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Abstract 18 

The surface properties of electrospun scaffolds can greatly influence protein adsorption and thus 19 

strongly dictate cell-material interactions. In this study, we aim to investigate possible correlations 20 

between the surface properties of argon, nitrogen and ammonia/helium plasma-functionalized 21 

polycaprolactone (PCL) nanofibers (NFs) and their cellular interactions by examining the protein 22 

corona patterns of the plasma-treated NFs as well as the cell membrane proteins involved in cell 23 

proliferation. As a result of the performed plasma treatments, PCL NFs morphology was preserved 24 

while wettability was improved profoundly after all treatments because of the incorporation of 25 

polar surface groups. Depending on the discharge gas, different types of groups are incorporated 26 

which influenced the resultant cell-material interactions. Argon plasma-functionalized PCL NFs, 27 

only enriched by oxygen-containing functional groups, were found to show the best cell-material 28 

interactions, followed by N2 and He/NH3 plasma-treated samples. SDS-PAGE and LC-MS clearly 29 

indicated an increased protein retention compared to non-treated PCL NFs. The nine proteins best 30 

retained on plasma-treated NF are important mediators of extracellular matrix interaction, 31 

illustrating the importance thereof for cell proliferation and viability of cells. Finally, 92 proteins 32 

that can be used to differentiate the different plasma treatments are clustered and subjected to a 33 

gene ontology study, illustrating the importance of keratinization and extracellular matrix 34 

organization.  35 

1. Introduction 36 
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The development of artificial scaffolds as a remedy for failing tissues 1 by using a combination 37 

of cellular biology and chemical/material engineering 2 has been widely explored by tissue 38 

engineers. A primary challenge of tissue engineering is to design a reproducible 3D architecture 39 

that (1) can mimic the structure and biological functions of the natural extracellular matrix (ECM) 40 

and (2) can control cell functions through cell-matrix interactions. Most extracellular proteins such 41 

as collagen (which is an abundant ECM protein) have a fibrous structure with typical dimensions 42 

in the nanometer or sub-micrometer scales (50 to 500 nm) 3. Therefore, the use of electrospun 43 

nanofibrous scaffolds for tissue engineering applications 4 has attracted considerable attention due 44 

to the straightforward processing ability of a wide range of materials such as poly(lactic acid) 45 

(PLA) 5, poly(lactic-co-glycolic acid) (PLGA) 6, polycaprolactone (PCL) 7, PLGA/PCL 8 and 46 

synthetic polymers combined with natural collagen 9, gelatin 10, alginate 11, silk 12, chitin 13 and 47 

chitosan 14. Additionally, electrospun NFs offer a tunable porosity and a dynamically changing 48 

structure over time as the polymeric NFs degrade, allowing the seeded cells to proliferate and 49 

produce their own ECM 15-17. 50 

Among all synthetic polymers, PCL is an excellent candidate for tissue regeneration as its 51 

mechanical properties are well-matched to those of natural tissue. In addition, PCL has a good 52 

chemical stability, is biocompatible and has a slow degradation rate 18-20. Nonetheless, PCL shows 53 

a lack of cell adhesion and proliferation due to its high hydrophobicity. Blending PCL with natural 54 

polymers such as chitosan, gelatin, or collagen is one of the methods currently applied to improve 55 

cell compatibility. However, this bulk modification typically leads to a deterioration of the 56 

excellent mechanical properties characteristic for PCL. As an alternative to blending, surface 57 

modification technologies can be utilized to achieve the desired positive cellular interactions on a 58 

PCL scaffold. Surface modification is more desirable than blending because it takes place after the 59 
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fabrication of the scaffold and therefore typically does not alter the NFs morphology and 60 

mechanical properties. 61 

Non-thermal plasma is a convenient, cost-effective, versatile and environmentally benign 62 

method and has been widely used in the past to tailor the surface properties of polymers, including 63 

NFs, by modifying the surface chemical composition in an effort to improve cell adhesion and 64 

proliferation 4, 21. Although numerous studies have been conducted to characterize cell adhesion 65 

and proliferation on 2D plasma-treated polymer films, research focusing on the surface 66 

characteristics and the cellular behavior of plasma-modified 3D electrospun nanofibrous structures 67 

remains rare. In addition, significant challenges remain in the understanding of the fundamental 68 

correlation between the surface properties of plasma-treated materials and their cellular 69 

interactions. In the past, it was already found that the quantity, density, conformation and 70 

orientation of adsorbed proteins (which affect cell adhesion) are highly dependent on the chemical 71 

and physical characteristics of a surface 22. However, to the best of our knowledge, protein 72 

adsorption on plasma-treated nanofibrous surfaces has not yet been characterized. Taken into 73 

account the above, this paper intends to examine in detail the effects of different plasma treatments 74 

(Ar, N2 and He/NH3) on the surface properties of electrospun PCL scaffolds. In addition, adhesion 75 

and proliferation of human foreskin fibroblasts (HFFs) on the plasma-modified electrospun PCL 76 

samples will also be investigated. Furthermore, the present study will also characterize protein 77 

adsorption on the plasma-treated nanofibrous surfaces by employing an innovative experimental 78 

approach: preliminary protein molecules, which immediately adsorb on the PCL scaffolds after 79 

immersion in cell culture medium (the so-called protein corona) as well as proteins involved in 80 

cell proliferation will be qualitatively dissected combining sodium dodecyl sulfate polyacrylamide 81 

gel electrophoresis (SDS-PAGE) and liquid chromatography mass spectroscopy (LC-MS). The 82 
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obtained novel results will enable us to gather first fundamental insights into the interface 83 

mechanisms between HFFs and plasma-treated PCL scaffolds. The mass spectrometry proteomics 84 

data have been deposited to the ProteomeXchange Consortium via the PRIDE [1] partner 85 

repository with the dataset identifier PXD010910 and 10.6019/PXD01091023. 86 

2. Results and Discussion 87 

2.1. Water contact angle (WCA) results  88 

The obtained WCA results are represented in Figure 1. for the three applied discharge gases 89 

(argon, nitrogen and He/NH3). The untreated PCL NFs were found to be very hydrophobic (WCA 90 

= 135°). This WCA value however progressively decreased for all plasma treatments with 91 

increasing energy density until a saturation level was reached at which the WCA value remains 92 

constant. In the case of argon plasma, the contact angle on the PCL NFs is found to saturate at 35°, 93 

which is obtained at an energy density value of approximately 1.8 J/cm2. The nitrogen plasma 94 

treatment leads to a more pronounced contact angle decrease with a final contact angle value of 95 

approximately 24°. However, a much higher energy density of 2.9 J/cm2 was required to obtain 96 

this contact angle value. For the He/NH3 plasma, the saturation contact angle value reaches 97 

approximately 13°, but the energy density to achieve this saturation level is much higher compared 98 

to the other treatments (4.6 J/cm2). These WCA results thus indicate that the He/NH3 plasma 99 

treatment is the most successful in increasing the PCL NF hydrophilicity, followed by nitrogen 100 

plasma treatment and argon plasma treatment. This observation can most likely be attributed to 101 

the magnitude of physical and/or chemical changes the applied plasma treatments are causing on 102 

the scaffold surfaces.  103 
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 104 

Figure 1. Evolution of the WCA value as a function of energy density for different discharge gases 105 

(argon, nitrogen and He/NH3) 106 

2.2. Morphological and surface roughness characterization of untreated and plasma-107 

modified electrospun NFs 108 

The obtained pristine PCL electrospun scaffolds have a highly porous structure consisting of 109 

randomly interconnected NFs possessing a smooth fiber morphology (Figure 2.A). The mean fiber 110 

diameter of the collected PCL NFs was found to be 107 ± 20 nm, thereby showing that the solvent 111 

mixture acetic acid/formic acid is an excellent choice for PCL electrospinning as it can produce 112 

PCL NFs in the nanometer range possessing a small diameter distribution 24. SEM images of the 113 

PCL nanofibrous materials after the different plasma treatments at saturation energy density are 114 

also presented in Figure 2. These images clearly show that the applied plasma treatments did not 115 

change the surface morphology of the PCL NFs: No additional open spaces between fibers, point-116 

bonded junctions or melting of the NFs were observed after the conducted plasma treatments. SEM 117 
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analysis thus revealed that the applied energy densities do not significantly affect the fiber 118 

morphology, thereby causing no physical damage to the NFs.  119 

 120 

Figure 2. SEM images of untreated PCL NFs (A), PCL NFs exposed to an argon plasma (B), a 121 

nitrogen plasma (C) and a He/NH3 plasma (D) at an energy density of 1.8, 2.9 and 4.6 J/cm2 122 

respectively. 123 

 124 

Besides SEM imaging, also AFM was used to visualize the surface topography of a single PCL 125 

