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Cell adhesion and proliferation of zein-based scaffolds in tissue engineering are restricted due to
hydrophobicity and low surface energy, and they are not appropriate for cell culture. Polycaprolactone
(PCL) and zein are two distinct polymers in terms of origin and function; they are synthetic and natural
polymers, respectively. In addition, PCL and zein have hydrophobic and amphiphilic structures. In

this study we applied cold atmospheric plasma (CAP) for 4 min and 8 min to compare the effect of

CAP on morphology, biodegradation, wettability, and chemical and biological features of zein and
PCL-based nanofibrous structures. Our results presented that the water contact angle (WCA) of both
types of nanofibers decreased after 4 and 8 min of treatment; PCL and zein contact angles after

8 min of treatment were 31.9+7° and 30.3 + 5° respectively. Chemical characterization confirmed

that nanofibrous scaffolds were changed while functional groups were formed on scaffolds. Although
biodegradation and cell attachment of scaffolds improved after treatment, most biodegradation rates
belong to zein-P 8m; meanwhile, different CAP treatments have no negative effect on cell viability.
With suitable cell viability, the potentials of zein and PCL in tissue engineering scaffolds could be
improved. Based on SEM images, unlike zein, the synthetic PCL nanofibers aggregated and melted
after CAP treatment, and PCL nanofiber morphology altered after 8 min treatment. At the same time,
the results of other characterizations for zein and PCL fibers were approximately similar.
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Creating suitable biodegradable scaffolds that support cell adhesion, growth, proliferation, and differentiation,
and that can guide the formation of new tissue, is one of the primary challenges addressed in tissue engineering!,
Therefore, the attachment of cells to scaffolds is a critical factor that influences cell proliferation and
differentiation?. Hydrophilicity/hydrophobicity, surface roughness, surface charge, and surface properties are
among the factors that affect cell adhesion®. Research indicates that a balanced level of hydrophilicity, a positive
surface charge, textured surfaces, and high surface energy all contribute favorably to the attachment of cells*°.

Over recent decades, electrospinning has been proven as an attractive technique for scaffold synthesis
and biomedical engineering, due to its creation of scaffolds with a high surface area to volume ratio, porosity,
similarity to extracellular matrix (ECM), good absorption, biocompatibility, biodegradability, and appropriate
drug- encapsulated capacity’~.

Polycaprolactone (PCL) and zein have been brought up as applicable polymer, among synthetic polymers,
PCL has been approved as a biocompatible, biodegradable polymer. In spite of the mentioned advantages of
PCL, it is a hydrophobic polymer and its wettability is low, so it cannot provide an appropriate field for cells

adhering and proliferation'®.
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Natural polymers such as chitosan, starch, alginate, collagen, gelatin, and silk have attained attraction as
promising materials for biomedical applications due to their biocompatibility and biodegradability'!"1. Zein
is a naturally occurring, bioactive, and antioxidant polymer derived from corn, it contains hydrophobic amino
acid such as proline, leucine, and alanine and this causes to zein be amphipathic. Although zein is biocompatible,
relatively affordable, safe, and able to be generated from renewable sources'?, its amphiphilicity has negative
effects on cell adhesiveness. Given this, zein administration as a scaffold has been restricted in labs and is not
yet suitable for widespread commercialization!®, To overcome this challenge, a range of surface treatments
and modifications, including corona discharge, flame treatment, plasma exposure, electron beams, photon
irradiation, ion beams, and X-ray application, have been employed to improve its surface characteristics'.

Plasma is categorized as thermal and non-thermal, sometimes known as cold atmospheric plasma, as a
result of high-temperature electrons and heavy particles of thermal plasma, it cannot be used for temperature-
sensitive polymer surface treatment, in comparison with thermal, non-thermal plasma is applicable in polymer
surface modification. Since produced ions and naturals are cold, it is called cold atmospheric plasma (CAP)!718,
According to various studies, CAP is one of the most advanced techniques for modifying and enhancing the
topographical and functional characteristics of surfaces. Its ability to produce highly reactive compounds
without any associated toxicity makes it an excellent option for improving the biocompatibility of newly
developed scaffolds. Additionally, CAP is used to produce biologically active compounds and supply ligands for
cell integrins!-2%,

Atyabi et al.!® made PCL nanofibrous scaffolds and functionalized them with cold plasma gas using a helium
atmosphere (He 99.99 and 5% oxygen) for 30 s, which demonstrated that PCL nanofibers treated by helium cold
plasma are porous, biocompatible and can provide a suitable platform for cell adhesion and growth.

