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A B S T R A C T   

In a previous study, we developed electrospun antimicrobial microfiber scaffolds for wound healing composed of 
a core of zein protein and a shell containing polyethylene oxide. While providing a promising platform for 
composite nanofiber design, the scaffolds showed low tensile strengths, insufficient water stability, as well as 
burst release of the antimicrobial drug tetracycline hydrochloride, properties which are not ideal for the use of 
the scaffolds as wound dressings. Therefore, the aim of the present study was to develop fibers with enhanced 
mechanical strength and water stability, also displaying sustained release of tetracycline hydrochloride. Zein was 
chosen as core material, while the shell was formed by the hydrophobic polymer polycaprolactone, either alone 
or in combination with polyethylene oxide. As compared to control fibers of pristine polycaprolactone, the zein- 
polycaprolactone fibers exhibited a reduced diameter and hydrophobicity, which is beneficial for cell attachment 
and wound closure. Such fibers also demonstrated sustained release of tetracycline hydrochloride, as well as 
water stability, ductility, high mechanical strength and fibroblast attachment, hence representing a step towards 
the development of biodegradable wound dressings with prolonged drug release, which can be left on the wound 
for a longer time.   

1. Introduction 

With an increase of the aging population as well as chronic health 
conditions such as diabetes and obesity, wound care, alongside the 
economic burden it generates, has evolved into a major public health 
concern (Olsson et al., 2019). Wound dressings play a vital role in the 
treatment of wounds and have to meet a number of criteria to provide a 

favorable environment for wound closure and tissue regeneration. These 
criteria include absorbing excess exudate, maintaining a moist healing 
environment, protecting the wound from microorganisms and infection, 
and facilitating gas exchange as well as cell migration and attachment. 
The dressing material should further be non-toxic and biocompatible 
(Azimi et al., 2020; Liu et al., 2021). In terms of mechanical properties, a 
wound dressing should be elastic and ductile in order to allow easy 

Abbreviations: AA, acetic acid; DL, drug loading; ECM, extracellular matrix; EDTA, ethylenediaminetetraacetic acid; EE, encapsulation efficiency; EMA, European 
Medicines Agency; FDA, Food and Drug Administration; LB, Luria-Bertani; LDH, lactate dehydrogenase; MDSC, modulated differential scanning calorimetry; MQ, 
Milli-Q deionized water; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NFM, nanofiber mat; OD, optical density; PBS, phosphate-buffered 
saline; PCL, polycaprolactone; 25PCL, fibers composed of pristine polycaprolactone; PEO, polyethylene oxide; RT, room temperature; SD, standard deviation; SEM, 
scanning electron microscopy; T, tetracycline hydrochloride; TDL, theoretical drug loading; T25PCL, fibers composed of pristine polycaprolactone and tetracycline 
hydrochloride; XRD, X-ray diffraction; zein-25PCL, core–shell fibers containing zein in the core and 25 % PCL in the shell; zeinT-25PCL, core–shell fibers containing 
zein and tetracycline hydrochloride in the core and 25 % PCL in the shell; zein-1PEO/1PCL, core–shell fibers containing zein in the core and 1 % PEO as well as 1 % 
PCL in the shell; zeinT-1PEO/1PCL, core–shell fibers containing zein and tetracycline hydrochloride in the core and 1 % PEO as well as 1 % PCL in the shell; zein- 
1PEO/3PCL, core–shell fibers containing zein in the core and 1 % PEO as well as 3 % PCL in the shell; zeinT-1PEO/3PCL, core–shell fibers containing zein and 
tetracycline hydrochloride in the core and 1 % PEO as well as 3 % PCL in the shell. 
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handling and comfortable wear, and it should have a sufficiently high 
mechanical strength to be unaffected by tear. Lastly, it should not adhere 
to the wound to allow painless removal and exchange (Azimi et al., 
2020). Different types of wound dressings are available on the market, 
including films (Moreira et al., 2021), foams (Trucillo and Di Maio, 
2021), sponges (Pachuau, 2015), hydrogels (Op ’t Veld et al., 2020), as 
well as fiber-based scaffolds (Azimi et al., 2020; Liu et al., 2021). Among 
these, nanofiber scaffolds prepared by electrospinning have gained 
increasing significance as their microstructure and mechanical proper-
ties can be tuned to resemble those of extracellular matrix (ECM) pro-
teins (Azimi et al., 2020; Memic et al., 2019). Moreover, their high 
porosities and small pore sizes facilitate gas exchange as well as fibro-
blast and keratinocyte migration and attachment, thereby enhancing 
ECM remodeling and wound closure (Azimi et al., 2020; Liu et al., 2021; 
Memic et al., 2019). Additionally, due to their high surface areas and 
adaptable morphologies, drug release properties of the fibers can be 
tailored to meet the specific requirements of different types of wounds 
(Feng et al., 2019). 

