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Abstract 20 

Given the complex calcified nature of the fibrous bone tissue, a combinatorial approach 21 

merging specific topographical/biochemical cues was adopted to design bone tissue-22 

engineered scaffolds. Coral having a Ca-enriched structure was added to electrospun chitosan 23 

(CS)/polyethylene oxide (PEO) nanofibers that were subjected to plasma surface modifications 24 

using a medium pressure Ar, air or N2 dielectric barrier discharge. Plasma incorporated 25 

oxygen- and nitrogen-containing functionalities onto the nanofibers surface thus enhancing 26 

their wettability. Plasma treatment enhanced the performance of osteoblasts and the 27 

interplay between plasma treatment and coral was shown to boost initial cell adhesion. The 28 

fibers capacity to trigger calcium phosphate growth was predicted via immersion in simulated 29 

body fluid. Globular carbonate apatite nanocrystals were deposited on plasma-treated CS/PEO 30 

NFs while thicker layers of flake-like nanocrystals were covering plasma-treated coral/CS/PEO 31 

fibers without blocking the interfibrous pores. Overall, the exclusive multifaceted plasma-32 

treated coral/CS/PEO nanofibers are believed to revolutionize the bone tissue engineering 33 

field. 34 

Keywords: Coral, chitosan/PEO, electrospun nanofibers, plasma treatment, surface 35 

characterization, MC3T3 osteoblasts, CaP deposition 36 
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Bone defects are one of the most important clinical problems with an incidence rate of 39 

more than 2 million patients per year. Incidence rates are still rising and they are even 40 

expected to double by the end of 2020 (Amini, Laurencin, & Nukavarapu, 2012; W. Wang & 41 

Yeung, 2017). To date, two possible treatment strategies are commonly used to heal bone 42 

defects known as autografts and allografts. Although these strategies demonstrate notable 43 

clinical success, they have limitations as well. For instance, it was reported that autografts can 44 

cause loss of function in the donor site while allografts stimulate the risk of disease 45 

transmission in addition to poor integration with surrounding host bone. On top of that, the 46 

maintenance of bone banks is expensive (Amini et al., 2012; Frohbergh et al., 2012). To 47 

address these issues, biomedical scaffolds have been considered as an excellent alternative 48 

for bone healing, since they have recently shown promising results (Han et al., 2020; Sedghi, 49 

Shaabani, & Sayyari, 2020; Van Vrekhem et al., 2018; X. Zhang et al., 2019). Therefore, despite 50 

the attractive easy injectability of hydrogels, 3D solid implants are preferred for bone tissue 51 

engineering purposes as they are more robust and provide the necessary topographical cues 52 

directing cellular guidance (Dong, Wang, Zhao, Zhu, & Yu, 2017; T. Russo et al., 2013). In fact, 53 

this engineered bone scaffold should closely mimic the fibrillary porous structure of the bone 54 

extracellular matrix (bECM) thus allowing a sufficient nutrient supply and adequate cell 55 

interactions (such as cell adhesion and proliferation) resulting in efficient vascularization. Such 56 

an optimally engineered bone will fully integrate into the graft site, causing successful bone 57 

regeneration (Amini et al., 2012).  58 

Various scaffold fabrication techniques have been investigated for bone tissue engineering 59 

such as freeze-drying, thermally-induced phase separation, solvent casting, electrospinning 60 

and three-dimensional printing (Nandi, Kundu, & Basu, 2013; Rezwan, Chen, Blaker, & 61 

Boccaccini, 2006; Ulery, Nair, & Laurencin, 2011; Wilson, Clegg, Leavesley, & Pearcy, 2005). 62 

Among these, electrospinning has been widely investigated as electrospun nanofibers (NFs) 63 

are promising scaffolds for bone tissue engineering due to their high similarity to the native 64 

structure of bECM (Asadian, Onyshchenko, et al., 2018; Hejazi & Mirzadeh, 2016; Sedghi et al., 65 

2020; X. Zhang et al., 2019). Both natural and synthetic polymers, such as poly (lactide-co-66 

glycolide) (PLGA), poly(L-lactic acid) (PLLA), poly(𝜀–caprolactone), gelatin, collagen and 67 

chitosan (CS) have been successfully utilized to produce electrospun NFs that demonstrated 68 

enhancement in bone formation (P. Chen et al., 2019; Chuan et al., 2020; Sedghi et al., 2020; 69 

Z. Wang et al., 2019; X. Zhang et al., 2019). Among the mentioned polymers, CS, the 70 

deacetylated form of chitin, has been widely used, mainly due to its biocompatibility, 71 

biodegradability, bioresorption and non-toxicity. Additionally, its specific interactions with 72 

components of the bECM and growth factors make CS an ideal candidate for use in bone 73 

regeneration (Pakravan, Heuzey, & Ajji, 2011). Moreover, the molecular structure of CS 74 

contains hydroxyl (-OH) and amino (-NH2) groups that facilitate cell adhesion, proliferation, 75 

and differentiation. Although CS-containing NFs already showed promising results for 76 

numerous bone tissue engineering systems (Asadian, Onyshchenko, et al., 2018; Kianfar, 77 

Vitale, Dalle Vacche, & Bongiovanni, 2019; Sedghi et al., 2020), the CS electrospinability is still 78 

challenging due to the limited solubility of CS in the common organic solvents as a result of 79 

the formation of a polyelectrolyte in an acidic solution (Asadian, Onyshchenko, et al., 2018; L. 80 

Li & Hsieh, 2005; Pakravan et al., 2011; Stie et al., 2019). Moreover, several other limitations 81 

make the electrospinning of pure chitosan solutions extremely difficult such as: 1) the rigid 82 
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crystalline structure of chitosan, 2) the exceedingly high characteristic viscosity of chitosan 83 

solutions, 3) the inherent poor processability, 4) the occurrence of repulsive forces upon the 84 

application of an electrical field due to the ionic charges (amino groups) present in chitosan 85 

which prevents the formation of continuous fibers and 5) the strong hydrogen bonds within 86 

the chitosan network restricting the movement of the polymer chains subjected to an 87 

electrical field (Homayoni, Ravandi, & Valizadeh, 2009; Nada et al., 2014; Prasad, Shabeena, 88 

Vinod, Kumary, & Anil Kumar, 2015). To circumvent the abovementioned issues, blending of 89 

CS with other polymers such as poly(ethylene oxide) (PEO), polycaprolactone (PCL) and 90 

poly(vinyl alcohol) (PVA) prior to electrospinning has been utilized to improve the 91 

electrospinability of CS, among which PEO (a hydrophilic, biocompatible synthetic polymer) is 92 

by far the most widely used blending polymer (Dorraki, Safa, Jahanfar, Ghomi, & Ranaei-93 

Siadat, 2015; Kianfar et al., 2019; Stie et al., 2020, 2019). Adding PEO to CS solutions was not 94 

only found to improve the electrospinability of CS, but also further improved the hydrophilicity 95 

of the CS-containing NFs (Duan, Dong, Yuan, & Yao, 2004; J. Li, Zivanovic, Davidson, & Kit, 96 

2010; Pakravan et al., 2011). However, by following this approach, the required bioactivity of 97 

the CS/PEO NFs was still not fully achieved, because CS does not have sufficient bioactive sites 98 

and shows only limited osseointegrative capacity to facilitate cell growth (Asadian, 99 

Onyshchenko, et al., 2018). 100 

To further improve cell-surface interactions on and osteoinductivity of NFs, the 101 

incorporation of additional biocomponents has been suggested, among which coral has been 102 

considered as a promising reinforcement agent to enhance NF bioactivity (Gravel, Gross, Vago, 103 

& Tabrizian, 2006; Gravel, Vago, & Tabrizian, 2006; Vuola, Bohling, Kinnunen, Hirvensalo, & 104 

Asko-Seljavaara, 2000). More than 98% of natural coral consists of calcium carbonate (CaCO3) 105 

which could serve as an effective substrate for bone regeneration (Gravel, Gross, et al., 2006; 106 

Hejazi & Mirzadeh, 2016). According to literature, CaCO3 can be converted into hydroxyapatite 107 

(HA) (Ca10 (PO4)6(OH)2), which is one of the main mineral components of bone (Gravel, Gross, 108 

et al., 2006; Gravel, Vago, et al., 2006). It has been reported that when coral is added to CS-109 

based scaffolds, an enhancement in cell viability in addition to yielding a more well-defined 110 

cell morphology occurs in comparison to pristine CS-based scaffolds (Gravel, Gross, et al., 111 

2006). As a result, the combination of appropriate organic (CS, PEO) and inorganic (coral) 112 

materials provides an excellent alternative choice to gather the best properties of each phase 113 

while overcoming many of their deficiencies (when used as unblended materials) (Gravel, 114 

Gross, et al., 2006).  115 

Besides the ideal scaffold morphology, an appropriate scaffold surface chemistry is also 116 

known to promote cell-scaffold interactions (Asadian, Onyshchenko, et al., 2019; Ghobeira et 117 

al., 2019; Lee, Jung, Kang, & Lee, 1994; J. Yang, Bei, & Wang, 2002). The most commonly used 118 

method to incorporate chemical functionalities on a surface is a wet chemical process 119 

(Frohbergh et al., 2012; Hejazi & Mirzadeh, 2016; Holmes & Tabrizian, 2012; L. Russo et al., 120 

2013, 2015). However, the application of these chemical processes onto NFs has been quite 121 

limited as they show detrimental effects on the physical and mechanical properties of the 122 

delicate nanofibrous structures (Ghobeira, De Geyter, & Morent, 2017; Ghobeira et al., 2019; 123 

Yoo, Kim, & Park, 2009). Moreover, these processes are time consuming, expensive and not 124 

environmentally friendly. On top of that, traces of toxic solvents can remain in the nanofibrous 125 
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scaffolds, which will in turn have a negative influence on the biological response of the NFs 126 

(Asadian, Onyshchenko, et al., 2019; Stie et al., 2019). Consequently, a chemical treatment of 127 

NFs can be considered to be not advantageous when envisioning biomedical applications. To 128 

cope with this issue, non-thermal plasma treatment has been introduced as a versatile, 129 

environmentally friendly and rapid technique for surface modifications (Asadian, Grande, et 130 

al., 2019; Bitar et al., 2018; Cools et al., 2018; Dorraki et al., 2015; Ghobeira et al., 2019) and 131 

the technique has already been successfully applied on electrospun NFs (Asadian, Dhaenens, 132 

et al., 2018; Asadian, Onyshchenko, et al., 2018; Dorraki et al., 2015; Ghobeira et al., 2019; 133 

Seyedjafari, Soleimani, Ghaemi, & Shabani, 2010). These studies revealed that non-thermal 134 

plasma exposure rapidly (typically order of seconds) alters the surface chemistry of NFs by 135 

incorporating different polar groups while preserving the nano-morphology of the NFs 136 