Dong et al.?? performed research to develop nanofibrous scaffolds of zein modified with CAP, set at different
time points including 5, 15, 30, 45 and 60 s at fixed voltage (65V). They indicated that CAP increases water vapor
permeability, tortuosity, and it induces a transformation from B-turn and a-helix into B-sheet. They did not
conduct any biological characterizations; it was anticipated that ACP modification could serve as a functional
surface modification technique, which would improve zein film application in the packaging industry.

The purpose of this research is to evaluate the effect of CAP treatment on PCL and zein nanofibrous structures,
to investigate whether the effect of CAP on hydrophobic (PCL) and amphiphilic (zein) polymers is different?
Whether chemical, morphological, and biological characterization as well as biodegradability of nanofibrous
scaffolds change after CAP treatment? Whether the effect of CAP modification on natural and synthetic polymers
is different? Characterization techniques, including Fourier Transform Infrared Spectroscopy (FTIR), Scanning
Electron Microscopy (SEM), contact angle measurements, and in vitro biodegradation assessments, to analyze
the chemical composition and morphology of the scaffolds were employed. After characterizing the scaffolds,
our focus was shifted to evaluating their biological performance in vitro. It should be noted that although there
are different studies which examine the effect of plasma treatment on PCL and zein separately, there is no study
to assess CAP treatment on these polymers spontaneously.

Material and methods

Synthesis of zein and PCL scaffolds

Zein nanofibrous mats were manufactured by electrospinning (Electroris, FNM, Tehran, Iran), to summarize,
zein was dissolved in glacial acetic acid 95% (v/v) at room temperature with the assistance of a magnetic stirrer
overnight to form a polymer solution with a 30% w/v concentration, Then the polymer solution was transferred
to a 5 ml syringe and needle connected to a high-voltage power supply; voltage and injection rate were about
20 kV and 0.5 ml/h%.

A 9.0% w/v polymer solution of PCL was made by dissolving it in a mixture of chloroform and methanol
(7:3 v/v) under gentle stirring overnight at room temperature. The polymeric solution was pumped into a 5 mL
syringe using an 18G stainless steel needle (with a blunt end), An applied voltage between the needle and the
collector was 22 kV. The rotation speed was set at 300 rpm, and the injection rate was 1 ml/h?.

Plasma modification of zein and PCL nanofibrous scaffolds

Zein and PCL electrospun nanofibers were subjected to vacuum plasma treatment (Pardazesh, HP60 BF, Iran).
The treatment was carried out under circumstances of 20% 02, 80% N2, and 100W for durations of 4 min and 8
min. It is worth mentioning that the applied radio frequency was around 13/56 MHz.

Fourier transform infrared (FTIR)
To illustrate the distinctive chemical bonds, present in zein and PCL, and the newly formed chemical bonds
on nanofibers after CAP surface modification for both 4-min and 8-min durations, FTIR spectroscopy (ABB
Bomen, Canada) was conducted over a range of 500 to 4000 cmL

The scaffolds were chemically characterized using FTIR spectroscopy (ABB Bomen, Canada) within the
range of 500-4000 cm™'.

Contact angle measurement

The surface hydrophilicity and hydrophobicity of the different groups were investigated using a water contact
angle measurement system (KRUSS, Germany). The fibers (n =3) were placed on a slide and 5 pl of DI water was
applied to their surfaces. According to the literature, a hydrophilic surface has a contact angle of less than 90°,
whereas a hydrophobic surface has a contact angle greater than 90°.
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Structure and morphology of treated and untreated structures

The morphology, porosity, and diameter of nanofibers were typically examined using Scanning Field Emission
Electron Microscopes (FE-SEM, TESCAN- Czech Republic), our treated and non-treated nanofibrous scaffolds
were coated by Au, and imaging was done under an accelerating voltage of 25.0 kV. The acquired images were
analyzed by Image J software (Java 1.8.0_172, NIH).