Electrospinning is a versatile and robust technique, which allows 
fabricating micro- and nanofibrous scaffolds with tunable mechanical, 
drug release and degradation properties from a wide variety of natural 
and synthetic polymers. The technique is based on the application of 
high electric voltage to a polymer solution at a needle tip to form a 
conical shape, the so-called Taylor cone, which in turn generates a jet. 
The emerged jet stretches under solvent evaporation to form fibers that 
are deposited on an oppositely charged collector (Luraghi et al., 2021). 
Among different plant proteins, biocompatible and biodegradable zein is 
promising for electrospinning of drug delivery systems for tissue 
regeneration (Labib, 2018; Paliwal and Palakurthi, 2014). Its amphi-
philic nature accounts for its solubility in aqueous ethanol, a solvent 
considered as non-genotoxic and of lower risk to human health ac-
cording to both the Food and Drug Administration (FDA) and European 
Medicines Agency (EMA, 2021). However, electrospinning of zein in 
aqueous ethanol is challenging due to the high evaporation rate of 
ethanol, which creates a polymer skin on the surface of the polymer 
solution, leading to clogging and ribbon-shaped fibers (Kanjanapongkul 
et al., 2010). Moreover, zein fibers tend to swell upon contact with 
water, leading to a loss of the fibrous structure of the mat. In order to 
compensate for these unfavorable properties, synthetic co-polymers 
such as polylactic acid, polyurethane, and polycaprolactone (PCL) 
have been electrospun together with zein in a uniaxial set-up (Alhusein 
et al., 2016; Ghorbani et al., 2020; Maharjan et al., 2017), while cross- 
linking agents such as formaldehyde or glutaraldehyde have been 
added after electrospinning (Selling et al., 2011; Selling et al., 2008). 

In contrast to conventional uniaxial electrospinning, where polymer 
and co-polymer are blended in one polymer solution, coaxial electro-
spinning makes use of a core and shell solution (Han and Steckl, 2019). 
Previously, we have demonstrated that electrospinning of a zein core 
solution can be facilitated by hydrophilic polyethylene oxide (PEO) in 
aqueous ethanol as a shell solution (Akhmetova et al., 2020). The zein- 
PEO core–shell fibers we obtained, however, showed a low mechanical 
strength, making them susceptible to wear and tear. They further did not 
fully retain their shape upon absorption of water, decreasing interfi-
brous porosity and hence, potentially also gas exchange and cell 
migration. Moreover, we observed a burst release of the incorporated 
antimicrobial drug tetracycline hydrochloride (T), which would require 
high changing frequencies of the wound dressing in clinical use (Akh-
metova et al., 2020). 

Addressing these shortcomings, the aim of the present study was to 
further develop our fibers to obtain wound dressings with both good 
ductility and mechanical strength as well as water stability and shape 
retention. Moreover, we aimed at achieving a sustained T release in 
order to reduce the changing frequency of a potential wound dressing 
and to suppress infection over a longer time. For this purpose, we 
selected the semi-crystalline polymer PCL to either fully replace PEO or 
to be used in combination with PEO in the fiber shell surrounding the 

zein core. PCL is a biodegradable polymer approved by the FDA (Jan-
mohammadi and Nourbakhsh, 2019), which has previously been 
observed to provide sufficient strength and flexibility to wound dress-
ings (Augustine et al., 2015). Not only can PCL be electrospun in glacial 
acetic acid (AA), a solvent generally recognized as safe by both FDA and 
EMA (2021), but any traces of residual AA in the fabricated fibers may 
suppress bacterial infection further due to the antimicrobial properties 
of AA (Agrawal et al., 2017). There are some studies reporting electro-
spinning of zein with PCL in a uniaxial (Alhusein et al., 2016; Alhusein 
et al., 2013; Ghorbani et al., 2020; Pedram Rad et al., 2018), two-nozzle 
(Pedram Rad et al., 2019) and multilayered (Alhusein et al., 2016; 
Pedram Rad et al., 2019) fashion as well as by coaxial electrospinning 
with PCL in the core and zein in the shell (He et al., 2017; Jiang et al., 
2007). However, to the best of our knowledge, zein has not been elec-
trospun coaxially with a zein core and PCL shell. Overall, we demon-
strate in this study that water stable, ductile, mechanically strong zein- 
PCL core–shell nanofibers can be produced by coaxial electrospinning 
using aqueous ethanol and AA as solvents. These nanofibers display 
sustained release of T, as well as potent antimicrobial activity, and 
efficient fibroblast attachment. Together, the results obtained for the 
zein-PCL core–shell nanofibers represent a step towards the develop-
ment of modern biodegradable wound dressings, which release the 
active pharmaceutical ingredient in a sustained fashion, decreasing the 
wound dressings’ changing frequency. 

2. Materials and methods 

2.1. Materials 

All materials were obtained from Sigma-Aldrich (Darmstadt, Ger-
many), unless specified otherwise. PEO (~900 kDa) and PCL (~80 kDa) 
were used as polymers for electrospinning and glacial AA and absolute 
ethanol (VWR International, as part of Avator, Søborg, Denmark) as 
solvents. Tetracycline hydrochloride (T, ≥95 % purity) was used as 
active pharmaceutical ingredient. Antimicrobial susceptibility test discs 
(30 µg T, Oxoid), Luria-Bertani (LB) broth, Bacto Agar (Saveen & 
Werner, Limhamn, Sweden), 24-well plate inserts (CellCrown, Scaffdex, 
Tampere, Finland), 4 % formaldehyde-buffered aqueous solution (VWR 
International) and MQ water (Reference A + ) were used. For the cell 
study, Medium 106 (Thermo Fisher, Roskilde, Denmark), low serum 
growth supplement (Thermo Fisher), antibiotic–antimycotic (Thermo 
Fisher), Dulbecco’s phosphate-buffered saline (PBS), trypsin-EDTA so-
lution, trypan blue solution (0.4 %), and 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide (MTT) were used. 