(Asadian, Onyshchenko, et al., 2018; Dorraki et al., 2015; Ghobeira et al., 2019; Seyedjafari et 137 

al., 2010).  138 

Next to enhancing cell-material interactions, an appropriate surface chemistry concurrently 139 

inducing the nucleation and growth of bone-like apatitic calcium posphate (CaP) nanocrystals 140 

is imperative for an effective repair (Q. Liu, Ding, Mante, Wunder, & Baran, 2002). In fact, the 141 

natural biominerilization process forming the bone is initiated on well-dispersed bECM 142 

proteins with definitive functional groups based on amino acid side chains establishing 143 

apatite-binding sites (Kim et al., 2008). A mimicry of this natural process via a plasma surface 144 

functionalization of nanofibers is believed to trigger the formation of a biologically active 145 

apatite layer. This layer is vital for typical bone-related activities such as osseoinduction, 146 

osteoconduction and osteointegration or intimate bone-bonding ability of the tissue-147 

engineered scaffold (Seyedjafari et al., 2010). Several researchers have immersed metallic and 148 

polymeric pre-functionalized bone implants in simulated body fluid (SBF) as a validated 149 

biomimetic method to predict the in-vivo osteo-bioactivity by examining the ability of apatite 150 

to grow on the surface (Akhavan et al., 2019; Tadashi Kokubo & Takadama, 2006; Q. Liu et al., 151 

2002; Van Vrekhem et al., 2018). However, mineralizing fibrous scaffolds was not always 152 

successful given the large challenge in obtaining homogeneous apatite nanocrystal growth 153 

around the fine fibers without blocking the pores and completely hindering the envisioned 154 

bECM-like structure. For instance, Ito et al. have reported that electrospun poly(3-155 

hydroxybutyrate-co-3-hydroxyvalerate) fibers, normally displaying a compatible surface for 156 

apatite layer deposition, were fully covered on the outside without any sign of porosity or 157 

nanostructure when soaked in SBF (Ito et al., 2005). The few reported uniform mineral 158 

depositions on electrospun scaffolds upon SBF immersion were however associated with 159 

rather very complex approaches associated with few drawbacks. As example, Jin et al. have 160 

succeeded to induce apatite mineralization on initially calcium phosphate (CaP) loaded 161 

chitosan fibers generated during the electrospinning but not on pure chitosan fibers. 162 

Nonetheless, the electrospinning of such a chitosan/CaP blended solution has led to non-163 

uniform fiber diameters within the electrospun membrane (Jin et al., 2018).  Datta et al. have 164 

observed that N-methylene phosphonic chitosan based nanofibers blended with polyvinyl 165 

alcohol were successfully mineralized due to the presence of phosphonic acid groups initiating 166 
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CaP nucleation. However, this approach pre-requires a complex synthesis of N-methylene 167 

phosphonic chitosan and a very challenging electrospinning step demanding excessive fine-168 

tunings (Datta, Dhara, & Chatterjee, 2012). 169 

 170 

In view of the above, the main objective of this work is to adopt an exclusive combinatorial 171 

strategy in the development of a bone tissue-engineered scaffold encompassing refined 172 

surface chemical, topographical and biomolecular cues thus successfully repairing bone 173 

defects. In fact, taking all previous findings into account, it is hypothesized that adding coral 174 

to CS-containing nanofibrous meshes together with subsequent plasma surface modifications 175 

may enhance osteoblast-surface interactions, apatite mineralization and osseointegration and 176 

therefore bone regeneration. To the best of our knowledge, this advanced approach has not 177 

been examined yet. As such, the present study will investigate the effects of a non-thermal 178 

plasma treatment on electrospun CS/PEO and Coral/CS/PEO NFs by means of a dielectric 179 

barrier discharge (DBD) sustained in N2, air and Ar. Subsequently, the plasma-induced effects 180 

will be examined in detail making use of water contact angle measurements (WCA), tensile 181 

measurements, X-ray photo electron spectroscopy (XPS), scanning electron microscopy (SEM), 182 

and Fourier-transform infrared spectroscopy (FTIR) on both sets of NFs. Moreover, the in-vitro 183 

performance of CS/PEO and Coral/CS/PEO NFs will be investigated by seeding MC3T3 cells on 184 

untreated and plasma-treated NFs followed by live/dead fluorescence imaging and MTT 185 

assays. Finally, to further investigate the bioactivity of the fabricated NFs, the deposition of 186 

CaP minerals will also be evaluated after immersing the samples in SBF. 187 

 188 

2. Experimental methods  189 

2.1. Coral sizing and disinfection 190 

Coral was obtained from Persian Gulf coral reefs and the sample was kindly provided by 191 

the group of Prof. Mirzadeh (Faculty of Polymer Engineering, Amirkabir University of 192 

Technology, Tehran, Iran). Coral pieces were grinded making use of high speed vibrational 193 

milling (HSVM). The grinding procedure was performed in a Fritsch Mini-Mill Pulverisette 23 194 

in a 10 mL stainless steel grinding bowl with a 15 mm diameter grinding ball (Van Guyse, de la 195 

Rosa, & Hoogenboom, 2018). Thereafter, the coral micro-particles were disinfected by 196 

immersion in an aqueous sodium hypochlorite solution (6-14% active chlorine) (Merck, 197 

Germany) for 30 h, followed by washing with distilled water (three times) and vacuum drying. 198 

2.2. Fabrication of CS/PEO and Coral/CS/PEO NFs 199 

2.2.1. Polymer solution preparation 200 

To prepare the CS/PEO polymer solution for electrospinning, a 3:1 mixture of CS (83.3% 201 

deacetylated, medium molecular weight, Sigma-Aldrich) and PEO (MW = 400,000 Da, Sigma-202 

Aldrich) was dissolved in a mixture of acetic acid (Carl Roth) and distilled water (9:1) in such a 203 

way that a 4 w/v% polymer solution was obtained. In a next step, to prepare the Coral/CS/PEO 204 

https://scholar.google.com/citations?view_op=view_org&hl=en&org=6418904117290021063
https://scholar.google.com/citations?view_op=view_org&hl=en&org=6418904117290021063
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solution, coral powder was added to the 4 w/v% CS/PEO solution in a 1:1 (coral:CS/PEO) 205 

weight ratio. The suspension was then continuously stirred until a homogeneous mixture was 206 

obtained.  207 

 208 

2.2.2. Electrospinning  209 

A customized Nanospinner 24 electrospinning machine (Inovenso), as schematically 210 

represented in Fig.1 (a), was used at room temperature to fabricate NFs and has been 211 

previously well described in literature (Asadian, Onyshchenko, et al., 2018; Ghobeira et al., 212 

2019; Rezaei, Nikiforov, Morent, & De Geyter, 2018). Prepared CS/PEO and Coral/CS/PEO 213 

solutions were first loaded into a 10 mL standard syringe, which was subsequently placed 214 

inside a syringe pump (NE-300 Just Infusion™). Using this pump, a predefined flow rate of the 215 

CS/PEO or Coral/CS/PEO solution was pumped through a polyethylene tube (inner Ø: 2 mm) 216 

ending in a brass nozzle with an inner diameter of 0.8 mm. During the electrospinning process, 217 

the flow rate of the polymer solution was varied between 0.2 and 0.7 mL/h to maintain a 218 

stable jet during the electrospinning procedure. At the moment a polymer solution droplet 219 

came out of the nozzle, a DC voltage of 26 kV was supplied to the nozzle. The nozzle was placed 220 

vertically below a rotating (130 rpm) collector at a distance of 18.0 cm. As collector, a 221 

grounded cylinder with a 5 cm radius and a length of 28 cm was used. The NFs were deposited 222 

on glass coverslips (Ø: 12.0 mm) which were fixed on the collector by using conductive copper 223 

tape on an aluminium sheet wrapped around the collecting cylinder. 224 

 225 

 226 
Fig.1. Experimental set-ups used in this work: (a) a schematic representation of the electrospinning 227 

set-up, (b) a schematic of the DBD plasma reactor.  228 

 229 

 230 

 231 

2.3. Plasma surface modification of NFs 232 

https://www.sciencedirect.com/science/article/pii/S0144861718310002#fig0005
https://www.sciencedirect.com/topics/chemistry/polymer
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2.3.1 Plasma surface treatment procedure 233 

After electrospinning, the obtained electrospun CS/PEO and Coral/CS/PEO NFs were 234 

modified using a DBD plasma reactor. The schematic of the medium pressure parallel-plate 235 

DBD system is presented in Fig.1 (b) and the device has already been described in previous 236 

work (Esbah Tabaei et al., 2020). The discharge was generated between two circular 237 

electrodes. The upper electrode was a copper plate (Ø: 48 mm) covered with a 3 mm thick 238 

Al2O3 layer and was connected to a custom-made AC power supply with a 20 kHz frequency 239 

and a maximum power of 100 W. The lower stainless-steel electrode (Ø: 25 mm), placed 1 mm 240 

(the gas gap) below the top Al2O3 layer, was grounded through a 10 nF capacitor.  241 

Prior to plasma modification, the CS/PEO and Coral/CS/PEO samples, including the cover 242 

slips, were placed on the grounded electrode. Subsequently, the reactor was first pumped 243 

down to a base pressure of 10-3 kPa using a rotary vane pump (Edwards RV3). For a further 244 

reduction of the reactor base pressure, a turbo pump connected to the plasma reactor 245 

(Edwards turbo pump model EXT 75DX) was then turned on. By using both the rotary as well 246 

as the turbo pump, a reactor base pressure of 10-5 kPa could be obtained, thereby enabling a 247 

reduction in the amount of residual air and water traces inside the plasma reactor. Two 248 

manometers were used for pressure readings: (1) a Pirani Thyracont VD85 compact vacuum 249 

meter for measuring pressures in the range of 102 to 10-5 kPa and (2) an Edwards active 250 

inverted magnetron gauge (model AIM-X-DB40CF) for accurate measurements of chamber 251 

pressures below 10-5 kPa. 252 

After reaching the desirable reactor base pressure (10-5 kPa), the plasma reactor was filled 253 

with the working gas until a pressure of 30 kPa was reached. In a next step, the reactor was 254 

flushed for 3 minutes with the working gas using a gas flow rate of 3000 standard cubic 255 

centimetre per minute (sccm), which was controlled by a mass flow controller (MFC) (F-201CV-256 

Bronkhorst). This flushing step was performed to ensure a homogeneous gas composition. 257 

After flushing, the plasma reactor was pumped down to 5.0 kPa, while the continuously 258 

operational gas flow rate was reduced to 800 sccm. Three different discharge gases were used 259 

in this work: Ar, N2, and dry air with plasma exposure times ranging from 10 s to 180 s. These 260 

gases were selected as they are widely used to perform plasma activation experiments 261 

resulting in the incorporation of oxygen- (after Ar and air plasma modification) and nitrogen-262 

containing groups (after N2 plasma modification) (Asadian, Onyshchenko, et al., 2018; 263 

Ghobeira, Philips, Declercq, et al., 2017; Ghobeira et al., 2019). 264 

 265 

2.3.2. Electrical characterization of the plasma 266 

The voltage applied to the top electrode was measured by a 1000:1 high voltage probe 267 