NF and to study the effect of the performed plasma treatments on the surface roughness of a single 126 

NF. The surface roughness parameters of an untreated and the saturated plasma-treated electrospun 127 

NFs are shown in Table 1 and their 3D morphology is presented in Figure 3. These AFM images 128 
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clearly revealed very smooth fiber surfaces for untreated as well as for all plasma-treated samples 129 

suggesting that the performed plasma treatments did not significantly roughen the surface of the 130 

PCL NFs. Based on the obtained surface roughness parameters shown in Table 1, one could indeed 131 

conclude that the conducted plasma treatments did not significantly affect the surface roughness 132 

of the PCL NFs. The absence of a significant roughening effect may be explained by the structure 133 

of the PCL NFs, which consist out of stretched polymer chains oriented parallel to the longitudinal 134 

fiber direction, which may presumably exhibit a stronger etching resistance than polymer surfaces 135 

consisting of randomly oriented, recoiled molecular chains 25. The applied plasma conditions in 136 

this work are thus mild enough to increase the PCL wettability to its maximum level without 137 

notably affecting the fiber surface roughness/morphology and the scaffold structural integrity.  138 

 139 

Table 1. Surface roughness parameters of untreated and plasma-treated electrospun PCL NFs 140 

(argon plasma: 1.8 J/cm2, nitrogen plasma: 2.9 J/cm2 and He/NH3 plasma: 4.6 J/cm2). Ra and Rq 141 

represent the average roughness and root mean square (RMS) roughness respectively. 142 

Sample Rq (µm) Ra (µm) 

Untreated 4.6 ± 0.6 3.7 ± 0.5 

Ar 5.2 ± 0.5 4.1 ± 0.7 

N2 5.3 ± 0.1 4.4 ± 0.2 

He/NH3 5.0 ± 0.3 4.0 ± 0.4 
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 143 

Figure 3. AFM images of PCL NFs before and after plasma treatments in argon (1.8 J/cm2), 144 

nitrogen (2.9 J/cm2) and He/NH3 (4.6 J/cm2).  145 

2.3. X-ray photoelectron spectroscopy 146 

As no physical changes were detected after the performed plasma treatments with high energy 147 

density, the observed wettability changes could thus only be the result of plasma-induced chemical 148 

changes on the PCL NFs, which will be examined using XPS. In contrast to the previous 149 

paragraphs where saturated PCL NFs (samples with the lowest possible WCA values) have been 150 

characterized, XPS analyses were performed on PCL samples possessing an intermediate WCA 151 

value of 40°. To obtain these samples, plasma treatments in argon, nitrogen and He/NH3 have been 152 

conducted at an energy density of 0.9 J/cm2, 2.2 J/cm2 and 4.0 J/cm2 respectively. This sample 153 

choice was driven by the fact that the same samples will also be used for cell-material studies, for 154 

which a motivation is given further on.  155 

The surface elemental composition of the PCL samples deduced from XPS survey spectra are 156 

shown in Table 2. As expected, the surface of the untreated PCL NFs only consisted out of carbon 157 

(75.5%) and oxygen (24.5%), values which are quite close to the ones theoretically expected for 158 
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PCL (75% C, 25% O). Elemental composition analysis of the argon plasma-treated sample shows 159 

an increase in oxygen content (+1.5%), which is in close correlation to what is found in literature 160 

26-28. In contrast, the nitrogen and He/NH3 plasma treatments resulted in a strong increase in 161 

nitrogen content (+21.6% and +11.7% respectively). This observation is in excellent agreement 162 

with previously published results 29-31 which also show significantly higher nitrogen amounts on 163 

N2 plasma-treated samples compared to NH3 plasma-treated samples 32. When comparing the 164 

obtained elemental compositions, it is easy to understand that each plasma surface modification 165 

provides a completely different surface chemistry although similar wettability properties are 166 

acquired. The hydrophilic properties of Ar plasma-treated PCL surfaces can be explained by the 167 

incorporation of highly polar oxygen-containing functionalities. For the N2 plasma-treated 168 

samples, a very high increase in N/C ratio is required to obtain a WCA value of 40° suggesting 169 

that the incorporated nitrogen-containing functionalities are far less polar than the oxygen-170 

containing groups introduced during Ar plasma treatment. In case of He/NH3 plasma-treated 171 

samples, it is anticipated that the polarity of the incorporated nitrogen-containing groups is 172 

significantly higher than when using N2 plasma, as a similar wettability can be reached by 173 

incorporating a lower amount of nitrogen functionalities.  174 

 175 

Table 2. Elemental composition of PCL NFs before and after plasma treatment in argon (0.9 176 

J/cm2), nitrogen (2.2 J/cm2) and He/NH3 (4.0 J/cm2). 177 

Sample C (at%) O (at%) N (at%) O/C N/C 

Untreated 75.5 ± 0.2 24.5 ± 0.2 - 32.4 ± 0.3 - 

Ar 73.9 ± 0.1 26.1 ± 0.1 - 35.3 ± 0.2 - 

N2 59.3 ± 0.4 19.0 ± 0.3 21.6 ± 0.2 32.1 ± 0.5 36.4 ± 0.4 
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He/NH3 70.4 ± 0.5 17.9 ± 0.4 11.7 ± 0.4 25.4 ± 0.5 16.7 ± 0.6 

 178 

To evaluate which oxygen- and/or nitrogen-containing functional groups are present on the PCL 179 

surfaces after plasma exposure, the C1s peak of the XPS high resolution spectra was also 180 

investigated in detail. Figure 4. shows the C1s spectra of the untreated PCL NFs and of the PCL 181 

NFs after plasma treatment in argon, nitrogen and He/NH3. The C1s envelope of the untreated 182 

PCL sample could be decomposed into 3 distinct peaks: a peak at 285.0 ± 0.1 eV corresponding 183 

to C*-C/C*-H bonds, a peak at 286.4 ± 0.1 eV due to C*-O functional groups and a peak at 289.0 184 

± 0.1 eV, which can be attributed to O-C*=O groups. 185 

Figure 4. The deconvolution of XPS high resolution C1s peaks of PCL NFs before and after argon, 186 

nitrogen and He/NH3 plasma treatment at an energy density of 0.9, 2.2 and 4.0 J/cm2 respectively. 187 

 188 
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Table 3. Summary of XPS high resolution C1s peak deconvolution for untreated and plasma 189 

modified PCL NFs. 190 

 191 

Based on a database of high resolution XPS of organic polymers 33, one would expect the relative 192 

concentrations of the peaks at 286.4 and 289.0 eV to be approximately 17% and 14% respectively 193 

for untreated PCL. However, Table 3. demonstrates that in this work both peaks have a higher 194 

relative concentration, which may be explained by the PCL electrospinning solution preparation 195 

and NFs manufacturing process. For the Ar plasma treatment, a new chemical bond appears at 196 

287.8 eV which could be assigned to C*=O bonds while a notable increase of the C*-O peak at 197 

286.4 eV could also be observed. These observations are in close correlation with the observed 198 

changes in chemical composition reported above. One can thus conclude that the incorporation of 199 

C*=O and C*-O functional groups is responsible for the improved wettability properties of argon 200 

plasma-treated PCL NFs. 201 

For the nitrogen-containing plasma-treated NFs, the C1s deconvolutions have been 202 

accomplished with 4 distinct peaks located at the same binding energy positions as for the 203 

untreated and Ar plasma-treated samples. In addition to the already mentioned chemical states, 204 

two new nitrogen containing functional groups also need to be taken into account. Due to the small 205 

difference in chemical shifts and the limitations of the XPS instrument, it is extremely difficult to 206 

distinguish between C*-O and C*-N bonds on the one hand and C*=O and N-C*=O bonds on the 207 

other hand 33. For the N2 plasma-treated NFs, a new chemical bond also appears at 287.8 eV which 208 

