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RESUMO 

Vários estudos investigaram a eletrofiação de blendas à base de poli(ε-caprolactona) com 

polissacarídeos e proteínas para produzir materiais citocompatíveis e hidrofílicos para 

aplicação na área de engenharia de tecidos. No entanto, ainda não há relatos da eletrofiação de 

blendas poliméricas à base de poli(ε-caprolactona)/N,N-dimetil quitosana e poli(ε-

caprolactona)/zeína no sistema de solvente ácido fórmico/ácido acético (razão 70/30 vol/vol). 

Ajustando as proporções em massa de poli(ε-caprolactona)/N,N-dimetil quitosana e poli(ε-

caprolactona)/zeína, desenvolvemos nanofibras com diâmetros médios entre 200 a 500 nm. 

As misturas à base de poli(ε-caprolactona) são eletrofiáveis com até 40% em massa de N,N-

dimetil-quitosana e até 50% em massa de zeína. A espectroscopia na região do infravermelho, 

espectroscopia de fotoelétrons excitados por raios X caracterizaram os materiais. Medidas de 

ângulo de contato indicaram que a inserção da N,N-dimetil quitosana e zeína aumentaram a 

hidrofilicidade das membranas. O ângulo de contato diminui de 118º (nanofibra de poli(ε-

caprolactona pura) para  76º (8% poli(ε-caprolactona)/ 30 m% N,N-dimetil quitosana) e 73º 

(8% poli(ε-caprolactona)/ 40 m% zeína). Estudos de adesão e proliferação celular indicaram 

que as nanofibras de poli(ε-caprolactona)/zeína contendo 30 e 40 m% de zeína atuaram como 

materiais scaffolds. As membranas promoveram adesão, proliferação e espalhamento celular 

de células tronco do tecido adiposo humano em apenas 7 dias de incubação. Os resultados 

indicam que os materiais poly(ε-caprolactone)/zeína podem ser aplicados no campo de 

engenharia de tecidos como materiais scaffolds.  

 

Palavras-chave: Scaffolds; N,N-Dimetil quitosana; Zeína; Poli(ε-caprolactona).  



 

 

ABSTRACT 

Several studies investigated the electrospinnability of poly(-caprolactone) blends with 

polysaccharides and proteins for producing cytocompatible and hydrophilic membranes for 

tissue engineering purposes. However, there are no reports of electrospun membranes based 

on poly(ε-caprolactone)/N,N-dimethyl chitosan and poly(ε-caprolactone)/zein blends carried 

out in a 70/30 formic acid/acetic acid mixture (70/30 vol/vol). By adjusting poly(-

caprolactone)/N,N-dimethyl chitosan and poly(-caprolactone)/zein weight ratios, we 

developed nanofibers with average diameters ranging from 200 to 500 nm. The poly(-

caprolactone)-based blends are electrospinnable with until 40 wt% N, N-dimethyl chitosan or 

50 wt% zein contents. The infrared spectroscopy and X-ray excited photoelectron 

spectroscopy characterized the materials. Contact angle measurements point that the insertion 

of N,N-dimethyl chitosan and zein increased the hydrophilicity of the PCL-based membranes. 

The contact angle decreases from 118º (pure poly (ε-caprolactone) nanofiber) to 76º (8% poly 

(ε-caprolactone)/ 30 wt% N,N-dimethyl chitosan content) and 73º ( 8% poly(ε-caprolactone)/ 

40 wt% zein content). Cell adhesion and proliferation studies indicate that the poly(ε-

caprolactone)/zein nanofibers containing 30 and 40 wt% worked as scaffold materials. The 

membranes promoted cell adhesion, proliferation, and spreading of adipose-derived human 

stem cells after 7 days of incubation. The results indicate that the poly(-caprolactone)/zein 

electrospun membranes may be applied as scaffolds in tissue engineering purposes.  

 

Keywords:  Scaffolds; N,N-dimethyl chitosan; Poly(ε-caprolactone; Tissue engineering 

  



 

 

LIST OF FIGURES 

Figure 1: Chemical structures of the chitin and chitosan. ....................................................... 12 

Figure 2: Ring-opening polymerization of PCL ...................................................................... 16 

Figure 3: Electrospinning equipment ...................................................................................... 18 

Figure 4: Schematics of DMC Production from Chitosan ...................................................... 18 

Figure 5:  SEM images (2000× and 5000×) of the commercial PCL-based materials (Mw 

50kDa) prepared from solutions of 15, 20, 25, 30 and 35 wt% solubilized in the FA/AA 

(70/30 v/v) mixture. .................................................................................................................. 28 

Figure 6: SEM images (2000× and 5000×) of the PCL-based materials (Mw 80 kDa) prepared 

from solutions of 10, 12 and 14 wt% solubilized in the FA/AA (70/30 v/v) mixture. ............. 29 

Figure 7: SEM images (2000× and 5000×) of 10% wt PCL-based materials prepared with 5 

10, 20, and 30 wt% DMC  solubilized in FA/AA (70/30 v/v) ................................................. 30 

Figure 8: SEM images (2000× and 5000×) of 8% wt PCL-based materials prepared from 

solutions of 30 and 40 wt% solubilized in the FA/AA (70/30 v/v) mixture. ........................... 32 

Figure 9: Nanofibers of PCL/DMC prepared from PCL solutions (70/30 FA/AA 

mixture)8P40D, 9P40D, and 10P30D prepared in a mixture of FA/AA (70/30) ..................... 33 

Figure 10: SEM images (2000× and 5000×) of 10 wt% PCL/zein based materials prepared 

from solutions of 20, 30 and 40 wt% solubilized in FA/AA (70/30 v/v) mixture.................... 34 

Figure 11: SEM image (5000×) of a membrane prepared from a blend containing 8 wt% PCL  

40 and 50 wt% zein content performed in FA/AA (70/30 v/v) mixture................................... 36 

Figure 12: FTIR-ATR spectra of the electrospun mats (14% wt% PCL = P,  10P30D, 

10P30Z) and precursors (zein powder, Z, and N,N-dimethyl chitosan foam,D) .. .................. 37 

Figure 13: Survey and high-resolution XPS spectra for the PCL membrane obtained from a 

PCL solution (12 wt%) performed in a 70/30 FA/AA mixture. ............................................... 39 

Figure 14: Survey and high-resolution XPS spectra for the PCL/DMC membranes (10P20D 

and 8P30D). .............................................................................................................................. 40 

Figure 15: Survey and high-resolution XPS spectra PCL/zein membranes (10P30Z and 

8P40Z) ...................................................................................................................................... 41 

Figure 16: Water contact angles measured on the membrane surfaces (control = 12% wt PCL 

t=0s) .......................................................................................................................................... 42 

Figure 17: Fluorescence images (magnification of 10× and 20×) of the samples seeded with 

ADSCs at the presence of DAPI (blue) and Rhodamine (red) after day 4. .............................. 45 



 

 

Figure 18: Fluorescence images (magnification of 10× and 20×) of the samples seeded with 

ADSCs at the presence of DAPI (blue) and Rhodamine (red) after day 7. .............................. 45 

Figure 19: SEM images (1000× and 2000×) of the ADCSs seeded on the membranes after 4 

and 7 days of cell culture. ......................................................................................................... 48 

Figure 20: Quantification of ADSCs proliferation on membranes after 4 and 7 days of 

culture. (Significant statistical groups a,b,c, p < 0.05). ............................................................ 47 

  



 

 

LIST OF ABBREVIATIONS AND ACRONYMS 

AA Acetic Acid 

ADSCs Adipose-Derived Human Stem Cells 

ATR Attenuated Total Reflectance 

CF Chloroform 

cP centipoise 

DAPI 4,6-diamidino-2-phenylindole 

DCM Dichloromethane 

DMC N,N-dimethyl chitosan 

DMEM Dulbecco’s Modified Eagle Medium 

DMF N, N-dimethyl formamide 

ECM Extracellular matrix 

FA Formic Acid 

FTIR Fourier-Transform Infrared Spectroscopy 

FWHM Full-width half max 

GaGs Glycosaminoglycans 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromidefor 

PBS Phosphate Buffer Solution 

PCL Poly(ε-caprolactone) 

PLA Poly(lactic acid) 

SEM Scanning Electron Microscopy 

TFE  2,2,2-trifluoro etanol 

TMC N,N,N-trimethyl chitosan 

wt% Weight percentage 

XPS X-Ray Photoelectron Spectroscopy 

10P20D Sample 10 wt% PCL 20  wt% DMC 

10P30Z Sample 10 wt% PCL 30 wt% zein 

8P30D Sample 8 wt% PCL 30 wt% DMC 

8P40Z Sample 8 wt% PCL 40 wt% zein 

  



 

 

SUMMARY  

1 INTRODUCTION ................................................................................................................. 9 

1.1 Polysaccharides ................................................................................................................. 11 

1.1.1 Chitosan and its derivatives ............................................................................................. 12 

1.2 Proteins  ................................................................................................................... 14 

1.2.1 Zein .................................................................................................................................. 15 

1.3 Poly ε-caprolactone ........................................................................................................... 16 

2 ELECTROSPINNING ........................................................................................................ 17 

2.1 Electrospinning of blends based on PCL, chitosan, and chitosan derivatives ............ 19 

2.2 Electrospinning of PCL/zein blends ................................................................................ 21 

3 OBJECTIVES ...................................................................................................................... 22 

3.1 Specific Objectives ............................................................................................................ 22 

4 MATERIALS ....................................................................................................................... 22 

5 METHODOLOGY .............................................................................................................. 23 

5.1 Electrospinning preparation ............................................................................................ 23 

5.2 Electrospinning of PCL-based blends ............................................................................ 23 

5.3 Characterization ............................................................................................................... 24 

5.4 Cell adhesion and proliferation tests .............................................................................. 25 

6 RESULTS AND DISCUSSION .......................................................................................... 26 

6.1 Electrospinning preparation and viscosity measurements ........................................... 26 

6.2 Scanning electron microscopy of PCL-based membranes ............................................ 27 

6.3 Scanning electron microscopy of PCL/DMC membranes ............................................ 30 

6.4 Scanning electron microscopy of PCL/zein membranes ............................................... 34 

6.4 Infrared spectroscopy (FTIR-ATR) ............................................................................... 36 

6.5 X-ray photoelectron spectroscopy ................................................................................... 38 

6.6 Contact angle measurements ........................................................................................... 42 

6.7 Cell adhesion and proliferation ....................................................................................... 43 

7 CONCLUSIONS .................................................................................................................. 49 

8 FUTURE WORKS .............................................................................................................. 50 

REFERENCES ....................................................................................................................... 50 



9 

 

 

 

1  INTRODUCTION 

The biomedical industry is a prominent field for materials development. 