2.2. Preparation of nanofiber mats 

Four types of nanofiber mats (NFMs) were electrospun with 
increasing PCL amounts to study the influence of an increasing PCL 
amount on the mechanical properties, release properties as well as 
biological properties of the fiber mats. More specifically, three types of 
coaxially electrospun core–shell fibers containing zein in the core and 
PEO and/or PCL (1 %, 3 % or 25 %, respectively) in the shell as well as 
one type of uniaxially electrospun control sample containing PCL only 
were produced (Table 1). For the core–shell fibers, the core solution 
consisted of 20 % (w/v) zein dissolved in 80 % (v/v) aqueous ethanol at 
60 ◦C under continuous stirring for 2 h. For the PCL-based shell solution, 
25 % (w/v) PCL was dissolved in glacial AA for 2 h in a sonication bath 
at 70 ◦C. For the PEO/PCL-based shell solution, 1 % (w/v) PEO was 
added to the dissolved 1 % or 3 % PCL (w/v) solution in glacial AA, 
respectively, and allowed to mix overnight at RT. In the case of drug- 
loaded fibers, 5 % (w/w of zein) T was added to the zein solution and 
mixed for 10 min at 60 ◦C. Additionally, PCL at 25 % (w/v) in glacial AA 
was electrospun uniaxially. For the drug-loaded PCL fibers, T was added 
at 2 % (w/w of PCL) due to its limited solubility in glacial AA. The 
electrospinning settings were selected according to the stability of the 

A. Martin et al.                                                                                                                                                                                                                                  



International Journal of Pharmaceutics 621 (2022) 121809

3

Taylor cone and the jet (Table 1). All samples were stored at 0 % RH and 
sterilized with UV light at 254 nm for 2 h on each side before further 
analysis. 

The viscosities of the 20 % (w/v) zein solution in 80 % (v/v) aqueous 
ethanol and the 25 % (w/v) PCL solution in glacial AA were measured at 
22 ◦C using a AR-G2 Magnetic Bearing Rheometer (TA Instruments Ltd, 
West Sussex, UK) and a 40 mm cone-plate geometry set-up. 

2.3. Fiber diameter and size distribution 

Fiber diameter and size distribution of the NFMs were analyzed using 
scanning electron microscopy (SEM) on a TM3030 (Hitachi, Tokyo, 
Japan) as described previously (Akhmetova et al., 2020). At least 100 
fibers were included in the analysis for each type of NFM. 

2.4. Interaction of nanofiber mats with water 

Wettability (water contact angle), water stability, water uptake and 
mass loss were determined after cutting the NFMs into circles of 6 mm 
diameter. The wettability was analyzed by the sessile drop method for 
30 s at RT using a Drop Shape Analyzer (DSA100, Krüss, Hamburg, 
Germany). For water stability testing, the samples were immersed in 
water at 37 ◦C for 48 h, after which the samples were rinsed twice with 
MQ water and blotted with tissue paper. All samples were then dried at 
0 % RH overnight and analyzed using SEM as described previously 
(Akhmetova et al., 2020). Water uptake by NFMs was studied by 
recording the initial dry weight of the samples and incubating them with 
MQ water in a 24-well plate at 37 ◦C under constant shaking at 200 rpm 
(neoMix thermoshaker, neoLab, Heidelberg, Germany) for 48 h, after 
which the NFMs were gently blotted with tissue paper and weighed 
again. Mass loss of the NFMs was analyzed by determining the change in 
dry mass before and after 48 h incubation of samples in MQ water. 
Measurements were conducted in triplicate. 

2.5. Mechanical characterization of nanofiber mats 

Tensile properties of dry and wetted NFMs were measured at RT on 
40 × 10 mm samples using a texture analyzer TA.XT plus (Stable Micro 
Systems, Godalming, UK) as described previously (Akhmetova et al., 
2020). A force of 0.01 N and a speed of 0.5 mm s− 1 were applied, and 
experiments were performed in quintuplicate. 

2.6. Solid-state characterization of nanofiber mats 

NFMs, as well as the individual components forming these, were 
analyzed with modulated differential scanning calorimetry (MDSC) and 

X-ray diffraction (XRD). For MDSC analysis on a TA Discovery instru-
ment (New Castle, USA), samples in hermetic pans with pierced lids 
were subjected to a heat-cool-heat cycle from − 10 ◦C to 230 ◦C with a 
modulation amplitude of 0.3180 ◦C, modulation period of 60 s and a 
heating rate of 10 ◦C min− 1 for the first heating and cooling, and 2 ◦C 
min− 1 during reheating. XRD analysis was carried out on a X’pert PRO 
(PANanalytical, Malvern, UK) as described previously (Akhmetova 
et al., 2020). 

2.7. Drug loading and release 

Drug loading and drug release experiments from NFMs were con-
ducted using sterilized NFM samples cut into circles (6 mm diameter). 
For drug loading experiments, the NFM samples were dissolved in 
glacial AA and filtered through a 0.22 µm syringe filter. For release 
testing, NFM samples were placed into 24 well plates with MQ water at 
37 ◦C under shaking at 200 rpm (neoMix thermoshaker), and release 
samples were taken out at specific time points. Both, samples of the drug 
loading and release experiments were analyzed by HPLC (Shimadzu, 
CTO-20A/20AC, Kyoto, Japan) at 40 ◦C using a ShimPack GIST C18 
column (Shimadzu, Kyoto, Japan) and UV detection at 300 nm as 
described earlier (Akhmetova et al., 2020). 