Chemical state 
Binding energy 

(eV) 
Untreated Argon N2 He/NH3 

C*-C/ C*-H 285.0 59.0 ± 0.5 57.9 ± 0.6 40.7 ± 1.2 62.7 ± 1.1 

C*-O/ C*-N 286.4 25.2 ± 0.6 27.5 ± 0.9 32.4 ± 0.7 23.5 ± 0.7 

C*=O/ N- C*=O 287.8 - 2.4 ± 0.6 11.9 ± 0.7 6.5 ± 0.7 

O- C*=O 289.0 15.8 ± 0.1 12.2 ± 0.4 15.0 ± 0.6 7.3 ± 0.8 
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can be assigned to C*=O and N-C*=O bonds while a significant increase in the relative 209 

concentrations of C*-O/C*-N bonds can also be observed. At the same time, the relative 210 

concentration of O-C*=O remains unchanged. From these results and the highly increased N/C 211 

ratio, it can thus be concluded that C*-N and N-C*=O functional groups are the most likely 212 

incorporated groups at the PCL surfaces upon N2 plasma treatment. For the He/NH3 plasma-treated 213 

NFs, the appearance of a new chemical bond at 287.8 eV can again be observed indicating the 214 

presence of C*=O/N-C*=O bonds at the surface while a relative decrease in the amount of O-215 

C*=O and C*-O/C*-N functional groups was also observed. Taking into account that (1) the 216 

oxygen concentration after this plasma treatment is lower than for untreated PCL NFs and (2) 217 

nitrogen is incorporated on He/NH3 plasma-treated samples, it is rational to conclude that the 218 

relative amounts of C*-O and O-C*=O groups would decrease after He/NH3 plasma treatment. 219 

This in turn suggests that the newly incorporated functional groups can be C*-N and/or N-C*=O 220 

groups, which are in turn responsible for the enhanced hydrophilicity of He/NH3 plasma-treated 221 

PCL NFs. 222 

Additional information regarding the amount of primary amine group incorporation was 223 

obtained through trifluoromethyl benzaldehyde (TFBA) and subsequent XPS survey scan analysis. 224 

Table 4. shows the elemental composition of TFBA derivatized samples obtained from XPS 225 

analysis. Results clearly indicate the presence of primary amine groups on the surfaces of N2 and 226 

He/NH3 plasma-treated PCL samples as evidenced from the presence of the fluorine at the PCL 227 

surfaces. This observation is in excellent agreement with the C1s deconvolution results which also 228 

suggest the incorporation of C*-N functional groups as a result of N2 and He/NH3 plasma 229 

treatments. Based on these XPS results, information can be revealed on the amino selectivity and 230 

amino grafting efficiency and the obtained values are also shown in Table 4. These results show 231 
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that the amino selectivity was significantly higher when using He/NH3 plasma treatment compared 232 

to N2 plasma treatment, which is in excellent agreement with previously published results on 233 

nitrogen and ammonia plasma surface modification of polymers 34. The grafting of N-containing 234 

functionalities on a polymer surface typically occurs due to active nitrogen plasma species in 235 

combination with low-energy positive-ion bombardment 35. It can thus be suggested that two 236 

nitrogen containing plasmas used in this work contain a different mixture of active nitrogen plasma 237 

species which in turn leads to a completely different surface composition after plasma 238 

modification. 239 

 240 

Table 4. Elemental composition of PCL NFs derivatized with TFBA after plasma treatment in 241 

nitrogen (2.2 J/cm2) and He/NH3 (4.0 J/cm2). 242 

Sample C (at%) O (at%) N (at%) F (at%) NH2/N (%) NH2/C (%) 

N2 56.3 ± 0.7 19.9 ± 0.5 21.6 ± 0.7 2.1 ± 0.3 3.2 ± 0.4 1.2 ± 0.1 

He/NH3 71.4 ± 0.2 15.8 ± 0.4 8.8 ± 0.3 4.1 ± 0.2 15.6 ± 1.0 2.6 ± 0.2 

 243 

2.4. Cell adhesion and proliferation  244 

Cell-material interactions are studied in detail in this section. In literature, it is reported that 245 

surfaces with a moderate hydrophilicity (40-60°) are considered the most effective for optimal 246 

adsorption of proteins, giving rise to optimal conditions for fibroblast cell adhesion and 247 

proliferation 36. Therefore, cell studies were conducted on PCL NFs possessing a moderate 248 

hydrophilicity (WCA value of 40°). For this, plasma treatments in argon, nitrogen and He/NH3 249 

were performed at an energy density of 0.9 J/cm2, 2.2 J/cm2 and 4.0 J/cm2 respectively. Thus, 250 
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while all treatments display increased hydrophilicity compared to the untreated NFs, the only 251 

difference between the plasma-treated samples is their chemical composition as wettability and 252 

surface roughness are similar for all samples. 253 

Figure 5, containing the live/dead fluorescence images and SEM micrographs 1 day after 254 

seeding, clearly shows that cells poorly adhere to untreated PCL NFs and adherent cell 255 

aggregates/clusters are distinctively present on the surface. This is most likely due to the highly 256 

hydrophobic nature of this sample. On the plasma-modified PCL samples, the cells spread much 257 

more and are characterized by the spindle-shape morphology typically observed for healthy 258 

fibroblasts. Independent of the observed cell morphology, almost all cells found on the samples 259 

were viable as detected from the green color in the live/dead staining images. Next, the shape 260 

factor of the cells was determined; a more round cell appearance results in a lower shape factor 261 

value 37. The mean shape factor of cells seeded on plasma–treated samples was approximately 1.5 262 

times the shape factor of cells seeded on the untreated sample (Figure 6). This result confirms the 263 

visual observation that the cells show a more circular shape on the untreated sample, while a more 264 

spread cell morphology is seen on plasma-treated samples.  265 

Seven days after cell seeding, similar fluorescent and SEM images were obtained to investigate 266 

the effects of the performed plasma treatments on cell proliferation (Figure 7). On the untreated 267 

PCL sample, HFFs do proliferate, yet their interactions with the NF surfaces remain poor. Contrary 268 

to the untreated PCL NFs, a confluent layer of cells with a well-spread morphology is almost 269 

completely covering the NFs for all plasma-treated conditions. Plasma treatments are thus not only 270 

able to positively affect cell adhesion on PCL NFs, but also positively affect cell proliferation. The 271 

superior cellular interactions on the plasma-modified samples are again most likely due to the 272 

enhanced surface hydrophilicity as a result of the incorporation of functional groups. The nature 273 
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of the plasma-induced bioactive group seems to mainly influence cell morphology as opposed to 274 

proliferation, as no clear differences were seen in confluence between the different plasmas under 275 

study. 276 

 277 

Figure 5. Images of HFF cells 1 day after culturing on untreated and different plasma-treated 278 

samples (argon: 0.9 J/cm2, nitrogen: 2.2 J/cm2, He/NH3: 4.0 J/cm2) obtained with fluorescence 279 

imaging after live/dead staining and SEM imaging. 280 
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 281 

Figure 6. Quantification of cell shape factor 1 day after culturing on untreated and different plasma-282 

treated NFs (argon: 0.9 J/cm2, nitrogen: 2.2 J/cm2, He/NH3: 4.0 J/cm2 . The star is indicating the 283 

significantly different sample (p value < 0.005). 284 
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 285 

Figure 7. Images of HFF cells 7 days after culturing on untreated and different plasma-treated 286 

samples (argon: 0.9 J/cm2, nitrogen: 2.2 J/cm2, He/NH3: 4.0 J/cm2) obtained with fluorescence and 287 

SEM imaging. 288 

 289 

To further investigate the latter observation, an MTT assay was performed, which quantifies cell 290 

proliferation/viability. Figure 8 presents the viability of HFFs 1 and 7 days after cell seeding, 291 

relative to the data of the TCPS control sample on day 7. The untreated PCL NFs are indeed the 292 

poorest substrates for cell adhesion and proliferation, considering their significantly reduced cell 293 

viability values compared to TCPS. Cell viability was found to be much higher for all plasma-294 

treated samples, reaching in most cases cell viabilities that outperformed the TCPS control sample. 295 

In addition, the MTT assay also reveals a significant influence of discharge gas on cell viability. 296 

After 1 and 7 days of cell culturing, the number of viable cells was highest on the argon plasma-297 



19 

 

treated samples and the lowest on the He/NH3 plasma-treated samples. Despite the same 298 

hydrophilicity for all conditions, the latter results suggest that cellular interactions on PCL NFs 299 

are significantly influenced by the type of polar groups induced by the plasma treatment. 300 

Apparently, the oxygen-containing groups induced after plasma treatments in argon lead to better 301 

cellular interactions compared to the nitrogen-containing functional groups induced after N2 and 302 

He/NH3 plasma treatments. 303 

 304 

Figure 8. Graph showing the amount of viable cells obtained from an MTT assay 1 day and 7 days 305 

after cell seeding on untreated and plasma-modified PCL NFs (argon: 0.9 J/cm2, nitrogen: 2.2 306 

