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ABSTRACT 

Organ transplantation has been and still is the classic method to heal patients with any 

kind of organ disease. However, this approach has several downsides, such as donor scarcity, 

short preservation time of the organs, high cost, and post-operation complications. Tissue 

engineering, a domain that aims to develop adequate substitutes that restore, maintain, and 

improve tissue functions, is a relatively new alternative in the regenerative medicine field that 

overcomes organ transplantation issues. 

 In this work, new membranes for bone tissue engineering were produced from 

electrospun PLA membranes with poly(ionic liquid) and superparamagnetic iron oxide 

nanoparticles (SPIONs). The membranes were submitted to supercritical drying with CO2, to 

induce porosity for better cell attachment, a procedure that also enhanced the crystallinity of 

the membranes. The samples were characterized by ATR-FTIR, TGA, XRD, SEM and magnetic 

hyperthermia. The results showed that all the samples with nanoparticles are suited for local 

cancer treatment, as it is possible to reach the temperature to eliminate tumoral cells by 

magnetic hyperthermia treatment. The samples were evaluated for cytotoxicity according to 

ISO 10993-5 with a human osteosarcoma cell line and the lowest registered value for cell 

viability was 94%, meaning that no sample presented cytotoxicity. 

 

Keywords: bone tissue engineering, membranes, fibres, SPIONs, porosity. 
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  RESUMO 

A transplantação de órgãos tem sido e permanece como o método clássico de tratar 

pacientes com qualquer tipo de doença nos seus órgãos. No entanto, esta abordagem 

apresenta várias desvantagens, tais como escassez de dadores, curto tempo de preservação 

dos órgãos, custo elevado e complicações pós-operatórias. A área de engenharia de tecidos, 

cujo objetivo consiste no desenvolvimento de substitutos adequados que restauram, mantêm 

e melhoram a função dos tecidos, é uma alternativa relativamente recente no ramo da 

medicina regenerativa que supera os problemas da transplantação de órgãos. 

Neste trabalho, novas membranas para engenharia de tecidos ósseos foram produzidas 

a partir de membranas eletrofiadas de PLA com um poli(líquido iónico) e nanopartículas 

superparamagnéticas de óxido de ferro (SPIONs). As membranas foram submetidas a secagem 

supercrítica com CO2, com o objetivo de induzir porosidade, de forma a melhorar a adesão 

celular. Este procedimento também aumentou a cristalinidade das membranas. As amostras 

foram caracterizadas por ATR-FTIR, TGA, XRD, SEM e hipertermia magnética. Os resultados 

demonstram que todas as amostras com nanopartículas são adequadas para tratamento de 

cancro localizado, visto que é possível alcançar uma temperatura que elimina as células 

tumorais por tratamento de hipertermia magnética. As amostras foram também testadas em 

relação à citotoxicidade de acordo com a norma ISO 10993-5 com uma linha celular de 

osteossarcoma humano e o valor de viabilidade celular mais baixo obtido foi de 94%, o que 

significa que nenhuma amostra apresenta citotoxicidade. 

 

Palavras-chave: engenharia de tecidos ósseos, membranas, fibras, SPIONs, porosidade. 
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1  

INTRODUCTION 

1.1 Tissue engineering 

Tissue engineering is a multidisciplinary domain that combines engineering, materials 

science, and biology principles to develop adequate substitutes that restore, maintain, and 

improve tissue functions [1]. The term “tissue engineering” dates from the mid-80s, and it 

emerged from the need to upgrade organ transplantation, a method that entails some issues, 

such as donor scarcity, short preservation time of the organs, high overall cost, and post-

operation complications [2]. One could say it all started with the transplantation of important 

functional cells, known as selective transplantation [3], that was later coupled to artificial 

biodegradable matrixes into what is known as scaffolds. These scaffolds must present specific 

properties: cell diffusion, proliferation and function and promotion of vascular ingrowth. 

1.2 Bone 

Bone is a mineralized tissue comprised mainly of hydroxyapatite (HAp) and type I 

collagen, while also containing water, ions, and proteins [4]. It has essential functions in the 

body, such as mechanical support, protection of soft tissues, locomotion, storage of calcium 

and phosphate, and bone marrow harbouring. Bone has four types of cells: osteoblasts, 

osteoclasts, osteocytes, and bone lining cells. Osteoblasts are responsible for bone tissue 

formation and osteoclasts for its resorption. Bone formation and resorption must be balanced, 

otherwise, several bone diseases will appear. Osteocytes, formed from osteoclasts, have an 

interconnected network that allows detection of mechanical loads by the piezoelectric effect, 

acting as bone remodelers through the regulation of bone formation and resorption [5]. 

Another important bone component is the bone extracellular matrix (ECM), made of collagen 

fibrils, which provide mechanical support and are crucial for bone homeostasis and for the 

regulation of bone cell activity [4]. 

Bone has an intrinsic healing capacity due to differentiation of stem cells stemming from 

bone marrow. Nevertheless, large bone defects, that can be caused by accidents, old age, or 

disease, cannot be repaired naturally, and need external intervention. The most common 
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method is autologous bone grafting, which involves the transport of bone from one location 

to the damaged site in the same patient. Even so, it brings numerous drawbacks, like high 

donor site morbidity and scarcity of autologous bone, which limits its application. To overcome 

these obstacles, bone tissue engineering (BTE) can be the solution. Its main purpose is to create 

functional, living bone tissue that can be integrated in vivo and degrade to repair damaged or 

diseased bone, using a combination of cells, biomaterials, growth factors (GFs) and other 

bioactive molecules [4]. 

1.3 Bone tissue engineering: scaffolds and biomaterials 

Scaffolds and their fabrication have a significant role in BTE, as their goal is to mimic the 

ECM. An optimal scaffold should be biodegradable, bioactive, biocompatible, and non-

cytotoxic while inducing the least immune response possible. Moreover, it should be receptive 

to the inclusion of cells, promoting their attachment, proliferation and differentiation, GFs and 

other bioactive molecules, and in some cases to functional nanoparticles (NPs) and medicines, 

that can stimulate bone regeneration [4], [6]. Figure 1 shows a schematic of a scaffold for BTE 

and its components. 

 

Figure 1 - Schematic of a BTE scaffold with the classes of materials used and its components, which include cells, 

GFs and other bioactive molecules, NPs, drugs, chemical compounds, and ions. Adapted from [6]. 

A large variety of biomaterials has been looked into regarding scaffolds, mainly inorganic 

ones, which comprehend metals (e.g., titanium alloys), bioceramics (e.g., HAp, and α, β-

Tricalcium phosphates (α, β-TCP)), natural polymers (e.g., collagen, gelatin, and chitosan) and 

synthetic ones (e.g., polycaprolactone (PCL), polyglycolic acid (PGA), and polylactic acid (PLA)). 