2.8. Antimicrobial study 

Gram-negative Escherichia coli (ATCC 25922) and Gram-positive 
Staphylococcus aureus (ATCC 29213) were cultured overnight at 37 ◦C 
in LB broth under vigorous shaking. For the agar diffusion test, 0.1 mL of 
the overnight cultures, diluted to an OD600 of 0.7, were spread evenly 
over the surface of LB agar plates. Subsequently, dry NFMs of 6 mm in 
diameter or 30 µg T discs as a control were placed on top of the plates. 
After 24 h incubation at 37 ◦C, images of the inhibition zones were 
recorded with ChemiDoc imaging system (BioRad Laboratories, 
Copenhagen, Denmark) and analyzed with ImageJ software (1.52a 
version). 

2.9. In vitro cell cultures and wound scratch assay 

Primary neonatal human dermal fibroblasts (Invitrogen) were 
cultured following manufacturer’s instructions. For the MTT and lactate 
dehydrogenase (LDH) assays, 5 × 104 cells in 1 mL were seeded in each 
well of a 24-well plate and cultured to 90 % confluence. Next, NFMs of 6 
mm diameter were placed in the wells, while untreated cells and cells 
with 30 µL T solution were used as negative and positive controls, 
respectively, followed by incubation for 24 h at 37 ◦C and 5 % CO2. 

For the wound scratch assay, cells were prepared as described above 

Table 1 
Electrospinning solutions, conditions and settings.  

Abbreviation Core 
(%, w/v) 

Shell 
(%, w/v) 

Core flow rate (µL/h) Shell flow rate (µL/h) Injector voltage (kV) Collector voltage (kV) Distance injector  
collector (cm)  

zein-1PEO/1PCL 20% zein 1% PCL +
1% PEO 

500 700 7 − 0.8 18 

zeinT-1PEO/1PCL 20% zein +
5 % T 

1% PCL +
1% PEO 

500 700 7 − 0.8 18 

zein-1PEO/3PCL 20% zein 3% PCL +
1% PEO 

500 700 8 − 0.8 18 

zeinT-1PEO/3PCL 20% zein +
5 % T 

3% PCL +
1% PEO 

500 700 8 − 0.8 18 

zein-25PCL 20% zein 25% PCL 100 600 16 − 6 25 
zeinT-25PCL 20% zein +

5 % T 
25% PCL 200 800 13 − 6 25 

25PCL 25% PCL None 200 – 6 − 1 25 
T25PCL 25% PCL +

2 % T 
None 200 – 7 − 6 25  
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and a scratch was made in the middle of each well with a 200 µL pipette, 
followed by the addition of the NFMs or 30 µL T solution as described 
above. For another control, neither NFMs nor T solution were added and 
only a scratch was made. Images were taken with light microscopy 
(EVOS, Thermo Fisher) before and after 24 h incubation at 37 ◦C and 
5 % CO2. The experiment was carried out in duplicate. Cell attachment 
and migration on the NFMs were investigated after fixing the cells with 
4 % formaldehyde for 30 min as described previously (Akhmetova et al., 
2020). 

2.10. Cell viability assays 

LDH release in the cell culture medium was measured using the 
Pierce LDH Cytotoxicity Assay kit (Thermo Fisher) according to manu-
facturer’s instructions. For the MTT assay, the NFMs were removed and 
the remaining medium was replaced with 100 µL of fresh medium and 
11 µL of MTT solution (5 mg mL− 1 in PBS); lysed cells were used as a 
control. After 2–4 h incubation, cells were washed with PBS and 100 µL 
of dimethyl sulfoxide was added followed by a 10 min incubation at RT 
and measurement of the absorbance at 550 nm using a VICTOR Nivo 
plate reader (Perkin Elmer, Skovlunde, Denmark). 

2.11. Statistical analysis 

DSC data were analyzed using the TRIOS software (TA, New Castle, 
USA), and the rest of the data were analyzed using OriginPro software 
(version 9.6.0.172). The data are presented as mean values ± standard 
deviations at p < 0.01 (**), p < 0.001 (***) or p < 0.0001 (****). One- 
way analysis of variance followed by Tukey’s test was used for com-
parison of mean values and Levene’s test to assess the equality of 
variances. 

3. Results 

3.1. Morphology and fiber diameter distribution of nanofiber mats 

Different electrospinning settings were tested empirically and 
artifact-free nanofibers, i.e., fibers free of beads and irregularities, were 
obtained using the electrospinning settings specified in Table 1. Both 
drug-loaded and drug-free PEO-containing NFMs (zein-1PEO/1PCL and 
zein 1PEO/3PCL, Table 1) showed tubular fibers of similar diameters 
around 900 nm (Fig. 1). Combining a zein core and a PCL shell without 
PEO and T (zein-25PCL) resulted in a significant decrease (p < 0.001) of 
the fiber diameter to around 600 nm, whereas pristine 25 % (w/v) PCL 
fiber mats without T (25PCL) showed much larger fiber diameters of ~ 
1450 nm. Furthermore, incorporation of T into the zein-25PCL fibers 
resulted in a bimodal distribution of tubular- and ribbon-shaped fibers. 
A less pronounced bimodal distribution was observed for pristine 25 % 
(w/v) PCL fibers electrospun with T (Fig. 1). 

Water stability testing, i.e., SEM analysis after incubation of the 
NFMs in excess MQ water revealed a varying structural stability of the 
fibers (Fig. 1). Overall, an increase in PCL amount better preserved the 
shape of single fibers. In contrast, all PEO-containing samples lost their 
fibrous structure, which is why an analysis of fiber diameter and size 
distribution was not possible. The drug-loaded zein-25PCL fibers were 
significantly swollen (p < 0.001) after 48 h exposure to water and 
showed a higher diameter in comparison to their dry state. No signifi-
cant change in fiber diameter was observed in the uniaxially electrospun 
zein-free PCL fibers (25PCL) after exposure to water. 