(Tekronix P6015A), whereas the charge generated on the electrodes was obtained by 268 

measuring the voltage over a capacitor, connected in series with the discharge reactor to the 269 

ground (see Fig.1 (b)). The power consumed by the discharge was calculated through charge-270 

voltage waveforms, also known as Lissajous figures (De Geyter, Morent, & Leys, 2006). The 271 

power was calculated by measuring the area enclosed within the Lissajous figure through 272 

multiplication of the electrical energy with the frequency, which was 20 kHz in this work. The 273 
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resulting waveforms were recorded using a Picoscope 3204A digital oscilloscope. Throughout 274 

this study, a fixed discharge power of 0.2 W, 0.6 W and 0.7 W was used for the discharges 275 

sustained in Ar, air and N2, respectively. This varying power was due to the fact that electrical 276 

breakdown in different discharge gases occurs at different voltages. For each discharge gas, 277 

the power was selected in such a way that a uniform stable plasma was confined in the gas 278 

gap between the electrodes. As the discharge power was not the same for the different DBDs, 279 

the results in this paper will be presented as a function of energy density instead of treatment 280 

time, to be able to make an objective comparison between the various plasma treatments. 281 

This energy density was calculated by multiplying the plasma exposure time with the plasma 282 

discharge power and by dividing this by the area of the plasma electrodes. Table 1 shows, 283 

besides the discharge power, the applied energy density range for each discharge gas as well 284 

the energy density value required to fabricate saturated CS/PEO and Coral/CS/PEO NFs (see 285 

further in section 3.1). 286 

 287 

 288 

Table 1. Used parameters for CS/PEO and Coral/CS/PEO NFs plasma treatment in Ar, air and N2  289 

Working 

gas 

Power  

(W) 

Treatment time  

(s) 

Energy density range 

(J/cm2) 
Energy density to 

obtain 

saturated CS/PEO 

NFs  

(J/cm2) 

Energy 

density to 

obtain 

saturated 

Coral/CS/PEO 

NFs (J/cm2) 

Ar 0.2 0-180 0-7.3 4.9 4.9 

air 0.6 0-180 0-22.0 9.8 9.8 

N2 0.7 0-180 0-25.7 5.7 17.1    

 290 

2.4. Surface analysis of untreated and plasma-modified NFs  291 

2.4.1. WCA measurements 292 

One of the fastest and easiest methods to determine wettability changes taking place on 293 

the surface of materials upon plasma treatment is WCA analysis. WCA values of untreated and 294 

plasma-treated CS/PEO and Coral/CS/PEO NFs were measured at room temperature using a 295 

Krüss Easy Drop system. In the case of plasma-treated samples, these measurements were 296 

performed immediately after plasma treatment. Water droplets (fixed volume of 2.0 μL) 297 

obtained by means of a high-precision liquid dispenser were first deposited on the surface of 298 

the nanofibrous meshes. In a next step, images of the water drops were taken with a 299 

monochrome interline CCD video camera 10 s after droplet deposition. From the obtained 300 

images, contact angle values were determined by Laplace-Young curve fitting making use of 301 

the software provided with the instrument. Within this work, 5 independent WCA 302 

measurements were conducted over an extended area of a single sample and for each 303 

https://www.sciencedirect.com/topics/chemistry/contact-angle-with-compound
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treatment condition 3 prepared samples were tested resulting in 15 WCA values per 304 

treatment condition, from which a mean value was determined.  305 

 306 

2.4.2. SEM imaging 307 

To visualize the morphology of the CS/PEO and Coral/CS/PEO NFs before and after plasma 308 

treatment, a SEM device (JSM-6010 PLUS/LV, JEOL) was used. SEM images were acquired with 309 

an accelerating voltage of 7 kV at a working distance of 10 mm after coating the samples with 310 

a thin layer of gold for 25 s, making use of a sputter coater (JFC-1300 autofine coater, JEOL) 311 

operating at 20 mA to enhance sample conductivity. To determine the mean diameter of the 312 

CS/PEO and Coral/CS/PEO NFs, obtained SEM images were analysed using ImageJ (V 1.48) 313 

software, which was applied to determine the diameter of 40 randomly selected NFs per 314 

sample condition. 315 

 316 

2.4.3. Mechanical characterization of untreated and plasma-modified NFs 317 

To gather information on the mechanical properties of the CS/PEO and coral/CS/PEO NFs, 318 

stress-strain curves have been recorded. For this purpose, 0.17 mm thick nanofibrous meshes 319 

were cut into 10 × 25 mm2 rectangular shapes and their tensile properties were characterized 320 

making use of a Tinius Olsen tensile tester before and after plasma treatment on both group 321 

of NFs. The samples were vertically mounted into two pneumatically actuated rubber grips, 322 

leaving a 20 mm gauge length for the mechanical loading. A fixed preload of 1 N was applied 323 

to the samples after which the displacement rate was set at 50 mm/min. Stress vs. strain 324 

curves of the NFs were subsequently constructed by measuring the force at the load cell as a 325 

function of the grips displacement. From these curves, the ultimate tensile strength defined 326 

as the maximum force divided by the sample cross section was determined. Additionally, 327 

the Young's modulus, which describes the tensile elasticity, is calculated as the slope of the 328 

linear part of the obtained stress-strain curves. Since all samples originated from the same 329 

electrospinning batch, the thickness variations among the samples were neglected. 330 

2.4.4. XPS analysis 331 

To determine the chemical composition of the CS/PEO and Coral/CS/PEO NFs before and 332 

after plasma modification, XPS surface analysis was carried out on a PHI Versaprobe II 333 

spectrometer employing a monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at 334 

25.0 W. All measurements were conducted in a vacuum of at least 10−9 kPa and 335 

the photoelectrons were detected with a hemispherical analyser positioned at an angle of 45° 336 

with respect to the normal of the sample surface. Survey scans and individual high resolution 337 

C1s spectra were recorded with a pass energy of 187.85 eV (step = 0.8 eV) and 23.5 eV 338 

(step = 0.1 eV) respectively on 4 different point locations, randomly selected on each sample. 339 

Elements present on the surface of the NFs were identified from XPS survey scans and 340 

quantified with Multipak (v 9.6.1) software using a Shirley background and by applying the 341 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ion-source
https://www.sciencedirect.com/topics/chemistry/tensile-strength
https://www.sciencedirect.com/topics/chemistry/youngs-modulus
https://www.sciencedirect.com/topics/chemistry/surface-analysis
https://www.sciencedirect.com/topics/chemistry/photoelectron
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relative sensitivity factors supplied by the device manufacturer. Multipak software was also 342 

used to deconvolute the high resolution C1s peaks after the hydrocarbon component of the 343 

C1s spectrum (285.0 eV) was used to calibrate the energy scale. The C1s peaks were 344 

deconvoluted using Gaussian-Lorentzian peak shapes and the full-width at half maximum 345 

(FWHM) of each line shape was constrained below 1.8 eV. These curve fitting results will 346 

provide more information on the relative concentrations of carbon-containing functional 347 

groups on the surface of CS/PEO and Coral/CS/PEO NFs. 348 

 349 

 350 

2.5. Biological performance of CS/PEO and Coral/CS/PEO NFs 351 

2.5.1. Cell seeding 352 

The effect of plasma treatment on the cellular interactions (such as cell adhesion and 353 

proliferation) on both studied NF types was also examined. Prior to cell seeding, untreated 354 

and plasma-treated NFs were first sterilized by exposure to UV light (Sylvania; 254 nm 355 

wavelength) for 30 min because this was found to be the most effective sterilization method 356 

for plasma-treated NFs (Ghobeira, Philips, Declercq, et al., 2017). It is worth mentioning that 357 

no damage was observed after UV exposure on both groups of nanofibers (see Fig.S.4 in 358 

supporting information). After sterilization, the samples were placed in a 24-well plate and 359 

MC3T3 osteoblast cells were seeded onto different samples at a density of 40,000 cells/mL of 360 

medium, using a total volume of 1 mL of medium per sample. Cell culturing was performed 361 

using Dulbecco’s modified Eagle glutamax medium (DMEM) (Gibco Invitrogen) enriched with 362 

15% foetal calf serum (Gibco Invitrogen), 2 mM L-glutamine (Sigma-Aldrich), 10 mL−1 penicillin, 363 

10 mg/mL streptomycin and 100 mM sodium-pyruvate (all from Gibco Invitrogen). The 364 

seeded samples were subsequently incubated at 37°C in a humidified atmosphere containing 365 

5% CO2 for 1 and 7 days (time required for MC3T3s to adhere and proliferate on the NF 366 

surface). Cells cultured on tissue culture polystyrene (TCPS) plates were used as positive 367 

control. 368 

 369 

 2.5.2. Live/dead assay by fluorescence microscopy 370 

 Cell viability was visualized 1 day and 7 days after cell seeding making use of fluorescence 371 

microscopy. In a first step, the supernatant was removed and the samples were rinsed twice 372 

with phosphate buffered saline (PBS). Thereafter, cell staining was performed by placing the 373 

samples in a mixture of 2 μL (1 mg/mL) calcein-acetylmethoxyester (Anaspec), 2 μl 374 

(1 mg/mL) propidium iodide (Sigma-Aldrich) and 1 mL PBS for 10 min in the dark at room 375 

temperature. Afterwards, the samples containing stained cells were removed from the 376 

solution, rinsed twice with PBS and then visualized with a fluorescence microscope (Olympus; 377 

IX 81). 378 

 379 

https://www.sciencedirect.com/topics/chemistry/hydrocarbon
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-adhesion
https://www.sciencedirect.com/topics/chemistry/penicillin
https://www.sciencedirect.com/topics/chemistry/streptomycin
https://www.sciencedirect.com/topics/chemistry/sodium-pyruvate
https://www.sciencedirect.com/topics/chemistry/cell-viability
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fluorescence-microscope
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fluorescence-microscope
https://www.sciencedirect.com/topics/chemistry/phosphate-buffered-saline
https://www.sciencedirect.com/topics/chemistry/propidium-iodide
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2.5.3. Cell morphology visualization by SEM 380 

To visualize the morphology of the MC3T3 cells, SEM analysis was performed to investigate 381 

the distribution, spreading and shape of attached cells on both CS/PEO and Coral/CS/PEO NFs, 382 

before and after plasma modifications. Preceding SEM analysis, the cell-seeded NFs were 383 

removed from the culture medium and rinsed 3 times with PBS to remove non-adhered cells. 384 

In a next step, the cells were fixed by incubating the samples in a fixative solution of 385 