Regenerative medicine and tissue engineering (multidisciplinary biomedical areas) use 

scaffolds for treating, healing, and replacing damaged and diseased tissues (RAMIER, 2012). 

Skardal (2017) traces successful applications of scaffolds promoting skin and cartilage 

regeneration. According to Turnbull et al., (2018), scaffolds are temporary materials that 

facilitate host cells to deposit extracellular matrix (ECM) and replace the structure over time; 

scaffolds facilitate new tissue development, influencing cell growth. In tissue engineering, 

they provide desirable biological and mechanical responses to promote healing (CHITI, 

2017). A scaffold material should have a similar chemical structure to the ECM, mimicking 

its functions (TU, 2018) because the ECM modulates cell fate decisions. 

ECM provides physical support for cells, participating in the establishment and 

differentiation of tissues and organs, and regulating pH and levels of hydration (MOUW et. 

al., 2014). The ECM support cells anchorage, providing chemical and biological 

environments for proliferation, orientation and differentiation of cells (morphogenesis). For 

that, the requisites are similar topography, suitable hydrophilicity-hydrophobicity balance and 

similar surface chemistry of the cell interface (VISWANATHAN et al., 2015).  

Overall, the ECM is composed of water, proteins, and polysaccharides (MOUW et 

al., 2014). Glycoproteins, collagens, glycosaminoglycans (GaGs) such as heparin, hyaluronic 

acid, and chondroitin sulfate (polysaccharides) and proteoglycans (GaGs covalently bonded to 

proteins) support the ECM structure (GHATAK et al., 2015). According to Wade and 

Burdick (2012), proteins (collagens and glycoproteins) provide structural and mechanical 

supports. The GaGs and proteoglycans are the cell surface interaction receptors directing cell 

morphogenesis.  

Cytocompatible natural, artificial, or synthetic scaffolds should interact with 

biological systems, supporting mechanically cell anchorage, controlling and signaling cell 

growth, orientation, and differentiation (DEGERATU, 2013). Ramier (2012) points out that 

the biomedical industry produces scaffolds from metallic, polymeric, and ceramic sources and 

their composites. We classify the scaffolds as i) bio tolerant/bio-inert: no bonds occur 

between the biological tissues and material interfaces; ii) bioactive: when the materials adhere 

to the body tissues forming chemical and biological bonds (DEGERATU, 2013). A bioactive 
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scaffold incorporates morphogenesis with tunable porosity and orientation (RODRIGUEZ-

CABELLO et al., 2018). The bioactive scaffold should interact and bind to the host tissue 

having a structure with macropores for cell migration and invasion, and surface with 

micropores for promoting interactions with tissues (TURNBULL et al., 2018). 

Considering the scaffold degradation, we emphasize that bioresorption is the 

capacity of gradual assimilation by the cell activity and the biological environment until the 

complete elimination and replacement of the scaffold material by tissue in-vivo 

(DEGERATU, 2013). Bio-based materials are biodegradable, a feature that plays an essential 

role in the bioresorption. Living organisms degrade at least 90% of biodegradable polymer 

chains, producing water, carbon dioxide, methane, and non-toxic biomass within 6 months 

(GÈRARD, 2013). The biodegradability allows controlled degradation with adequate support 

(avoiding mechanical failure) by enzymatic or biological processes, binding host cells to 

produce their own ECM (TURNBULL et al., 2018). 

Using natural polymers in scaffold matrices is advantageous for promoting 

desirable bioresorption rates, ductility and surfaces with bio-functional molecules; therefore, 

reducing immune responses (triggered by degradation rates), while increasing cell binding 

(TURNBULL et al., 2018). By combining fossil and bio-based biodegradable polymers, we 

can produce scaffold materials with suitable mechanical properties and durability. Thus, we 

intend to obtain new scaffolds by associating poly(-caprolactone) (PCL) with a modified 

polysaccharide and a protein via electrospinning of polymeric blends. 

For the cell adhesion and proliferation tests, we intend to use Adipose-derived 

human stem cells (ADSCs) due to its large harvesting availability and high proliferation rate 

(SAFAEIJAN et al., 2014). ADSCs surround blood vessels or deposit within the connective 

human adipose tissue (MINTEER et al., 2015). Their production occurs by harvesting via 

suction-aspiration/excised fat, digesting the adipose tissue (via collagenase), centrifugation 

into stroma vascular fractions, and isolation (GIR et al., 2012). They are clinically used for 

soft tissue augmentation (lipoatrophy, cosmetic organ augmentation, and scar recovery), and 

wound healing (GIR et al., 2012), as well as for treatment of hematologic and immunologic 

disorders (lupus, arthritis, colitis, Chron’s disease) (MINTEER et al., 2015). 

ADSCs (multipotent stem cells) differentiate into other mesenchymal stem cells – 

chondrocytes (cartilage), adipocytes, osteoblasts (bone), keratinocytes, hepatocytes, 

endothelial, muscle, beta islet cells, glial and neuronal lineages (MINTEER et al., 2015). 

They can also secrete growth factors and cytokines (SI et al., 2019). Their ECM is mainly 
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constituted of collagen (approximately one third), elastin (15.3%), and sulfated GaGs (8.5%) 

(PADHI & NAIN, 2019). Safaeijan et al. (2014) showed their viability in both aligned and 

non-aligned PCL electrospun scaffolds and their differentiation capability into cardiomyocyte 

cells. Ghorbani et al. (2015) demonstrated an increase in ADSCs morphogenesis. They 

evaluated the differentiation capability of ADSCs in bone cells on PCL/chitosan scaffolds 

containing hydroxyapatite and zinc oxide nanoparticles. Fesharaki et al. (2018) studied the 

differentiation of adipose-derived human stem cells into the nerve. In their study, ADSCs 

were seeded onto PCL, PCL/gelatin scaffolds (electrospun membranes) with and without 

platelet-rich plasma treatment to stimulate nerve differentiation.  

 In this work, we aim to produce new scaffolds by associating PCL with a 

chitosan derivative and a protein. We envision developing materials for wound healing of the 

skin tissues. For this, we associate a chitosan derivative, N,N-dimethyl chitosan (DMC), and 

zein with PCL. For the first time, we prepared PCL/DMC and PCL/zein membranes via 

electrospinning of polymeric blends made in a 70/30 formic acid/acetic acid mixture. DMC 

and zein increase the hydrophilicity of PCL-based materials. Wettable surfaces play an 

essential role in cell anchorage and growth due to the ECM capacity of retaining water (IZZO, 

2015).  Therefore, we intend to increase the hydrophilicity of the PCL-based membranes 

tuning both DMC and zein contents into PCL-based blends to produce new scaffolds. 

Scaffolds should have antimicrobial activities to prevent the adhesion and proliferation of 

bacteria (to avoid infections) and mimic the ECM functions to impart wound healing. The 

next sections will review the properties of the materials proposed for this work.  

1.1 Polysaccharides  

The use of polysaccharides to manufacture scaffolds-based materials grew in the 

last decades. The cytocompatibility, hydrophilicity, and biodegradability of polysaccharides 

enable their use in tissue engineering (JI et al., 2016). We highlight materials for wound 

healing, wound dressings, and drug release applications (AHSAN et al., 2018). In these 

facets, literature reports electrospun membranes based on cellulose, chitosan, hyaluronic acid, 

alginate, and others (LIU, WILFÖR, XU, 2015). The major disadvantage of these materials is 

their poor mechanical properties (CUI, 2014).  

Because of this disadvantage, researchers combine polysaccharides with fossil-

based polymers such as PCL, poly(lactic acid) (PLA) and others to obtain durable and 
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resistant materials. Cooper et al. (2011) prepared PCL/chitosan aligned fibers for nerve 

regeneration, Mano et al. (2014) created PLA/nanocellulose membranes for tissue 

engineering and bone tissue scaffolding, while Ji et al. (2006) yielded poly(ethylene 

oxide)/hyaluronic acid derivative nanofiber scaffolds for promoting fibroblast cell adhesion 

and proliferation. For the first time, this work will report about the production and application 

of PCL/DMC electrospun membranes. 

1.1.1 Chitosan and its derivatives 

The partial chitin deacetylation (degrees above 50%) produces chitosan (Figure 

1). Chitin is the second most abundant natural polymer found in crustacean’s exoskeleton and 

fungi wall (CUI, 2011). Chitosan is a linear cationic polyelectrolyte, which is soluble in dilute 

acid aqueous solutions.  

 

Figure 1: Chemical structures of the chitin and chitosan 

Source: The author (2019) 

 

Chitin comprises β(1→4)-N-acetyl-D-glucosamine repeat units, while chitosan has 
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disaccharide moieties (Figure 1). In the chitosan structure, the amine group (NH2) partially 

replaces the group N-acetyl-D-glucosamine after deacetylation. This process rarely occurs in 

nature, except in the fungi Mucor rouxii via deacetylase enzyme (CUI, 2011; ENACHE, 

2018).  

According to Enache (2018), the steps of chitosan production often include 

extraction of chitin from crustaceans; removal of carotenoids (discoloration), lipids from 

muscle, minerals, and proteins (deproteinization); and chemical or enzymatic deacetylation. 

The acetylation degree can be determined by 1H nuclear magnetic resonance (1H NMR) by 

considering the ratio between the CH3 peak area ascribed to the hydrogen atoms on the 

acetamide moieties and the peak area assigned to the hydrogen atoms (H2) onto 

monosaccharide rings (ENACHE, 2018).      

Chitosan is biodegradable, cytocompatible, and bactericidal. Chitosan-based 

materials provide hydrogels, composite membranes, filters, and sponges (ALI -KOMI, 

HAMBLIN, 2016). Izzo et al. (2018) repaired cartilage using freeze-dried chitosan scaffolds. 

Saderi et al. (2018) produced scaffolds for nerve regeneration via electrospinning of 

PCL/chitosan blends containing gold nanoparticles. Finally, Chen et al. (2018) prepared 

scaffolds for bone regeneration via freeze-drying of chitosan, gelatin, and chondroitin sulfate 

mixtures.  

Chitosan-based devices are also efficient for drug delivery purposes in nasal, 

intestinal, buccal, ocular, and pulmonary tissues due to their mucoadhesive property and 

ability to open tight epithelial junctions (apical/basolateral diffusion barriers) (AHSAN et al., 

2017). On the other hand, chitosan has low water solubility, and their acidified solutions often 

produce non-electrospinnable solutions with high viscosities (VAN DER SCHUEREN et al., 

2012).    