Bioceramics present excellent biocompatibility, osteoconductivity and bioresorbability, while 
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polymers have high mechanical strength and stiffness. Natural polymers present the 

advantages of biocompatibility, resemblance to the ECM, and degradation into natural 

products [6]. The general materials used in scaffolds for BTE and their main respective 

characteristics, advantages and disadvantages are synthesised in Table A1 in the Appendix. 

To improve the properties of the scaffold, mainly its processability, mechanical properties 

and bioactivity, one can resort to composite materials. Some examples include polymeric 

matrix composites reinforced with natural components, such as collagen, and ceramic matrix 

composites reinforced with natural or synthetic polymers [4]. 

Ionic liquids (ILs), which can be defined as “low melting salts” [7] can be used as a 

reinforcement of synthetic polymers due to their promising properties for tissue engineering 

applications. In particular, cholinium-based ILs present excellent biodegradability, 

biocompatibility, and low toxicity, while also presenting electric and piezoelectric behaviour 

[8]. 

The properties of the scaffold are influenced not only by the composing materials, but 

also by the whole fabrication process. Collins et al. [6] reported several methods to produce 

scaffolds for BTE: electrospinning, freeze drying, additive manufacturing, phase separation, gas 

foaming and particulate leaching. 

1.4 Electrospinning 

Electrospinning is a technique used to produce nanofibres with a non-woven texture, 

high and controlled porosity, and a high surface area/volume ratio. To perform electrospinning, 

a syringe is loaded with the polymeric solution, which is placed in a pump that controls the 

flow of the jet. The potential difference, created by the connection of the needle and the 

collector to opposite terminals that generates an electric field between them, leads to the 

ejection of the solution, which occurs when the repulsive electrostatic force surpasses the 

surface tension of the liquid, and to its deposition on the collector [9]. When the solution jet 

moves to the collector, the solvent evaporates. Ideally, the deposited material has no solvent. 

The fibre formation, structure and diameter are dependent on several factors, related to 

the solution (polymer concentration, solvent volatility, and solution conductivity), to the 

process (flow rate, needle-collector distance, and applied voltage) and to the environment 

(temperature, and relative humidity). All these parameters must be optimized to produce fibres 

that can mimic the ECM structure. The polymer concentration affects the solution viscosity. 

Dilute solutions produce mechanically weaker fibres and solutions with a higher concentration 
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than a critical value do not produce fibres. According to Nemati et al. [10], the increase of the 

polymer concentration, while not exceeding the critical value, leads to an increase in the fibre 

diameter.  

Some considerations about new electrospinning methodologies and the type of 

polymers that can be electrospun and applied to tissue engineering are issued in Section A.1 

Literature revision of the Appendix. 

1.5 Nanoparticles in bone tissue engineering scaffolds 

The inclusion of NPs in BTE scaffolds can actively improve their properties. However, this 

subject needs a more comprehensive study, as several factors will influence the NP's effects in 

in vivo applications, mainly their size and stimulation of the inflammatory response. Small NPs 

could potentially enter the blood circulation and reach vital organs, causing serious diseases. 

Polymeric NPs could degrade inside the body and generate an inflammatory reaction and 

consequently be released by the body, losing all their therapeutic effects [11]. 

Magnetic nanoparticles (mNPs) can also have a positive impact on BTE. As reported by 

Soares et al. [9], mNPs generate heat when an alternating magnetic field is applied. Materials 

with superparamagnetic properties, like ferromagnetic NPs, exhibit a random flip on the 

direction of magnetization influenced by the temperature. Superparamagnetic iron oxide 

(Fe3O4) nanoparticles (SPIONs) are suitable for the diagnosis and treatment of cancer, also 

referred to as cancer theranostics. SPIONs are good contrast agents for magnetic resonance 

imaging (MRI) in the detection of tumoral cells. Additionally, due to the absorption power of 

the SPIONs, it is possible to reach temperatures above 42ºC that will eliminate tumoral cells by 

magnetic hyperthermia treatment. 

The incorporation of SPIONs in scaffolds prepared by laser sintering of composite 

powders, as detailed by Shuai et al. [12], stimulates cell adhesion, proliferation, and 

differentiation in vitro. In vivo experiments in white rabbits were also conducted and it was 

registered that the presence of SPIONs accelerated bone regeneration, by contributing to 

improving cell activity. In this study, SPIONs created a magnetic micro-environment, in which 

each particle generated a nanomagnetic field, contributing to cell adhesion, proliferation, and 

differentiation. 
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1.6 Fabrication of porous nanofibres 

The control over the structure of a scaffold plays a huge role in its overall performance. 

The technique chosen to produce a fibrous membrane and its parameters will influence pore 

size, shape, orientation, and interconnectivity, which will impact its behaviour when implanted. 

Collins et al. [6] described several studies that showed the benefits of hierarchically porous 

structures for BTE, as the inclusion of these types of structures improved not only the 

mechanical properties of the scaffolds, but also increased the degradation rate, bone formation 

rate and remodelling activities. 

Several methods can be used to produce porous nanofibres, and most of them consist 

in a multiple-step process that includes a posterior drying process to induce porosity. Drying 

processes are usually divided into three methods: atmospheric, freeze and supercritical drying 

[13]. These methods and the type of gels they originate are schematized in Figure A1 in the 

Appendix. 

Atmospheric drying is a classical drying procedure that occurs at room temperature and 

ambient pressure but does not ensure the preservation of the gel structure due to the surface 

tension of the liquid on the pores [13]. Freeze and supercritical drying are two post-treatments 

that originate highly porous gels [14]: freeze drying originates cryogels and supercritical drying, 

aerogels. Aerogels present promising characteristics, similar to the ECM, to be used as scaffolds 

in BTE: high porosity, low density, and high surface area [15]. 

Freeze drying consists of the extraction, in a high vacuum system, of the solvent by 

sublimation and desorption, obtaining scaffolds with an average porosity of 90% and pore size 

between 20 and 200 μm. Pore size is controlled by several process parameters, including freeze 

rate, polymer concentration and processing temperature [6].  

Supercritical drying requires a fluid with a reachable critical point that allows to 

interchange its physical state by changing the system’s temperature and pressure. If this fluid 

is CO2, the membranes are submersed in ethanol in a closed chamber and gaseous CO2 is 

injected. By increasing the temperature and pressure above the CO2 supercritical point (CO2 

reaches its supercritical point at a temperature of 31.1 ºC and a pressure of 73.9 bar [16]), the 

CO2 and the ethanol blend and when they are both removed from the chamber, the 

characteristic porosity of aerogels is induced. 

Due to their hierarchically porous structure, high surface area, and good biocompatibility, 

aerogels are a promising material for drug loading and delivery. It is possible to deliver a fast 
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and local administration, as the scaffolds are implanted in the injury location, increasing, even 

more, bone tissue regeneration [14], [17]. 