3.2. Interaction of the nanofiber mats with water 

Wettability analysis revealed that despite the initially high contact 
angles of all NFMs, water was quickly absorbed within 30 s for many 
samples, except for the zein-1PEO/1PCL NFMs and the pristine 25PCL 

Fig. 1. SEM analysis of the fiber morphology and diameter for zein-1PEO/1PCL, zein-1PEO/3PCL, zein-25PCL, and 25PCL fiber mats freshly prepared and after 48 h 
exposure to MQ water, respectively. Fiber diameter size distributions are only shown for samples that were possible to analyze with ImageJ. 
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fibers with and without T. These latter samples remained non-wetted by 
water, with a contact angle of ~ 125◦ - 135◦ (Fig. 2A). Irrespective of the 
PCL concentration, incorporation of T in all samples with a zein core 
reduced the contact angles as compared to the non-drug-loaded samples. 

Water uptake, as well as shape retention and mass loss of the NFMs 
were studied over 48 h and were found to depend on the PCL concen-
tration (Fig. 2B). The zein-1PEO/1PCL NFMs shrunk by approximately 
50 % and showed a low water uptake and mass loss (around 15 %), 
while an increase of the PCL concentration from 1 % to 3 % (w/v) (zein- 
1PEO/3PCL) resulted in better shape retention of the NFMs and greater 
water uptake up to 200 %, with the mass loss being unaffected (around 
15 %). A further increase of the PCL concentration to 25 % (w/v) (zein- 
25PCL and 25PCL) reduced the mass loss to approximately 2 % and 
enhanced the water uptake up to 600 % − 1000 %, while the shape of 
the NFM was almost fully retained (Fig. 2B). 

3.3. Mechanical characterization 

A significant difference was observed between PEO-containing and 
PEO-free NFMs regarding both elongation and tensile strength at break 
(Table 2). When the concentration of PCL was higher than that of PEO, 
there was a significant increase in elongation and tensile strength. 
Moreover, with the increase in PCL concentration, the NFMs showed a 
lower Young’s modulus (Table 2) and were more ductile (Fig. 3). In 
addition, a large difference between dry and wetted state of the PEO- 
containing NFMs was observed. For instance, the wetted fibers 
reached an elongation of approximately 140 % in the case of zein-1PEO/ 
3PCL, whilst the dry fibers only showed around 5 % elongation 
(Table 2). In contrast, no significant difference in the mechanical 
properties of the dry and wetted states of 25PCL was found (Table 2). All 
T-loaded core–shell NFMs displayed lower elongation in comparison to 

their drug-free counterparts irrespective of their composition. In most 
cases, however, the difference in elongation between samples with and 
without T was not significant, except for the zein-25PCL samples. Due to 
the undesired mechanical properties, i.e., low tensile strength and low 
elongation, of drug-free and drug-loaded zein-1PEO/1PCL samples, 
these were excluded from further characterization. 

3.4. Solid-state characterization 

The solid-state properties of the NFMs and their separate constituents 
were analyzed by MDSC and XRD (Fig. 4). The amorphous nature of zein 
was confirmed by the diffractograms of the raw material. The thermo-
grams reveal the glass transition temperature (Tg) for pure zein powder 
at 158.0 ± 0.9 ◦C, and for zein within the NFMs at around 161.9 ±
1.3 ◦C (Fig. 4A). The melting endotherms for the pure semi-crystalline 
polymers PCL and PEO were at 56 ◦C and 65 ◦C, respectively. The 
thermograms of the NFMs show separate melting endotherms for PEO 
and PCL, which is also confirmed by PEO and PCL peaks visible in the 
XRD diffractograms of the otherwise amorphous material as indicated 
by the typical halo (Fig. 4B). 

3.5. Drug loading and release 

The actual drug loading of T within all zein-based core–shell fibers 
was approximately 30 µg per sample, while the drug loading of T25PCL 
samples was lower (6 µg) due to the solubility limitation of T in the 
glacial AA (Table 3). Therefore, the latter samples were excluded from 
further biological experiments. Encapsulation efficiency of T within all 
NFMs was above 70 % (Table 3). HPLC analysis demonstrated a burst 
release of T within 20 min from zein-1PEO/3PCL samples and delayed 
release with increasing PCL concentration (Fig. 5). However, the release 

Fig. 2. Interactions of the NFMs with water. (A) Wettability (water contact angle) and (B) comparison between water uptake, mass loss and shape retention of 
the NFMs. 

Table 2 
Mechanical properties of the dry and wetted NFMs.  