The N,N-dimethyl chitosan (DMC) and N,N,N-trimethyl chitosan (TMC) are 

chitosan derivatives obtained from the methylation (reductive alkylation) of the amine sites on 

chitosan networks. Compared to chitosan, both DMC and TMC have increased aqueous 

solubility (CURTI, 2003). This is attributed to the low efficiency of hydrogen-bond 

interactions between the methylated derivatives concerning the chitosan-chitosan interactions.  

We focus on DMC application instead of TMC due to lack of permanent charged 

chemical groups in its structure, and its low production cost in comparison with TMC. As 

discussed by Xu et al. (2010), TMC has a higher cost of production because the iodomethane 

is an expensive methylation agent. Also, its higher water solubility should avoid the 
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electrospinnability of PCL/TCM mixtures because PCL is hydrophobic and provide low 

durability in aqueous environments.  

Compared to chitosan, DMC solutions can have lower viscosity because the H-

bonds between the amine sites on chitosan chains cannot be established in DMC. The N-

dimethylation of chitosan reduces the intermolecular interactions between DMC-DMC 

macromolecules, decreasing the viscosity of DMC-based solutions. Compared to chitosan, 

DMC also contains N-dimethylated sites that can interact better with the PCL to promote 

miscible mixtures. The DMC has lower aqueous solubility than TMC because the TMC 

presents permanent and charged N-quaternized sites in its structure. This behavior suits better 

some applications, especially when combined with anionic polyelectrolytes (such as heparin) 

(BUENO et al., 2015). DMC/heparin polyelectrolyte complexes were carried out in low pHs 

and then added to a simulated intestinal fluid to provide the heparin delivery. In this study, we 

hypothesize the production of novel PCL/DMC electrospun membranes.  

1.2 Proteins 

Proteins are cytocompatible and biodegradable polymers of amino acids with 

many functions. They are suitable for applications in tissue engineering and regenerative 

medicine, especially for producing scaffolds from electrospinnable mixtures (KHADKA & 

HAYNIE, 2012). The main challenges of protein use are the risk of immunogenic reactions, 

the presence of infectious agents and the inability to identify, and characterize the bioactive 

compounds of the materials (FURTH, ATALA, and VAN DYKE, 2007). Pina, Oliveira, and 

Reis (2015) counter-argument that both proteins and polysaccharides have chemical 

versatility, good performance, non-toxicity, and lack of immunological responses. The 

common sources of proteins are collagen, gelatin, elastin, silk fibroin, sericin, and soy protein. 

They provide films, capsules, foams, scaffolds, composites, drug-delivery systems, and 

biosensors (SILVA et al., 2017). We chose to use zein and PCL to prepare electrospun 

membranes due to the lack of single-step electrospun mats of their blends in the literature. 

Despite the high use of zein by the food and packaging industry, and its cytocompatibility 

(DEMIR et al., 2017), it was still not used to build up electrospun scaffolds.   
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1.2.1 Zein 

Zein is a helical protein obtained from corn categorized as a prolamin – group of 

cereal proteins (SHUKLA & CHERYAN, 2001). The food industry employs it for packaging 

(AYTAC et al., 2017) and textile industry fibers (DEMIR et al. 2017). Aqueous solutions of 

ethanol ranging from 50 to 90 vol% solubilize zein (HU et al., 2017). The molar weight is 

often approximately 40 kDa, and its predominance occurs in the endosperm (40 and 50 wt%). 

We classify zein as α, β, γ, δ zein, according to the solubility degree and molar weight 

(DEMIR et al., 2017), with α and β zein comprising commercial formulations (LABIB, 

2017).  

Glutamine/glutamic acid (21-26%), leucine (20%), proline (10%), and alanine 

(10%) are the principal amino acids that compose the zein structure (WU et al., 2012). Its 

chemical structure also contains 13 other amino acids, depending on the extraction method. 

The most common methods involve extraction by using organic solvents or organic 

solvents/water mixtures and still mixtures of anhydrous organic solvents (SHUKLA & 

CERYAN, 2001), followed by steps of acidification or alkalization to prepare zein-based 

salts, and enzymatic hydrolysis with Alcalase (LABIB, 2017). The solvent type, 

concentration, temperature, and pH influence the α and β zein contents in the final material 

(LABIB, 2017). Relying on these conditions, they might also cause the gelation of zein, as the 

result of denaturation and/or insoluble material precipitation (SHUKLA & CERYAN, 2001).  

Zein is one of the most appropriate and safe products for producing biomaterials 

(DEMIR et al., 2017) because of its high resistance to heat, water adsorption, abrasion and 

cytocompatibility (LABIB, 2017). It is suitable for producing films, gels, drug-delivery 

systems, as the carrier of immunizations, in drug coatings, membranes, and fibers for tissue 

engineering and regenerative medicine (LABIB, 2017). 

Recent studies analyzed the properties of PCL/zein blends prepared in acetic acid 

(AA)/N,N-dimethyl formamide (DMF) mixtures and dichloromethane (DCM) (HU et al., 

2017), as well as 2,2,2 trifluoroethanol (TFE)/DCM mixtures (ALHUSEIN et al., 2016). 

According to Hu et al. (2017), zein-based materials had poor mechanic properties, whereas 

PCL has poor hydrophilicity; therefore, PCL/zein-based materials can have appropriate 

mechanical features and better hydrophilicity when compared to the single precursors and 

their electrospun materials (HU et al., 2017). Labib (2017) also points out that the increase in 

zein content can raise the degradation rates of zein-based materials.  
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1.3 Poly(ε-caprolactone)  

The poly(ε-caprolactone) (PCL) is a semi-crystalline, aliphatic polyester with low 

aqueous solubility (a hydrophobic material) (HU et al., 2017). PCL has a melting temperature 

of approximately 60 ºC and a glass transition temperature of 60 ºC.  Industries produce PCL 

by the ring-opening of ε-caprolactone (Figure 2) (NEDJARI, 2014).   

 
Figure 2: Ring-opening polymerization of PCL 

Source: The author (2019) 

 

The Scheme in  shows that the reaction happens under the presence of an initiator, 

a catalyst, and heat. Slattery et al. (2018) list complexes with biocompatible metals Mg, Zn, 

and Al as ring polymerization initiators. Akpan et. al. (2018) add to the list metal alkoxides 

(pyrazolyl ketimitate, bisphenolate, β-diketiminate, Schiff bases, amino-bis(phenolates), P, O-

phosphinophenolate, N-heterocyclic carbine, diethyl zinc protic solvents). Nedjari (2014) also 

adds to this list tin octoate, isopropoxide. This reaction happens under the presence of 

catalysts such as Benzoimidazole (AKPAN et al., 2018), toluene in temperatures above 100 

ºC (SLATTERY et al., 2018).   

PCL is one of the most important cytocompatible and biodegradable polymers. 

According to Wu et al. (2012), PCL produces non-toxic by-products of degradation (mainly 

via hydrolytic cleavage of ester groups (CHLANDA, 2019), appropriated mechanical 

properties to promote thin fibers by electrospinning of polymeric solutions. The American 

Food and Drug Administration (FDA) regulatory agency certifies PCL (DEGERATU, 2014). 

PCL-based materials have been applied as drug delivery devices, Capronor® (NEDJARI, 

2014) and implantable contraceptives, scaffolds to support the proliferation of osteoblasts and 

fibroblasts (HE et al., 2017), sutures, Monocryl® (NEDJARI, 2014), wound dressings and 

endovascular prosthetics (RAMIER, 2013). 

On the other hand, PCL has disadvantages such as low degradation rate in-vivo (a 

lifetime from two to four years due to its high hydrophobicity) (WU et al., 2012), and low 

stability in acid environments (NEDJARI, 2014). To overcome these problems, PCL is 

associated with polysaccharides and proteins (HE et al., 2017). They are suitable to increase 
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the biodegradability and hydrophilicity of PCL-based materials and decrease its degradation 

rates (HE et al., 2017). Hajiali, Taibakhsh, and Shojaei (2017) reviewed PCL/protein 

(PCL/collagen, PCL/gelatin, and PCL/elastin), PCL/polysaccharides (PCL/starch, 

PCL/chitosan), PCL/PLA, PCL/poly(glycolic acid) electrospinnable blends to make scaffold 

materials for bone cell adhesion.   

In this study, we focus on electrospun membranes based on PCL/Zein and 

PCL/DMC membranes that were not reported in the literature obtained from blends prepared 

in a formic acid (FA)/acetic acid (AA) mixture using single-step electrospinning. Section 1 

introduced general concepts and the materials used in this research. Tu (2017) cited solvent 

evaporation (casting method), phase separation, freeze-drying, electrospinning, self-

assembling, and microfabrication as the main methods used to obtain scaffold devices. This 

work uses electrospinning to obtain electrospun scaffolds, a technique that has grown in the 

number of publications in the last years. Section 2 explains the fundamentals of this 

technique, as well as the variables that influence in the electrospinning process, reporting 

PCL/polysaccharide and PCL/protein systems.  

2  ELECTROSPINNING 

The electrospinning technique produces drug-release systems (LEE et al., 2017), 

wound care materials (RIVERO et al., 2015), scaffolds (BABITHA; CORRAPATI, 2017), 

using a wide range of polymers for biomedical applications. Electrospun mats properties are 

high surface area to volume ratio, porosity, great surface functionality compared to other 

forms of materials (SADERI et al., 2018). 

Three major parts compose the electrospinning apparatus used to produce 

nanofibers from polymeric solutions: a pump, a metallic collector, and a high-tension source.  

shows a scheme of the electrospinning equipment (ZHA et al., 2016). A polymer solution in a 

needle is attracted by a sufficiently intense electric field that produces nano and micrometric 

scale fibers (NEDJARI, 2014).  
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Figure 3: Electrospinning equipment 

Source: The author (2019) 

The pump feeds the tip of the needle with a polymer solution at a preset feeding 

rate. The high-tension source provides positive charges into the polymer solution because of 

the electric tension, while the metallic collector is charged with negative charges. The 

electrostatic force is opposed to the surface tension of the solution on the needle tip. 

Therefore, with increased electric field intensity, the deposition of the polymer solution 

occurs on the metallic collector, forming the Taylor cone. The accumulation of the polymeric 

fibers onto the collector occurs when the electric field overcomes the surface tension of 

polymeric solutions. While the fibers travel through the distance between the needle and the 

collector drawn by the electrostatic forces, the solvent evaporates so that the fibers solidify on 

the collector (NEDJARI, 2014). The electrospinning apparatus produces electrospun 

membranes from polysaccharides (chitosan, chitin, hyaluronic acid, cellulose) proteins (zein, 

fibroin, sericin, and collagen), synthetic polymers (poly(vinyl acid), poly(ethylene glycol), 

poly( acryl nitriles), and others (RIVERO et al., 2015).  