1.7 Approach 

Despite all the challenges and limitations yet to overcome, by combining the principles 

of engineering, materials science, and biology, BTE has the potential to revolutionize the way 

bone injuries and diseases are treated. Significant progress has been made in recent years, and 

it is expected that BTE will play a significant role in the future of regenerative medicine and in 

the well-being of mankind. 

This project’s objective was the production of porous membranes for BTE applications, 

through the electrospinning of PLA solutions, and the evaluation of the incorporation of a 

poly(IL) and SPIONs, and the drying treatment to induce fibre porosity. 

This document is segmented into various sections. Section 2 provides an in-depth 

overview of the materials and methods used in this project. Section 3 elaborates on the results 

obtained, including their discussion and comparison to existing literature. Section 4 outlines 

conclusions and future perspectives, and the Appendix contains supplementary information to 

all sections. 
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2  

MATERIALS AND METHODS 

A detailed description of the materials and the characterization techniques used in this 

work can be found in more detail in Sections A.2 Materials and A.3 Characterization of the 

Appendix. 

2.1 SPIONs synthesis 

SPIONs were synthesized according to a previously described procedure [18]. Briefly, 

2.5 mmol (0.50 g) of FeCl2∙4H2O and 5 mmol (1.35 g) of FeCl3∙6H2O were weighed and 

transferred to a three-neck round bottom flask of 250 mL. Then, 100 mL of ultrapure water was 

added, and the iron salts were dissolved under mechanical stirring at 500 rpm. The previous 

solution was deaerated by bubbling N2. After closing the system, 10 mL of an aqueous 

ammonium solution 25% were rapidly added, and the solution changed its colour to black. 

After 5 minutes, the solution was transferred to a Falcon tube. To avoid leaving any NPs in the 

flask, 50 mL of ultrapure water were added to the flask and transferred to the same Falcon 

tube. The excess of solvent was removed with a pipette, and the aid of a magnet. 

Oleic acid 16% (w/w) was added to the NP suspension using a micropipette with a cut 

tip and the solution was placed in an ultrasonic bath for 3 hours. The bath was monitored to 

prevent the water from heating. The NPs were then washed twice with acetone and twice with 

dichloromethane (DCM). The excess of the final solvent was removed to obtain a suspension 

of 25 mL. The NPs were aggregated, so they were subjected to sonication for a short period. 

The iron concentration was measured by evaporating the solvent of 1 mL of the suspension. 

2.2 Poly(IL) synthesis 

Poly([2-(Acryloyloxy)-ethyl] trimethylammonium chloride) (poly(AEtMAC)) was 

synthesized according to a previously described procedure [19]. Briefly, 2.58 mmol (0.63 g) of 

AEtMAC solution and 1.84x10-2 mmol (5x10-3 g) of 2,2’-azobis(2-methyl-propionamidine) 

dihydrochloride (AIBA) (1% wt of the monomer) were weighed and transferred to a 25 mL 

round bottom flask. Then, 5 g of ultrapure water (10% wt) were added, and the mixture was 
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bubbled with dry N2 for 20 minutes. Afterwards, the solution was heated to 70ºC in an oil bath 

for 24 hours under magnetic stirring. The resulting mixture was evaporated under vacuum. A 

highly viscous yellow oil was obtained in a quantitative yield. Poly(AEtMAC) was characterized 

by attenuated total reflectance - Fourier transformed infrared (ATR-FTIR) spectroscopy, nuclear 

magnetic resonance (NMR) spectroscopy, and thermogravimetric analysis (TGA). 

2.3 Solutions for electrospinning 

Solutions for electrospinning were prepared, after optimization of the parameters 

based on previous works from the research group, using PLA in a solvent mixture of DCM and 

N,N-dimethylformamide (DMF) (17:3 v/v) with a polymer concentration of 10% wt. 

Subsequently, poly(AEtMAC) (5% wt) and SPIONs (8 and 12 % wt) were added according to the 

respective solution composition to prepare 5 different solutions, which are summarized in 

Table A2 in the Appendix. The solution with PLA was kept under magnetic stirring for 4 hours, 

only adding the DMF in the last 10 minutes. The solution with PLA and poly(AEtMAC) was kept 

under magnetic stirring for 5 days and, due to an incomplete dissolution of the poly(AEtMAC), 

40 μL of water were added. For the preparation of the solutions with SPIONs, PLA and 

poly(AEtMAC) were dissolved in the solvent mixture in the conditions previously mentioned, 

and the SPIONs were added later. The solution was kept under mechanical stirring for 2 more 

hours to obtain a homogeneous solution with the SPIONs. To simplify, the nomenclature of 

poly(AEtMAC) and of SPIONs in the solutions was replaced by PIL and NP, respectively. 

Electrospinning was performed in a homemade setup (Figure A2 in the Appendix [20]) 

comprising a high-voltage source, a programmable syringe pump and a metallic sheet 

collector covered with aluminium. The needle-collector distance was maintained constant at 

15 cm. The voltage varied between 20 and 22 kV and the flow rate varied between 0.3 and 0.5 

mL/h. The temperature and relative humidity were kept below 23 ºC and 50%, respectively. All 

the membranes were produced with a 1 mL syringe and a 25G needle. Table A3 in the Appendix 

summarizes the electrospinning parameters for all the produced membranes.  

2.4 Supercritical drying 

After electrospinning, the membranes were left to dry at room temperature. The 

membranes were then removed from the aluminium and prepared for supercritical CO2 (scCO2) 

drying. The whole process is described in Section A.5 Supercritical drying of the Appendix.
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3  

RESULTS AND DISCUSSION 

Porous nanofibre membranes were produced via electrospinning of a PLA solution in 

DCM:DMF incorporated with a poly(IL) and SPIONs in order to increase the number of possible 

applications and enhance its functionality, followed by the drying treatment. A schematic 

outline is shown in Figure 2. 

PLA, obtained from lactic acid, was the chosen polymer for this work because it is a 

promising synthetic biopolymer when it comes to biomedical applications, due to its 

biocompatibility, biodegradability, mechanical strength, processing capacity, non-toxicity, and 

low cost [21]. Moreover, it is an efficient matrix material for the controlled release of drugs in 

the desired locations [9]. 

 

Figure 2 - Schematic outline of the present work. 

In the next sections, the properties of the produced membranes will be analysed, 

discussed, and compared with the ones stated in the literature. 

3.1 Membranes 

After optimizing the electrospinning parameters in order to obtain stable and 

homogeneous fibres, membranes were obtained from PLA, PLA/PIL, PLA/SPIONs and 

PLA/PIL/SPIONs. All the obtained electrospun membranes, observed in Figure 3 still in the 
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aluminium foil, presented a similar appearance macroscopically, except for the colour: white in 

the membranes with PLA and poly(AEtMAC), and brown in the membranes with SPIONs. 