2.5% glutaraldehyde in 0.1 M cacodylate buffer for 1 h at room temperature. Afterwards, cell 386 

dehydration was performed by immersing the NFs in increasing concentrations 387 

of ethanol (50%, 75%, 85% and 95%) for 10 min immersion per ethanol solution. The last 388 

dehydration step in 95% ethanol was carried out twice, using a fresh ethanol solution in the 389 

second step. Afterwards, the cell-loaded NFs were immersed in a 390 

100% hexamethyldisilazane (HMDS) (Acros Organics) solution for 10 min, removed from the 391 

solution and subsequently immersed again in a fresh HMDS solution for 10 min. In a final step, 392 

the samples were set aside for evaporation under the fume hood and viewed with SEM, 393 

according to the procedure previously described in section 2.4.2. 394 

 395 

2.5.4. MTT assay 396 

To quantify the metabolic activity of MC3T3 cells on CS/PEO and Coral/CS/PEO NFs, a 397 

colorimetric MTT assay was carried out after 1 day and 7 days. The assay is based on the fact 398 

that the yellow tetrazolium dye 3-(4, 5-dimethyldiazol-2-yl)-2, 5-399 

diphenyltetrazolium bromide (MTT, Merck Promega) turns into purple-blue formazan after 400 

mitochondrial dehydrogenases of living, metabolically active cells cause its reduction. In a first 401 

step, the culture medium was replaced by 0.5 mL (0.5 mg/mL) MTT reagent 1 day and 7 days 402 

after cell seeding. Subsequently, the samples were incubated at 37°C for 4 h, after which the 403 

samples were removed from the MTT reagent and placed in a lysis buffer (1% Triton-X100 in 404 

isopropanol/ 0.04 N HCl) at 37°C for 30 min to dissolve the produced water-insoluble 405 

formazan. Finally, 200 μL of the formazan solution was transferred to a 96-well plate and the 406 

absorbance of the coloured solution was measured at 580 nm using a spectrophotometer 407 

(Universal microplate reader EL 800, BioTek Instruments). Background absorbance at 750 nm 408 

was subtracted from the measured absorbance and the obtained optical density of the 409 

coloured solution was reported as a percentage compared to the normalized TCPS positive 410 

control. Percentage data are presented as mean ± standard deviation and statistical analysis 411 

of the obtained values was performed making use of single factor ANOVA analysis of variance 412 

(Excel software) and a P value < 0.05 was considered as a statistically significant difference. 413 

 414 

2.6. CaP deposition 415 

It should be noted that bone regeneration is facilitated by the deposition of calcium ions, 416 

especially calcium phosphate minerals (Seyedjafari et al., 2010; F. Yang, Wolke, & Jansen, 417 

2008). As such, it is of interest to incubate the nanofibrous samples in SBF, which is known to 418 

https://www.sciencedirect.com/topics/chemistry/culture-media
https://www.sciencedirect.com/topics/chemistry/fixative
https://www.sciencedirect.com/topics/chemistry/glutaraldehyde
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cacodylic-acid
https://www.sciencedirect.com/topics/chemistry/ethanol
https://www.sciencedirect.com/topics/chemistry/hexamethyldisilazane
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bromide
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introduce an apatite layer (calcium ions or its minerals) onto the surface of NFs (Jevtić et al., 419 

2008; Mujahid et al., 2015). After incubation, the CaP deposition can be examined, which is 420 

an important parameter to evaluate the bioactivity of the electrospun nanofibrous meshes. 421 

This biomimetic mineral formation has already attracted extensive research interests as it is 422 

similar to the in-vivo biological mineralization in bone (Akhavan, Wise, & Bilek, 2016; Lemos & 423 

Ferreira, 2000; Seyedjafari et al., 2010; Van Vrekhem et al., 2015). In this work, the in-vitro 424 

bioactivity of pristine and plasma-treated CS/PEO and Coral/CS/PEO NFs was investigated by 425 

immersing the samples in 2.0 SBF for 7, 14 and 30 days. Prior to immersion, the samples were 426 

subjected to 6 cycles of alternate dipping. Each cycle consists of the following steps: 427 

• 60 s in 1000 mM Ca2+ (CaCl2∙2 H2O; Merck 2382) 428 

• 30 s in H2O (for rinsing) 429 

• 60 s in 600 mM HPO4 (Na2HPO4.2 H2O; Merck 6580) 430 

• 30 s in H2O (for rinsing) 431 

 432 

2.0 SBF was prepared using the following components: NaCl (VWR Prolabo 27810.295), 433 

NaHCO3 (Merck 6329), KCl (Merck 4936), K2HPO4 (Merck 5104), MgCl2.6 H2O (Merck 5833), 434 

CaCl2∙2 H2O (Merck 2382), Na2SO4 (Merck 6647) and tris(hydroxymethyl) aminomethane 435 

(VWR Prolabo 103156X). These components were dissolved in deionized water as described 436 

in the protocol of Kokubo et al. (T. Kokubo, Kushitani, Sakka, Kitsugi, & Yamamuro, 1990) and 437 

the pH was adjusted to 7.4 with a 1 M HCl solution. For each condition, 5 samples were 438 

immersed in SBF and after SBF incubation, FTIR spectra of the created CaP-coatings were 439 

recorded. FTIR analysis was performed making use of a Spectrum Two spectrometer (Perkin 440 

Elmer Instruments). The FTIR spectra (32 scans) were recorded for wavelengths between 4000 441 

and 450 cm−1 with a resolution of 1 cm-1. Finally, the formation of crystals on the nanofibrous 442 

meshes was also visualized making use of SEM using the procedure previously described in 443 

section 2.4.2.  444 

 445 

3. Results and discussion 446 

3.1. WCA measurements  447 

 448 
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 449 
 450 

Fig.2. Evolution of the WCA on electrospun CS/PEO NFs (a), and Coral/CS/PEO NFs (b) as a function of 451 

energy density for plasma treatments in air, Ar and N2 discharges. 452 

 453 

The obtained WCA values of CS/PEO and Coral/CS/PEO NFs before and after applying the 454 

plasma treatment in different discharge gases are represented in Fig.2. As previously 455 

discussed, the WCA values are reported as a function of energy density, due to the fact that 456 

the average discharge power is not the same for the different discharge gases under study. 457 

The WCA values for untreated CS/PEO and Coral/CS/PEO NFs were observed to be 53.7 ± 2.6° 458 

and 33.9 ± 2.4° respectively, showing that pristine CS/PEO NFs are more hydrophobic 459 

compared to Coral/CS/PEO NFs. This behaviour can be attributed to the highly hydrophilic 460 

native structure of coral, which is mainly composed out of calcium carbonate (CaCO3). 461 

Consequently, its incorporation into the NFs will result in a more hydrophilic surface (Hejazi & 462 

Mirzadeh, 2016; A. X. Wang et al., 2014; J. Zhang, Guo, Li, Li, & Li, 2010). Upon plasma 463 

treatment in different discharge gases, a further reduction in WCA values was observed for 464 

both NF sample groups with increasing energy density until a plateau value was reached. The 465 

obtained WCA plateau value implies that further increasing energy density for plasma-treated 466 

samples was not effective in reducing the WCA values.  467 

Fig.2 also reveals that, among all plasma treatments, for both groups of NFs, the air and 468 

N2-plasma-treated NFs exhibited a higher degree of hydrophilicity compared to the Ar plasma-469 

treated samples. The lowest WCA values after air and N2 plasma treatment were 11.3 ± 2.2° 470 

and 17.0 ± 3.9° respectively for CS/PEO NFs and 10.0 ± 1.6° and 12.6 ± 1.5° respectively for 471 

Coral/CS/PEO NFs. On the other hand, after Ar plasma treatment, the lowest attainable WCA 472 

values were found to be 25.5 ± 3.5° and 25.0 ± 2.5° for CS/PEO and Coral/CS/PEO NFs 473 

respectively, which were notably higher WCA values compared to the values on the air and N2 474 

plasma-treated samples. Similar differences in surface wettability were also observed in 475 

literature, stating that N2 and air plasma treatments on polymeric substrates could more 476 

strongly improve the surface hydrophilicity in comparison to an Ar plasma treatment (Asadian, 477 

Onyshchenko, et al., 2018; Cools et al., 2018; Massines, Gouda, Gherardi, Duran, & Croquesel, 478 

2001; Morent, De Geyter, Leys, Gengembre, & Payen, 2007; Sanchis, Calvo, Fenollar, Garcia, 479 
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& Balart, 2008). Moreover, as can be seen in Fig.2, the energy densities required to reach the 480 

saturated WCA value region for CS/PEO NFs were 9.8, 4.9 and 5.7 J/cm2 after air, Ar and N2 481 

plasma treatments respectively. For the coral-containing NFs, the corresponding energy 482 

density values were similar (with the exception of N2 plasma treatment), namely 9.8, 4.9 and 483 

17.1 J/cm2 after air, Ar and N2 plasma treatments respectively. It can thus be concluded that 484 

plasma treatments in air and N2 discharges required more input energy to make the surface 485 

more hydrophilic compared to an Ar plasma. The pronounced decrease in WCA values 486 

observed in Fig.2 with increasing energy density for both NF groups can be attributed to a 487 

significant increase in nitrogen- and/or oxygen-containing polar groups on the surface of the 488 

CS/PEO and Coral/CS/PEO NFs (Asadian, Onyshchenko, et al., 2018; Dorraki et al., 2015) which 489 

will be discussed in detail in section 3.3. Moreover, this great hydrophilic behavior is also due 490 

to the nanofibrous porous topography affecting the solid-liquid interface to a high extent. In 491 

fact, at a certain threshold of moderate chemical hydrophilicity, a highly pronounced 492 

wettability is observed on the fibers due to the massive penetration of water molecules inside 493 

the pores. This is triggered by the fact that water drops of low tension prevail over the air 494 

entrapment in the inter-fibrous pores by their inability to be held on a structurally hydrophilic 495 

surface (Ghobeira, Philips, De Naeyer, et al., 2017; Ghobeira et al., 2019).  Several other 496 

studies have also revealed a super-hydrophilic behavior of electrospun fibers subjected to a 497 

plasma treatment (Ghobeira, Philips, De Naeyer, et al., 2017; Ghobeira et al., 2019; Martins et 498 

al., 2009; Yan et al., 2013). Based on the WCA results presented in this part, optimized energy 499 

density values were chosen (see Table 1) to further investigate the NFs morphology, surface 500 

chemistry, CaP deposition and cell adhesion and proliferation on samples possessing the 501 

maximal plasma treatment effect (so-called saturated samples).  502 

3.2. Morphological visualization of NFs by SEM 503 

Fig.3 represents the morphology of the untreated and plasma-treated electrospun CS/PEO 504 

and Coral/CS/PEO NFs. The obtained SEM micrographs for both types of pristine NFs (Fig.3 (a) 505 

& (e)) revealed that the untreated nanofibrous meshes were composed out of randomly 506 

aligned, smooth, ultra-fine and beadless NFs while possessing a highly interconnected porous 507 

structure. Based on the SEM images, the fiber diameters of the untreated CS/PEO and 508 

Coral/CS/PEO NFs were found to be 241 ± 79 nm and 263 ± 90 nm respectively. This result 509 

shows that the incorporation of coral micro particles did not notably change the NFs diameter. 510 

