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A B S T R A C T

Nanofiber materials are commonly used as delivery vehicles for dermatological drugs due to their high surface-
area-to-volume ratio, porosity, flexibility, and reproducibility. In this study air-jet spinning was used as a novel
and economic method to fabricate corn zein nanofiber meshes with model drugs of varying solubility, molecular
weight and charge. The release profiles of these drugs were compared to their release from corn zein films to
elucidate the effect of geometry and structure on drug delivery kinetics. In film samples, over 50% of drug was
released after only 2 h. However, fiber samples exhibited more sustained release, releasing less than 50% after
one day. FTIR, SEM, and DSC were performed on nanofibers and films before and after release of the drugs.
Structural analysis revealed that the incorporation of model drugs into the fibers would transform the zein
proteins from a random coil network to a more alpha helical structure. Upon release, the protein fiber reverted to
its original random coil network. In addition, thermal analysis indicated that fibers can protect the drug mo-
lecules in high temperature above 160 °C, while drugs within films will degrade below 130 °C. These findings can
likely be attributed to the mechanical infiltration of the drug molecules into the ordered structure of the zein
fibers during their solution fabrication. The slow release from fiber samples can be attributed to this biophysical
interaction, illustrating that release is dictated by more than diffusion in protein-based carriers. The controlled
release of a wide variety of drugs from the air-jet spun corn zein nanofiber meshes demonstrates their success as
drug delivery vehicles that can potentially be incorporated into different biological materials in the future.

1. Introduction

Topical delivery of dermatological drugs offers many advantages
over systemic delivery routes such as the requirement for lower doses
and reduced off-target effects [1,2]. The development of drug delivery
vehicles in various dimensions such as micelles [3,4], liposomes [5,6],
nanoparticles [3,5,7], and thin films [8,9], has allowed for long-term,
controlled release of topical drugs when these systems are placed on the
skin, increasing patient compliance and efficacy of the treatment. Most
notably, polymeric nanofibers exhibit unique qualities that make them
ideal candidates for topical drug delivery. For example, the high surface
area-to-volume ratios of nanofibers allows for efficient delivery of hy-
drophobic and hydrophilic drugs that can be easily incorporated into
the pre-fiber solution [2,7,10]. Malleable fiber mats also exhibit high

porosity essential in mass transport and can be easily incorporated into
bandages for the treatment of wounds [2,7]. However, clinical use of
nanofiber mats in topical drug delivery has been limited most likely due
to a lack of quantitative research and problems with controllable, in-
dustrial-scale production [7].
To date, the most common fabrication method for protein nanofi-

bers is electrospinning [11,12]. In this approach, a polymer solution is
expelled from a spinneret connected to a high voltage source above a
grounded collector. At the outlet of a spinneret, the liquid becomes
charged and is drawn towards the direction of the collector, as elec-
trostatic repulsions overpower surface tension forces. Simple improve-
ments to the electrospinning apparatus, can also be used to create
multi-component fibers, exhibiting a core-shell or Janus-like structure
[13–16]. However, in all of these techniques, a high voltage power
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source is required to facilitate fiber formation [17]. To eliminate this
need and improve the efficiency of fiber formation while maintaining
cost effectiveness, an air-jet spinning technique was developed to create
protein-based fibers. Air-jet spinning, also referred to as solution
blowing, utilizes compressed air as the main driving force for fiber
formation [19,20]. The apparatus involves inserting polymer solution
into one side of a concentric nozzle spray gun, attached to an air
compressor. High-speed gas is then passed through the gun, applying a
shear force to the polymer solution to create strands. As these polymer
strands enter the atmosphere, the solvent quickly evaporates, resulting
in the formation of fibrous mats [18,19].
In this study, the air-jet spinning method was used to fabricate corn

zein protein nanofibers for controlled release of various model drugs,
chosen to reflect the diversity of pharmaceutical compounds used
today. Zein, the major storage protein in corn, exhibits extremely high
tensile strength, flexibility, and toughness, making it an ideal polymer
for air-jet spinning and fiber formation [21]. Recently, Wang et al.
formulated corn zein nanoribbons through a modified coaxial electro-
spinning process, yielding uniform structures with tunable diameters
[22]. As a drug delivery vehicle, the proposed anti-bacterial, anti-mi-
crobial, and antioxidative properties of corn zein make it a promising
candidate for topical delivery [23,24]. By fabricating bilayer mem-
branes composed of zein films and electrospun fibers, Kimna et al.
created mechanically robust wound dressings, with structural simila-
rities to native skin [25]. Electrospun corn zein fibers have also been
loaded with antimicrobial compounds such as tetracycline hydro-
chloride, as well as poorly soluble drugs such as indomethacin
[26,27–31].
Due to the variety of drug delivery vehicles available today, the