Sections of the membranes were submitted to scCO2 drying and both membrane types 

were studied via X-ray diffraction (XRD), scanning electron microscopy (SEM), magnetic 

hyperthermia, and cytotoxicity. ATR-FTIR and TGA were only performed in the raw membranes 

because the chemical structure of the samples is not expected to change with supercritical 

drying [14]. 

 

 

Figure 3 - Photographs of electrospun membranes: A) PLA; B) PLA/PIL5; C) PLA/NP8; D) PLA/PIL5/NP8; E) 

PLA/PIL5/NP12. 

3.2 ATR-FTIR 

Figure 4 shows the ATR-FTIR spectra of all the produced membranes. PLA shows several 

characteristic bands that are marked below. Bands between 2994 and 2851 cm-1 are relative to 

-CH3 bonds, more specifically, at 2994 cm-1 is the asymmetric stretching vibration, and at 2944 

cm-1 the symmetric stretching frequency [22]. The band observed at 1754 cm-1 is relative to the 

stretching frequency of the carbonyl group (C=O) [22]. At 1454 and 1360 cm-1, the asymmetric 

and symmetric, respectively, bending vibration frequencies of -CH3 bonds have been identified 

[22]. The vibration at 1184 cm-1 is relative to the stretching frequency of -C-O-C [23], and at 

3 cm 
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1089 cm-1 is due to the stretching frequency of the -C-O bond [22]. The bands observed at the 

lower wavenumbers, at 869 cm-1 and 756 cm-1, represent the amorphous and crystalline phases 

of PLA, respectively [24]. 

 

Figure 4 - ATR-FTIR spectra of PLA (red), PIL (brown), PLA/PIL5 (blue), PLA/NP8 (orange), PLA/PIL5/NP8 (green) 

and PLA/PIL5/NP12 (purple). 

Poly(AEtMAC), referred to as PIL in Figure 4, also presents characteristic vibrations. The 

band at 1730 cm-1 is relative to the stretching vibration frequency of -C=O bond, and the band 

at around 1160 cm-1 to the stretching frequency of -C-O-C bond [25]. The band at 1500 cm-1 

is relative to the -N-(CH3)3 bond stretching vibration. 

The spectra of different membranes do not present any significant differences, which 

means that no new bonds or strong chemical interaction were formed when all the compounds 

were mixed. 

3.3 Nuclear magnetic resonance 

Poly(AEtMAC) obtained in quantitative yield was analysed by NMR and the obtained 

proton spectrum is shown in Figure 5. It is possible to verify that the polymerization was 

successful due to the broad peaks (larger than the monomer ones) and by the absence of the 

double bond signals, that would appear at lower field. It is also clear that the backbone signals, 

at higher field, are broader and less intense, due to the low mobility of that part of the 

polymeric chain. The rest of the chain has higher mobility, translating in more narrow signals. 

The -CH3 connected to nitrogen atom presents the most intense signal, and the -CH2 (c and 
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d), being deshielded because they are connected to an heteroatom (oxygen and nitrogen, 

respectively), appear at lower field. The HDO peak is related to the presence of the solvent. 

  

Figure 5 - NMR proton spectrum of poly(AEtMAC) and respective chemical structure. 

3.4 Thermogravimetric analysis 

 

Figure 6 - TGA curves of PLA (red), PIL (brown), PLA/PIL5 (blue), PLA/NP8 (orange), PLA/PIL5/NP8 (green) and 

PLA/PIL5/NP12 (purple). 

TGA was performed in all membranes and in poly(AEtMAC) to evaluate their thermal 

stability. The first significant weight loss in the membranes is detected at around 300 ºC, 

meaning that the membranes are chemically stable until 300 ºC. The obtained TGA curves are 

 
c 

 
d 
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shown in Figure 6. The curve of poly(AEtMAC), referred to as PIL in Figure 6, can be divided 

into three parts, separated by the inflection points, meaning that it has a three-step 

degradation profile. It starts to lose weight at a low temperature, and it could be related to the 

degradation of pendant groups on the polymer backbone [19]. However, the initial weight loss 

could also be related to water loss. Thus, one could say that the first substantial weight loss of 

poly(AEtMAC) starts in the first inflection point, at around 230 ºC.  

As the sterilization of the samples for the cytotoxicity assays is performed at 120 ºC, it is 

possible to conclude that no studied material is affected by the sterilization at 120 ºC. The 

presence of PIL in the membranes (PLA/PIL5; PLA/PIL5/NP8 and PLA/PIL5/NP12) is not 

noticeable in the respective degradation profiles, most likely due to the reduced amount of PIL 

introduced in these samples.  

The presence of SPIONs is reflected in the higher weight percentage of sample left 

undegraded at 500ºC, which is more noticeable for a higher amount of SPIONs.   

3.5 Supercritical drying 

Supercritical drying is a controlled methodology used to remove the solvent of a 

substance to form an aerogel. It resorts to a fluid in its supercritical phase, which brings several 

advantages compared to other drying processes such as ambient or freeze drying. Supercritical 

drying conserves the porous structure and avoids its collapsing because it does not fall back 

on fluids in its solid, liquid, or gaseous phase that would originate capillary forces on the pores, 

leading to its destruction [14]. Furthermore, the crystallization in freeze drying can lead to a 

volume increase that could possibly shatter the whole gel [13] and freeze drying may produce 

fibres with higher macroporosity than supercritical drying [14]. Supercritical drying is also able 

to remove any residual toxic solvents from the aerogel, making it an appealing process for 

biomedical applications [26], [27]. 

The first purpose of supercritical drying was to expand the two-dimensional electrospun 

membranes into three-dimensional scaffolds. However, after observation of the membranes in 

SEM, no expansion was registered. Other attempts were performed via depressurization of 

scCO2, by simply placing dry ice with the membranes in a closed vessel, as reported by Li et al. 

[28], but the membranes remained unchanged. After careful deliberation on the next step to 

move forward with the project, the expansion of the membranes was abandoned. As the 

electrospun membranes were very thin, the expansion to up to 8 times the initial thickness [28] 

would probably originate scaffolds with low mechanical stability and it wouldn't be possible to 
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handle them. Instead, the enhancement of porosity via supercritical drying was pursued. A 

common drawback regarding the use of PLA in tissue engineering is its poor cell attachment. 

A simple solution to this problem is porosity, as many studies report an increase in cell 

attachment in porous nanofibres of biodegradable polymers [29].  

To simplify the denominations, the samples that were not dried are from this point 

forward called membranes and the samples that were dried, are scaffolds, despite its definition 

of a "three-dimensional biomaterial that provides a suitable environment for cells to 

regenerate tissue and organs" [30]. 