Three parameters are important in the electrospinning process: solution, process, 

and environment. The variables for the polymer solution are solvent type, viscosity, the molar 

weight of polymers in the solution, surface tension, ionic strength, and conductivity. 

Regarding the process, variables are the source voltage, the distance between the needle and 

the collector, feed rate of the pump, the polarity of the setting, needle properties (gauge), and 
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type of collector (e.g., material, rotation). The humidity and temperature are variables of the 

environment, which guarantee the absence of defects (e.g., beads, jet splitting) when 

controlled (NEDJARI, 2014).  

Electrospinning of PCL/polysaccharide and PCL/protein-based solutions can 

provide scaffold materials (MACHADO et al., 2019; PEDRAM RAD, et al. 2019). In this 

study, electrospinning (Figure 2) will be used to produce electrospun membranes. We intend 

to create scaffolds with different PCL/DMC and PCL/zein weight ratios. Considering these 

hypotheses, we reviewed the electrospinning process of PCL/chitosan and PCL/zein-based 

blends. 

2.1 Electrospinning of PCL/chitosan blends  

Van Der Schueren et al. (2012) claims that the control of viscosity and 

conductivity of the solution are the most important variable to obtain uniform fibers from 

PCL/polysaccharide and PCL/protein blends. Co-solvency is a mixture of two or more 

solvents. Co-solvency is common to reduce toxicity (safety for lab workers and cytotoxicity 

of residues), improves the conductivity of the polymeric solution and enhances the solubility 

of polymers in mixtures (LIVERANI & BOCACCINI, 2016). Therefore, the first important 

parameter of electrospinning is the type of solvent used to prepare the polymeric solution.  

PCL solubilizes in tetrahydrofuran, CF (chloroform), DCM, carbon tetrachloride, 

benzene, toluene, cyclohexanone dihydropyran, 2-nitropropane, AA, and FA (LIVERANI & 

BOCACCINI, 2016). It is also partially soluble in acetone, 2-butanone, ethyl acetate, 

acetonitrile, and dimethyl fumarate. Electrospun membranes of PCL were produced in 

previous studies with CF/methanol, DCM/methanol, DCM/DMF, DCM/toluene or 

tetrahydrofuran/DMF (LIVERANI & BOCCACINI, 2016). 

Chitosan solubilizes in carboxylic acids, such as FA, AA, and 1,1,1,3,3,3-hexa-

fluoro-2-propanol (DUARTE; MANO; REIS, 2012). Pillai et al. (2009) explain that chitosan 

dissolves well in dilute organic acidic solutions at pH conditions below 6.0 due to the partial 

protonation of the amino groups (pKa 6.3). According to the same authors, above pH 6.5, 

chitosan becomes insoluble in aqueous media.  

PCL/chitosan blends can be prepared in AA/FA acid mixtures at different volume 

ratios (30/70, 50/50, and 70/30, respectively) (VAN DER SCHUEREN et al., 2012; 

LIVERANI, et al., 2018; SADERI et al., 2018). Van der Shueren et al. (2012) produced 
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PCL/chitosan nanofibers with chitosan contents ranging from 12.5 to 30 wt% regarding the 

wholly PCL wt% in the polymeric blend by using a 70/30 FA/AA vol/vol mixture. Shalumon 

et al. (2010) reported PCL/chitosan nanofibers prepared in an FA/acetone (70/30 vol/vol) 

mixture with chitosan contents ranging from 8.33 to 33 wt%. Liverani and Boccacini (2016) 

point out both FA and AA and their mixtures are appropriate to prepare PCL-based 

electrospun membranes because of their low toxicity compared to other solvents such as CF, 

tetrahydrofuran, dichloromethane, customarily used to produce PCL-based membranes via 

electrospinning. Despite the possibility of electrospinning up to 25% of polymer content, it is 

inappropriate to the increase in the solution’s viscosity and Taylor Cone instabilities observed 

by Van der Schueren et al. (2012). For this reason, the use of the DMC is advantageous so 

that the PCL-based blends intermolecular interactions and viscosity should be diminished.  

Regarding the solution, polymer content correlates with viscosity. The solution 

viscosity increases sharply with the concentration due to the occurrence of polymer chain 

entanglements. The entanglements stabilize the droplets and produce beads-free nanofibers, 

which can show great uniformity (SELLING et al., 2007). Also, the voltage and feed rate 

used in the electrospinning process need of adjustments depending on each system. Van der 

Schueren et al. (2012) and Liverani et al. (2018) demonstrated that the PCL/chitosan 

nanofibers had higher average diameters as the chitosan content increases into the blend.  The 

viscosity increases when chitosan concentration rises into the blend, explaining the increase in 

the average diameter. On the other hand, Van der Schueren et al. (2012) observed that 

decreasing PCL content and increasing chitosan level, finer fibers were obtained due to jet 

splitting. The presence of charges provided from chitosan increases the solution's 

conductivity, a factor that also explains the jet splitting.  

In addition, the studied works report viscosities for PCL/chitosan blends prepared 

at PCL concentration ranging from approximately 6 to 12 wt% and chitosan contents from 

approximately 5 to 30 wt%. In these cases, the chitosan level (wt%) into the blend is 

determined regarding the PCL content. The viscosities for PCL/chitosan blends (both PCL 

and chitosan present Mw between 70 and 90 kDa) ranged from 125 to 800 MPa s. The 

viscosity significantly increased by increasing the chitosan content into the blend. The 

nanofibers were created at the voltage range from 10 to 20 kV, distance between needle tip 

and collector from 8 to 12.5 cm, and feed rate between 0.2 and 0.6 mL h1 (VAN DER 

SCHUREN et al., 2012; LIVERANI, et al., 2018; SADERI et al., 2018, SHALUMON et al., 

2018).  
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No works about the electrospinning of PCL/DMC solutions were reported in the 

literature. We intend to incorporate high contents of DMC into the PCL/DMC membranes 

because DMC should interact better with PCL than chitosan, and it support solutions with 

lower viscosities than chitosan. These properties occur because of the N-dimethylated 

moieties in the DMC chains.  

2.2 Electrospinning of PCL/zein systems  

Selling et al. (2007) elicit as solvents for zein:  carboxylic acids of low molecular 

weights, primary amides, alcohols of low molar weights, ketone, and aqueous/organic 

mixtures. Table 1 summarizes the electrospinning process of some PCL/zein systems found in 

the literature.  

 

SOLUTION PROCESS PARAMETERS REFERENCE 

PCL 

(wt%) 

Zein* 

(wt%) 

Solvent Voltage 

(kV) 

Feed 

Rate 

mLh1 

Collector 

distance (cm) 

 

20 10 TFE/DCM(70/30) 18 0.75 13 Alhusein et al., 

2016 

10-50 50-60 DCM/AA/DMF 

(33/33/33) 

15-20 0.3-1.0 6-10 Hu et al., (2017) 

10 

(core)** 

5 (shell) TFE (core)/AA (shell) 23-25 

 

0.7-1.4 18 He et al., 2017 

10 (core) 

** 

35 

(shell) 

DCM/DMF (80/20) 

core/DMF (shell) 

17 1.0 18 Liao et al., 2016 

Table 1: Electrospinning parameters of the PCL/zein systems. * zein wt% calculated in relation to the PCL 

content; ** Materials obtained using core-shell electrospinning technique (coaxial electrospinning).  

Source: The author (2019) 

 

Table 1 lists the process parameters for the single-step and coaxial electrospinning 

of PCL/zein systems. From these studies, the use of FA/AA (70/30) is inexistent for PCL/zein 

single-step electrospinning. Furthermore, the production of single-step PCL/DMC and 

PCL/zein with FA/AA is still a novelty in the field.   
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3    OBJECTIVES 

To produce novel scaffolds based on PCL/DMC and PCL/zein electrospun membranes 

performed from polymeric blends prepared in a formic acid/acetic acid mixture.  

3.1 Specific Objectives 

 To obtain uniform PCL nanofibrous electrospun mats. 

 To obtain an appropriate solvent system for the PCL/DMC and PCL/zein 

electrospinning.  

 To produce nanofibers based on PCL/DMC and PCL/zein via electrospinning of 

polymeric blends. 

 To characterize the nanofibers using scanning electron microscopy (SEM), infrared 

spectroscopy (FTIR), X-Ray photoelectron spectroscopy (XPS), and contact angle 

measurements. 

 To prepare scaffold-based materials by performing cell adhesion and proliferation 

assays. 

4  MATERIALS 

Poly(-caprolactone) (PCL, Mw 80 kDa), zein (Mw 40 kDa), formic acid (FA, 

98%) and acetic acid (AA, 99.8%) were purchased from Sigma-Aldrich (Brazil). Also, a 

commercial poly(-caprolactone) (PCL, Mw 50 kDa) was supplied by Solvay (Brazil). 

Chitosan (87 kDa) containing an 85% deacetylation degree was obtained from Golden-Shell 

Biochemical (China). 

The N,N-dimethyl chitosan (DMC) was synthesized from the chitosan according 

to a methodology reported by our research group (BUENO et al., 2015, MARTINS et al., 

2013, MARTINS et al., 2015). We produced DMC from a reductive alkylation carried out in 

an FA/formaldehyde/water mixture at 70 ºC for 120 h (BUENO et al., 2015) (Figure 4). The 

product was precipitated with sodium hydroxide (1.0 mol L1), and then HCl (1.0 mol L1) 

was dropped to the system until it reaches pH 4.0. Then, we dialyzed the mixture with 

cellulose membrane (12 kDa) for 5 days, performing 10 water exchanges, followed by freeze-
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drying. This methodology produces DMC with an 85% N-dimethylation degree and a 15% 

acetylation degree. In this case, all the amine groups on chitosan chains were completely N-

dimethylated.  
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Figure 4: Schematics of DMC Production from Chitosan 

Source: The author (2019) 

 

5  METHODOLOGY 

5.1 Electrospinning preparation  

We evaluated the solubility of PCL/DMC and PCL/zein by using FA, AA, DMF, 

DCM, and CF. The solubility of PCL/DMC and PCL/zein mixtures were tested pairing 

CF/DMF, CF/AA, CF/FA, DCM/DMF, DCM/FA, DCM/AA, DCM/FA at 80/20 vol/vol ratio. 

We also tested DCM/DMF, DCM/FA, DCM/AA, and FA/AA at 70/30 vol/vol ratio. After  

solubilization, viscosity measurements were performed at 25 ºC according to ASTM D445.  