This was attributed to the dissolution of the micro particles in the used solvent system and 511 

the consequent formation of nanoparticles easily accommodating the nanofibers without 512 

increasing their diameter (see Fig.S.3 in supporting information). The characterization of the 513 

used coral powder via X-ray diffraction (XRD) and energy dispersive spectrometry analyses is 514 

also shown in the supporting information.  515 

As can be seen in Fig.3 (b-d) & (f-h), no significant changes in fiber diameters or fiber 516 

morphology could be observed after performing the plasma treatments in different working 517 

gases. Indeed, the observed fiber diameters after plasma modification in Ar, air and N2 on 518 

CS/PEO NFs were found to be 274 ± 64 nm (Ar), 252 ± 83 nm (N2) and 257 ± 87 nm (air), which 519 
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were similar to the NF diameter of the untreated CS/PEO sample. In case of plasma-treated 520 

Coral/CS/PEO NFs, the following fiber diameters were obtained: 253 ± 119 nm (Ar), 248 ± 143 521 

nm (N2) and 257 ± 90 nm (air), which are not significantly different fiber diameters than the 522 

fiber diameter of the untreated sample. In addition, Fig.3 also reveals that no extra open 523 

spaces and/or melted fiber to fiber joints were observed following plasma treatments. As a 524 

result, it can be concluded that after conducting plasma treatment in all discharge gases, the 525 

NFs retained their morphological features. This conclusion is in agreement with Liu et al. who 526 

found that plasma modifications did not notably alter the topography of NFs when the 527 

diameter of the NFs was larger than 80 nm (W. Liu et al., 2014). The preserved morphological 528 

structure of the NFs after the conducted plasma treatments showed that the expected etching 529 

effects of plasma modification were neglectable in this work. Based on the obtained WCA and 530 

SEM results, plasma treatments using the saturated energy density values given in Table 1 531 

were thus sufficiently mild to preserve the bECM-like appearance while efficiently improving 532 

the surface hydrophilicity. 533 
 534 

 535 

Fig.3. A) SEM images of CS/PEO NFs before plasma treatment (a) and after plasma treatment in air (b), 536 

Ar (c) and N2 (d) and SEM images of Coral/CS/PEO NFs before plasma treatment (e) and after plasma 537 

treatment in air (f), Ar (g) and N2 (d) (Magnification: 4000 x; scale bar = 5 µm). B) Mechanical 538 

properties of CS/PEO and coral/CS/PEO before and after Ar, N2 and air plasma treatments. (i) 539 
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Histograms of stress at maximal load and (j) Histograms of Young’s modulus ((*) shows 540 

statistically significant differences; P < 0.05). 541 

 542 

3.3. Mechanical properties of the NFs 543 

In order to evaluate the mechanical properties of the electrospun meshes and examine 544 

whether the addition of coral and/or the different plasma treatments compromise or 545 

reinforce such properties, the tensile strength and the Young’s modulus were measured for 546 

all fiber conditions and reported in Fig.3.B). Next to the challenges accompanying the 547 

electrospinning of pure chitosan, the enhancement of the mechanical properties of the fibers 548 

was another crucial reason driving bone tissue engineers to blend chitosan with synthetic 549 

polymers prior to electrospinning (Balagangadharan, Dhivya, & Selvamurugan, 2017). The 550 

mixture of CS/PEO used in this study has led to an ultimate tensile strength and a Young’s 551 

modulus of 4.8 MPa and 51.8 MPa for the untreated fibers respectively. When comparing 552 

these results with the mechanical properties of other chitosan-containing fibers blended with 553 

PCL or PLGA for instance, one can notice the higher mechanical performance of CS/PEO (3:1) 554 

fibers. In fact, Yang et al have found considerably lower ultimate tensile strength (0.8 MPa) 555 

and Young’s modulus (9.8 MPa) of CS/PCL fibers prepared with a similar ratio of CS/synthetic 556 

polymer (3:1) and used for BTE (X. Yang, Chen, & Wang, 2009). Semnani et al. have also 557 

obtained chitosan/PCL (3:7) fibers with mediocre tensile strength (1.3 MPa) and Young’s 558 

modulus (7.4 MPa) despite the higher content in PCL (Semnani et al., 2017). Duan et al. have 559 

revealed that different compositions of PLGA/CS fibers give rise to weaker tensile strengths 560 

ranging between 1.2 and 3.2 MPa (Duan et al., 2007). Luckily, the different plasma treatments 561 

did not compromise the mechanical properties of CS/PEO fibers since no significant statistical 562 

difference between the tensile strength values between untreated and air (4.3 MPa) , Ar (4.4 563 

MPa) and N2 (5.4 MPa) treated samples is observed. On top of that, Ar and N2 plasma 564 

treatments have improved the elasticity of the fibers since the Young’s modulus increased 565 

significantly to 64.3 MPa and 71.4 MPa, respectively. This improvement was however not 566 

perceived for air-treated fibers that preserved almost the same Young’s modulus (54.2 MPa) 567 

compared to the untreated samples. This observation is presumably attributed to the 568 

combination of an increased fiber-to-fiber friction as a result of plasma surface etching and 569 

cross-linking reactions occurring at the surface of the NFs upon N2 and Ar plasmas (Asadian, 570 

Onyshchenko, et al., 2018). Cross-linking reactions are believed to be more actively implicated 571 

in the stiffness enhancement since air plasma treatment, known by its predominant etching 572 

effect over cross-linking effects, did not significantly increase the Young’s modulus of the 573 

fibers. In fact, cross-linking mechanisms are probably leading to a certain fastening of the 574 

molecular chains accommodating the fibers which enhances their stiffness.   575 

When examining the mechanical properties of coral-containing NFs, one can clearly discern 576 

that the addition of coral has led to a significant decrease in both the tensile strength (1.1 577 

MPa) and the Young’s modulus (30.1 MPa). This was to be expected since coral particles are 578 

probably disrupting the ordered arrangement of the polymeric molecular chains forming the 579 

fibers (Frohbergh et al., 2012). In fact, when these macromolecular chains are highly aligned 580 

and more densely packed, the tensile strength and Young’s modulus of the fibers increase 581 

(Ghobeira et al., 2018). Moreover, the presence of coral particles in the polymeric solution 582 

could presumably interfere with the stretching effect of the polymer jet during its whipping 583 
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motion towards the collector leading to the deposition of lamellar molecular chain structures 584 

rather than fibrillary ordered structures. A poor interface bonding between coral 585 

nanoparticles and PEO/CS might also translate into poor mechanical properties (Thomas et 586 

al., 2007). Several previous studies have also reported that electrospun composite nanofibers 587 

containing hydroxyapatite nanoparticles exhibit considerably poorer mechanical properties 588 

than their nanoparticle-free counterparts (Frohbergh et al., 2012; Prabhakaran, Venugopal, & 589 

Ramakrishna, 2009; Venugopal, Low, Choon, Bharath Kumar, & Ramakrishna, 2008). For 590 

instance, Venugopal et al. have shown that PCL/HA fibers that mineralized osteoblast cells for 591 

BTE applications were characterized by almost similar tensile strength (1.0 MPa) as the 592 

coral/PEO/CS fibers but much lower Young’s modulus (3.5 MPa) (Venugopal et al., 2008). This 593 

indicates that coral-containing fibers still outperform some of the previously used 594 

nanoparticle-containing fibers used in BTE in term of elasticity. Interestingly, N2 and air plasma 595 

treatment have increased the tensile strength of coral-containing fibers to 1.8 MPa. A slight 596 

but statistically not significant increase in the tensile strength to 1.3 MPa was also perceived 597 

upon Ar plasma treatment. This might be attributed to the more pronounced etching effect 598 

of N2 and air plasmas enhancing the friction between coral nanoparticles and PEO/CS thus 599 

strengthening the adhesion between them and improving their interface bonding. No 600 

significant differences in the Young’s modulus were however distinguished before and after 601 

the different plasma treatments. 602 

 603 

 604 

 605 

3.4. XPS results 606 

Since no clear plasma-induced morphological changes were observed on both CS/PEO and 607 

Coral/CS/PEO NFs, the observed variations in WCA values after plasma modification can only 608 

be attributed to plasma-induced chemical changes on the surface. As such, for further 609 

investigation of the plasma-induced effects, the chemical composition of untreated and 610 

plasma-treated NFs under the optimized plasma conditions (see Table 1) were analysed 611 

making use of XPS. The elemental composition of CS/PEO and Coral/CS/PEO NFs are presented 612 

in Tables 2 respectively. These tables show that the O/C ratio of the pristine CS/PEO sample 613 

was significantly lower than the O/C ratio of Coral/CS/PEO NFs (0.39 versus 0.71), which was 614 

mainly due to the existence of polar carbonates in the coral-containing samples. This 615 

correlates well with the enhanced hydrophilicity of coral-containing NFs that was previously 616 

detected through WCA measurements.  617 

 After applying Ar plasma treatment on the CS/PEO NFs, the O/C ratio increased from 0.39 618 

to 0.49, while the N/C ratio remained unaffected. Similar trends were observed on the Ar 619 

plasma-treated Coral/CS/PEO NFs: an increase in O/C ratio from 0.71 to 0.75 and an 620 

unchanged N/C ratio. In case of the air plasma-treated CS/PEO NFs, the O/C ratio also 621 

remarkably increased after plasma treatment. Moreover, a very small increase in N/C ratio 622 

could also be observed for this sample. A similar increase in oxygen incorporation after air 623 

plasma treatment was also observed in case of the Coral/CS/PEO NFs (from 0.71 to 0.87). In 624 

contrast to the CS/PEO NFs, no significant change in N/C ratio was however observed for the 625 

coral-containing sample.  626 
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To explain the abovementioned changes in surface elemental composition after Ar plasma 627 

treatment, it should be noted that since Ar is an inert gas, its pure plasma cannot directly 628 

introduce a significant oxygen content on the surface of NFs. However, the observed oxygen 629 

incorporation could be explained as followed: Ar plasma contains excited atoms, photons, 630 

electrons and ions. When these species interact with the surface of NFs, they excite the 631 

surface by breaking C-C/C-H chemical bonds and creating carbon radicals (Morent et al., 2007, 632 

2010). Subsequently, when these highly reactive surface radicals are exposed to ambient 633 

conditions after removing the samples from the plasma reactor, they will rapidly react with 634 

oxygen present in the atmosphere (Øiseth, Krozer, Kasemo, & Lausmaa, 2002). Moreover, the 635 

small oxygen incorporation that was detected by XPS after Ar plasma exposure can also be 636 

(partly) explained by the presence of oxygen impurities in the plasma chamber or in the gas 637 

supply. This oxygen contamination is very difficult to overcome, even after installing additional 638 

pumping systems and will thus also directly graft oxygen atoms to the nanofibrous samples 639 

during plasma exposure (Esbah Tabaei et al., 2020; Morent et al., 2008).  640 

In case of air plasma treatment, the observed oxygen incorporation directly occurs in the 641 

plasma reactor as in case of an air discharge, an abundant number of chemically reactive 642 

plasma species such as atomic oxygen, ozone, nitrogen oxides,… are present in the plasma 643 

phase (Morent et al., 2007). These active plasma species directly interact with the surface of 644 

the NFs, thereby increasing the surface energy of the samples by introducing oxygen- 645 

containing polar groups, resulting in the enhanced hydrophilicity of the CS/PEO and 646 