3.6 X-ray diffraction 

The XRD diffractograms were analysed to compare the crystallinity difference between 

membranes and scaffolds. As seen in Figure 7, the scaffolds present spectra with less noise, 

with higher intensity and thinner peaks than the membranes, which means that supercritical 

drying treatment increased crystallinity of the samples, as it removes any of leftover solvent, 

which constitutes an amorphous part of the sample. This conclusion was also reported in 

previous works [31]–[33]. In Figure A4 in the Appendix, it is possible to observe the spectra of 

all samples to compare the crystallinity difference between membranes and scaffolds.  

PLA shows its specific peaks at 2θ values of 14.7º, 16.7º, 19.1º, and 22.3º, which 

correspond to the peaks mentioned in the literature [34]. Also, in the samples with SPIONs, it 

is possible to observe the characteristic peaks of the SPIONs, which are for 2θ values of 30.6º, 

36.0º, 43.6º, 57.5º, and 63.0º [35]. 

A B 

Figure 7 - XRD diffractograms of the membranes (A) and the scaffolds (B). 
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In general, ILs present promising properties for biomedical applications: 

biodegradability, biocompatibility, and low toxicity [8]. The addition of cholinium-based ILs to 

PLA can lead to the formation of stereocomplexes (SCs), resulting in an increase in mechanical 

properties. The SCs formation also means that ILs could potentially be used as a crosslinker in 

PLA membranes [36]. Moreover, these ILs also present piezoelectric properties due to their 

ionic conductivity, which can be useful in bone tissue engineering applications, as osteocytes 

work as bone remodelers through this mechanism [8]. 

As it is possible to observe in the diffractograms, the spectra of PLA and PLA/PIL5 are 

identical, meaning that there is no evidence of the formation of SCs between PLA and 

poly(AEtMAC). A possible explanation is the low amount of poly(AEtMAC) that was mixed with 

PLA. Barbosa et al. [8] reported the formation of SCs of PLA and 5% wt of choline dihydrogen 

phosphate, a similar IL to poly(AEtMAC). However, the presence of SCs was much more evident 

when 20% wt of the IL was added. 

3.7 Scanning electron microscopy 

SEM analysis was performed in all samples, and the images can be observed in Figure 8, 

before and after the supercritical drying. All the membranes presented a similar morphology, 

but it is possible to notice that the membranes with SPIONs present larger rough areas and 

the membranes with poly(AEtMAC) present several white spots that indicate most likely its 

presence. However, these white spots are not observable in the PLA/PIL5 membrane. The 

presence of poly(AEtMAC) is far more noticeable in the scaffolds, where the white spots are 

clearly visible. 

Fibre diameter was measured resorting to the software ImageJ 1.54d. PLA fibres show 

the largest diameter with a small increase with the supercritical drying. Although the sections 

taken of each sample constitute a very small fraction, it is possible to conclude that this drying 

process didn't affect fibre diameter, which is a plausible result since supercritical drying does 

not affect the fibre structure, as stated previously [14]. 

Table 1 summarizes the average diameter for each sample observed. PLA/PIL5 and 

PL/NP8 exhibit a small decrease in the fibre diameter upon supercritical drying, however, the 

fibres with the three components exhibited an 1.4-1.5-fold increase. 

The morphology change from the membranes to the scaffolds is quite easy to notice. All 

the fibres of the scaffolds present much higher porosity than the membranes. Although in a 

much smaller scale, it is possible to produce nanofibres with pores via electrospinning in a 
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conventional setup without further treatment, as observed in Figure 8-E of PLA/PIL5/NP12 

membrane. A possible explanation for this phenomenon is the phase separation mechanism 

[29]. The solvent used must be volatile (as DCM is) for it to completely and quickly evaporate 

during the deposition, leading to a phase separation between the polymer and the solvent. 

Thus, the areas rich in solvent will become porous regions after the evaporation. This 

mechanism by itself isn’t enough to explain the formation of pores, otherwise, all the produced 

fibres in this work would present these features (such as most of all electrospun nanofibres). 

However, it is the basis of methods such as thermally induced phase separation and vapor 

induced phase separation, that can explain pore formation with a change in the environmental 

parameters of electrospinning. 

Table 1 - Average fibre diameter before and after supercritical drying. 

 

 

 

 

 

 

  

 

Several other works report the formation of porous PLA fibres. Natarajan et al. [37] 

produced porous fibres by increasing relative humidity and choosing a solvent with a high 

vapor pressure. The interaction between the solvent and the water led to pore formation. 

Rezabeigi et al. [38], [39] used a ternary system, with hexane as nonsolvent, to fabricate 

porous nanofibres through phase separation, by the rapid evaporation of the solvent. In a 

humid environment, the water can also act as a nonsolvent. However, residual solvent was 

detected in the fibres and the induced porosity in the inside and at the surface was not 

coherent. 

Still, resorting to techniques such as supercritical drying brings numerous benefits in the 

production of porous nanofibres for tissue engineering applications in a controlled manner. 

Supercritical drying is the most effective approach for producing aerogels with minimal 

structural collapse and it conserves better porous structures due to the fact that it avoids the 

liquid/gas boundary and consequently, there are no capillary forces that can damage pore 

structure [14]. 

 

Sample 
Membrane average 

diameter (nm) 

Scaffold average   

diameter (nm) 

PLA 801 ± 30 919 ± 230 

PLA/PIL5 423 ± 112 383 ± 72 

PLA/NP8 404 ± 50 386 ± 94 

PLA/PIL5/NP8 332 ± 93 474 ± 85 

PLA/PIL5/NP12 553 ± 86 836 ± 264 
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Figure 8 - SEM images of membranes A) PLA; B) PLA/PIL5; C) PLA/NP8; D) PLA/PIL5/NP8; E) PLA/PIL5/NP12 and 

scaffolds F) PLA; G)PLA/PIL5; H)PLA/NP8; I) PLA/PIL5/NP8; J) PLA/PIL/NP12. 
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According to IUPAC, pore sizes are classified in three different types: macropores (>50 

nm), mesopores (2-50 nm) and micropores (<2 nm) [40], [41]. Individually, macroporosity 

promotes cell adhesion, growth, and infiltration, mesoporosity stimulates cell differentiation 

and proliferation, and microporosity enhances the metabolism. The interconnectivity between 

the different size pores contribute to the angiogenesis process, which is the growth mechanism 

of new blood vessels, essential for successful bone regeneration [6]. For tissue engineering 

purposes, another classification is commonly used, which divides pore sizes in macropores 

(>50 μm) and micropores (<50 μm) [41], a discrimination that is more suited to describe the 

bulk porosity of scaffolds. 

In bones, porosity refers to the volume of empty spaces within the natural bone structure, 

while interconnectivity refers to the network of pores that are accessible outside the scaffold. 

As mentioned previously, the induction of porosity in BTE scaffolds is of utmost importance for 

bone tissue formation, as it controls cell proliferation and migration, as well as vascularization. 