5.2 Electrospinning of PCL-based blends 

The electrospinning process of PCL/DMC and PCL/zein solutions was carried out 

according to Van der Schueren et al. (2012) with modifications. We solubilized PCL, 

PCL/DMC, and PCL/zein in an FA/AA mixture (70/30 vol/vol). This condition provided 

miscible solutions. We set the process parameters constant: voltage of 12 kV, the flow rate of 

0.5 mL h1 and needle-collector distance of 12.5 cm at 25 C, and relative humidity between 

40 to 60%.    
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To prepare the materials, we used PCL from both sources (commercial and non-

commercial samples). We tested the electrospinnability of PCL solutions ranging from 10 to 

14 wt%. Table 2 presents the composition of the PCL-based blends that were electrospinnable 

in an FA/AA mixture at a 70/30 vol/vol ratio. The DMC and zein contents were determined 

according to the wholly PCL concentration into the blends. The membranes were prepared 

from blends (3.5 mL) for 7 h. After, they were washed with aqueous ammonium hydroxide 

(1.0% vol/vol) solution (twice) and deionized water (thrice) for 15 min for each washing step. 

The samples were coded as P for PCL, D for DMC and Z for zein.  

PCL Solvay (wt%)  PCL Sigma-Aldrich (wt%) DMC (wt%)* Zein (wt%)* 

15 - - - 

20 - - - 

25 - - - 

30 - - - 

35 - - - 

- 14 - - 

- 12 - - 

- 10 - - 

- 8 20, 30, and 40 - 

- 9 40 - 

- 10 5, 10, 20, and 30 - 

- 8 - 40 and 50 

- 10 - 20, 30, and 40 

Table 2: Experimental conditions for the electrospinning process. *mass percentage calculated regarding the 

PCL wt content. 

Source: The author (2019) 

5.3 Characterization  

We analyzed the surface chemistry using scanning electron microscopy (SEM) 

(FEI, Quanta 250, Czech Republic) and gold sputtering. We determined fiber diameters 

(average) using the software ImageJ (30 counts). The PCL-based membranes were 

characterized via Fourier Transformed infrared spectroscopy (FTIR-ATR, 8300 Shimadzu 

Scientific Instrument, Japan) from 4000 to 400 cm-1 at 4 cm-1 resolution with 64 scans. The 

precursors (zein and DMC) in powder and dehydrated foam, we also analyzed as the PCL/ 
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10P30D and 10P30Z electrospun mats using FTIR-ATR. The results also determined the 

presence of the polysaccharides and proteins in the blend. 

The water contact angles were evaluated with static contact angles by the sessile 

drop method, using a contact angle goniometer (Krüss DSA 10, Hamburg, Germany), 

equipped with video capture. Images were captured by evaluating the contact of a droplet with 

the surfaces by a camera (n = 3).  

The surface chemistry of the membranes was investigated using a Phi Electronics 

5800 Spectrometer (Chanhassen, MN). The X-ray photoelectron spectroscopy (XPS) was 

performed with a monochromatic Al K X-ray source (h = 1486.6 eV), a hemispherical 

analyzer, and a multichannel detector. Before XPS, the as-obtained membranes (washed 

surfaces) were dried (lyophilized at 50 C for 48 h). Then, high-resolution spectra were 

obtained using a 23.5 eV analyzer pass energy with 0.10 eV steps and an X-ray spot of 800 

m. All spectra were obtained with a photoelectron take-off angle of 45. A low-energy 

electron gun was used for charge neutralization. Spectra curve fitting was done using Origin 

version 8.5. Curve fitting of all spectra used a Shirley background. Gaussian peaks were fit 

according to expected functional groups. The height of each peak was fit first while keeping 

each peaks’ position, full-width half max (FWHM) and percent Gaussian fixed. Then the 

FWHM, percent Gaussian, and finally position was fit while minimizing the chi-squared 

value. 

5.4 Cell adhesion and proliferation tests 

We cultured human adipose-derived stem cells (ADSCs) at 37 ºC, in a 5 % CO2 

atmosphere (175 cm2 polystyrene tissue culture flasks) with Dulbecco’s Modified Eagle 

Medium (DMEM), containing 10% fetal bovine serum and 1% penicillin/streptomycin.  We 

handle punched the dry membrane samples (diameter of 6.0 mm), added them to Teflon 

supports with carbon tapes and incubated them into phosphate buffer solution (PBS at pH 7.4) 

for 30 min under ultraviolet exposure for sterilization. Afterward, we seeded the cells of the 

third passage onto the samples at a concentration of 15000 cells/well in 48-well plates at the 

same conditions of culture. 

We evaluated the cell culture after 4 and 7 days to determine if cell adhesion and 

proliferation occurred. After 4 and 7 days, the membranes were rinsed with PBS (twice) 

before transferring to a new 48-well plate (to remove non-adhered cells), and we fixed the 
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cells in a 3.7% vol/vol formaldehyde/deionized water solution for 15 min at room 

temperature. The fixative was then aspirated, and we rinsed the substrates thrice with PBS 

(5 min/each) before transferring to a new 48-well plate. After that, we permeabilized the cells 

in a 1.0% vol/vol triton-X solution in water for 3 min at room temperature. The permeant was 

aspirated and the substrates were rinsed and transferred to a new 48-well plate. Then, the 

samples were incubated (37 ºC in 5 % CO2) with rhodamine in deionized water for 25 min, 

followed by the addition of DAPI (1.0 μL mL1) for 5 min. Finally, we aspirated the solution 

and stored the samples at PBS in light-resistant containers at 20 ºC until the acquisition of 

fluorescence images. We collected images using 10× and 20× magnification (3 images per 

each sample). The cells were counted on the membrane surfaces using the Software ImageJ (n 

= 3). 

 

5.5 Statistical analysis  

The results were statistically analyzed using ANOVA and Tukey tests at a 5.0% 

significance level (GraphPad Prism 6.0). 

6  RESULTS AND DISCUSSION 

6.1 Electrospinning preparation and viscosity measurements 

The best solvent for the PCL/DMC and PCL/zein blends was the same solvent 

system used by Van der Schueren et al. (2012). The authors showed that PCL/chitosan blends 

had good electrospinnability in FA/AA (70/30 vol/vol). Despite the solubility of PCL in 

systems with CF, DCM, and DMF, we could not obtain miscible solutions with these 

solvents. Their combination with FA and AA yielded only partially soluble solutions for the 

PCL/DMC and PCL/zein blends. PCL/chitosan blends produced electrospun membranes by 

mixing PCL (concentration range from 6.0 to 14 wt%) and chitosan (concentration range from 

15 to 30 wt%). In these cases, the chitosan contents were determined according to the wholly 

PCL weight content into the blend. Therefore, we selected the 70/30 FA/AA solvent mixture 

to produce miscible blends for producing PCL/DMC and PCL/zein membranes via 

electrospinning. For PCL/DMC mixtures, we obtained partially soluble solutions using DCM 

above 30 wt% into the blends. For PCL/zein, we prepared miscible mixtures by using a zein 

https://www.sciencedirect.com/topics/chemistry/formaldehyde
https://www.sciencedirect.com/topics/chemistry/fixative
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content of until 50 wt% into the blend. The other conditions did not produce homogeneous 

mixtures for PCL/DMC and PCL/zein systems.  

After that, we evaluated the viscosity of the solutions prepared in 70/30 FA/AA 

mixtures, using the lowest and highest total polymer mass in the PCL/DMC and PCL/zein 

blends (Table 2). The PCL/DMC solutions were electrospinnable from 480 (8P20D) to 1390 

cP (10P30D), while the PCL/zein from 186 (8P40Z) to 533 cP (10P40Z) (Table 3). It was not 

possible to obtain electrospinnable solutions above 10 wt% PCL and 30 wt% DMC. Solutions 

above 50 wt% zein were not electrospinnable as well. The Taylor’s cone had instability due to 

the high zein content into the blend. Also, the PCL/zein blend containing 30 and 40 wt% zein 

contents provided membranes with very similar wettability, as evidenced further in Section 

6.6.  The viscosities of the PCL/DMC and PCL/zein blends were similar to the PCL/chitosan 

blends (125 to 800 cP). In this viscosity range, the blends based on PCL are electrospinnable, 

promoting stable Taylor’s cone (VAN DER SCHUEREN et al., 2012).  

System Viscosity Range (cP) 

PCL/Chitosan 125 to 800  

(VAN DER SCHUEREN et al., 2012) 

PCL/DMC 480(8P20D) to 1390 (10P30D) 

PCL/zein 186 (8P40Z) to 533 (10P40Z) 

Table 3: Viscosity Measurements comparison with literature  

Source: The author (2019) 

6.2 Scanning electron microscopy of PCL-based membranes 

Figure 5 shows SEM images of the materials produced from the commercial PCL 

solutions (Mw 50kDa) (15, 20, 25, 30 and 35 wt%). It is impossible to obtain fibers with 

concentrations below 20%. The low viscosity correlates with the formation of particles; 

thereby, electrospraying is favored against electrospinning. As discussed by Selling et al. 

(2007) in Section 2.1, the low molar weight, little chain entanglement, and low viscosity 

might favor the electrospraying and beads occurrence. Due to these results, the PCL supplier 

was changed. Then, we used a PCL (80 kDa) commercialized by the Sigma-Aldrich to 

produce nanofibers of PCL/DMC and PCL/zein membranes.  
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Figure 5: SEM images (2000× and 5000×) of the commercial PCL-based materials (Mw 50kDa) prepared from 

solutions at 15, 20, 25, 30 and 35 wt% in a 70/30 FA/AA mixture. 

Source: The author (2019) 

Figure 6 shows the electrospun mats of PCL from Sigma-Aldrich. A lower 

concentration of PCL yields finer and more regular fibers. When we increase the 

concentration from 10 to 12 wt% PCL, we yield larger fibers (227±15 nm for PCL at 10 wt% 

and 297±47 nm for PCL at 12 wt%) with homogeneity and absence of beading. Furthermore, 
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14 wt% PCL promotes a significant increase in the average diameter (42090 nm). The 

average sizes of PCL fibers prepared in FA/AA (70/30 vol/vol) are higher than the PCL fibers 

(127±57 nm) obtained by Ekram et al. (2017) from 15 wt% PCL with the same solvent 

system (FA/AA 70/30). The authors used lower distance tip-of-the needle (10 cm) to the 

collector and higher voltage (17.5 kV), the fact that yielded higher electrostatic attraction and 

consequently drawing producing finer fibers.   

 

Figure 6: SEM images (2000× and 5000×) of the PCL-based materials (Mw 80kDa) prepared from solutions at 

10, 12, and 14 wt% PCL in a 70/30 FA/AA mixture.  

