalloidin and DAPI after 2 days and 7 days 
are shown in Fig. 10 and in Fig. 11, respectively. After 2 days (Fig. 10), macrophages mainly presented a rounded morphology with few 
protrusions, which is usually associated with a non-activated phenotype (M0) [56]. After 1 week (Fig. 11), a strong reduction in cell 
number was observed (visible by the reduced number of nuclei), confirming the results obtained in the resazurin assay. At this time 
point, macrophages presented an elongated spindle-like shape with actin filaments protruding from cells which is a characteristic of 
macrophages polarized to M2, as observed before by Kurynina et al. [57]. 

Other methods, such as cryo-electrospinning, enable the formation of porogens in situ by cooling the collector, which allows the 
formation of ice crystals [58,59]. By controlling the humidity, it is possible to obtain membranes with different pores sizes by varying 
the dimensions of the ice crystal during the electrospinning process [58,59]. In this work, we achieved fibrous membranes with various 
pore sizes by controlling both the size of the glucose granules and their concentration in the solution prior to the electrospinning 
process, without depending on the environmental conditions. With the combination of glucose crystals with PEO, which were leached 
out, it was possible to obtain a structure with pores suitable for the adhesion, proliferation and infiltration of fibroblasts, where the 
cells populate the entire scaffold and, at the same time, modulated the immune response by reducing the inflammatory activity. 
Membranes with different pore sizes were obtained by varying the size of the crystal granules. Furthermore, the concentration of 
crystals in the polymeric solution should be kept below 20 % as higher concentrations can lead to needle clogging during the elec
trospinning process and may cause the structure to collapse due to poor mechanical stability. 

Creating a membrane with enlarged pores to allow cell infiltration is of paramount importance for creating three-dimensional 
structures that resemble the ECM [13]. In cases of ECM destruction, such as full-thickness wounds, the cells responsible for tissue 
repair cannot reach the wound site, preventing regeneration [60]. Thus, electrospun membranes with large pores that facilitate cell 
infiltration and mobility not only help in the regeneration process but also serve as in vitro tissue models similar to the native ECM 
environment, allowing for a deeper study of cell-cell and cell-ECM interactions and matrix deposition and organization [14]. 

5. Concluding remarks 

The creation of pores large enough to allow for cell infiltration in electrospun membranes has been challenging despite the different 
approaches that have been used. With this study, we conclude that it is possible to regulate the pore size of PLA electrospun membranes 
by using glucose crystals transported by PEO as sacrificial agents. PLA was chosen because it is approved by the Food and Drug 
Administration, is already used in degradable sutures and does not pose any risk of disease transmission [25]. Electrospun PLA 
membranes accelerate wound closure in vivo when compared to traditional gauzes [61] and facilitate new tissue formation in dermal 
reconstruction [62]. After removing the porogens, the resulting membranes can withstand mechanical strain and maintain their porous 
structure without collapsing. However, the mechanical properties of the membranes still need improvements regarding the application 
as dermal substitutes. Membranes with large pores allowed for fibroblast infiltration with reduced inflammatory activity. Although the 
fibroblasts took longer to proliferate when seeded in membranes with larger pores, they infiltrated the entire membrane creating a true 
three-dimensional distribution resembling the ECM. Overall, the membranes produced using glucose crystals with sizes ranging from 

Fig. 10. – Fluorescent images of cytoskeleton (phalloidin – red) and nuclei (DAPI – blue) of THP-1 derived macrophages at day 2 of culture seeded 
on PLA membranes (a) and PLA membranes co-electrospun with PEO fibers loaded with glucose crystals of different sizes: 10 %, <50 μm (b); 10 %, 
50–100 μm (c); 10 %, 100–150 μm (d); 15 %, 100–150 μm (e) and 20 %, 100–150 μm (f). Scale bar: 100 μm. 
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100 μm to 150 μm can be further explored as promising scaffolds for dermal skin tissue engineering. Next steps will include inves
tigating the production of total collagen, given its importance for new tissue formation by cells seeded on the scaffolds. 
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[7] A.F. Girão, Â. Semitela, A.L. Pereira, A. Completo, P.A.A.P. Marques, Microfabrication of a biomimetic arcade-like electrospun scaffold for cartilage tissue 
engineering applications, J. Mater. Sci. Mater. Med. 31 (2020), https://doi.org/10.1007/s10856-020-06407-4. 