Sample Young’s Modulus, kPa Tensile strength at break, kPa Elongation at break, % 

dry ± SD wet ± SD dry ± SD wet ± SD dry ± SD wet ± SD 

zein-1PEO/1PCL 9.1 ± 1.3 
14.3 ± 4.2 
9.8 ± 0.5 
8.8 ± 2.5 
3.0 ± 1.0 
1.4 ± 0.7 
0.8 ± 0.2 
0.8 ± 0.0 

0.4 ± 0.2 
0.2 ± 0.1 
0.3 ± 0.0 
0.2 ± 0.0 
1.9 ± 0.2 
0.8 ± 0.1 
0.6 ± 0.0 
1.2 ± 0.1 

150.5 ± 25.6 
211.3 ± 70.2 
221.1 ± 16.0 
168.3 ± 71.4 
475.3 ± 86.0 
236.4 ± 85.7 
372.0 ± 98.6 
370.3 ± 14.2 

19.6 ± 4.3 
10.7 ± 2.9 
19.8 ± 1.0 
21.7 ± 3.7 
434.1 ± 55.4 
180.9 ± 25.3 
253.6 ± 50.0 
504.7 ± 35.7 

2.7 ± 0.6 
2.3 ± 0.2 
4.8 ± 0.7 
3.8 ± 0.7 
131.7 ± 14.8 
78.0 ± 9.4 
111.0 ± 13.8 
143.7 ± 6.3 

61.4 ± 2.5 
40.9 ± 7.3 
139.8 ± 1.4 
105.8 ± 13.2 
116.3 ± 5.6 
69.6 ± 1.4 
89.7 ± 24.0 
114.5 ± 3.7 

zeinT-1PEO/1PCL 
zein-1PEO/3PCL 
zeinT-1PEO/3PCL 
zein-25PCL 
zeinT-25PCL 
25PCL 
T25PCL  
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of T from pristine 25PCL fibers only reached 10 % over three days. The 
release of T from the NFMs was found to follow Higuchi kinetics 
(Table 4). 

3.6. Biological studies 

Inhibition of E. coli and S. aureus by T-loaded zein-1PEO/3PCL and 
zein-25PCL samples was comparable to the T disc control (Fig. 6A). 
Drug-free NFMs did not demonstrate inhibition zones. Viability of fi-
broblasts in the presence of zein-based NFMs was similar for zein-1PEO/ 
3PCL and zein-25PCL samples and above 80 %, as measured using an 
MTT assay (Fig. 6B). This was further confirmed by the release of LDH 
from the cells, which did not exceed 5 % (Fig. 6C). Adhesion of fibro-
blasts was more pronounced on 25PCL NFMs as compared to zein-1PEO/ 
3PCL, both with and without T (Fig. 7). The wound scratch assay 
demonstrated cell migration and rapid gap closure within 24 h in the 

Fig. 3. Strain-stress profiles of the dry (left hand side) and hydrated (right hand side) NFMs.  

Fig. 4. Solid-state characterization of the NFMs, showing (A) MDSC thermograms and (B) X-ray diffractograms of the NFMs and their individual components, 
respectively. 

Table 3 
Encapsulation efficiency and theoretical and actual drug loading of the NFMs.  

Sample DL, % (w/w) TDL, % Actual DL, µg EE, % 

zeinT-1PEO/3PCL  5.0  3.4 30.83 ± 1.03 75.49 ± 2.60 
zeinT-25PCL  5.0  0.8 28.64 ± 1.64 82.49 ± 4.66 
T25PCL  2.0  0.7 5.99 ± 0.02 70.36 ± 2.67  
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presence of all NFMs, with a slightly denser cell monolayer in the case of 
zein-25PCL NFMs (Fig. 8). 

4. Discussion 

Fiber diameter and distribution in wound dressings are essential for 
cell attachment and migration in the wound site as well as for gas ex-
change (Azimi et al., 2020; Liu et al., 2021). In comparison to our pre-
viously developed zein-PEO core–shell microfibers (Akhmetova et al., 
2020), the zein-PCL core–shell fibers showed ~ 50 % smaller diameters, 
resulting with fibers in the nanofiber range (Fig. 1). This is advantageous 
for their use in wound dressings, as nanofibrous scaffolds have been 
found to enhance fibroblast attachment compared to microfibrous 
scaffolds due to their larger specific surface area (Bondar et al., 2008; 
Chen et al., 2009). The difference in fiber diameters compared to the 
fibers previously reported by us most likely is a consequence of the use of 
AA as a shell solvent in this study instead of aqueous ethanol. AA has a 
high boiling point of 118 ◦C and, therefore, displays a slower evapora-
tion than aqueous ethanol, subsequently allowing more jet stretching 

before fiber solidification, resulting in smaller fiber diameters (Luo 
et al., 2012). However, electrospinning was more challenging with the 
gradual increase of PCL in the presence of PEO, which is most likely due 
to the immiscibility between PEO and PCL (Li et al., 2014; Qiu et al., 
2003), as confirmed by the MDSC analysis that resulted in two separate 
peaks (Fig. 4A). The decreased fiber diameter of the core–shell fibers as 
compared to the control fibers from pristine PCL (Fig. 1) may further be 
due to the lower viscosity of zein solution (0.11 Pa s ± 0.01 Pa s) in 
comparison to the pristine PCL solution (20.28 Pa s ± 0.41 Pa s) that 
facilitated further elongation of the jet. This is in agreement with 
another study on multi-layer matrices containing zein and PCL (Alhu-
sein et al., 2013). The bimodal distribution of T-loaded fibers that was 
observed at 25 % (w/v) PCL may be the result of a poor compatibility 
between the hydrophobic PCL and the hydrophilic drug T (Fig. 1). 
Similar compatibility issues between polymers and drugs have been 
reported previously (Chou et al., 2015; Haroosh et al., 2014; Kar-
uppuswamy et al., 2015). Nevertheless, fabricating multimodally 
distributed fibers may be advantageous in terms of cell attachment and 
migration, as different cell types respond differently to different fiber 
diameters (Jenkins and Little, 2019; Sankar et al., 2017). 