Source: The author (2019) 

The results presented in this section are also in accordance with those obtained by 

Ekram et al. (2017). The authors evidenced that 70/30 FA/AA solvent mixture allows good 

electrospinnability and reproducibility for PCL mats. The author states that the AA contents 

up to 30 vol% promote higher viscosity and lower conductivity. From the previous solubility 

tests, and SEM images in Figure 6, we indicate that the FA/AA system (70/30 vol/vol ratio) 

should be suitable for producing PCL, PCL/DMC, and PCL/zein electrospun membranes 

because it supports miscible solutions of them, as reported in Section 6.1.  
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6.3 Scanning electron microscopy of PCL/DMC membranes 

Figure 7 shows the nanofibers obtained from 10 wt% PCL solutions containing 

different levels of DMC (5 to 40 wt%). We obtained uniform nanofibers with DMC contents 

varying from 5.0 to 40 wt% concerning the PCL content (wt%). The whole weight of PCL 

into the blends guided the insertion of DMC (relative weight) in the system.  
 

 

Figure 7: SEM images (2000× and 5000×) of PCL/DMC membranes prepared from solutions at 10 wt% PCL 

containing different DMC levels (5 10, 20, and 30 wt%) in a 70/30 FA/AA mixture. 

Source: The author (2019) 

The nanofibers prepared with 5 wt% DMC content had beads in its structure. The 

same result occurred for the membrane made at 10 wt% PCL without DMC (Figure 6). The 

10 wt% PCL and 5 wt% DMC contents do not provide enough entanglements of polymeric 

chains because of the low viscosity. In this case, surface tension should play an essential role 

in the electrospinning process, promoting beads. The average diameters for the materials with 
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5 and 10 wt% DMC levels were 189 ± 19 and 248 ± 22 nm, respectively (Figure 7). 

Comparing to the pure 10 wt% PCL membrane (227 ± 15 nm), the sample with 10 wt% PCL 

and 5 wt% DMC had lower average diameter. The same behavior was observed for 

PCL/chitosan membranes reported by Van der Schueren et al. (2012). The authors explain 

that the addition of low chitosan contents increases the charge density carried by jet, causing 

stretching. Therefore, thinner fibers were produced with a low DMC concentration (5 wt%). 

This fact justifies the results for obtaining thinner fibers with PCL/DMC. At 10 wt% PCL and 

above 5 wt% DMC, we obtained regular fibers without beads. This fact is attributed to the 

drawing caused by electrical charges and increased viscosity.  

Above 10 wt% DMC, we observed an increase in the average diameters of the 

nanofibers when compared to the pure PCL nanofibers created from a PCL solution at 10 wt% 

(Figure 6).  Figure 7 shows that the electrospun membrane produced from a solution 

containing 20 wt% DMC contains uniform fibers with an average diameter of 289±24 nm. 

However, 30 wt% DMC content causes instabilities in the Taylor Cone, promoting nanofibers 

with a high average diameter (495±103 nm).  Van der Schueren et al. (2012) discuss that the 

sharp diameter increase is attributed to the increase in viscosity due to the addition of 

polysaccharide, causing bending resistance. The viscosity measurements are evidence of this 

result. The solution at 10 wt% PCL and 30 wt% DMC had a high viscosity (1390 cP) 

compared to the highest value of 800 cP reported by a PCL/chitosan blend (VAN DER 

SCHUEREN et al., 2012). In this case, the Taylor’s Cone was not stable. Therefore, the 

optimal conditions to produce PCL/DMC membranes at 10 wt% PCL were the blends 

prepared with 10 and 20 wt% DMC contents.  

The reduction of PCL content (<10 wt%) allowed an increase in DMC contents 

above 20 wt%. Figure 8 shows SEM images of PCL/DMC nanofibers created from blends at 

8.0 wt% PCL containing 30 and 40 wt% DMC levels.  
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Figure 8: SEM images (2000× and 5000×) of PCL/DMC membranes yielded from solutions at 8.0 wt% PCL 

containing 30 and 40 wt% DMC levels in a 70/30 FA/AA mixture. 

Source: The author (2019) 

 

The average diameters for PCL/DMC nanofibers prepared at 30 and 40 wt% 

DMC levels are 264±30 and 360±42 nm, respectively. The average diameter increases by 

increasing the DMC content into the blend. Again, these results agree with the findings 

proposed by Van der Schueren et al. (2012) and Shalumon et al. (2010). Both samples in  had 

regular fibers with the absence of beads. Therefore, it is possible to increase the DMC content 

(30 and 40 wt%) in the PCL/DMC blends when the PCL content decreases to 8.0 wt% (Figure 

9). This fact is confirmed by analyzing the next SEM Figures. The electrospinnability of the 

PCL/DMC blends at 10 wt% PCL is only possible with 5, 10, 20 and 30 wt% DMC content 

due to the high viscosity of the PCL/DMC blend with 40 wt% DMC (1390 cP, Table 3). 

Figure 9 presents SEM images for membranes prepared at 8, 9, and 10 wt% PCL 

and DMC at 30 and 40 wt%. The results summarize the general characteristics of the 

nanofibers obtained by tuning the PCL and DMC relative percentages and weights into the 

blends.  
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Figure 9: SEM images of PCL/DMC membranes prepared from PCL solutions at 8, 9, and 10 wt% containing 

40, 40 and 30 wt% DMC levels, respectively.  

Source: The author (2019) 

We note that from sample 8P40D to 9P40D, an increase in DMC content 

promotes more irregularities in the electrospun mats. Sample 9P40D has beading, and higher 

fiber diameters due to the rise in PCL content also observed in all samples with higher PCL 

content. Further, we observed the tendency in sample 10P30D. Despite the reduction in DMC 

relative percentage, the fibers have higher diameters and dispersion. The jet stretching 

depends more on the DMC content than with PCL, a fact attributed to charge distribution and 

viscosity in the polymeric solution. This is explained because the DMC comprises a cationic 

polysaccharide in the AA/FA mixture (70/30 vol/vol). It is also important to point out that, for 

all samples, the Taylor Cone had instability, leading to the conclusion that it is not feasible to 

increase the DMC content above 40 wt% in PCL-based blends. Still, according to Van der 

Schueren et al. (2012), the highest feasible amount of chitosan in PCL/chitosan blends is 25 

wt% for 8 and 10 wt% PCL levels.  
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6.4 Scanning electron microscopy of PCL/zein membranes 

SEM images of the PCL/zein nanofibers are presented in Figure 10. The 

nanofibers were prepared from PCL solutions at 10 wt% containing different levels of zein 

(20, 30, and 40 wt%). The homogeneity of the nanofibers at 20 and 30 wt% zein contents are 

better than the sample prepared at 40 wt% zein. The nanofibers are also finer with no beads. 

However, an increase in zein content from 30 to 40 wt% promotes irregular nanofibers with 

high heterogeneity.  
 

 
Figure 10: SEM images (2000× and 5000×) of PCL/zein membranes prepared from solutions at 10 wt% PCL 

containing 20, 30 and 40 wt% zein levels in a 70/30 FA/AA mixture. 

Source: The author (2019) 

 

The average diameters for the fibers increased with the increase in zein content as 

shown in Figure 10. The reproducibility decreases as the zein content increases, increasing the 

dispersion of the average diameters. The average diameters of the fibers produced from 10 

wt% PCL were 251±26 nm (20 wt%), 363±44 nm (30 wt%), and 404 ±135 nm (40 wt%). 

Therefore, the optimal conditions, in these cases, are the blends prepared at 10 wt% PCL with 

20 and 30 wt% zein contents. 
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 The average fiber diameters of the PCL/zein membranes compared to other 

single-step studies found in the literature are coherent with the results obtained by Hu et al. 

(2017) and Alhusein et al. (2015).  Hu et al. (2017) worked with a solvent containing equal 

parts of DCM/DMF/AA, the voltage at 15 kV, lower distance between the needle and metallic 

collector (6 cm), and feed rate of 0.3 mL h1. The best result was obtained from the blend 

70/30 zein/PCL with an average diameter of 460 ± 120 nm. This result was similar to the 

average diameter for the sample prepared at 10 wt% PCL and 40 wt% zein (404±135 nm, 

Figure 9). The results presented by Alhusein et al. (2015) are larger diameters (1.51 ± 0.65 

μm) for the PCL/zein membrane. The authors used a solvent system containing TFE/DCM 

(70/30 vol/vol), the voltage at 18 kV, higher needle-collector distance (13 cm), and higher 

feed rate (0.75 mL h1). The authors also observed high diameter dispersion caused by the 

viscosity increase. The lower jet drawing produces higher average diameters.  

To establish the same comparison of the PCL/DMC blends, we report in Figure 11 

the results yielded from a blend containing 8 wt% PCL, 40 and 50% wt% zein. The 

membranes have the average diameter of 220 ± 30 nm and 525 ± 130 nm, respectively. This is 

possible due to the increase of the charges carried by jet, as previously discussed by Van der 

Schueren et al. (2012), as well as due to low PCL content and higher zein relative percentage. 

The 8P40Z fibers are more homogeneous when compared to the samples prepared from 10 

wt% PCL with 30 and 40 wt% zein levels, having a lower average diameter when compared 

to the samples previously reported by Hu et al. (2017) and Alhusein et al. (2015).  
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Figure 11: SEM image (5000×) of the PCL/zein membrane prepared from a blend containing 8 wt% PCL 40 

and 50 wt% zein content performed in a 70/30 FA/AA mixture. 

Source: The author (2019) 

Based on the SEM results, we have selected 4 samples for further studies. The 

samples are those prepared from blends 10P20D, 8P30D, 10P30Z, and 8P40Z. These samples 

were chosen due to their regularity and average diameters below 400 nm. The properties of 

these samples will be compared with a 12 wt% PCL membrane (control).  

6.4 Infrared spectroscopy (FTIR-ATR) 

 Figure 12 presents the FTIR-ATR spectra of sample surfaces (DMC (D), zein(Z), 

PCL membrane at 14 wt% (P), and PCL/DMC and PCL/zein membranes at 10 wt% PCL and 

30 wt% DMC (10P30D), and 10 wt% PCL and 30 wt% zein (10P30Z), respectively.  
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Figure 12: FTIR-ATR spectra of the electrospun mats (14% wt% PCL = P,  10P30D, 10P30Z) and precursors 

(zein powder, Z, and N,N-dimethyl chitosan foam,D) . 

Source: The author, 2019. 