J/cm2, He/NH3: 4.0 J/cm2). Error bars represent standard deviations of triplicate measurements and 307 

stars indicate significantly different samples (p value <0.0009).  308 

2.5. Protein interactions 309 
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To explain the influence of the used discharge gas and thus the chemical nature of the 310 

incorporated surface functional groups on protein interactions in the system, a proteomics analysis 311 

was performed. Because cells are never seeded without medium, medium-protein interactions were 312 

first investigated. Next, cellular proteins interacting with the NFs were investigated. For this, the 313 

proteins initially adsorbed on the PCL samples (serum protein interactions) were examined in 314 

detail making use of SDS-PAGE and LC-MSMS. For these studies, plasma-treated PCL NFs with 315 

an intermediate WCA value of 40° were again used again. Note that cells were detached using 316 

citrate buffer, which was found to preserve the molecular weight and density of the absorbed 317 

proteins (see Supplementary Information 1).  318 

2.5.1 Serum protein interactions 319 

It has been reported that when a biomedical scaffold is exposed to cells suspended in a culture 320 

medium supplemented with FBS, the proteins in the serum are rapidly adsorbed onto the scaffold 321 

surface before the cells adhere 38. Thus, the differences in serum protein adhesion among the 322 

different PCL samples under study were first tested to verify what serum proteins differentially 323 

attach to the PCL NFs. Figure 9A. shows that upon exposure to serum-containing medium, the 324 

most abundant serum protein, albumin (molecular weight: 64 kDa), with levels of up to 50 mg/ml, 325 

is preferentially adsorbed on all samples under study during the early phase of formation of the 326 

protein layer, which is in close agreement with literature 39-41. Upon cell proliferation, the adsorbed 327 

albumin will be displaced by the adhesive cell surface proteins 42. Remarkably, the albumin protein 328 

shows a reduced retention from 15% of total protein for untreated NFs to 8%, 9% and 10% for Ar, 329 

N2 and He/NH3 plasma-treated samples, respectively. Whether this finding relates to 330 

hydrophobicity and/or the type/mixture/density of surface functional groups remains to be 331 
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determined. To exclude the impact of BSA on differential protein retention, the medium protein 332 

retention with and without prior treatment with BSA (blocking) is also compared. 333 

It is clear from the SDS-PAGE images and the relative abundance of intensities over the 334 

molecular weight range (Figure 9B) that most changes for the plasma treatments appear in the high 335 

molecular weight range (HMW). More specifically, relatively more HMW proteins attach from 336 

the serum on plasma-treated NFs in comparison with the pristine sample. 337 

 338 

Figure 9. SDS-PAGE analysis of the serum proteins interacting with the different NFs under study. 339 

(A) Image of one of the triplicate SDS-PAGE, showing the protein bands that were detached from 340 

the PCL NFs by immersing the samples in 1 ml of Laemmli loading buffer. (B) Relative density 341 

of different molecular weight (MW) fractions in each of these lanes, showing that on plasma-342 
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treated NFs relatively more HMW proteins attach in the serum. (C) Radar chart representing the 5 343 

most differential proteins as measured by the number of unique peptides per protein. Each 344 

treatment is located on one angle of the radar chart and each protein is represented by another 345 

color. The number of unique peptides found for each protein is shown on the radius, whereby no 346 

peptide identification (0) is located in the center, increasing outwards. See also supplementary 347 

Table 1 (1D PAGE Intensities). 348 

 349 

When the gel lanes were excised and digested using trypsin for subsequent LC-MS analysis in 350 

triplicate, only minor differences were found in the kind of proteins present. Supplementary Table 351 

1 (Unique peptides per protein) summarizes the summed number of unique peptides in each 352 

sample as an estimate of their abundance.  353 

The biggest differences in the top20 most abundant proteins are: (i) a clear increased retention 354 

of complement factors (CO3_BOVIN, MW: 188377; CO4_BOVIN, MW: 102786; 355 

CFAH_BOVIN, MW: 144053) and a clear reduced retention of apolipoprotein A-I 356 

(APOA1_BOVIN, MW: 30258) on the plasma-treated NFs (Figure 9C). One more remarkable 357 

protein is gelsolin (GELS_BOVIN, MW: 80910), which seems to specifically react only with 358 

unblocked argon plasma-treated NFs and BSA blocked untreated PCL samples.  This seems to 359 

suggest that gelsolin binding is mediated through binding with other serum proteins, making it 360 

more abundant in BSA blocked untreated PCL samples. By treating nanofibers with argon plasma, 361 

a specific binding place for gelsolin seems to be created.  362 

While BSA blocking did not induce any strong visual clues on the SDS-PAGE gels, detailed 363 

inspection of the MS data did surface a few remarkable findings (Supplementary Table 1, BSA 364 

Block). Most strikingly, BSA pre-treatment tends to reduce the binding of most FBS proteins in 365 
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plasma-treated NFs, while it increases their retention in untreated NFs. The most differential 366 

proteins are the complement factors that bind less efficient when BSA pre-treatment is applied to 367 

plasma-treated NFs. Notably, these complement factors can have a membrane-damaging effect 368 

through the terminal cytolytic complement pathway, if activated (www.uniprot.org). This implies 369 

that pre-treatment with BSA can reduce the impact of serum proteins on the experimental outcome. 370 

Another remarkable protein in this context is plasminogen, which shows the same reduced 371 

retention after BSA blocking. In vivo it activates several complement zymogens and cleaves 372 

fibronectin and laminin, leading to cell detachment and apoptosis. Finally, serotransferrin is 373 

binding most efficiently on He/NH3 plasma-treated samples after BSA pre-treatment, while the 374 

opposite is true for untreated PCL NFs. Taken together, we decided to study the cell-NF 375 

interactions on NFs that were pre-coated with BSA in order to minimize the potential effects of 376 

serum proteins on the observed differences in cell proliferation. 377 

2.5.2 Cellular protein interactions 378 

To investigate the cellular proteins involved in the interaction with PCL NFs, all PCL NFs were 379 

first blocked using BSA prior to cell seeding to exclude any impact of differential retention of FBS 380 

proteins. The gels depicted in figure 9A comprise one of a triplicate measurement of the proteins 381 

left behind on the NFs following cell detachment. No differences were seen in relative abundance 382 

of the different MW fractions (Supplementary Table 1). Thus, all gel lanes were excised and 383 

digested in-gel using an optimized protocol 43 and subjected to perform LC-MS. To find potential 384 

relative differences between the applied plasma treatments, all MS runs were loaded into 385 

Progenesis QIP 4.0 for MS1 label-free quantification. The top 5 best MS spectra of each ion in the 386 

complete experiment were merged into a single search against a database containing the human 387 

proteome and the FBS proteins identified above. As expected, structural proteins (adhesion, 388 
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cytoskeletal and organizational) are strongly retained on the NFs when looking at the top most 389 

prominent hits (Supplementary Table 2, All Proteins). This strongly suggests that the cells indeed 390 

left the contact points and their associated proteins behind when they were detached using citric 391 

acid buffer. The second striking finding is that only few medium proteins were identified, implying 392 

that the replacement of FBS proteins by the cells is nearly complete. A total of 582 proteins with 393 

at least one unique peptide were identified, 334 of which had a minimum of 2 unique peptides, 394 

required for confident quantification (Supplementary Table 2, All Proteins).  395 

The primary observation is the total protein retention following cellular detachment, as seen by 396 

the normalized total lane intensity on SDS-PAGE. This protein retention is found to be decreasing 397 

in the following order: Ar>He/NH3>N2>Untreated (Figure 10A. and Supplementary Table 2, 398 

Relative protein Content). This finding was orthogonally corroborated by mass spectrometry, 399 

where the same trend is seen in the total ion current. As cells were detached using citric acid buffer 400 

for each of the NFs under study, this finding suggests that cellular proteins are more tightly 401 

complexed to Ar plasma-treated NFs than to the other samples. Especially untreated PCL NFs 402 

retain significantly less of the cellular proteome. This is in line with the reduced adhesion 403 

efficiency and proliferation on untreated NFs and their reduced confluence. It is thus tempting to 404 

hypothesize that a stronger protein attachment directly correlates with a higher cell viability.  405 

 406 
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 407 

Figure 10. Differences in protein retention between untreated and plasma-treated NF. (A) both 408 

SDS-PAGE lane intensity (light blue) and total ion current of the LCMS analyses (dark blue) show 409 

a considerable reduced amount of proteins extracted from the untreated PCL NFs. (B) Principal 410 

components analysis (PCA) plot of the protein abundances (grey Uniprot accession numbers) 411 

superimposed with the samples (colored dots), showing that indeed the untreated NFs (green) are 412 

considerably different from the plasma-treated NFs. (C) Cluster analysis of the proteins with an 413 