Coral/CS/PEO NFs after air plasma treatment (see Fig.2).  647 

Table 2 also shows that the conducted N2 plasma treatments led to a notable increase in 648 

N/C ratio (from 0.03 to 0.19 and from 0.02 to 0.14 for CS/PEO and Coral/CS/PEO NFs 649 

respectively). Simultaneously, the N2 plasma treatments also resulted into a small increase in 650 

O/C ratio for both sample groups. The abundant nitrogen incorporation on the surface of both 651 

studied NFs can be explained by the interaction between the excited nitrogen molecules 652 

present in the discharge and the surface chemical groups thereby turning the latter into 653 

surface polymer radicals. These formed polymer radicals in turn rapidly react with plasma-654 

induced atomic and metastable nitrogen states resulting in the grafting of nitrogen-containing 655 

functional groups onto the polymer surface (Massines et al., 2001; Wagner, Fairbrother, & 656 

Reniers, 2003). Additionally, the observed oxygen grafting can be attributed to the presence 657 

of oxygen impurities in the used DBD reactor. In fact, our previous study has indeed shown 658 

that the presence of very small amounts of oxygen traces inside a nitrogen discharge is able 659 

to significantly incorporate oxygen atoms at polymeric surfaces (Esbah Tabaei et al., 2020). 660 

Moreover, by exposing the N2 plasma-treated NFs to ambient air, rapid reactions between 661 

oxygen and/or water vapour present in the ambient air and surface radicals and/or nitrogen-662 

containing functional groups can also occur, thereby resulting in post-plasma oxygen 663 

functionalization. 664 

Finally, when comparing the total oxygen + nitrogen incorporation between the differently 665 

prepared plasma-modified samples (N+O/C ratio shown in Table 2), it can be concluded that 666 
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the oxygen + nitrogen incorporation was significantly larger in air and N2 discharges compared 667 

to the Ar discharge for both CS/PEO and Coral/CS/PEO samples. This can in turn explain the 668 

lower saturated WCA values obtained after air and N2 plasma exposure compared to Ar 669 

plasma treatment (see Fig.2).  670 

Table 2 also reveals that, unlike the CS/PEO NFs, the coral-containing NFs contained a very 671 

small amount of phosphorus (P) and approximately 7 at% of Ca which could be attributed to 672 

the presence of coral at the surface of these NFs. After all conducted plasma treatments, the 673 

P content did not notably vary on the surface of the Coral/CS/PEO NFs. However, when 674 

conducting air plasma treatment, a slight increase in Ca content was observed. The reason for 675 

this particular behaviour can be the plasma etching effect which is known to be more 676 

pronounced in an air plasma compared to other plasmas due to the particular presence of 677 

high amounts of atomic O in an air discharge. This etching effect probably resulted into a 678 

preferential depletion of soft polymer segments rather than Ca-containing bonds thereby 679 

resulting in a small increase in the Ca content. 680 

 681 

Table 2. Elemental composition of CS/PEO and of Coral/CS/PEO NFs before and after plasma treatment 682 

in N2, air and Ar.  683 

Sample 
Plasma 

treatment  
C (%) N (%) P (%) Ca (%) O (%) O/C N/C N+O/C 

CS/PEO 
NFs 

untreated 69.8 ± 1.4 2.3 ± 0.6 - - 27.9 ± 0.9 0.39 0.03 0.43 
N2 58.7 ± 0.6 11.2 ± 0.7 - - 30.1 ± 1.1 0.51 0.19 0.7 
air 54.7 ± 1.9 3.6 ± 0.9 - - 41.7 ± 1.1 0.76 0.06 0.82 
Ar 65.2 ± 0.7 2.4 ± 0.8 - - 32.4 ± 0.6 0.49 0.03 0.53 

Coral/ 
CS/PEO 

NFs 

untreated 53.5 ± 0.8 1.2 ± 0.2 0.3 ± 0.2 6.7 ± 0.2 38.3 ± 1.0 0.71 0.02 0.73 
N2 47.3 ± 1.1 6.8 ± 0.2 0.3 ± 0.1 6.9 ± 0.1 38.7 ± 1.1 0.81 0.14 0.96 
air 48.2 ± 1.8 1.7 ± 1.5 0.3 ± 0.2 7.6 ± 0.3 42.2 ± 0.3 0.87 0.03 0.91 
Ar 52.0 ± 1.2 1.3 ± 1.1 0.5 ± 0.2 6.8 ± 0.2 39.4 ± 0.8 0.75 0.02 0.78 

 684 

To investigate the type of carbon-containing functional groups that were grafted onto the 685 

surface of the NFs after the different plasma treatments, high resolution C1s spectra for both 686 

groups of NFs were studied in more detail using peak deconvolution. These deconvoluted C1s 687 

spectra are shown in Fig.4 (a & b) for all nanofibrous meshes under study, presenting the 688 

position of the used peaks and their corresponding binding energies. According to literature, 689 

the untreated C1s peak of the CS/PEO NFs could be deconvoluted into 5 distinct peaks (see 690 

Fig.4 (a)): a peak at 285.0 eV corresponding to C-C bonds, a peak at 286.1 eV attributed to C-691 

N bonds, a peak at 286.7 eV assigned to C-O bonds, a peak at 288.0 eV corresponding to O-C-692 

O (acetate) /C=O (aldehyde or ketone) /O=C-NH bonds, and finally a peak at 289.1 eV 693 

attributed to O-C=O bonds in carboxylic acids or esters (Kiehl et al., 2013). For the untreated 694 

coral-containing NFs, similar peaks as for the CS/PEO NFs can be seen, however, also an 695 

additional peak at the higher binding energy side located at 289.3 eV was required to obtain 696 

a good curve fit. This observation is logic as this particular peak can be attributed to carbonate 697 

(CO3), which is the main constituent of coral (see Fig.4 (b)) (Baltrusaitis, Usher, & Grassian, 698 
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2007; Borcia, Anderson, & Brown, 2003; Gerenser, 1987; Kiehl et al., 2013; Ni & Ratner, 2008; 699 

Silva et al., 2008). As it is shown in Fig.4 (a & b), a clear difference between the C1s peaks for 700 

CS/PEO and Coral/CS/PEO NFs could be observed, which could be attributed to the presence 701 

of coral micro particles at the surface of the latter NFs. Moreover, Fig.4 (a & b) also revealed 702 

that after plasma modification of CS/PEO and Coral/CS/PEO NFs, remarkable differences in 703 

peak intensities, depending on the working gas, could be noted.  704 

Based on these C1s fittings, quantitative information on the relative prevalence of the 705 

carbon-containing chemical bonds on the surface of the NFs after plasma treatment can be 706 

obtained and the results are presented in Fig.4 (c &d) for CS/PEO and Coral/CS/PEO NFs 707 

respectively. Ar and air plasma modification of CS/PEO NFs resulted into an increase in the 708 

relative concentration of all oxygenated carbon groups (C-O, O-C-O/C=O/O=C-NH and O-C=O), 709 

combined with a relative decrease in the amount of C-C functional groups. Fig.4 (c) also shows 710 

that the increase in oxygen-containing carbon bonds was more pronounced in case of air 711 

plasma treatment, which is in close agreement with the larger increase in O/C ratio observed 712 

after air plasma treatment (see Table 2). A small increase in the amount of C-N functional 713 

groups could also be noticed after air plasma treatment, which is in agreement with the 714 

increased N/C ratio observed for this particular sample. In contrast, N2 plasma treatment of 715 

CS/PEO NFs resulted not only into a small increase in the amount of O-C-O/C=O/O=C-NH 716 

groups, but also caused a notable increase in the C-N group concentration. This result is also 717 

consistent with the atomic composition presented in Table 2, as N2 plasma treatment was 718 

found to increase both the O/C and N/C ratio. When examining the results on the 719 

Coral/CS/PEO NFs, it was noticed that Ar plasma treatment mainly increased the relative 720 

concentration of the O-C=O groups, while the concentrations of the other nitrogen- and 721 

oxygen-containing functional groups remained largely unaffected. In contrast, an air plasma 722 

treatment was observed to result not only in an increase in the relative concentration of  723 

O-C=O, but also in an increase in the relative amount of C-O, O-C-O/C=O/O=C-NH and CO3 724 

functionalities. The incorporation of oxygenated carbon groups is thus more pronounced in 725 

case of air plasma treatment compared to Ar plasma which is in agreement with the O/C ratio 726 

values mentioned in Table 2. Nitrogen plasma treatment of Coral/CS/PEO NFs mainly caused 727 

a strong increase in the relative concentration of C-N functionalities combined with a less 728 

pronounced increase in the relative amount of O-C-O/C=O/O=C-NH and CO3 groups. These 729 

results are again consistent with the O/C and N/C ratios given in Table 2. Fig.4 (d) also shows 730 

that the incorporation of CO3 functionalities was the most pronounced when performing an 731 

air plasma treatment on Coral/CS/PEO NFs. This behaviour is most likely the result of the more 732 

pronounced etching effect of an air plasma due to the presence of more atomic oxygen known 733 

to be an etching component (Bitar, Cools, De Geyter, & Morent, 2016; Cools et al., 2018). 734 

However, as no significant damage of the morphological structure of Coral/CS/PEO NFs was 735 

observed after air plasma modification, this gradual etching probably mainly occurred on a 736 

molecular level. 737 
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 738 
Fig.4. Deconvolution of the high resolution C1s spectra of CS/PEO NFs (a) and coral/CS/PEO NFs (b) 739 

before and after plasma treatment in Ar, N2, and air. Relative concentration of different carbon-740 

containing functional groups on CS/PEO (c) and Coral/CS/PEO NFs (d) before and after plasma 741 

modification. 742 

 743 

 744 

3.5. Biological performance of CS/PEO and Coral/CS/PEO NFs 745 

3.5.1. MC3T3 cellular interactions  746 

To elucidate the effect of the incorporated coral particles and of the various plasma 747 

treatments on the biological performance of the NFs, detailed cell studies were conducted. 748 

For this examination, plasma-treated NFs with the highest possible hydrophilicity (so-called 749 

saturated samples) were selected for cell tests using the energy density values mentioned in 750 

Table 1. Fluorescence imaging and SEM micrographs were utilized to visualize MC3T3 cell 751 

behaviour on CS/PEO and Coral/CS/PEO NFs 1 day and 7 days after cell seeding. The obtained 752 

images are shown in Fig.5 and 6 for CS/PEO and Coral/CS/PEO NFs respectively. According to 753 

Fig.5, 1 day post-cell seeding, a very low amount of viable MC3T3 cells (green colour) with a 754 

round morphology attached on the surface of untreated CS/PEO NFs (Fig.5 (a & A*)). In 755 
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addition, the clusters and aggregates of MC3T3 cells indicate that cell-cell interactions were 756 

favoured over cell-NFs interactions. In comparison, for untreated coral-containing NFs, a 757 

notably higher amount of viable cells spread onto the surface 1 day after cell seeding (see 758 