The PCL electrospun membrane FTIR-ATR spectrum has characteristic bands at 

1722 cm1 (attributed to the carbonyl stretching of the ester group) and 1236 and 1165 cm1 

assigned to the asymmetric and symmetric stretching of C–O–C bonds, respectively. The 

weak bands at 2966 and 2866 cm1 are related to the –CH2 asymmetric and symmetric 

stretching, respectively (FERESHTEH et al., 2016 and SHALUMON et al., 2010). The zein 

FTIR-ATR spectrum presents broadband assigned to the stretching of –NH2 sites (Amide I) 

between 3100 and 3600 cm1. The bands at 1645 and 1525 cm1 relating to the Amide I and 

II, respectively. These bands occur due to the stretching of C=O (amide) and NH bonds on 

zein networks (LIAO et al., 2016). DMC FTIR-ATR spectrum has a broadband between 2900 

and 3700 cm1 attributed to the –OH stretching, –C–O–C bands assigned to the stretching of 

glycosidic bonds on the polysaccharide backbone at 1031 cm1 (MARTINS et al., 2011, 

SHALUMON et al., 2010 and VAN DER SCHUEREN et al., 2012). The band found at 1473 
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cm1 assigned to the CH stretching of N-dimethylated sites on DMC chains. This band 

confirms that the chitosan amine sites were completely methylated (BUENO et al., 2015).  

The FTIR-ATR spectra of the PLC/DMC and PCL/zein show that both DMC and 

zein comprise the membranes. In the PCL/zein mat, we observe an attenuation of the bands 

related to the zein, and a slight C=O band shifted for a higher wavenumber. Feresteh et al. 

(2017) attribute this shift to the interactions of the ester group on PCL with the carboxyl and 

amine groups on zein. The same behavior is observed for the PCL/DMC FTIR-ATR 

spectrum. It occurred the attenuation of bands assigned to the DMC and the shift of the C=O 

band attributed to ester site for a higher wavenumber. These results are coherent to the 

findings reported for Shalumon et al. (2010). However, for the membranes, the CH band 

ascribed to the methylation of the amine groups also changed from 1477 to 1450 cm1. This 

might be attributed to the establishment of new interactions between PCL-DMC chains. Both 

PCL/DMC and PCL/zein FTIR-ATR spectra show characteristic bands of their precursors. 

The spectral alterations confirm that the membranes were obtained. 

6.5 X-ray photoelectron spectroscopy  

Figure 13 shows the XPS spectra for the control PCL membrane prepared from a 

solution at 12 wt%. The survey XPS spectrum indicates carbon (C1s = 72.3%), oxygen (O1s 

= 26.5%), and aluminum (Al2p = 1.2%). Both C1s and O1s comprise the PCL polymer 

structure. The occurrence of a small Al2p percentage, at approximately 120 eV, is attributed 

to the aluminum foil deposited on the metallic collector. The high-resolution C1s envelope 

presents characteristic peaks for PCL chemical sites at 289.0 eV (ester group), 287.5 eV 

(carbonyl site), and 285.0 eV (sp2 and sp3 carbons). The O1s envelope supports peaks for 

both C–O and C=O groups at 522.7 and 533.0 eV, respectively. The XPS results are similar to 

the XPS findings shown by Louette, Bodino, and Pireaux (2005), which provided PCL XPS 

spectra with the same behavior for the C1s and O1s peaks.    
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Figure 13: Survey and high-resolution XPS spectra for the PCL membrane obtained from a solution at 12 wt% 

in a 70/30 FA/AA mixture. 

Source: The author (2019) 

After that, we performed the XPS on the PCL/DMC and PCL/zein membranes to 

understand the nature of the interactions between the polymer sources (Figures 14 and 15). 

Figure 14 presents the survey XPS spectra for PCL/DMC electrospun membranes (sample 

10P20D prepared from a blend containing 10 wt% PCL and 20 wt% DMC contents and 

sample 8P30D obtained from a blend at 8 wt% PCL and 30 wt% DMC contents). Comparing 

the PCL and PCL/DMC survey XPS spectra, we observe the increase of the C1s level (from 

72.3% to approximately 75%) onto the membrane surfaces containing DMC. The O1s relative 

percentage decreases as DMC occurs on the membrane surfaces. In addition, the survey XPS 

spectra indicate the presence of nitrogen (N1s = 400 eV). These results confirm the presence 

of DMC onto the PCL/DMC membranes.  The relative percentage for C1s increases because 

DMC contains an 85% N-dimethylation degree  (BUENO et al., 2016). The presence of N1s 

evidences the DMC in the membranes. The behavior for the C1s envelopes on PCL and 

PCL/DMC membranes are different. By adding the DMC, the peak associated with the CO 

increases. This happens because polysaccharide-based structures have large contents of 

hydroxyl and glycosidic bonds. Chan & Weng (2016) point out that the intermolecular 

interactions between PCL and other materials shift the binding energies of chemical groups 

associated with the PCL. All these results confirm that PCL and DMC comprise the 

PCL/DMC membrane surface. 
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Figure 14: Survey and high-resolution XPS spectra for PCL/DMC membranes (samples 10P20D and 8P30D) 

Source: The author (2019) 

We suggest that the methyl sites on N-dimethylated moieties should shield the 

nitrogen atoms, decreasing the signal intensity for N1s peaks in the survey PCL/DMC XPS 

spectra when compared to the PCL/chitosan membranes produced by Machado et al. (2018). 

The methylation of chitosan should shield the nitrogen atoms via steric hindrances. 

Figure 15 shows the XPS spectra for PCL/zein electrospun membranes (sample 

10P20Z made from a blend at 10 wt% PCL and 20 wt% zein contents and sample 8P30Z 

prepared from a blend at 8 wt% PCL and 30 wt% zein contents). We confirm the presence of 

carbon (C1s), oxygen (O1s), nitrogen (N1s), and sulfur (S2p). The samples had similar C1s, 

contents, while the O1s relative percentage decreased from 26.5% (12 wt% PCL membrane) 

to 21.6% (sample 10P30Z) and 16.4% (sample 8P40Z). The high intensities for N1s peaks 

and occurrence of S2p peaks confirm that the zein comprises the membrane surfaces. The 

samples 10P30Z and 8P40Z have respectively, 4.2 and 6.3% N1s levels. The S2p peaks 
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mainly originate from cysteine, present in γ-zein structure (NONTHANUM, LEE, and 

PADUA, 2012), are lower than 0.1% for both zein comprised membranes.  

 

Figure 15: Survey and high-resolution XPS spectra for PCL/zein membranes (samples 10P30Z and 8P40Z). 

Source: The author (2019) 

The high-resolution C1s envelopes for PCL/zein membranes also present different 

behavior when compared to the C1s envelope for the PCL membrane. The binding energy 

shifts and changes of peaks’ intensities in PCL and PCL/zein C1s envelopes should be 

promoted by the presence of zein chemical groups and the establishment of intermolecular 

interactions between PCL and zein, respectively. This data agreed with the FTIR-ATR 

findings that suggested that both PCL and zein interact to form PCL/zein membranes. We can 

relate this with the interactions between PCL carboxyl and protonated amine moieties on the 

zein backbones. The N1s envelopes provide peaks assigned to amine and protonated amine 

groups. The isoelectric point of zein is about 6.5 (de FOLTER et al., 2012), which is close to 

the washing pH of the samples (pH 6.5 of deionized water), assuring the existence of –NH2 

and –NH3
+ groups on the membrane surfaces. This result agreed with findings reported by 

OLIVEIRA et al. (2019). They characterized hydrogels based on gellan gum/chitosan using 

XPS. All these results confirm that PCL and zein comprise the PCL/zein membrane surfaces. 
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6.6 Contact angle measurements 

Figure 16 shows the contact angle measurements carried out onto the membrane’s 

surfaces. It is important to highlight that contact angles bellow 90º assign hydrophilic 

surfaces; otherwise, they are hydrophobic.  

 

Figure 16: Water contact angles measured on the membrane surfaces (control = 12 wt% PCL membrane t =0s) 

Source: The author (2019)   

As expected, the PCL membrane (control) is hydrophobic (contact angle 118º ± 

5º).  The hydrophobicity of PCL is widely reported in the literature (NEDJARI, 2014 and WU 

et al., 2012). The presence of DMC and zein decrease the water contact angles, increasing the 

surface wettability. However, the sample with 20 wt% DMC content (sample 10P20D) 

presents a hydrophobic trait; its contact angle reaches 107º ± 11º. The addition of 30 wt% 

DMC and zein (30 and 40 wt%) in the electrospun membranes promote more hydrophilic 

surfaces (8P30D, 76º ± 5º, 10P30Z, 74º ± 4º, and, 8P40Z, 73º ± 4º). Both DMC and zein 

present ionized sites (especially protonated amine moieties) in their structures. These sites 

interact better with water, decreasing the water contact angles from approximately 118º ± 5º 

(PCL membrane) to 75 ± 5º (PCL/DMC and PCL/zein containing at least 30 wt% of DMC 

and zein, respectively). Also, proteins and polysaccharides contain a high content of hydroxyl, 

amide, and other polar groups; these can interact better with water molecules, increasing the 

surfaces’ wettability.  
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Machado et al. (2019) obtained PCL/chitosan membranes from the 

electrospinning of polymer mixtures in AA/FA (70/30). A PCL/chitosan membrane 

containing 20 wt% chitosan (the content of chitosan was determined according to the wholly 

PCL content) indicated a water contact angle of 53º. In comparison with these results, the 

methylation of the amine sites should increase the interaction between PCL and DMC chain 

segments, and thereby decreasing the interactions between PCL/DMC membrane and water 

molecules. This fact should raise the water contact angles for PCL/DMC membranes when 

compared to the PCL/chitosan membranes. Also, the methyl sites should shield the positive 

charge of the cationic moieties (protonated amine sites), increasing the water contact angles 

for PCL/DMC surfaces.  

The increase of zein content from 30 to 40 wt% did not influence the 

hydrophilicity. Thus, we can infer that membrane surfaces are saturated with zein, and 

amounts above 30 wt% should not increase the wettability. The single-step electrospinning of 

PCL/zein blends is advantageous due to the sharp reduction of contact angle when compared 

to the pure zein nanofibers (146º) and the core (PCL)/shell (zein) membrane (129º) (HE et al., 

2017). Here, it is important to highlight that zein is a hydrophobic protein, soluble in 50-90 

ethanol/water mixtures (vol/vol) (HU et al., 2017). A 60/40 PCL/zein blend performed in 

DCM containing sodium chloride (8/1 salt/polymeric matrix wt/wt ratio) provided a 

hydrophilic electrospun membrane (water contact angle = 74º, WU et al., 2012). For the 

single-step process, the water interactions with the final material are more efficient because 

the new interactions between PCL and zein should disrupt the native behavior and the 

interactions between zein-zein and PCL-PCL, promoting higher hydrophilicity.   