Assessment of porosity percentage
The Porosity percentage of nanofibrous mats was determined by the water replacement method (Archimedes
Method) according to the following method (Eq. 1):

(V1-V3)

P i = 0——"
orosity % V2 V3)

x 100 (1)

where V1, V2, and V3 are the primary volume of alcohol and the volume after submerging and removing the
nanofibrous mats from water, respectively.

Biodegradation evaluation

The degradation of scaffolds immersed in phosphate-buffered saline (PBS) was assessed over a period of 21
days by measuring weight loss. To achieve this, samples from different groups (n=3) were weighed and then
submerged in PBS at a temperature of 37 °C. Weights were recorded at 3, 7, 14, and 21 days. At each of these
time intervals, the scaffolds were removed from the PBS, rinsed with deionized water, and then placed in a freeze
dryer for 5 h to eliminate any residual moisture before weighing. The percentage of weight loss for the scaffolds
was subsequently calculated using the following formula (Eq. 2):

(W0 —W1)

2
o x 100 (2)

Weight loss% =

WO: Weight before degradation, W1: Weight after degradation.

Cell adhering potential on nanofibrous structures

Nanofibrous scaffolds were disinfected with UV light and culture medium containing 2% Amphotericin B and
Gentamicin. 4 x 10 NIH3T3 (Iranian Biological Resources Center, Iran) were seeded on prepared scaffolds and
incubated in 37 °C and 5%CO, for 5 days; after that, culture medium was removed, washed with PBS, and fixed
with paraformaldehyde 4% for 30 min, and dehydrated in the freeze dryer for 48 h. To observe cell adhering on
scaffolds, they were coated with gold and visualized by SEM.

For 4',6-diamidino-2-phenylindole (DAPI) staining, a total of 4 x 104 NTH3T3 cells were seeded onto different
scaffolds and cultured at 37 °C for 5 days. Following the incubation, the culture medium was withdrawn, and
the seeded nanofibrous scaffolds were mounted with 4% paraformaldehyde for 45 min. The samples were then
washed with PBS and stained with DAPI (10 pg/ml). After the staining, the DAPI solution was removed, and
the scaffolds were examined under a fluorescent microscope (NIB-100 F, Novel-China). Following that, DAPI
staining images were quantified by Image J software (Java 1.8.0_172, NIH).

Cell viability assessment

Following the sterilizing process described earlier, the scaffolds were put on a 48-well plate. Then, 2.5x 10*
NIH3T3 cells were added to the scaffolds, and culture medium DMEM- high glucose (Gibco- USA) containing
10% FBS was poured on scaffolds and incubated at 37 °C and 5%CO,. For cell viability evaluation, the culture
medium was removed and replaced with 300pl MTT (0.5 mg/ml), after 3 h incubation, MTT was removed, and
300 ul DMSO was added and gently shaken at room temperature. Consequently, the absorbance of samples was
quantified with an ELISA reader (Biotech-USA) at the absorbance of 570 nm.

Statistical analysis

Statistical analysis was conducted using the one-way analysis of variance (ANOVA) method, utilizing GraphPad
Prism software, Version 8.0.2 (GraphPad Prism, Inc., San Diego, CA). The results are expressed as the
mean *standard deviation (SD), with a p value of less than 0.05 considered statistically significant.

Results and discussion

Surface characterizations

FTIR-ATR curves provide information on changes in functional groups of different nanofibrous scaffolds as
depicted in Fig. 1. Based on ATR spectra of zein a peak about 3300 cm™ in Amide A, which belongs to OH
functional group and confirms zein presence'®.

A more specific absorption band at 1720 cm™! was observed in the Zein-P 4-min and Zein-P 8-min treated
experimental groups, which correlates with the carbonyl group. The production of this new carbonyl group is
attributed to the cleavage of peptide bonds?*. In addition, small changes in movement and intensity of peaks
in 750-1300 cm™! region presented that plasma can improve C-O active group?’. There is a peak at 3270 cm™!
region which is associated to O-H group and it is shifted to 3432 cm™! after 4 min of plasma treatment?*.