Pore size influences the scaffold's efficiency. Smaller pores tend to increase cell differentiation 

rather than proliferation and larger ones tend to increase cell proliferation and vascularization 

of the new tissue, hence larger spaces supply more oxygen and nutrients to the inside of the 

scaffold. Macroporosity allows cell penetration and microporosity favours cell attachment. Both 

types of porosity, as well as pore interconnectivity, should co-exist in a BTE scaffold for a 

complete bone tissue regeneration [42]. 

In this work, only the fibre porosity was measured resorting to the software ImageJ, and 

so the classification used to analyse fibre porosity was IUPAC's. Mesoporosity was observed in 

all samples. The samples with SPIONs presented a few macropores, but no microporosity was 

detected in any sample. The average pore size varied between 20 and 30 nm for all the samples. 

In order to measure the bulk porosity of the scaffolds, one could resort to techniques 

such as microcomputed tomography, liquid displacement or gravimetry [42]. 

3.8 Magnetic hyperthermia 

Due to their superparamagnetic properties, SPIONs are a good candidate for cancer 

treatment [9]. Not only do they combine thermo and chemotherapy locally, but they also make 

the use of magnetic hyperthermia treatment possible. By applying an alternating magnetic 

field, local heating will be produced due to the absorbance power of SPIONs, reaching 

temperatures above 42ºC that will eliminate tumoral cells. Moreover, the magnetic system can 

be controlled at distance through the magnetic fields and their presence allows tracking of 
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drug release by MRI. It is also proven that SPIONs accelerate bone regeneration through a 

magnetic micro-environment, in which each NP creates a magnetic field that contributes to 

cell adhesion, proliferation and differentiation [12]. 

SPIONs were included in the membranes to take advantage of their superparamagnetic 

properties. Magnetic hyperthermia was performed during 10 minutes with the application of a 

300 Gauss magnetic field, at a frequency of 388.4 Hz, only on the samples with SPIONs. The 

values of temperature variation and specific absorption rate (SAR) were calculated and are 

presented in the charts of Figure 9 and Figure 10. 

Temperature variation is an important parameter when performing magnetic 

hyperthermia treatment due to the possibility of localized cancer treatment. Tumoral cells are 

more sensitive to high temperature than healthy cells, therefore maintaining the temperature 

near the tumour above 42ºC enough time will eliminate tumoral cells [9]. As the human body 

normal temperature is around 37ºC, a temperature variation of 5ºC would be enough to reach 

the critical temperature to eliminate tumoral cells. As seen in Figure 9, all the samples 

registered a temperature variation above 5ºC, which means that they are suited for magnetic 

hyperthermia for cancer treatment. The samples PLA/PIL5/NP12 registered the highest 

increase in temperature, as they had the higher content in SPIONs. It is also possible to verify 

that only in PLA/PIL5/NP12, the scaffold registered a higher temperature variation than the 

membrane, meaning that the supercritical drying made more difference in the membrane with 

higher content in SPIONs, as in the other two samples there was no significant change noticed. 

SAR is a parameter that quantifies the power absorbed by the magnetic material per unit 

of mass, and it is a measure of the heating efficiency of the SPIONs. It is calculated through the 

following expression [18], [43]: 

 

𝑆𝐴𝑅 (𝑊𝑔−1) =
𝐶𝑁𝑃 ∙ 𝑚𝐹𝑒 + 𝐶𝑙 ∙ 𝑚𝑙

𝑚𝐹𝑒
∙ (

𝑑𝑇

𝑑𝑡
)

𝑚𝑎𝑥
 

 

where 𝐶𝑁𝑃 and 𝐶𝑙 are the specific heat capacity of the SPIONs and water, respectively, 𝑚𝐹𝑒 and 

𝑚𝑙 are the masses of SPIONs and water, respectively, and (
𝑑𝑇

𝑑𝑡
)

𝑚𝑎𝑥
 is the slope in the first 

seconds of the experimental curve, when the membrane is under adiabatic conditions [43]. 
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Figure 9 - Temperature variation of the samples after magnetic hyperthermia assays. 

 

Figure 10 - SAR values of the samples after magnetic hyperthermia assays. 

Figure 10 shows the calculated SAR values for the samples with SPIONs. The values of 

temperature variation and SAR of all samples can be consulted in Table 2. It is possible to 

observe that the values of PLA/NP8 sample are identical. However, the PLA/PIL5/NP8 

membrane presents a higher value than the scaffold, opposite to what is verified regarding the 

PLA/PIL5/NP12 sample. This result corroborates the temperature variation one, also concluding 

that the supercritical drying has a better impact in the sample with 12% wt SPIONs for magnetic 

hyperthermia treatment, possibly due to an increase in the effectiveness of this amount of 
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SPIONS to produce hyperthermia in more porous samples, due better accessibility of water 

[44]. 

Table 2 - Temperature variation and SAR values of the membranes and scaffolds 

 

3.9 Cytotoxicity assays 

Cell viability was tested with a human osteosarcoma cell line (Saos-2) and the results are 

presented in Figure 11. According to ISO 10993-5, a cell viability above 80% means that the 

samples do not present cytotoxicity [45]. For all the samples and for all the extract 

concentrations, cell viability percentage is above 94%, which indicates that no sample is 

cytotoxic, thus the produced materials can be considered for BTE applications. 

 

 

Sample Temperature variation (ºC) SAR (Wg-1) 

PLA/NP8 
Membrane 6.30 ± 0.66 68.0 ± 6.8 

Scaffold 5.90 ± 0.26 72.0 ± 2.3 

PLA/PIL5/NP8 
Membrane 6.80 ± 1.36 115.0 ± 9.2 

Scaffold 5.30 ± 0.34 75.0 ± 1.6 

PLA/PIL5/NP12 
Membrane 8.40 ± 0.33 71.0 ± 4.6 

Scaffold 10.50 ± 0.84 101.0 ± 11.2 

A B 

Figure 11 - Results of Saos-2 cells' viability obtained for the membranes (A) and scaffolds (B). 





 23 

4  

CONCLUSIONS AND FUTURE PERSPECTIVES 

This project aimed to develop new polymeric fibrous membranes for BTE applications, 

relying on a cholinium-based poly(IL) and SPIONs to enhance its performance. Its production 

involved electrospinning for the fabrication of the nanofibres and supercritical drying with CO2 

to induce porosity in the fibres. Non-dried and dried membranes were characterized and tested 

for its cytotoxicity with Saos-2. 

The obtained results show that supercritical drying induced the wanted porosity in the 

fibres, which probably will turn these materials more suitable for biomedical applications, since 

porosity foments the biological processes of tissue regeneration. This treatment also enhanced 

the crystallinity. However, there isn't any evidence of the formation of SCs between PLA and 

poly(AEtMAC), which leads us to believe that a higher amount of that compound should have 

been added for SCs to be detected. 