6.7 Cell adhesion and proliferation 

Figures 17 and 18 show fluorescence images of the ADSCs seeded on the control 

(PCL membrane), PCL/DMC membranes (samples 10P20D and 8P30D containing 20 and 30 

wt% DMC contents, respectively) and PCL/zein membranes (materials 10P30Z and 8P40Z 

containing 30 and 40 wt% zein contents, respectively) after 4 and 7 days of cell culture, 

respectively. The samples were stained with DAPI and rhodamine, according to the 

methodology described in section 5.4. According to Khadka and Haynie (2012), DAPI stains 

the nuclear DNA with the color blue, while rhodamine-phalloidin the filamentous actin in the 

cytoskeleton with red.   
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Compared to the control, the presence of DMC did not support cellular adhesion 

and growth even after 7 days of cell culture. On the other hand, compared to the control, all 

the membranes containing zein promoted cell adhesion, growth and spreading after 4 and 7 

days of incubation (Figures 17 and 18). The zein presence favored the cell adhesion and 

spreading even after 4 days of cell culture. We observed an intensification of the pattern after 

7 days (Figure 18). The cytoskeleton spreading is observed in the images with the rhodamine 

and with the superposition of colorants, as well as in SEM images of the cells seeded onto the 

membrane surfaces (Figure 19).   
 

 

Figure 17: Fluorescence images (magnification of 10× and 20×) of the samples seeded with ADSCs at the 

presence of DAPI (blue) and Rhodamine (red) after day 4. 

Source: The author, 2019. 
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Figure 18: Fluorescence images (magnification of 10× and 20×) of the samples seeded with ADSCs at the 

presence of DAPI and Rhodamine  after day 7. 

Source: The author, 2019. 

The cell-membrane interactions influence in the flattening and spreading of the 

cells. The observation of the fluorescence images (Figures 17 and 18) and the SEM of the 

cells seeded onto the PCL based membranes (Figure 19) show that the PCL/zein membranes 

promoted better results for adhesion, proliferation, and spreading of the ADSCs. The higher 

hydrophilicity and surface chemistry of the PCL/zein membranes supported these findings. 

The specific surface chemistry and polarity allow better cell-scaffold interaction, as 

mentioned by Janvikul et al. (2013). The higher availability of binding sites (amine and 

protonated amine, i.e., cationic moieties) enhances the biological responses of the membranes.  
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Figure 19: SEM images (1000× and 2000×) of the ADCSs seeded on the membranes after 4 and 7 days of cell 

culture. 

Source: The author, 2019 

The fluorescence images show that the number of adhered cells increases with time. 

The samples with zein promoted better adhesion and spreading as mentioned before. Further, 

we demonstrate this in the SEM images (Figure 19). The number of adhered cells indicated by 

the DAPI (cell nucleus) was summed over ten non-overlapping fields of view of the 

microscope for each sample; three samples (n = 3) were used for each condition. The number 

of ADSCs was determined per area (cm2) by using fluorescence images at 20× (Figure 20).  
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Figure 20: Quantification of ADSCs proliferation on the membrane surfaces after 4 and 7 days of culture. 

(Different letters indicate results with significant differences (p < 0.05). 

Source: The author, 2019. 

More ADSCs adhere to the control and PCL/zein membranes. After 4 days, the control 

(12 wt% PCL), and materials 10P20D, 8P30D, 10P30Z, and 8P40Z had respectively 582 ± 

146, 457 ± 144, 546 ± 212, 1747 ± 421, 2746± 979 cells/cm2. On the 7th day, the samples had 

in the same order (12 wt% PCL, 10P20D, 8P30D, 10P30Z, and 8P40Z), respectively 7489 ± 

1653, 721 ± 211, 804 ± 320, 9098 ± 1864, 10208 ± 3516 cells/cm2 (Figure 20).  The cell 

count had three statistically significant different results (p0.05). The DMC membranes did 

not provide significant differences, and the results were similar to that imparted by the PCL 

control at day 4 (p0.05). The PCL/zein membranes supported materials with significant and 

higher cell adhesion on day 4 (p0.05). Finally, after 7 days, the control, 10P30Z, and 8P40Z 

had no significant differences for cell adhesion and proliferation (p0.05, Figure 20).    

The DMC presence does not foster adhesion, proliferation, and spreading of 

ADSCs. Although the contact angle decreases from 118º (control) to 107º (10P20D) and 76º 

(8P30D), the ECM matrix of the cells could not establish efficient interactions with the 

nanofibers based on PCL/DMC. Machado et al. (2019) prepared PCL/chitosan scaffolds with 

FA/AA at 12.5 cm, 15kV, and 1.0 mL/h. Their fibers had diameters of 306±86 nm for 20 wt% 

chitosan content.  The authors obtained higher adhesion and proliferation of ADSCs onto 

PCL/chitosan membrane. They claim that the interaction with the wettable surface containing 

amine and protonated amine groups can support these results. As evidenced in the XPS results 

(Figure 14), the N1s relative percentage is lower on PCL/DMC membranes than the 
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PCL/chitosan, even under similar DMC and chitosan concentration. We suggest that these 

results should influence the interactions between ADSCs and PCL/DMC membrane surfaces.  

The materials with zein provided cell growth and spreading after 7 days of cell 

culture. The presence of zein favored cell adhesion and spreading (Figure 20). The PCL/zein 

comprised membranes with higher N1s relative percentages (Figure 15), compared to the 

membranes with the PCL/DMC materials. Also, wettable surfaces can provide 

microenvironments to foster cell adhesion and proliferation (PEDRAM RAD et al., 2019). 

According to Janvikul et al. (2013), hydrophilic materials can improve cell-material surface 

interactions. Better ADSCs spreading should correlate with the highest hydrophilicity of the 

PCL/zein membranes. The scaffolds with DMC had water contact angle values of 107º 

(10P20D) and 76º (8P30D), while the zein promoted lower contact angles 74º and 73º for the 

materials 1030Z and 8P40Z, respectively.   

We suggest that the ADSCs may interact better with zein and PCL than DMC. 

According to Padhi et al. (2019), the ECM of the ADSCs is mainly composed of collagen 

(332.9 μg/mg), elastin (152.6 μg/mg) and sulfated GaGs (85 μg/mg). The ECM interaction 

with the DMC should be low because it does not mimic the structure of any ECM’s materials. 

PCL/zein membranes present high contents of cationic sites (ammonium moieties as indicated 

by XPS analysis). The zein’s isoelectric point is about 6.5 (DE FOLTER et al., 2012), and the 

cell culture assay was carried out at pH 7.4. Therefore, the interaction between anionic 

moieties (GAGs, proteoglycans, and proteins) in the ECM and cationic sites in zein should 

provide better microenvironments to support cell adhesion, and thereby proliferation and 

spreading of the ADSCs. The methyl groups on DMC should shield their cationic behavior, 

decreasing the interaction between ECM and PCL/DMC membranes. Indeed, the anionic 

character of the collagen – isoelectric point 9 (PAWELEC, BEST, CAMERON, 2016) – 

added to the sulfated GaGs (sites with negative charges, FELZ et al. (2020)) to form 

proteoglycans justifies the cell adhesion results. The negatively charged compounds can 

attract cations and water molecules Felz et al. (2020).  The ADSCs have a weak acid behavior 

that helps to understand why it interacts better with the PCL/zein membranes.  

Literature does not report the successful adhesion and proliferation of ADSCs on 

PCL/zein-based materials. Other papers use 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide for (MTT) colorimetric assay to evaluate cell adhesion, making 

difficult a direct comparison with counts per area here. Yang et al. (2017) showed that pure 

zein and zein/collagen mats seeded with periodontal stem cells have low capacities to provide 
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cell adhesion and spreading after 5 days of cell culture. The use of chitosan-based 

nanoparticles loaded with a bone morphogenetic protein also supported the adhesion and 

proliferation of bone mesenchymal stem cells after 4 and 7 days (Zhou et al., 2014). Pedram 

Rad et al. (2019) also studied the adhesion of fibroblasts cells on PCL/zein/gum arabic 

scaffolds containing Calendula Officinalis extract. The aligned fibers were obtained by the 

suspension method. The authors solubilized gum arabic in FA, and PCL, zein, and Calendula 

Officinalis extract in AA, mixed them into the syringe, and electrospun the blends at 0.2 mL 

h1, 15 cm and 18 kV. They obtained PCL/gum arabic/zein aligned fibers with a rotating drum 

at 100 RPM with an average diameter of 369 ± 174 nm and non-aligned fibers with an 

average diameter of 449 ± 243 nm. Their cell adhesion colorimetric results with  MTT dye 

after 3 and 7 days showed that the cell adhesion increases with time for the samples with the 

plant extract and that the plant extract increases cell adhesion in the scaffolds.  

7  CONCLUSIONS  

Based on the results, we verified the initial hypothesis: it is possible to produce 

novel electrospun membranes from PCL/DMC and PCL/zein blends using FA/AA system 

(70/30 vol/vol) at the same process parameters (feed rate 0.5 mL.h1, voltage 12 kV and 

distance needle-collector 12.5 cm). The interesting fact is that, to the date, we have not found 

electrospun mats using these conditions to produce PCL/zein with single-step electrospinning. 

We have not found PCL/DMC materials in the literature.  

By tuning the fossil-based polymer, modified polysaccharide, and protein, we 

verified fibers with average diameters ranging from two tenths to a half micrometer, increased 

hydrophilicity. Yet, the PCL/zein promoted cell adhesion, proliferation, and spreading of 

ADSCs after 7 days of culture. The materials are suitable for a wide range of applications, but 

due to the bio-based polymer inclusion, we highlight their applications as ADSCs mimetic 

scaffolds. As mentioned in the introduction, adipose-derived human stem cells differentiate 

into other mesenchymal lineages, making our materials suitable for novel medical treatments.  

By combining the bio-based with fossil-based polymers, it is possible to create synergetic 

effects, obtaining materials that mimic ADSCs ECM chemistry, with suitable hydrophilicity 

(from naturally sourced materials) and cell adhesion.  
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8  FUTURE WORKS 

 To functionalize the scaffolds using Zinc Oxide Nanoparticles (bactericidal) and test 

mesenchymal cell differentiation (e.g osteoblasts, KHADER et al., 2019); 

 To functionalize the scaffolds using Olive and Oregano oil (single-step 

electrospinning) for the bactericidal effect (PEDRAM RAD et al., 2019); 

 To test the electrospinnability of low molecular weight PCL with essential oils 

 To increase pore size and consequently cell adhesion and proliferation using other 

techniques (laser ablation, patterned collectors, solubilization, etc.);  

 To test the same conditions obtained with zein using other prolamines (e.g. gliadin and 

silk fibroin); 
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