In non-treated PCL, A carbonyl sharp peak identified around 1720 cm™?, and CH, vibration was located at
2942 and 2861 cm™!, wide absorption observed at 3300 and 3700 due to the O-H functional group in treated
PCLY.
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Fig. 1. FTIR-ATR spectrum of different nanofibers (A) Zein, Zein-P 4 min, Zein-P 8 min, (B) PCL, PCL-P
4 min, PCL-P 8 min.
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Fig. 2. Water contact angles determination of various nanofibers (***p <0.001).

Contact angle measurement

The hydrophobic and amphiphilic nature of PCL and zein play a significant role in their surface properties and
cellular behavior?>?7, As a result, the contact angles of untreated PCL and zein were found to be greater than
those of the surface-modified variants. Specifically, untreated PCL and zein nanofibers exhibited contact angles
of 104.2+6° and 96.3+9°, respectively, while the treated samples showed reduced contact angles. Following
4 min of CAP treatment, the contact angles for PCL and zein samples were measured at 31.9+7° and 30.3+5°,
respectively. After 8 min of treatment, the contact angles could not be assessed due to the substantial increase in
wettability (Fig. 2).

Meghdadi et al.'” confirmed that contact angles of treated PCL nanofiber structures reduced from 118 +4°
to 13.7£1.4°.

Parallel with our results, Yildirim et al.?® reported a decrease in surface contact angles from 79.66° (non-
treated) to 34.98° (treated) after a 5 min treatment. Dong et al.!> showed that the water contact angle of zein film
treated with CAP-100V decreased from 72.85° to 47.43°.

As shown above, the primary contact angles of different polymers are different in various studies; they could
be correlated to type of solution of different polymers* and polymer solution pH¥, it has been confirmed
increasing pH decreased contact angles.
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Fig. 3. Morphology and structure of Zein, Zein-P 4m, Zein-P 8m, PCL, PCL-P 4m, PCL-P 8m.

Experimental Groups PCL PCL-P 4 min | PCL-P 8 min | Zein Zein-P 4 min | Zein-P 8 min
Pore diameter average (um) | 5.20+2.51 | 4.55+1.7 3.08+1.26 8.73+2.7 | 3.85+1.51 2.8+0.77

Table 1. The average pore diameter in different nanofibrous structures.

Microscopic analysis of treated and untreated zein and PCL nanofibers

To investigate the surface morphology and structure of PCL and zein nanofibers treated with CAP, all samples
were observed by FE-SEM, the results indicated that non-treated PCL and zein exhibited uniform, smooth,
randomly oriented, and bead-free structures. Moreover, matrices formed with zein and PCL were highly porous
with interconnected structures, and the average diameters of zein and PCL nanofibers were about 246.5+2 nm
and 358.86 + 10 nm, respectively. The SEM results showed that, although PCL scaffolds preserved their structure
after 4 min’ treatment, but in PCL samples which treated 8 min by CAP, nanofibers were melted and aggregated
(Fig. 3). Our results are aligned with another study, in which CAP-modified leads to PCL nanofiber aggregation
after 5 and 8 min’ treatment'”, Based on our observed results treated and non-treated zein scaffolds maintained
their structure, and were not aggregated. In other studies, Wan et al. confirmed that plasma treatment less than
30 s not only has a negative effect on PLA nanofibrous morphology but also has a positive effect on it’!. In
contrast with our results, following the plasma treatment of PLGA and PLCL with NH3/Ar after 15 min, no
morphological changes were observed in treated scaffolds®2, It appears that morphological changes in nanofibers
are influenced by the type of plasma treatment, treatment duration, and the material composition of the
nanofibers.

As shown in Fig. 3, average diameter of PCL and zein nanofibers was increased after CAP treatment, and
this result is coincident with pore diameter decreasing after treatment (Tablel), studies presented that pore
size, nanofiber diameter and nanofiber alignment can effect on cell behavior including activation, orientation,
and infiltration®’. Given that increasing nanofiber diameter has a negative affect pore diameter of nanofibers,
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it can prevent cell infiltration®?, whereas cell attachment and MTT results presented that cell adherence and
proliferation on CAP-treated surface have improved. It seems the functional group produced after CAP
treatment developed cell adherence on nanofibers surfaces.