ANOVA p-value <0.01. Left: dendrogram showing two main clusters of proteins based on their 414 

relative abundance in the different samples (blue and yellow). Right: Log normalized intensities 415 

of these proteins. Each point is a measurement in one of the replicates (triplicates/condition) and 416 

is connected by a line to illustrate large changes in intensity. Two main populations can be 417 

separated: downregulated proteins in plasma-treated and upregulated proteins in plasma-treated 418 

NFs compared to untreated PCL NFs. 419 

When looking at the annotated data, i.e. identified proteins only, the PCA analysis of the protein 420 

abundances clearly confirms that untreated NFs are very different from treated NF (Figure 10B). 421 

This is again in line with the results from the proliferation experiment and the MTT assay depicted 422 

above. It is important to note that the normalization factor that must be applied on the total ion 423 
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intensity (near 2-fold) “inflates” relative differences when doing relative abundance. Thus, 424 

proteins that are upregulated in the untreated sample should be considered with care (green 425 

population in Figure 10B). Still, it is striking that 5 out of the 10 most differential proteins in this 426 

class are of bovine origin, implying they are FBS-derived (Supplementary Table 2, Untreated vs 427 

Treated). This is because of the less confluent cell growth on untreated PCL NFs and/or because 428 

the cells did not remove the medium proteins as well as cells grown on plasma-treated NFs. Indeed, 429 

apolipoprotein A-I is one of the most differential proteins in this list, in line with the results from 430 

the BSA pre-incubation experiment described above (Figure 9C).   431 

Proteins that are still strongly downregulated in the untreated PCL sample despite this “inflation” 432 

by normalization can be considered very differential and thus relevant (Figure 10C, yellow 433 

population). Nine of these significantly different proteins were quantified with a minimum of two 434 

unique peptides (Table 5).   435 

 436 

Table 5. Proteins significantly more retained on plasma-treated NFs, compared to non-treated NFs  437 

(yellow population in Figure 10C).  438 

Accession Unique peptides Anova (p) q Value Max fold change Power Description 

HTRA1_HUMAN 12 1,77E-06 6,51E-04 6,71E+00 1,00 Serine protease HTRA1  

VTNC_HUMAN 6 1,31E-04 8,83E-03 2,97E+00 1,00 Vitronectin  

MOES_HUMAN;EZRI_HUMAN 11 1,72E-03 3,32E-02 1,56E+00 0,99 Moesin  

IF5A1_HUMAN;IF5A2_HUMAN 3 2,65E-03 3,98E-02 7,06E+01 0,98 Eukaryotic translation initiation factor 5A-1  

RL7A_HUMAN 4 7,78E-03 7,15E-02 1,43E+00 0,91 60S ribosomal protein L7a 

HNRH2_HUMAN 2 1,01E-02 8,55E-02 3,91E+00 0,89 Heterogeneous nuclear ribonucleoprotein H2  

PTK7_HUMAN 4 1,10E-02 8,57E-02 1,55E+00 0,88 Inactive tyrosine-protein kinase 7  

PRDX6_HUMAN 4 1,14E-02 9,01E-02 1,95E+00 0,87 Peroxiredoxin-6  

FBLN1_HUMAN 2 1,16E-02 9,01E-02 2,11E+00 0,87 Fibulin-1 

 439 
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When entering these accessions into Uniprot (www.uniprot.org), their functional interpretation 440 

strongly suggests they mediate the observed increase in proliferation and survival on plasma-441 

treated NFs (Supplementary Table 2, Yellow population details). The most differential protein is 442 

serine protease HTRA1. This is a serine protease with a variety of targets, including extracellular 443 

matrix proteins such as fibronectin. HTRA1-generated fibronectin fragments further induce 444 

synovial cells to up-regulate matrix metalloproteinases (MMP1 and MMP3) production. It may 445 

also degrade proteoglycans, such as aggrecan, decorin and fibromodulin. Through cleavage of 446 

proteoglycans, it can release soluble fibroblast growth factor (FGF)-glycosaminoglycan 447 

complexes that promote the range and intensity of FGF signals in the extracellular space. HTRA1 448 

can also regulate the availability of insulin-like growth factors (IGFs) by cleaving IGF-binding 449 

proteins. By acting on transforming growth factor (TGF)-beta signaling, HTRA1 may in addition 450 

regulate many physiological processes, including retinal angiogenesis and neuronal survival and 451 

maturation during development. Intracellularly, HTRA1 degrades tuberous sclerosis complex 2 452 

(TSC2), leading to the activation of TSC2 downstream targets.  453 

The second most differential protein is vitronectin, a well-known coating agent for cell cultures. 454 

It is a cell adhesion and spreading factor found in serum and tissues, which interacts with 455 

glycosaminoglycans and proteoglycans, making it tempting to hypothesize that functionalized 456 

PCL NFs have more (proteo)glycan-like properties. In addition, it is recognized by certain 457 

members of the integrin family and serves as a cell-to-substrate adhesion molecule. Finally, 458 

vitronectin is also an inhibitor of the membrane-damaging effect of the terminal cytolytic 459 

complement pathway, mentioned above in the context of the protein corona from the medium. 460 

Another differential protein of interest is moesin, which is involved in connections of major 461 

cytoskeletal structures to the plasma membrane. In addition, moesin plays a role in regulating the 462 
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proliferation, migration, and adhesion of human lymphoid cells and participates in immunologic 463 

synapse formation. The fourth most differential protein is eukaryotic translation initiation factor 464 

5A-1, which is a mRNA-binding protein involved in translation elongation. This protein has an 465 

important function at the level of mRNA turnover, probably acting downstream of decapping. In 466 

addition, it is also involved in actin dynamics and cell cycle progression, mRNA decay and 467 

probably in a pathway involved in stress response and maintenance of cell wall integrity. With 468 

syntenin SDCBP (syndecan binding protein), the eukaryotic translation initiation factor 5A-1 469 

functions as a regulator of p53/TP53 and p53/TP53-dependent apoptosis. In addition, it is also 470 

known to regulate tumor necrosis factor (TNF)-alpha-mediated apoptosis. Together with the 60S 471 

ribosomal protein L7a, this implies that (cytoskeletal) protein translation is increased in cells 472 

grown on plasma-treated NFs. The upregulation of heterogeneous nuclear ribonucleoprotein H2 473 

further confirms this, as this protein is a component of heterogeneous nuclear ribonucleoprotein 474 

(hnRNP) complexes which provide the substrate for the processing events that pre-mRNAs 475 

undergo before becoming functional, translatable mRNAs in the cytoplasm. Another differential 476 

protein of interest is inactive tyrosine-protein kinase 7, which is involved in the Wnt signaling 477 

pathway as it is a component of both the non-canonical (also known as the Wnt/planar cell polarity 478 

signaling) and the canonical Wnt signaling pathway. This protein also functions in cell adhesion, 479 

cell migration, cell polarity, proliferation, actin cytoskeleton reorganization and apoptosis. In 480 

addition, it has a role in embryogenesis, epithelial tissue organization and angiogenesis. The last 481 

but one differential protein of interest is peroxiredoxin-6, which is known to play a role in cell 482 

protection against oxidative stress by detoxifying peroxides and in phospholipid homeostasis. The 483 

final differential protein is fibulin-1, which is incorporated into fibronectin-containing matrix 484 

fibers. It may play a role in cell adhesion and migration along protein fibers within the extracellular 485 
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matrix (ECM). This protein could also be important for certain developmental processes and can 486 

contribute to the supramolecular organization of ECM architecture, in particular to those of 487 

basement membranes. In addition, it has also been implicated in a role in cellular transformation 488 

and tumor invasion, as it appears to be a tumor suppressor. Together, it is clear that interaction 489 

with the plasma-treated PCL NFs is inducing considerable changes in several highly relevant 490 

cellular processes, which can explain the observed changes in cellular proliferation. 491 

To identify the most differential proteins retained on the different plasma-modified scaffolds, 492 

untreated NF samples were removed from the experimental design. To look for the most interesting 493 

proteins, those proteins with an ANOVA p-value<0.1 (92/582 total annotated) were isolated. 494 

While this is not a selection of only significantly different proteins, this is a list that allows to very 495 

clearly cluster the three applied plasma treatments in a PCA plot (Figure 11A) and they can thus 496 

be considered the ones of potential biological relevance. 497 
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 498 