Retaining the structure of individual fibers and a high inter-fiber 
porosity in NFMs during application is essential to allow cell migra-
tion within the scaffold and to facilitate diffusion of nutrients and me-
tabolites (Cai et al., 2017; Rnjak-Kovacina and Weiss, 2011). Water 
stability tests of our developed fibers revealed that the fibers best retain 
their morphology at high PCL concentrations (Fig. 1), likely an effect of 
the hydrophobicity of PCL (Siddiqui et al., 2018), as supported by the 
high contact angles of pristine 25PCL fibers with and without T 
(Fig. 2A). In contrast, samples containing PEO and only small amounts 
of PCL (zein-1PEO/1PCL and zein-1PEO/3PCL) did not retain their 
morphology (Fig. 1). This is most likely due to the hydrophilicity of PEO, 
which facilitates penetration of water molecules into zein, and the 
plasticizing effect of water on zein (Lawton, 2004). These results are in 
agreement with those obtained for zein-PEO microfibers developed 
earlier, which did not fully retain their shape for the same reasons 
(Akhmetova et al., 2020). 

Wettability and water uptake are important to keep a moist envi-
ronment for wound healing and to facilitate cell migration and attach-
ment as well as diffusion of nutrients in the wound site (Azimi et al., 
2020; Liu et al., 2021). With respect to the contact angle (wettability) 
measurements, which were carried out on dry NFMs, surface hydro-
phobicity/hydrophilicity of the fibers plays an important role. In the 
pristine PCL fiber mats, the contact angle was heavily influenced by the 
hydrophobicity of PCL (Siddiqui et al., 2018) and, therefore, stayed high 
and did not change over the short measurement period of 30 s, indi-
cating a low wettability (Fig. 2A). In contrast, the decreasing contact 
angles and, hence, higher wettabilities of all core–shell fibers (Fig. 2A) 
may be due to partial mixing of the core and shell solutions occurring 
within the Taylor cone during electrospinning (Chou et al., 2015). Since 
both zein and T are soluble in AA (Li et al., 2011), such mixing may have 
taken place and resulted in the presence of zein or T in the shell of the 

Fig. 5. Release of tetracycline hydrochloride from the NFMs.  

Table 4 
Release kinetics of T from the NFMs.  

Sample Model fitting  

Zero order First order Higuchi 

R2 R2 R2 

zeinT-1PCL/3PEO 0.633 0.845 0.950 
zeinT-25PCL 0.870 0.583 0.941 
T25PCL 0.784 0.586 0.951  

Fig. 6. Results for antimicrobial and cell viability studies. (A) Bacterial inhibition, (B) MTT assay and (C) LDH assay in the presence of different NFMs.  
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fibers. This in turn may have led to a higher surface hydrophilicity of the 
core–shell NFMs and, hence, a decreasing contact angle, which is 
consistent with a study on uniaxially electrospun PCL/zein fibers (Plath 
et al., 2021). In contrast, water uptake increased with increasing PCL 
concentration in the NFMs (Fig. 2B). Partial degradation of PCL induced 
by higher temperatures during electrospinning or in an acidic environ-
ment due to the use of AA may explain higher water penetration and 
absorption into pristine PCL and zein-25PCL scaffolds, an effect that may 
have unfolded over the incubation time of 48 h in water (Hernández 
et al., 2013; Ramazani and Karimi, 2014). 

A wound dressing material should show ductility, high elasticity as 
well as a high tensile strength, allowing for an easy handling, comfort-
able wear as well as resistance against tear (Azimi et al., 2020). Upon 

examination of the core–shell NFMs in water, we found a clear change in 
mechanical properties depending on the shell composition (Table 2). 
While the mechanical properties of the dry PEO-containing NFMs reflect 
those of zein, which is brittle, stiff and shows low mechanical strength 
(Paliwal and Palakurthi, 2014; Shi et al., 2012), the increased elongation 
of the NFMs in a wetted state can be attributed to the water absorption 
by PEO and the subsequent plasticizing effect of water on zein (Lawton, 
2004). In contrast, the mechanical properties of the PEO-free fiber mats 
are completely governed by the high ductility and low stiffness (high 
elasticity) of PCL (Baker et al., 2016; Urquijo et al., 2015), which was 
also confirmed by the stress–strain curves obtained in this study (Fig. 3). 

In the PEO-containing NFMs, zein hydration and plasticization 
further resulted in a mass loss and shrinkage of the fiber mats (negative 

Fig. 7. Fibroblast cell adhesion on NFMs. Representative images were chosen.  

Fig. 8. Wound scratch assay in the presence of NFMs. Representative images were chosen. The scale bar represents 200 µm.  
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shape retention) (Fig. 2B), which is in agreement with other studies 
involving electrospun zein (Alhusein et al., 2016; Xu et al., 2008), as 
well as flattening out of the fibers with partial loss of the fibrous 
structure (Fig. 1). The larger mass loss of PEO-containing fibers as 
compared to the NFMs without PEO most likely results from the solu-
bility of PEO in water (Bailey and Koleske, 1976; Kianfar et al., 2021) 
and hence, partial erosion of the fibers. T-containing NFMs with PEO 
showed the largest mass loss (Fig. 2B) as a result of T release from the 
fibers, pore formation (Fig. 1) and subsequent enhancement of zein 
plasticization by water. The PEO-free NFMs further did not show mass 
loss or change in morphology (Fig. 2B), which is due to the hydropho-
bicity of PCL and its insolubility in water together with its high me-
chanical strength (Urquijo et al., 2015). 