Two different concentrations of SPIONs were tested: 8 and 12% wt. The magnetic 

hyperthermia results show that the membrane with 12% wt presented a larger temperature 

increase, important for local cancer treatment. On top of that, it was the only membrane that 

presented a higher temperature variation and SAR after the supercritical drying, meaning that 

this treatment had better impact in the membrane with higher content in SPIONs. 

Regarding cell viability assays, no sample presented cytotoxicity for Saos-2, which means 

that all the produced membranes can be considered for tissue engineering applications. It is 

important to emphasize that the samples with 12% wt SPIONs are also non-cytotoxic, meaning 

that SPIONs concentration could potentially be increased for better results in magnetic 

hyperthermia while remaining non-cytotoxic. 

The obtained results are promising, but some tests could still be done to know better the 

full potential of these materials for BTE purposes. It would be important to measure the bulk 

porosity of the membranes to find out if cells could adhere and develop for successful bone 

tissue regeneration, by resorting to techniques such as microcomputed tomography, liquid 

displacement or gravimetry. 

Several in vitro tests can be used to assess the behaviour of the cells when in contact 

with the material. The most suited tests for the continuation of this work are cell attachment, 
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proliferation, and cell differentiation assays, as the results would show if the porosity and the 

interconnectivity of the produced materials are appropriated for bone tissue regeneration. 

As research and science continue to evolve, it is expected to see even more innovative 

and effective BTE treatments emerge in the years to come. With the adoption of BTE as the 

main method for the treatment of bone injuries and diseases, it is possible to envision a future 

where everyone has the opportunity to live a healthy and fulfilling life, regardless of their age 

or medical condition. 
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A 

APPENDIX 

A.1 Literature revision 

It is possible to adjust the properties of the fibres by changing the electrospinning setup. 

An example is co-axial electrospinning, which consists of two aligned needles that eject two 

different solutions and produce fibres encapsulated by other fibres, the so-called core-shell 

nanofibres. Centrifugal electrospinning unites the principles of electrospinning and centrifugal 

spinning. In this process, spinning occurs in a rotating disc with several spinnerets due to the 

centrifugal force acting on the jet. The needleless electrospinning technique is another novel 

alternative that improves process productivity and quality of the fibres. An example of a 

needleless process is roller electrospinning, that resorts to a rotating cylinder electrode 

submerged in a polymeric solution with continuous airflow. A thin layer of polymer is formed 

on the cylinder’s surface, and it is ejected when a high voltage is applied [46]. 

Both natural and synthetic polymers can be utilized to produce scaffolds for tissue 

engineering, and each one has its pros and cons. Synthetic polymers are better for processing 

and their mechanical properties can adequately be tuned. On the other hand, natural polymers 

possess innate bioactivity and give rise to scaffolds with better cell attachment, proliferation, 

and differentiation. On top of that, the degradation products of natural polymers aren’t 

injurious and trigger a low immunological response, as some of them are already found in the 

human body, including in bone tissue [10]. 

According to Nemati et al. [10], several synthetic polymers have already been electrospun 

for tissue engineering applications, such as PCL, PGA, and PLA. PCL is a good candidate for 

applications requiring high mechanical resistance, while PGA and PLA (as well as the copolymer 

poly(lactic-co-glycolic acid) (PLGA)) are suited for applications that call for higher degradation 

rates and natural degradation products. 
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Table A1 - Characteristics, advantages and disadvantages of some biomaterials used for BTE. Adapted from [4], [6]. 

Material 

type 
Biomaterial Characteristics Advantages Disadvantages 

Metals Ti-alloys Durable, 

biocompatible, 

resistant to 

corrosion 

High bone affinity Non-

biodegradable 

Bioceramics HAp Main inorganic 

component of 

bone 

Biocompatible, non-

toxic, osteoinductive and 

osteoconductive 

Low mechanical 

strength and 

resorption rate 

β-TCP Similar Ca/P rate 

to natural bone 

tissue 

Biocompatible, highly 

resorbable 

Brittle, 

inconsistent 

degradation rate 

Natural  

polymers 

Collagen Organic 

component of 

bone 

Biodegradable, different 

forms of scaffolds, non-

cytotoxic 

Complex 

structure, difficult 

disinfection and 

handling 

Gelatin Denatured 

collagen 

Biocompatible, 

biodegradable 

Low mechanical 

properties 

Chitosan Polysaccharide 

insoluble in water 

Biodegradable  

Synthetic 

polymers 

PCL Crystalline 

polymer 

Good mechanical 

properties, 

biocompatible, 

biodegradable 

Slow degradation 

rate 

PLA, PGA Approved by the 

U.S. FDA for 

biomedical 

applications 

Natural degradation 

products, biocompatible, 

biodegradable, good 

mechanical properties 

Slow degradation 

rate, shortage of 

cell adhesion 

 



 33 

 

Figure A1 - Drying methodologies to produce gels: a) supercritical drying; b) atmospheric drying; c) freeze drying. 

Retrieved from [13]. 

A.2 Materials 

Polylactic acid Luminy D120 (C3H4O2, MW=120 kg/mol) was obtained from Corbion. Iron 

(II) chloride tetrahydrate, 98% (FeCl2∙4H2O, CAS 13478-10-9) was obtained from Thermo 

Scientific. Iron (III) chloride hexahydrate, 97% (FeCl3∙6H2O, CAS 10025-77-1) was obtained from 

Alfa Aesar. Ammonium hydroxide aqueous solution, 28-30% (NH4OH, CAS 1336-21-6) was 

obtained from Honeywell. Oleic acid (C18H34O2, CAS 112-80-1) was obtained from Fisher 

Chemical. [2-(Acryloyloxy)-ethyl] trimethylammonium chloride aqueous solution, 80% 

(C8H16ClNO2, CAS 44992-01-0) was obtained from Sigma-Aldrich. 2,2’-Azobis(2-methyl-

propionamidine) dihydrochloride 97% (C8H20Cl2N6, CAS 2997-92-4) was obtained from Sigma-

Aldrich. Dichloromethane (CH2Cl2, CAS 75-09-2) was obtained from Sigma-Aldrich. N, N-

Dimethylformamide (C3H7NO, CAS 68-12-2) was obtained from Fisher Chemical. Ultrapure 

water was used for the synthesis of the SPIONs and poly(AEtMAC). Ethanol 99.8% from 

Honeywell (C2H5OH, CAS 64-17-5) was used for the supercritical drying. The CO2 (> 99.9%) was 

purchased from Air Liquide S.A.. Deuterated water, 98% (D2O) from Eurisotop was used for 

NMR experiments. For the cytotoxicity assays, McCoy's 5A medium from Sigma-Aldrich 

(#M4892), resazurin from Alfa Aesar (in a 0.2 mg/mL concentration in PBS) and dimethyl 

sulfoxide (DMSO) from Merck (C2H6OS, CAS 67-68-5) were used. 