Fig.6 (a & A*)). The abovementioned results indicate that incorporating coral into the NFs 759 

structure resulted in an improvement in osteoblast adhesion and a higher degree of cell 760 

spreading. The enhanced biological performance of coral-containing chitosan composite 761 

scaffolds has already been reported in literature (Gravel, Vago, et al., 2006).  762 

One day after cell seeding, cell adhesion notably increased on all plasma-modified CS/PEO 763 

and Coral/CS/PEO NFs compared to their corresponding pristine samples (Fig.5 & 6). For all 764 

plasma-modified samples, very high amounts of viable cells with an elongated morphology 765 

were observed 1 day after cell seeding. The fluorescence images thus clearly indicated 766 

excellent initial MC3T3 cell adhesion on the surface of the plasma-treated NFs compared to 767 

their untreated counterparts. On the other hand, no significant differences in cell adhesion 768 

could be observed among the applied plasma treatments. When evaluating the impact of coral 769 

addition on the plasma-modified samples, Fig.5 and 6 also show that more cells adhered on 770 

the coral-containing plasma-treated NFs, suggesting that coral incorporation positively 771 

affected cell adhesion.  772 

As can be seen in Fig.5 and 6, fluorescent and SEM micrographs have also been obtained 773 

one week after cell seeding to investigate cell proliferation. Fig.5 (e & E*) clearly reveals that 774 

one week after MC3T3 cell seeding on untreated CS/PEO NFs, only small amounts of 775 

aggregated cells were present on the surface. Similar observations were reported in previous 776 

work, which also indicated poor cell proliferation on the surface of CS/PEO NFs originating 777 

from the lack of negatively charged functional groups on the surface (Asadian, Onyshchenko, 778 

et al., 2018). In contrast, a notable higher amount of living cells, compared to pristine CS/PEO 779 

NFs, were observed on untreated coral-containing NFs 7 days after cell seeding (Fig.6 (e & 780 

E*)), confirming that incorporating coral improves the bioactivity of CS-based NFs. Moreover, 781 

after one week, both SEM and live/dead fluorescent imaging revealed the presence of much 782 

higher amounts of viable cells on both groups of NFs compared to the first day after cell 783 

seeding, thereby confirming successful cell proliferation. In addition, cell proliferation was also 784 

notably improved after conducting plasma treatments on both CS/PEO and Coral/CS/PEO NFs, 785 

with no clear differences in cell proliferation behaviour among the different applied discharge 786 

gases or among the different sample groups (CS/PEO versus Coral/CS/PEO NFs). On all plasma-787 

treated samples, the MC3T3 cells highly spread out over the surface, thereby almost 788 

completely covering the sample surfaces. In conclusion, all applied plasma exposures thus 789 

strongly improved cell adhesion and proliferation on both CS/PEO and Coral/CS/PEO NFs.  790 

 791 

 792 

 793 
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 794 

Fig.5. Images of MC3T3 cells one day and seven days after cell seeding on untreated and plasma- 795 

treated CS/PEO NFs obtained with fluorescence (magnification: x 10, scale bar = 200 µm) and SEM 796 

imaging (magnification: x500 and scale bar = 50 µm). 797 

 798 

 799 
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 800 
Fig.6. Images of MC3T3 cells one day and seven days after cell seeding on untreated and plasma-801 

treated Coral/CS/PEO NFs obtained with fluorescence (magnification: x 10, scale bar = 200 µm) and 802 

SEM imaging (magnification: x500 and scale bar = 50 µm) 803 

 804 

Although Fig.5 & 6 provide important insights into the cellular behaviour of MC3T3s on 805 

plasma-treated CS/PEO and Coral/CS/PEO NFs, they only give qualitative information. To 806 

quantify the number of viable cells on both groups of NFs, MTT assays were performed one 807 

day and seven days after MC3T3 cell seeding and the obtained results are presented in Fig.7. 808 

According to this figure, the incorporation of coral into the untreated NFs led to a significantly 809 

higher cell viability 1 day after cell seeding, which is in accordance with the previously shown 810 

fluorescence images. On the other hand, cell proliferation seem to be less affected by the 811 

addition of coral into the untreated NFs despite the fact that the fluorescence images show 812 

considerably more viable cells on the untreated Coral/CS/PEO sample 7 days after cell seeding. 813 

Additionally, Fig.7 also shows that cell viability is higher on all plasma-modified samples in 814 

comparison to their untreated counterparts both 1 day and 7 days after cell seeding. However, 815 

no large differences in cell viability can be observed among the different applied discharge 816 

gases within each sample group (CS/PEO and Coral/CS/PEO). Moreover, the addition of coral 817 

into the plasma-modified NFs seemed to mainly positively affect initial cell adhesion, while 818 

the impact on cell proliferation was less pronounced, which is in agreement with the images 819 
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shown in Fig.5 & 6. The results of the cell-material studies thus clearly show that all conducted 820 

plasma modifications strongly improved cell adhesion and proliferation onto the nanofibrous 821 

samples, while the addition of coral into the NFs mainly enhanced initial osteoblast adhesion.  822 

 823 

 824 
Fig.7. Cell viability results one day and seven days after cell seeding on untreated and plasma- 825 

modified CS/PEO and coral/CS/PEO NFs ((*) shows statistically significant differences; P < 0.05). 826 

 827 

3.5.2. CaP deposition 828 

As the goal of this study was to produce appropriate scaffolds for bone defects, the 829 

capability of the NFs to form bone-like apatite needs to be investigated as well. To do so, the 830 

osteo-bioactivity of untreated and plasma-treated NFs was investigated by immersing the 831 

samples in an SBF solution. It is known that during immersion bone-like apatite can be formed 832 

on the surface of the NFs (Q. Liu et al., 2002; F. Yang et al., 2008), however, the precipitation 833 

rate of CaP is reported to be relatively slow (Van Vrekhem et al., 2018). Therefore, to be able 834 

to make a clear distinction between untreated and plasma-treated samples in both groups of 835 

NFs under study, the possible formation of an apatite coating was studied over a period of 4 836 

weeks. An initial assessment of the formation of CaP crystals was performed by SEM 837 

micrograph analysis. Subsequently, FTIR spectra were also recorded to show possible 838 

differences in chemical composition between immersed untreated and plasma-treated 839 

samples. 840 

 841 

3.5.2.1. SEM 842 

SEM images taken post-SBF immersion revealed that the different fibrous mesh conditions 843 

exhibited diverse effects in inducing CaP deposition and dictating the crystals dispersion and 844 

morphology (Fig. 8). Firstly, one can clearly visualize significant differences between untreated 845 
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and plasma-treated CS/PEO samples. As can be seen in Fig.8 (a-A), CaP was scarcely deposited 846 

on few dispersed surface spots of the untreated CS/PEO NFs in the form of smooth beads or 847 

island-shaped coatings not having the characteristic shape and nano-dimension of bone-like 848 

CaP crystals. Moreover, these fused deposits were seen to partially block the pores of the 849 

fibrous mesh when their size was sufficiently large. Similar CaP deposit shapes but with the 850 

occurrence of more agglomerated beads cover larger areas of the CS/PEO NFs plasma-treated 851 

with argon (Fig.8 d-D). In contrast to argon, air and nitrogen plasma treatments were revealed 852 

to trigger the deposition of numerous spherically shaped nano-dimensional CaP crystals nicely 853 

growing around each fiber. Interestingly, the nanocrystal deposition was not only limited to 854 

the outer fibers but also to deeper fibers without clogging the inter-fiber pores thus forming 855 

a uniformly CaP coated 3D fibrous scaffold (Fig. 8 b-B and c-C). The number of the deposited 856 

crystals appeared to be higher in case of the air plasma-treated samples with some fibers fully 857 

covered with nanocrystals (Fig. 8 b-B). In order to understand the positive influence of plasma 858 

treatments on CaP deposition onto CS/PEO NFs, it is essential to elucidate that the initial key 859 

step in this biomimetic process is the crucial CaP nucleation occurring on specific binding sites 860 

of the polymeric chains (Dorozhkin, 2009; Q. Liu et al., 2002). One can therefore assume that 861 

the oxygen and nitrogen-containing functionalities that were incorporated after plasma 862 

activation are the reason why plasma-treated fibers present a better and more homogeneous 863 

CaP deposition than the untreated nanofibers. Several studies have previously compared the 864 

ability of different functional groups to nucleate CaP and have indeed concluded that carboxyl 865 

groups are one of the most potent nucleation sites followed by hydroxyl groups (Q. Liu et al., 866 

2002; Tanahashi & Matsuda, 1997; F. Yang et al., 2008). This finding clarifies why air plasma-867 

treated CS/PEO fibers presenting the most COOH-rich surface compared to nitrogen and 868 

argon-plasma treated fibers have the higher amount of deposited CaP crystals. In fact, CaP 869 

nucleation can take place only when a certain activation energy threshold is surpassed. This 870 

energy can be reduced by increasing the super-saturation or by decreasing the surface energy 871 

(Q. Liu et al., 2002; Van Vrekhem et al., 2018). Plasma-induced surface functionalities play 872 

significant roles in governing the solid/ion interfacial energies and each functional group can 873 

therefore have a different nucleation capability for CaP. When the plasma-treated fibers are 874 

immersed in SBF solution, the carboxyl groups become negatively charged (carboxyl anions) 875 

at a pH of 7.4 and attract the surrounding Ca2+ ions. Therefore, the binding of the ions 876 

effectively decreases the interfacial energy and activates the surface nucleation (Q. Liu et al., 877 

2002; F. Yang et al., 2008). Hydroxyl groups were revealed in some studies to be also important 878 

in CaP nucleation through different less recognized reactions (Q. Liu et al., 2002). Hydroxyl 879 

ions might for instance bind phosphate groups via a hydrogen bond triggering their 880 

concentration around the fibers surface (X. Chen et al., 2008). Since untreated and argon-881 

plasma treated NFs have a lower oxygen content on their surface than air and nitrogen 882 

plasma-treated samples, the nucleation was not effectively stimulated which explains the 883 

absence of nano-sized nuclei. Nonetheless, argon plasma-treated fibers exhibiting a slightly 884 

higher surface oxygen content could trigger the attachment of more spread out CaP deposits. 885 

A question mark about the nucleation ability of the plasma-induced nitrogen-containing 886 
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groups still lingers given the presence of a discrepancy in literature about this subject. Some 887 

researchers have stated that amine groups for example have a weak nucleation capacity and 888 

others have reported that they cannot induce CaP nucleation (Q. Liu et al., 2002; Sato, 889 