[8] A.P. Rickel, X. Deng, D. Engebretson, Z. Hong, Electrospun nanofiber scaffold for vascular tissue engineering, Mater. Sci. Eng. C 129 (2021). 
[9] N. Adadi, M. Yadid, I. Gal, M. Asulin, R. Feiner, R. Edri, T. Dvir, Electrospun fibrous PVDF-TrFe scaffolds for cardiac tissue engineering, differentiation, and 

maturation, Adv Mater Technol 5 (2020), https://doi.org/10.1002/admt.201900820. 
[10] N. Nagiah, R. El Khoury, M.H. Othman, J. Akimoto, Y. Ito, D.A. Roberson, B. Joddar, Development and characterization of furfuryl-gelatin electrospun scaffolds 

for cardiac tissue engineering, ACS Omega 7 (2022) 13894–13905, https://doi.org/10.1021/acsomega.2c00271. 
[11] J. Qian, Z. Lin, Y. Liu, Z. Wang, Y. Lin, C. Gong, R. Ruan, J. Zhang, H. Yang, Functionalization strategies of electrospun nanofibrous scaffolds for nerve tissue 

engineering, Smart Mater Med 2 (2021) 260–279. 
[12] F. Zha, W. Chen, G. Lv, C. Wu, L. Hao, L. Meng, L. Zhang, D. Yu, Effects of surface condition of conductive electrospun nanofiber mats on cell behavior for nerve 

tissue engineering, Mater. Sci. Eng. C 120 (2021), https://doi.org/10.1016/j.msec.2020.111795. 
[13] Y. Zhang, M. Zhang, D. Cheng, S. Xu, C. Du, L. Xie, W. Zhao, Applications of electrospun scaffolds with enlarged pores in tissue engineering, Biomater. Sci. 10 

(2022) 1423–1447. 
[14] K.P. Feltz, E.A. Growney Kalaf, C. Chen, R.S. Martin, S.A. Sell, A review of electrospinning manipulation techniques to direct fiber deposition and maximize pore 

size, Electrospinning 2 (2017) 46–61, https://doi.org/10.1515/esp-2017-0002. 
[15] J.M. Ameer, P.R. Anil Kumar, N. Kasoju, Strategies to tune electrospun scaffold porosity for effective cell response in tissue engineering, J. Funct. Biomater. 10 

(2019). 
[16] J. Wu, Y. Hong, Enhancing cell infiltration of electrospun fibrous scaffolds in tissue regeneration, Bioact. Mater. 1 (2016) 56–64. 
[17] J. Rnjak-Kovacina, A.S. Weiss, Increasing the pore size of electrospun scaffolds, Tissue Eng., Part B 17 (2011) 365–372, https://doi.org/10.1089/ten. 

teb.2011.0235. 
[18] I. Jun, H.S. Han, J.R. Edwards, H. Jeon, Electrospun fibrous scaffolds for tissue engineering: viewpoints on architecture and fabrication, Int. J. Mol. Sci. 19 

(2018). 
[19] S. Zhong, Y. Zhang, C.T. Lim, Fabrication of large pores in electrospun nanofibrous scaffolds for cellular infiltration: a review, Tissue Eng., Part B 18 (2012) 

77–87, https://doi.org/10.1089/ten.teb.2011.0390. 
[20] D. Olvera, R. Schipani, B.N. Sathy, D.J. Kelly, Electrospinning of highly porous yet mechanically functional microfibrillar scaffolds at the human scale for 

ligament and tendon tissue engineering, Biomedical Materials (Bristol) 14 (2019), https://doi.org/10.1088/1748-605X/ab0de1. 
[21] C. Henriques, R. Vidinha, D. Botequim, J.P. Borges, J.A.M.C. Silva, A systematic study of solution and processing parameters on nanofiber morphology using a 

new electrospinning apparatus, Proceedings of the Journal of Nanoscience and Nanotechnology 9 (June 2009) 3535–3545. 
[22] N.E. Zander, J.A. Orlicki, A.M. Rawlett, T.P. Beebe, Electrospun polycaprolactone scaffolds with tailored porosity using two approaches for enhanced cellular 

infiltration, J. Mater. Sci. Mater. Med. 24 (2013) 179–187, https://doi.org/10.1007/s10856-012-4771-7. 
[23] J. Hodge, C. Quint, The improvement of cell infiltration in an electrospun scaffold with multiple synthetic biodegradable polymers using sacrificial PEO 

microparticles, J. Biomed. Mater. Res. 107 (2019) 1954–1964, https://doi.org/10.1002/jbm.a.36706. 
[24] Y.R. Park, H.W. Ju, J.M. Lee, D.K. Kim, O.J. Lee, B.M. Moon, H.J. Park, J.Y. Jeong, Y.K. Yeon, C.H. Park, Three-dimensional electrospun silk-fibroin nanofiber 

for skin tissue engineering, Int. J. Biol. Macromol. 93 (2016) 1567–1574, https://doi.org/10.1016/j.ijbiomac.2016.07.047. 
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