A.3 Characterization 

ATR-FTIR: The membrane chemical structure was analysed using ATR-FTIR spectroscopy 

in a Perkin Elmer Spectrum Two FTIR spectrometer. The spectra were obtained in the range of 

4000 to 400 cm-1 with 16 scans. 
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TGA: Thermal decomposition of the samples and of poly(AEtMAC) was measured in a 

thermogravimetric Analyzer Setaram Labsys EVO from room temperature to 500ºC at a rate of 

10ºC/min. 

 

NMR: NMR data were acquired at 298.2 K in a Bruker Avance III 400 spectrometer 

functioning at 400.15 MHz Larmor frequency for hydrogen. 1H NMR experiments were acquired 

with 64 K time domain points over a spectral window of 8012.820 Hz (20.0244 ppm) centred 

at 2471.09 Hz (6.175 ppm) and with 16 scans per FID; the relaxation delay was set in 5.0 s. Data 

was processed using Bruker Topspin 3.6.2 software. 

 

XRD: X-ray diffraction was used to analyse the phase composition of the membranes, 

resorting to a PANalytical Xpert PRO MRD diffractometer with a Cu anode. The samples were 

measured from 10º to 90º. After analysing the electrospun membranes, the samples were 

submitted to supercritical drying and analysed again. 

 

SEM: Fibre morphology and diameter were analysed by a Hitachi Regulus SU8220 

scanning electron microscope. The average diameter and pore size were measured with the 

software ImageJ version 1.54d. 

 

Magnetic hyperthermia: The response of the SPIONs to an external magnetic field was 

quantified using magnetic hyperthermia technique in D5 series equipment from nB nanoscale 

Biomagnetics. These assays were performed only in the membranes with SPIONs (non-dried 

and dried) and 3 tests with 20 mg of membrane were made for each sample. The 

measurements took 10 minutes and the magnetic flux density and frequency used were 

respectively 300 Gauss and 388.4 kHz. 

 

Cytotoxicity: Cytotoxicity was studied for the Saos-2 in McCoy's 5A medium. The in vitro 

cytotoxicity by extract method [47] was performed according to the International Standard ISO 

10993-5 "Biological evaluation of medical devices—Part 5: Tests for in vitro cytotoxicity”. 
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A.4 Electrospinning 

Table A2 - Content of the solutions for electrospinning. 

Solution PLA (% wt) poly(AEtMAC) (% wt) SPIONs (% wt) 

PLA 10 - - 

PLA/PIL5 10 5 - 

PLA/NP8 10 - 8 

PLA/PIL5/NP8 10 5 8 

PLA/PIL5/NP12 10 5 12 

 

 

 

Figure A2 - Schematic of the electrospinning setup used. Retrieved from [20]. 

 

Table A3 - Electrospinning parameters. 

 

Membrane 
Flow rate 

(mL/h) 

Voltage 

(kV) 

Distance 

(cm) 

Temperature 

(ºC) 

Relative humidity 

(%) 

PLA 0.5 22 15 18.5 36 

PLA/PIL5 0.5 20 15 20.5 42 

PLA/NP8 0.3 20 15 21.0 45 

PLA/PIL5/NP8 0.3 20 15 21.5 42 

PLA/PIL5/NP12 0.3 20 15 21.0 42 
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A.5 Supercritical drying 

In this project, the fluid used for supercritical drying was CO2, which reaches its 

supercritical point at a temperature and pressure of 31.06 ºC and 73.9 bar, respectively [16].  

The first drying attempt was performed by placing dry ice in contact with the membranes 

in a closed vessel, as reported by Li et al. [28]. 

The equipment used for supercritical drying is described in Figure A3, and the respective 

caption is in Table A4. It is important to mention that the cell is inside an oven. After putting 

the membranes inside Whatman paper cartridges and immersing them in ethanol, they are 

placed inside the 300 mL cell with 100 mL of ethanol. The cell is then placed in its position (C-

1) and the thermostatic bath is turned on. Then, all the valves are closed, and the oven 

temperature is set at 42 ºC. After checking if there isn't any overheating of the system, the CO2 

cylinder is fully opened slowly. V-1 is fully opened slowly, the pump pressure is checked. When 

the system is stable, V-3 is fully opened slowly, and it's verified if there are any leaks in the cell. 

Finally, the BPR is reduced, and V-4 is fully opened slowly. After the stabilization of the system 

at 120 bar, all valves are closed, as well the CO2 cylinder. 

 

 

Figure A3 - Schematic of the supercritical drying assembly. 
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Table A4 - Caption of the supercritical drying assembly. 

  

 

 

 

 

 

 

 

 

 

After this first long cycle in batch that took 24 hours, 3 more shorter cycles were 

performed. The first flow cycle to make CO2 leave the cell took 2 hours at 120 bar. For this 

cycle, V-3 and V-4 were opened. Then, a batch cycle is performed with V-3 and V-4 closed to 

force the remaining CO2 to mix with the ethanol took 30 minutes at 120 bar The last flow cycle 

also took 30 minutes at 120 bar, followed by 20 minutes of depressurization, where BPR is 

slowly opened so that the pressure slowly decreases. The membranes were removed from the 

cell 24 hours later. 

A.6 Cytotoxicity assays 

Cytotoxicity assays were performed according to ISO 10993-5, "Biological evaluation of 

medical devices: tests for in vitro cytotoxicity", by the extract method. 

The extracts were prepared after sample sterilization at 120 ºC, by placing the samples 

in McCoy's 5A medium at 37ºC for at least 24 hours. The cells were placed in a 96-well plate 

and incubated at 37ºC for 24 hours. Then, the medium was replaced by the extracts in different 

concentrations, ranging from 16 mg/mL to 1 mg/mL and incubated again at 37ºC for 48 hours. 

Five replicas for each concentration were used for all samples. After that, the medium was again 

replaced by a solution with medium and resazurin (50:50), which acts as a cell viability indicator. 

Viable cells reduce resazurin to resorufin, translating in a different absorbance value from 600 

to 570 nm (absorption peaks of resazurin and resorufin, respectively). That difference is 

proportional to cell viability. For each group of samples (membranes and scaffolds), two control 

groups were made. A negative one consisted only of cells placed in the medium and a positive 

one, consisted of adding 10 μL of DMSO, killing all cells in those wells [47]. 

BPR-1 Back pressure regulator 

CH-1 Thermostatic bath 

C-1 Drying cell 

HE-1 Heat permutator 

HE-2-5 Heating resistance 

T-1-5 Temperature sensor 

V-1-4 Needle valve 

RD-1 Rupture disc 

PC-1 Pressure regulator 
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A.7 X-ray diffraction 

 

 

 

 

 

 

 

 

 

A B 

C D 

E 

Figure A4 - XRD diffractograms of all the samples comparing the spectrum of the membranes and the scaffolds: A) 

PLA; B) PLA/PIL5; C) PLA/NP8; D) PLA/PIL5/NP8; E) PLA/PIL5/NP12. 
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