Biodegradation rate of manufactured nanofibrous scaffolds and porosity percentage
Since bio-implants should be degraded during implantation and replaced with new tissue, it is important to
evaluate scaffold degradation in vitro. We quantified various nanofibrous degradation during a 21-day period;
long-lasting scaffold degradation has happened in all experimental groups, the faster degradation rate belonged
to Zein scaffolds, which were treated 8 min with CAP (38.3 +17%) on day 21, and based on our results, untreated
zein and PCL scaffolds have minimum degradation (Fig. 4A). The enhancement of biodegradation rate of treated
scaffold correlated with water contact angle decreasing, hydrophilicity improvement, and water absorption
ability.

Based on the porosity percent measurement, obtained by Archimedes method, porosity percentage of
nanofibrous scaffolds was in the range of 48.7-66.6%, and the effect of CAP on porosity % was not significance
(Fig. 4B).

Cell adherence of NIH3T3 evaluation

Based on FE-SEM results, after 5 days cell viability was significantly supported in modified experimental
groups. It means CAP treatment induce functional groups on nanofibers surface and this functional group play
important role in cell attachment and proliferation (Fig. 5A). these results were confirmed with DAPI staining
as shown in Fig. 5B and C.

Figure 5 presented that plasma treatment improves cell adherence and proliferation in treated scaffolds
compared with non-treated scaffolds. This happens in both types of polymer nanofibers (PCL and zein). Zein
fibers, which were treated by plasma for 8 min, were covered by NIH3T3 cells, and cells were completely speared
on scaffolds. The results are coincident with the contact angle finding; no observable difference between cell
shapes on different scaffolds was not distinguished. It is believed hydrophilic surfaces provide an appropriate
field for extracellular matrix attachment and consequently improve cell adhesion®, since super hydrophilic
surfaces absorb bacteria and other impurities, a suitable water contact angle for cell adhesion and proliferation
is between 40 and 60°%. According to the results, CAP modification reduces the contact angle in Zein and PCL
nanofibers, and after 4 and 8 min of modification, contact angle is lower than suitable range (40-60°), then again
NIH3T3 attachment was improved. There is an indirect correlation between contact angle and cell attachment.
It means by reducing contact angle, cell attachment increases, and cell growth id provided with an appropriate
surface.

Cell viability

MTT results indicated that all experimental groups have no cytotoxic effects, and NIH3T3 cell viability was not
decreased significantly in treated and non-treated samples compared with the control group after 1 and 2 days.
It should be noted most groups show enhancement of cell viability, but this increase is not meaningful (Fig. 6).

Conclusion

This work assessed the morphology, chemical group, hydrophilicity, degradation, porosity, cell adherence, and
proliferation after CAP treatment on Zein and PCL nanofibers. Zein is a natural and amphipathic polymer, and
PCL is a synthetic and hydrophobic polymer. Our findings presented that CAP treatment induces functional
groups on both zein and PCL nanofibrous scaffolds and decreases WCA and consequently promotes cell
adhesion, proliferation, and viability. According to our results, although the effect of CAP treatment on zein,
as a natural, and PCL, as a synthetic, nanofiber aggregation was different; cell attachment and cell viability of
two kinds of polymers similarly changed after treatment. Specifically, the synthetic PCL nanofibers aggregated
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Fig. 4. (A) Biodegradation and (B) Porosity percentage of plasma-treated and non- treated nanofibers.
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Fig. 5. (A) FE-SEM images of NIH3T3 Cell adherence on treated and non-treated nanofibrous scaffolds (B)
DAPI staining of Zein, Zein-P 4 m, Zein-P 8 m, PCL, PCL-P 4 m, PCL-P 8 m scaffolds after 5 days’ cell culture
(C) Quantification of DAPI staining of different scaffolds (**p < 0.01, ***p <0.001, ****p <0.0001).
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Fig. 6. NIH3T3 viability on Zein, Zein-P 4m, Zein-P 8m, PCL, PCL-P 4m, PCL-P 8m scaffolds after 1, 2 and 5
days of culture (**p <0.01, **p<0.001, ***p <0.0001).

and melted after treatment, while zein did not show such changes. This finding indicates that the morphology
of two polymers responded differently to the treatment, even though other characterization results were similar.
In general, our results suggested that our treated scaffolds could be known as potential scaffolds for tissue
engineering.
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