 499 

Figure 11. Differences in protein retention between the three different plasma-treated samples. (A) 500 

Proteins (colored Uniprot accession numbers) positioned in a PCA plot based on their relative 501 

abundance, with the triplicate of the three different plasma treatments superimposed as colored 502 

dots. The proteins are colored according to the cluster they belong to in (B). (B) Log normalized 503 

intensities of these proteins. Each point is a measurement in one of the replicates 504 

(triplicates/condition) and is connected by a line to emphasize large changes in intensity. Three 505 

clusters of proteins can be distinguished: Blue: proteins separating He/NH3-treated samples from 506 

the other two plasma-treated samples; Yellow: those common to He/NH3 and N2 plasma-treated 507 

samples; Green: proteins common to He/NH3 and Ar plasma-treated samples. 508 

 509 
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When these proteins are subjected to a cluster analysis, three clusters can be distinguished: (i) 510 

proteins separating the He/NH3 plasma-treated sample from the other two plasma-treated samples 511 

(blue), (ii) those common to He/NH3 and N2 plasma-treated samples (yellow) and (iii) those 512 

common to He/NH3 and Ar plasma-treated samples (green). Supplementary Table 2 (Protein Cell 513 

data export) summarizes these proteins with the respective cluster they belong to and their 514 

respective functions. Note that the biggest difference at the protein level can be found between 515 

He/NH3 plasma-treated NFs on the one side and Ar and N2 plasma-treated samples on the other 516 

side, as illustrated by the principle component 1 explaining 40% of the differences.  517 

A Gene Ontology (GO) analysis of these clusters surfaces their main functional connection: 518 

1. The blue cluster has one significant GO term in Reactome: keratinization (p-genes: 2.3e-6). 519 

This strongly suggests that keratin proteins could have a beneficial influence on cell 520 

proliferation, as the effect of plasma treatments on cell proliferation is in the order 521 

He/NH3<N2<Ar. Follow-up experiments could thus involve knocking down this process 522 

through e.g. siRNA and see if indeed this reduces the beneficial effect of Ar and N2 plasma 523 

treatments. 524 

2. The yellow cluster most significantly relates to the GO term “extracellular matrix 525 

organization” (p-genes: 0.001). This seems to imply that some extracellular matrix proteins 526 

that are enriched on He/NH3 plasma-treated samples could have a negative effect on cell 527 

proliferation.  528 

3. The green cluster is very significantly enriched for “translation” (p-genes: 5e-6) and “protein 529 

metabolism” (p-genes: 1 e-06) indicating an increased protein turnover in the He/NH3 530 

plasma-treated samples. Note that protein turnover cannot be interpreted on its own, as it can 531 

be increased both by stress and during proliferation.  532 
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Taken together, we here provide a first glimpse of the differences in protein retention seen in 533 

cells growing on PCL NFs functionalized with different plasmas. It is important to realize that we 534 

here describe the proteins that are retained on the NFs after citrate buffer detachment. This implies 535 

that these are both proteins directly binding the substrate and those interacting with directly 536 

binding proteins. Most importantly however, figure 11. illustrates that differential retention of 537 

proteins does allow to distinguish between the PCL NFs, implying that they underlie the 538 

differences seen in the proliferation assays.  539 

3. Conclusion 540 

The aim of the present innovative investigation was to find possible correlations between surface 541 

properties, protein adsorption and cellular response of plasma-functionalized PCL nanofibrous 542 

scaffolds. A first part of this work revealed the effects of plasma treatments in Ar, He/NH3 and N2 543 

on the surface properties of PCL NFs. All conducted plasma treatments were found to result into 544 

a significant wettability improvement without causing any morphological changes to the 545 

nanofibrous structures. The grafting of polar oxygen- and/or nitrogen-containing functionalities 546 

after Ar, He/NH3 and N2 plasma treatments was found to be responsible for the observed increased 547 

NFs surface hydrophilicity. In a second part, HFF growth on the plasma-functionalized PCL NFs 548 

was examined in detail. The results of this research demonstrated a considerable improvement in 549 

HFF cell adhesion and proliferation on plasma-modified PCL NFs with the most pronounced 550 

results for Ar, followed by N2 and He/NH3 plasma. Finally, in an effort to explain the observed 551 

differences in cellular response, the protein corona patterns of the plasma-treated NFs as well as 552 

the cell membrane proteins involved in cell proliferation have been carefully examined. These 553 

results reveal that medium-derived proteins are differentially retained to different NFs, whereby a 554 

clear increased retention of complement factors and a clear reduced retention of apolipoprotein A-555 
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I on the plasma-treated NFs are most striking. These differences were countered by pre-coating 556 

NFs with BSA. Differences in cellular proteins that are retained on the NFs after citrate buffer 557 

detachment allow to distinguish between the PCL NFs, implying that they underlie the differences 558 

seen in the proliferation assays. A full list of proteins is provided to allow future researchers to 559 

select candidate targets for more in-depth study. 560 

As a concluding remark, it can be stated that plasma-modified PCL NFs can be considered as 561 

potential candidates for a variety of soft tissue engineering applications due to their strongly 562 

promoted cell-surface interactions as a result of enhanced protein adsorption. 563 

4. Materials and methods  564 

4.1. Fabrication of PCL NFs 565 

PCL (average molecular weight: 40.000 - 60.000 g mol-1; Sigma-Aldrich) was used to prepare 566 

random NFs by electrospinning. An electrospinning solution of 14% w/v PCL was prepared using 567 

a mixture of formic acid and acetic acid (9:1; Sigma-Aldrich). The solution was subsequently 568 

electrospun in a bottom-up electrospinning process using a customized Nanospinner 24 569 

electrospinning machine (Inovenso) at room temperature, schematically represented in Figure 12. 570 

An extensive description of the used electrospinning set-up can be found in 44-45. In this work, the 571 

following experimental conditions were used: flow rate of PCL solution: 0.7 ml h-1, nozzle-572 

collector distance: 15 cm, applied nozzle voltage: 32-33 kV and rotation speed collector: 300 rpm. 573 

PCL NFs were collected on glass coverslips adhering to aluminum foil, which was attached to the 574 

collector. After the electrospinning process, the electrospun NFs were dried under vacuum at room 575 

temperature overnight before further processing. 576 

 577 
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 578 

Figure 12. Schematic representation of the electrospinning set-up 46. 579 

4.2. DBD surface modification of NFs  580 

In a subsequent step, the PCL NF surfaces were modified using a dielectric barrier discharge 581 

(DBD), which is schematically represented in Figure 13. The discharge was generated between 582 

two round electrodes: the upper electrode was a stainless-steel mesh (Ø: 50 mm), while the lower 583 

electrode was a copper plate (Ø: 48 mm) covered with a 3 mm thick Al2O3 layer acting as dielectric 584 

barrier. The gap between the alumina layer and the top electrode was maintained at 1 mm during 585 

all experiments. The mesh electrode was connected to an AC high voltage source with a fixed 586 

frequency of 50 kHz while the lower electrode was grounded through a capacitor C of 10 nF. After 587 

the nanofibrous material to be treated was fixed on the ceramic layer, the plasma reactor was 588 

pumped down to 20 Pa making use of a rotary vane pump and then filled with the discharge gas 589 

for 3 minutes at a rate of 3 standard liters per minute (slm) to reach a pressure of 90 kPa. 590 

Afterwards, the gas flow rate was decreased to 1 slm and the pressure in the plasma reactor was 591 

lowered to 5 kPa by adjusting a valve placed before the rotary vane pump. This pumping and gas 592 
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filling procedure was carefully repeated before each plasma ignition to ensure a similar and 593 

homogeneous gas composition inside the discharge region for each conducted experiment. The 594 

plasma treatments in this work were performed at 5 kPa in three different discharge gases (argon, 595 

nitrogen and a helium/ammonia (9:1) mixture) and with varying plasma exposure times, as can be 596 

seen in Table 6 showing the used plasma treatment conditions for PCL NF treatment.   597 

The discharge power used for each discharge gas was determined through voltage-charge plots 598 

(Lissajous figures) and are summarized in table 6 47-49. As can be seen, the applied discharge power 599 

is not the same for each discharge gas due to differences in electrical breakdown voltages. Because 600 

of this, results in this work will be not be represented as a function of treatment time but as a 601 

function of energy density. This energy density is calculated by multiplying the plasma treatment 602 

time with the discharge power and by dividing this by the area of the plasma electrodes (78.54 603 

cm2). 604 

 605 
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 606 

 607 

Figure 13. Schematic representation of the DBD set-up (HV: high voltage, C: capacitor, MFC: 608 

mass flow controller)46. 609 

 610 

Table 6. Plasma treatment conditions used for each discharge gas 611 

Gas 

Discharge 

power (W) 