Sustained release of antibiotics from wound dressings can be bene-
ficial to minimize their application frequency in clinical use and to 
prolong their antimicrobial effect. Our PCL-containing fibers display 
sustained T release with increasing PCL content and decreasing PEO 
content (Fig. 5). The burst release from PEO-containing fibers can be 
attributed to the hydrophilicity of PEO, which dissolves in water, leav-
ing pores in the shell and facilitating diffusion of water into the zein core 
of the fibers and T diffusion out of the fibers (Bailey and Koleske, 1976; 
Kianfar et al., 2021). In contrast, hydration and hydrolytic degradation 
of the pristine PCL fibers and, hence, dissolution and release of T were 
significantly delayed due to the hydrophobicity of PCL, which is in 
accordance with our results on morphological and wettability charac-
teristics as well as other studies (Alhusein et al., 2013; Bosworth and 
Downes, 2010; Karuppuswamy et al., 2015; Siddiqui et al., 2018). The 
best results in terms of sustained release were obtained for the zein- 
25PCL fibers with more hydrophilic surface properties, most likely 
due to the presence of zein and T in the shell of the fibers as a result of 
mixing between core and shell solutions during electrospinning as 
mentioned above (Plath et al., 2021). This led to a faster T release, 
which, however, was still delayed as compared to PEO-containing fibers. 

The release kinetics from coaxially electrospun fibers are highly 
complex and are influenced by various factors such as drug loading, 
encapsulation efficiencies, morphological properties and solid-state 
properties (Chou et al., 2015). Our T-loaded zein-25PCL NFMs showed 
Higuchi release kinetics (Table 4) and, thus, represent systems charac-
terized by diffusion-controlled T release without or with low surface 
erosion, showing potential for wound treatment (Dash et al., 2010). In 
the beginning, more T is released, which is present on or close to the 
surface of the fibers, followed by a diffusion-controlled release of T from 
within the fibers. Due to the slow degradation of PCL (Bosworth and 
Downes, 2010), bulk erosion of the PCL shell is unlikely in a short 
release study and is, thus, in agreement with the assumptions of the 
Higuchi release kinetics model (Chou et al., 2015; Karuppuswamy et al., 
2015). For the PEO-containing fibers, we observed fiber swelling and 
erosion (Fig. 1), most likely associated with hydration as well as plas-
ticization of the zein core. Even though their release follows the Higuchi 
model (Table 4), the observed burst release is likely to be a combination 
of mechanisms such as diffusion, swelling, structural cleavage and 
subsequent erosion. 

Antimicrobial wound dressings should be able to release the loaded 
antibiotic in a controlled fashion and, thus, inhibit bacterial growth. 
They should also demonstrate biocompatibility and allow migration of 
fibroblasts, promoting wound healing (Liu et al., 2021). All drug-loaded 
fibers released T and inhibited the growth of both bacterial strains 
(Fig. 6A), showed good cytocompatibility (Fig. 6B,C) and allowed 
attachment of fibroblasts (Fig. 7). It can, hence, be concluded that they 
all have potential for tissue regeneration and wound healing purposes. A 
comparison of zein-1PEO/3PCL and zein-25PCL NFMs showed that fi-
broblasts attached more to and spread more out on the zein-25PCL 
samples (Fig. 7). This may be a result of starting surface degradation 
of PCL within the first 24 h of incubation and subsequent exposure of 
polar functional groups such as carboxyl and hydroxyl groups as well as 
generating a rougher fiber surface, all of which has previously been 

shown to increase the surface hydrophilicity of PCL fibers, the interac-
tion with ECM molecules and consequently fibroblast attachment (Au-
gustine et al., 2015; Kumar et al., 2012). The high tensile strengths of 
zein-25PCL scaffolds as compared to the PEO-containing fibers (Table 2) 
may be an additional advantage, providing good mechanical support 
and thereby allowing adhesion and migration of fibroblasts across the 
wound bed (Mondal et al., 2016). The wound scratch assay is a simple in 
vitro method, where a scratch in a confluent monolayer imitates an 
injury, leading to subsequent cell migration and wound closure (Ala-
varse et al., 2017). For both tested NFMs and the control, migration and 
proliferation of new fibroblasts in the scratch area were observed 
(Fig. 8). The dense cell monolayer, which formed after treatment with 
zeinT-25PCL fibers as compared to the control and zeinT-1PEO/3PCL 
indicates that zein-25PCL fibers show promising properties for wound 
healing through migration and proliferation, consistent with another 
study (Kouser et al., 2021). 

5. Conclusion 

In this study, we set out to improve the mechanical properties and 
alter the drug release behavior of our previously developed antimicro-
bial electrospun zein-PEO core–shell fibers by adding hydrophobic PCL, 
a polymer known for its ductility and elasticity, to the shell. We pro-
duced and compared zein-PCL core–shell fibers with and without 
additional PEO in the shell and used pristine PCL fibers as a reference. 
Overall, the zein-PCL core–shell fibers without PEO demonstrated the 
desired mechanical properties, i.e., water stability, ductility and me-
chanical strength. Moreover, we successfully altered the release 
behavior of the fibers from burst release of our zein-PEO fibers to a 
sustained release of tetracycline hydrochloride from the zein-PCL fibers 
and confirmed their antimicrobial activity. We further proved cyto-
compatibility as well as an enhanced fibroblast cell attachment on our 
zein-PCL fiber mats. In conclusion, the zein-PCL fibers contribute to the 
ongoing research on biodegradable wound dressings, which release the 
active ingredient in a sustained fashion. 
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