Kumagai, & Tanaka, 2000; Tanahashi & Matsuda, 1997). This can again explain the lower 890 

amount of CaP nuclei on nitrogen plasma-treated fibers compared to air plasma-treated 891 

samples.  892 

 893 

When comparing the SEM images of coral-free and coral-containing NFs, one can notice 894 

that the amount of CaP crystals was significantly higher when coral was present even on 895 

untreated fibers. Actually, the untreated coral-containing NFs still showed similar but more 896 

agglomerated beads and island-shape CaP deposits with the extra occurrence of some CaP 897 

crystals covering some individual fibers (Fig. 8 e-E). Interestingly, plasma-treated coral-898 

containing fibers were one by one completely covered with flake-like CaP nanocrystals while 899 

still conserving the fibrous mesh architecture (Fig. 8 f-F, g-G and h-H). In addition to the 900 

plasma-induced functional groups, the initial presence of calcium in the coral-containing fibers 901 

is most probably also inducing CaP nucleation and greatly enhancing the growth of CaP 902 

crystals. Once the nucleation is triggered, the CaP nuclei that are generated start to grow 903 

spontaneously by attaching phosphate and calcium ions from the surrounding SBF via further 904 

ionic deposition (X. Chen et al., 2008; Kim et al., 2008). This CaP precipitation was remarkably 905 

fast as the thickness of the plasma-treated NFs increased considerably especially after air and 906 

argon treatments. Plasma treatment sustained in argon exhibited noticeably improved CaP 907 

nucleation and nanocrystal deposition in coral-containing fibers than in coral-free fibers. This 908 

can be linked back, in addition to the extra presence of calcium, to the incorporation of more 909 

plasma-induced carboxylic groups in coral-containing fibers. Nitrogen plasma-treated 910 

coral/CS/PEO samples showed a slower CaP growth around each fiber compared to air and 911 

argon plasma-treated coral/CS/PEO fibers, which was illustrated by slightly thinner fibers and 912 

larger interfibrous pores. This can be again correlated to the weaker or event absent 913 

nucleation capacity of the induced nitrogen-containing functionalities.  914 

 915 

The noticeable preservation of the porous structure of the nanofibrous meshes is due to 916 

the nano-metric aspect of the formed CaP crystals which is in fact the biologically active size 917 

of CaP crystals in bone (Dorozhkin, 2009). The occurrence of these nanocrystals is aided by 2 918 

previously demonstrated facts: 1) the presence of numerous homogeneously dispersed 919 

nucleation sites, which were induced by plasma in this present study, led to the formation of 920 

a large number of tiny particles rather than agglomerated large deposits and 2) an increased 921 

surface roughness or surface-to-volume ratio, afforded by the NFs in this case, induced a free 922 

crystal growth not limited by space restrictions thus preventing the particles from fusing 923 

together and forming plate-like crystals rather than globular nanocrystals (X. Chen et al., 2008; 924 

Dorozhkin, 2009).  925 

 926 
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To conclude, plasma treatments mainly generating carboxyl groups on the surface of the 927 

fibers stimulated CaP nucleation and the homogeneous growth of numerous nanocrystals 928 

around each fiber. This finding was also observed during the mineralization of plasma-treated 929 

PCL NFs and an ultra-high molecular weight polyethylene (UHMWPE) polymer film after SBF 930 

incubation (Van Vrekhem et al., 2018; F. Yang et al., 2008). Moreover, the synergistic effect of 931 

plasma treatment and the presence of coral in the fibers accelerated the growth of CaP, which 932 

is known to be a rather slow process.  933 

 934 

 935 
Fig.8. SEM images of CS/PEO NFs after immersion in SBF for 4 weeks before plasma treatment (a, A) 936 

and after plasma treatment in air (b, B), N2 (c, C) and Ar (d, D). SEM images of Coral/CS/PEO NFs after 937 

immersion in SBF for 4 weeks before plasma treatment (e, E) and after plasma treatment in air (f, F), 938 
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N2 (g, G) and Ar (h, H). (a-h: scale bar = 5 µm; A-H: scale bar = 2 µm). FTIR spectra after immersing in 939 

SBF for 4 weeks of untreated and air, Ar and N2 plasma-treated CS/PEO NFs (i) and Coral/CS/PEO NFs 940 

(j). 941 

 942 

 943 

 944 

3.5.2.2. FTIR 945 

Different CaP phases can be found in normal and pathological calcifications occurring in 946 

the body with apatite being the characteristic CaP phase of naturally calcified bones. Biological 947 

apatite corresponds to the following formula: Ca10(PO4, HPO4, CO3)6(OH,Y)2 where Y can be 948 

fluoride (F) or chloride (Cl) substituting OH (LeGeros, 2001). In order to get an insight on the 949 

chemistry of the deposited CaP crystals and to know if the apatitic phase is actually the one 950 

involved, FTIR measurements were performed. Fig. 8 (i & j) represents the obtained FTIR 951 

spectra for untreated and plasma-treated CS/PEO and Coral/CS/PEO NFs after immersion in 952 

SBF for 4 weeks. The spectra of the immersed samples consisted, besides a broad band in the 953 

high wavenumber region due to absorbed water and OH-, of characteristic peaks at 560, 600, 954 

and 1030 cm-1 attributed to PO4
3- groups. Additionally, peaks between 1460 and 1640 cm-1, 955 

corresponding to CO3
2- groups, were also present in the FTIR spectra (Meejoo, Maneeprakorn, 956 

& Winotai, 2006; Van Vrekhem et al., 2018; F. Yang et al., 2008). Based on several previous 957 

studies, the occurrence of these bands is indeed representative of apatite and in particular 958 

type B carbonate apatite in which CO3
2- substitutes PO4

3- (Meejoo et al., 2006; Van Vrekhem 959 

et al., 2018). FTIR spectra of other CaP phases were revealed to have slightly different peaks 960 

such as the typical presence of two intense peaks at 3541 and 3488 cm−1 in case of dicalcium 961 

phosphate dehydrate for instance (Meejoo et al., 2006; F. Yang et al., 2008). When 962 

concurrently analysing the FTIR spectrum (Fig. 8 (i & j)) and the SEM images (Fig. 8 (a-H)), one 963 

can further confirm that carbonate apatite, represented by the following formula Ca10-964 

x/2(PO4)6-x(CO3)x(OH)2, is the CaP phase deposited on the fibers (LeGeros, 2001; Vallet-Regí, 965 

2016). In fact, LeGeros has shown that this specific phase exhibits, in contrast to the other 966 

phases, nanosized particles similar to the crystals formed on the fibers in this present study. 967 

Carbonate substitution is indeed known to cause a reduction in the crystal size which further 968 

resulted in the prevention of interfibrous pore blockage. Interestingly, carbonate addition into 969 

biological apatite is a natural mechanism that highly occurs in bones thus making the CaP-970 

coated fibers perfect candidates for bone tissue engineering (LeGeros, 2001).  971 

 972 

When closely examining the FTIR spectra of untreated and plasma-treated CS/PEO NFs 973 

(Fig.8 (i)), significantly more intense peaks attributed to PO4
3- and CO3

2- groups could be 974 

visualized after air plasma treatment compared to no and other plasma modifications. This 975 

correlates with the SEM images in which one can visualize the increased amount of deposited 976 

CaP crystals on the air-plasma treated NFs having a COOH-rich surface. A clear distinction 977 

could be also noticed between the different FTIR spectra of coral/CS/PEO fibers with PO4
3- and 978 

CO3
2- peaks increasing in intensity in the following order: untreated, nitrogen, argon and air 979 
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plasma-treated NFs (Fig.8 (j)). These results can be again linked back to the SEM images 980 

showing the enhanced and accelerated CaP growth on air- and argon-plasma treated fibers 981 

on which surface oxygen-containing functionalities were significantly increased. FTIR results 982 

further confirmed that the Ca-enriched aspect of coral-containing fibers is very beneficial in 983 

CaP deposition. In fact, in addition to the boosted PO4
3- peaks intensity, coral-containing fibers 984 

also exhibited additional and intensified peaks assigned to CO3
2- groups when comparing with 985 

coral-free fibers. This finding suggests that the carbonate substitution occurs more frequently 986 

in coral-containing fibers which might accelerate CaP growth and have an influence on the 987 

morphology of the CaP crystals. Indeed, coral-containing fibers presented a more flake-like 988 

crystal shape rather than the globular crystal shape observed on the coral-free fibers.  989 

XRD measurements have been performed on all the NFs post-immersion in SBF and results 990 

have been presented in the supporting information.  991 

 992 

 993 

4. Conclusion 994 

This paper adopted a combinatorial strategy merging topographical cues with bulk and surface 995 

biochemical diversity in the design of bone tissue-engineered scaffolds. In fact, natural coral 996 

having a bone-like Ca-enriched structure was added to electrospun CS/PEO nanofibrous 997 

scaffolds mimicking the bECM architecture. Coral-free and coral-containing fibers were then 998 

subjected to plasma surface modifications using Ar, Air or N2 DBD operating at medium 999 

pressure (5.0 kPa) to further enhance the scaffolds osseoinduction, osteoconduction and 1000 

osteointegration. Afterwards, an extensive comparative study of the physicochemical 1001 

properties, cytocompatibility and CaP growth capacity was performed. Results revealed that 1002 

all plasma treatments significantly enhanced the fibers wettability by incorporating polar 1003 

groups onto their surface. XPS spectra have in particular shown that oxygen-containing 1004 

functionalities in the form of C-O, O-C=O and C=O were mainly inserted on air and argon 1005 

plasma-treated samples. Nitrogen plasma activation have triggered the grafting of nitrogen-1006 

containing groups represented by C-N and O=C-N in addition to similar oxygen-containing 1007 

groups. It is worth mentioning that the relative amount of each chemical group was different 1008 

on the different fiber conditions with air plasma incorporating the highest amount of C-O, C=O 1009 

and O-C=O bonds for instance. SEM images have indicated the absence of any morphological 1010 

or dimensional alterations of the fibers post-plasma treatments. The improved plasma-1011 

induced surface chemistry has strikingly enhanced the adhesion and proliferation of MC3T3 1012 

osteoblasts that were fully spread out on the plasma-activated fibers regardless of the used 1013 

discharge gas. The interplay between the plasma treatment and the presence of coral in the 1014 

fibers was shown to further boost the density and the initial adhesion of the cells. Finally, the 1015 

in-vivo capacity of the fibers to trigger CaP growth onto their surface was predicted via a 1016 

biomimetic method illustrated by an immersion in SBF. Oxygen-containing functionalities 1017 

mainly COOH groups were shown to stimulate the CaP nucleation and constitute the main CaP 1018 

nuclei binding sites. As such, globular nano-dimensional CaP crystals were deposited on air 1019 
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and nitrogen plasma-treated CS/PEO NFs while thicker layers of flake-like CaP nanocrystals 1020 

were fully and individually covering each plasma-treated coral/CS/PEO fiber without blocking 1021 

the pores of the fibrous mesh architecture. The initial Ca-enriched aspect of coral was 1022 

therefore responsible of the accelerated CaP nucleation and growth. FTIR measurements 1023 

post-SBF immersion have indicated that the deposited CaP phase is the type B carbonate 1024 

apatite occurring in normal bone calcification. Overall, the unique combinatorial 1025 

characteristics of plasma-treated coral-containing CS/PEO NFs constitute a promising 1026 

approach to effectively repair bone defects and revolutionize the field of bone tissue 1027 

engineering.  1028 
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