Treatment time 

(s) 

Energy  

density (J/cm2) 

Ar 1.8 0-70 0-1.6 

N2 4.6 0-70 0-4.0 

He/NH3 9.0 0-80 0-9.1 

 612 

4.3. Surface characterization of NFs  613 

4.3.1. Water contact angle (WCA) analysis 614 
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WCA values on the electrospun NFs were obtained within 5 minutes after plasma treatment 615 

making use of a commercial Krüss DSA25 contact angle goniometer. Droplets of deionized water 616 

with a volume of 2 µl were placed at 5 different locations on each sample after which WCA values 617 

were obtained by Laplace-Young curve fitting of the imaged water drop profiles. For each 618 

treatment condition, 3 different samples were tested and a mean contact angle value was 619 

determined by averaging all obtained WCA values (15 in total).  620 

4.3.2. Scanning electron microscopy (SEM) 621 

The morphology of the PCL NFs before and after plasma treatment was examined making use 622 

of a scanning electron microscope (JSM-6010 PLUS/LV; JEOL). SEM images were acquired with 623 

an accelerating voltage of 7 kV at a working distance of 10 mm after coating the samples with a 624 

thin layer of gold making use of a sputter coater (JFC-1300 autofine coater, JEOL). The obtained 625 

images were analyzed using ImageJ software, which was applied to determine the diameter 626 

distribution of the PCL NFs.  627 

4.3.3. Atomic force microscopy (AFM) 628 

An XE-70 AFM device (Park Systems) operating in tapping mode was used in this study to 629 

collect AFM images of a single PCL NF making use of a highly doped single crystal silicon 630 

cantilever with a spring constant of approximately 40 N/m. The obtained AFM images were 631 

processed with XEP software for surface roughness analysis.  632 

4.3.4. X-ray photoelectron spectroscopy (XPS) 633 

XPS surface analysis was performed on a PHI 5000 Versaprobe II system equipped with a 634 

monochromatic Al Kα X-ray source (hν = 1486.6 eV) operated at 23.3 W. The vacuum in the main 635 

chamber was kept below 1x10-6 Pa during measurements. Both survey scans and high-resolution 636 

C1s spectra were recorded using pass energies of 187.85 eV (eV step = 0.8 eV) and 23.5 eV (eV 637 
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step = 0.1 eV) respectively, with the hemispherical analyzer set at 45° of the sample normal. The 638 

atomic elemental composition was calculated from survey spectra obtained at 6 randomly selected 639 

locations on a single sample using Multipak (v 9.6.1) software. A spectrum calibration (C-C = 640 

285.0 eV) was done prior to analysis and an iterated Shirley background was applied to determine 641 

the elemental composition using the relative sensitivity factors supplied by the manufacturer. 642 

Curve peak fitting of the C1s high-resolution peaks was also done making use of Multipak after 643 

applying a Savitzky-Golay smoothening procedure. Peaks were deconvoluted using Gaussian–644 

Lorentzian peak shapes, keeping the FWHM below 1.4 eV and the χ² below 2.  645 

Chemical derivatization was also used in this work to enable a meaningful quantification of the 646 

primary amine functional groups, which are known to positively affect cell-material interactions 647 

and which are difficult to quantify with XPS curve fitting as such 50-51. For this purpose, plasma-648 

treated PCL NFs were chemically derivatized by exposing the samples to 4-trifluoromethyl-649 

benzaldehyde (TFBA) vapor in a small glass vacuum chamber (pumped to a residual pressure of 650 

1 kPa) at room temperature for 45 minutes. TFBA selectively reacts with primary amine groups 651 

present at the PCL surface resulting in the incorporation of CF3 groups 52-54. After 45 minutes, the 652 

vacuum chamber was vented to atmospheric pressure and the derivatized samples were placed in 653 

a vacuum oven overnight to remove excess unreacted TFBA adsorbed on the surface. XPS survey 654 

scans were then measured on the derivatized PCL samples using the same experimental parameters 655 

as previously mentioned. After quantifying the obtained elements with Multipak software, the 656 

amino selectivity and amino grafting efficiency of the plasma treatments was determined using the 657 

following formulas:  658 

 𝑎𝑚𝑖𝑛𝑜 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  
[𝑁𝐻2]

[𝑁]
=

(
[𝐹]

3⁄ )

[𝑁]
 𝑥 100 (1) 659 
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 𝑎𝑚𝑖𝑛𝑜 𝑔𝑟𝑎𝑓𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
[𝑁𝐻2]

[𝐶]
=

(
[𝐹]

3⁄ )

([𝐶]−8
[𝐹]

3⁄ )
 𝑥 100% (2) 660 

4.4. Cell adhesion and proliferation studies 661 

4.4.1 Cell seeding 662 

To examine the plasma treatment effect on the interactions between PCL NFs and cells, cell 663 

adhesion and proliferation studies were conducted. Prior to cell seeding, untreated and plasma-664 

modified PCL NFs were sterilized by exposure to UV light for 30 min 55-56. Afterwards, human 665 

foreskin fibroblast (HFF) cells were seeded onto different PCL samples in a 24-well plate at a 666 

density of 40,000 cells/100 µl of medium per sample. The cells were allowed to adhere for 4 hours 667 

before additional medium (400 µl) was added to each sample. Cell culturing was performed using 668 

a Dulbecco's modified Eagle's medium (DMEM) with Glutamax (Gibco Invitrogen) supplemented 669 

with 15% fetal bovine serum (FBS, Gibco Invitrogen), 2mM L-glutamine (Sigma-Aldrich), 10 670 

U/ml penicillin, 10 mg/ml streptomycin and 100mM sodium-pyruvate (all from Gibco Invitrogen). 671 

The seeded PCL samples were incubated at 37°C in a humidified atmosphere containing 5% CO2 672 

for 1 and 7 days. On day 4, approximately 500 µl of medium was again added to the samples and 673 

cells cultured on tissue culture polystyrene (TCPS) were taken as a positive control. 674 

4.4.2. Live/dead staining and fluorescence microscopy  675 

To evaluate cell viability, a live/dead cell staining was performed. Prior to the staining, the 676 

supernatant was removed, the samples were rinsed twice and 1 ml of phosphate buffer saline (PBS) 677 

was added to the cultures. In a next step, the staining was performed by adding 2 μl (1 mg/ml) of 678 

calcein-acetylmethoxyester (Anaspec) supplemented with 2 μl (1mg/ml) propidium iodide 679 

(Sigma-Aldrich). Subsequently, the cultures were incubated for 10 minutes at room temperature 680 

in the dark, rinsed twice with PBS and were then visualized with a fluorescence microscope 681 
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(Olympus IX 81) making use of appropriate filters. Evaluations were performed 1 and 7 days post-682 

seeding.  683 

4.4.3. MTT assay 684 

A colorimetric MTT assay, using the yellow tetrazolium dye 3-(4, 5-dimethyldiazol-2-yl)-2, 5-685 

diphenyltetrazolium bromide (MTT, Merck Promega), was performed to quantify the cell adhesion 686 

and proliferation by colorimetrically measuring the amount of metabolically active HFFs. The cell 687 

culture medium was first removed and replaced by 0.5 ml (0.5 mg/ml) MTT reagent. Subsequently, 688 

the cultures were incubated for 4 hours at 37°C after which the MTT reagent was replaced by a 689 

lysis buffer (1% Triton-X100 in isopropanol/ 0.04 N HCl). Exposure to this lysis buffer was 690 

conducted for 30 minutes at 37°C. Afterwards, 200 µl of the formazan solution was transferred to 691 

a 96-well plate and the absorbance of the colored solution at 580 nm was measured using a 692 

spectrophotometer (Universal microplate reader EL 800, Biotek Instruments). The optical density 693 

of the colored solution in this work was reported as a ratio compared to TCPS and triplicate 694 

measurements were performed at the same time points as the microscopic evaluation (1 and 7 days 695 

after cell seeding).  696 

4.4.4. Examination of cell morphology by SEM 697 

Cell morphology was also analyzed making use of SEM after 1 and 7 days of cell culturing. 698 

Prior to SEM analysis, the PCL scaffolds were gently removed from the culture medium and rinsed 699 

3 times with PBS to remove non-adhered cells. In a next step, samples were soaked in a fixative 700 

solution of 2.5% glutaraldehyde in cacodylate buffer. The fixative was changed 3 to 4 times over 701 

5 minutes and subsequently replaced by a new fixative solution, in which the PCL NFs seeded 702 

with cells were maintained for 1 h at room temperature. Afterwards, the samples were washed in 703 

the 0.1 M cacodylate buffer after which the cells seeded on the samples were dehydrated through 704 
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immersion in increasing concentrations of ethanol (10 min immersion in each solution: 50%, 75%, 705 

85%, 95% and 100%). The immersion in 100% ethanol was performed 2 times using a fresh 706 

solution the second time. After dehydration, the cell-containing NFs were transferred to a 100% 707 

hexamethyldisilazane (HMDS) solution where they were stored for 10 min. The HMDS solution 708 

was subsequently replaced by a fresh HMDS solution, which was left to evaporate under the fume 709 

hood. The PCL NFs with fixed cells were subsequently coated with gold and viewed with SEM at 710 

an accelerating voltage and working distance of 7 kV and 12 mm respectively. From these images, 711 

the borders of individual cells were selected and processed making use of image analysis software 712 

after which the cell morphology was quantified by determining the factor shape ((perimeter)2/ (4π 713 

area)) of 30 randomly selected single cells.  714 

4.5. Interactions of PCL NFs with proteins  715 

4.5.1. Protein adsorption and extraction of protein corona  716 

To examine the influence of plasma treatment on the PCL NFs protein corona, protein adsorption 717 

was first achieved by immersing untreated (control) and plasma modified NFs in a 15% FBS 718 

solution for 2 h at 37°C to mimic the protein concentration under in vitro conditions. Because 719 

differential serum protein retention can influence cell viability, a second batch of samples was first 720 

blocked by bovine serum albumin (BSA) by submerging different PCL NFs in a 5 % BSA solution 721 

at 37 °C overnight. Afterwards, the BSA blocked samples were immersed in a 15% FBS solution 722 

for 2 h at 37°C to check the influence of BSA blocking on the occurring protein adsorption. After 723 

complete removal of the supernatants of both sample batches, the NFs were extensively washed 724 

with PBS during 5 minutes in a shaker operating at 200 rpm. This washing procedure was repeated 725 

3 times to dislodge any loosely-attached proteins (soft corona). Subsequently, all the strongly-726 

attached proteins were detached from the PCL NFs by immersing the samples in 1 ml of Laemmli 727 
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loading buffer (62.5 × 10−3 M tris-HCL (pH 6.8), 2% w/v sodium dodecyl sulfate (SDS); 10% 728 

glycerol, 0.04 M β-mercapto-ethanol) supplemented with 0.01% w/v bromophenol blue at 95°C 729 

for 5 min, after which the supernatants were collected. To investigate the proteins involved in cell 730 

proliferation, a third batch of PCL samples was made by culturing cells on BSA blocked PCL NFs 731 

for 7 days following the same procedure as described in section 2.4.1. After 7 days, the cells were 732 

non-enzymatically detached from the NFs surfaces making use of citrate buffer to preserve the 733 

involved protein structures. Citrate buffer forms a complex with calcium ions and by the lack of 734 

calcium the integrin receptor changes to an inactive position and cells detach from the surface 57. 735 

In a final step, the strongly-attached proteins on the PCL NFs were again detached from the PCL 736 

NFs by immersing the samples in Laemmli loading buffer as previously described, after which the 737 

supernatants were collected.  738 

4.5.2. Protein corona separation by sodium dodecyl sulfate polyacrylamide gel 739 

electrophoresis (SDS-PAGE) and densitometry analysis of protein bands 740 

Aliquots of 20 µl of the above-mentioned supernatants were loaded onto a 12% SDS 741 

polyacrylamide gel (Bio-Rad). For each condition, 3 different gels were made with 2 replications 742 

within each gel (in total 6 replications for each condition). Protein separation was then performed 743 

on a Mini-PROTEAN electrophoresis system (120 V, 80 mA) until the bromophenol blue almost 744 

reached the end of the gel. The gels were then stained with Coomassie Blue G-250 (17 % (w/v) 745 

(NH4)2SO4, 0.2 % (w/v) Coomassie Brilliant blue G-250), 34 % (v/v) methanol, 3 % (v/v) 746 

phosphoric acid), followed by de-staining the gel using a 6:3:1 water/methanol/acetic acid mixture. 747 

In a final step, the gels were scanned using a calibrated densitometer scanner (Molecular Imager 748 

Gel DocTM XR+ system; Bio-Rad). A semi-quantitative densitometry analysis was performed on 749 

the scanned gels to measure the intensity of the protein bands from the hard coronas of different 750 
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PCL NFs (no BSA blocking, BSA blocking and BSA blocking + cell seeding). The intensities of 751 

the protein bands in various ranges were measured using Quantity One software (Bio-Rad).  752 

4.5.4. Liquid chromatography mass spectroscopy (LC-MS) 753 

For the PCL sample batch obtained after BSA blocking and cell seeding, LC-MS was also used 754 

to identify the cell’s proteins adsorbed in vitro onto the NFs. For this purpose, all gel bands were 755 

excised and digested in-gel using an optimized protocol 43. A mixture of all samples in the 756 

experiment (quality control or QC) was run interspersed throughout the randomized sample list to 757 

assess instrumental variation and to use as alignment template during data analysis. LC-MS 758 

analysis was conducted using a nano ACQUITYUPLC system (Waters). First, samples were 759 

delivered to a trap column (180 µm × 20 mm nanoACQUITY UPLC 2G-V/MTrap 5 µm 760 

Symmetry C18, Waters) at a flow rate of 8 µL/min for 2 min in 99.5% buffer A. Subsequently, 761 

peptides were transferred to an analytical column (100 µm × 100 mm nano ACQUITY UPLC 762 

1.7 µm Peptide BEH, Waters) and separated at a flow rate of 300 nL/min using a gradient of 60 763 

min going from 1 to 40% buffer B (0.1% formic acid in acetonitrile). MS data acquisition 764 

parameters were set according to Helm et al. 58, with minor adaptations. A Q-TOF SYNAPT G2-765 

Si instrument (Waters) was operated in positive mode for High Definition-DDA, using a nano 766 

electrospray ionization source, acquiring full scan MS and MS/MS spectra (m/z 50–5000) in 767 

resolution mode. Survey MS scans were acquired using a fixed scan time of 400 ms. Tandem mass 768 

spectra of up to eight precursors with charge state 2+ to 5+ were generated using collision-induced 769 

dissociation (CID) in the trapping region with intensity threshold set at 2000 counts per second 770 

(cps), using a collision energy ramp from 6/9 V (low mass, start/end) up to 147/183 V (high mass, 771 

start/end). MS/MS scan time was set to 100 ms with an accumulated ion count “Total Ion Current 772 

stop parameter” of 200 000 cps allowing a maximum accumulation time of 200 ms. Dynamic 773 
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exclusion of fragmented precursor ions was set to 10 s. Ion mobility spectrometry wave velocity 774 

was ramped from 2500 to 400 m/s. Wideband enhancement was used to obtain a near 100% duty 775 

cycle on singly charged fragment ions. LockSpray of glufibrinopeptide-B (m/z 785.8427) was 776 

acquired at a scan frequency of 60 s. 777 

4.5.5. Data analysis 778 

Progenesis QI for Proteomics (Progenesis QIP 4.0, Nonlinear Dynamics, Waters) was used to 779 

process the raw LC–MS data. One QC run served as alignment template. MS precursors were 780 

filtered based on charge state (2+ to 6+) and the data were normalized to all MS precursors prior 781 

to calculations of fold enrichment and statistics. A multivariate statistical analysis was performed 782 

on all 15405 retained MS precursors, without any prior peptide identification. Using MS precursor 783 

abundance levels across runs, principal components analysis (PCA) in Progenesis QIP determines 784 

the principle axes of abundance variation and transforms and plots the abundance data in the 785 

principle component space, separating the samples according to abundance variation. Rank 5 786 

MS/MS spectra of the MS precursors were exported as separate *.mgf peaklists. An error tolerant 787 

search against Swissprot Human (20 210 sequences, version 2014_7) supplemented with internal 788 

standards and the FBS proteins identified in the first part of the experiment was performed using 789 

a Mascot 2.5 in-house server (Matrix Science), with methylthio as fixed modification. Mass error 790 

tolerance for the precursor ions was set at 30 ppm and for the fragment ions at 0.1 Da. Enzyme 791 

specificity was set to trypsin, allowing for up to two missed cleavages. Gene Ontology (GO) was 792 

done using IMPaLA (http://impala.molgen.mpg.de/). 793 
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