effect of carrier geometry on drug loading, storage, and release kinetics
has garnered much interest in the field of drug delivery [32–34]. Un-
derstanding this relationship will ultimately lead to more precise tuning
and design of drug delivery systems. To explore this concept, model
drug release from cylindrical zein nanofibers was also compared to
surface release from zein films, synthesized through the solvent casting
method. All fibers and films were also characterized with FTIR, SEM,
and DSC and differences in drug loading and corn zein structure were
noted.

2. Experimental section

2.1. Materials preparation

Purified zein protein powder (CAS Number 9010-66-6) was a gift
obtained from POET, LLC (Sioux Falls, SD, USA) and filtered through a
0.45 μm nylon membrane to remove excess impurities once dissolved.
ACS Grade 98% Formic Acid was purchased from EMD Millipore
Corporation (Burlington, MA, USA), ACS Grade Calcium Chloride
Anhydrous was purchased from AMRESCO Inc. (Solon, OH, USA), and
both were used as purchased. Crystal violet, indigo carmine, alcian blue
8GX, rhodamine B, and rifampin were purchased from VWR
International (Bridgeport, NJ, USA).

2.2. Corn zein nanofibers

Fabrication of corn zein nanofibers (Fig. 1 and Supplemental Fig. 1)
began by dissolving approximately 16 g of corn zein protein in 30 mL of
formic acid (pH = 2.3) at room temperature. This concentration was
chosen based on preliminary experiments exploring the effect of zein
concentration on fiber formation. Below this concentration, fibers were
unable to support their own weight and collapsed during collection, due
to their low protein content. At higher concentrations, however, the
solution became too viscous for the spray gun, and fiber formation was
not achieved. While corn zein is soluble in many organic compounds
including ethanol/water solutions, it exhibits higher dissolution in mild
organic acids, such as formic and acetic acid mainly due to increased

protonation [35]. High concentration zein-formic acid solutions also
exhibit lower viscosities compared to corresponding ethanol mixtures,
preventing clogging of the spray gun.
For samples containing model drugs, 0.4 g of drugs were dissolved

in the formic acid prior to the addition of corn zein. After successful
dissolution of zein protein, the solution was filtered through a syringe
to remove any impurities and residual zein. The final filtered solution
was then transferred to a syringe which was attached to a NEO BCN
Siphon-Feed Dual-Action Airbrush from Anest Iwata-Medea, Inc.
(Portland, OR, USA). Compressed air, generated by a DeWalt D55168
air compressor (Baltimore, MD, USA), was fed into the spray gun at a
pressure of 100 psi and used to shear the zein solution to produce fibers.
Fibers were collected on a box lined with aluminum foil that was ap-
proximately 1.7 m away from the sprayer and left to dry. Excess formic
acid was evaporated by placing the fibers into a vacuum oven at 60 °C
for 12 h. Absence of the C]O peak is observed in FTIR of all fiber
samples, further suggesting that there was no residual formic acid left
before the studies. Finally, fibers were characterized, and used for drug
release studies.
A summary of chemical and physical properties of the chosen model

drugs is shown in Table 1. A low concentration of drug was used to
prevent clogging of the spray gun nozzle by model drug crystals. As
seen in Table 1, the model drugs that were chosen to represent varying
hydrophobicity, molecular weights, and solubilities, reflecting the li-
brary of pharmaceutical compounds used today.

2.3. Corn zein films

To study the effect of morphology on drug release kinetics, corn zein
films were also fabricated and compared to fibers (Fig. 1). Same corn
zein-drug formic acid solutions were made as described above. Ap-
proximately 3 mL of the solution was then poured into circular PDMS
molds and left to sit at room temperature for two days. To remove
excess formic acid, films were also placed in the vacuum oven at 60 °C
for 12 h. Films containing each model drug were used for character-
izations, as well as drug release studies.

2.4. SEM characterization

Scanning Electron Microscopy (SEM) was used to assess morpho-
logical characterization of the zein fibers and films. The experiments
were performed using a Leo 1530 VP SEM (Germany), all the samples
were sputtered coated with gold for SEM imaging for 9 s. All figures
were obtained with EHT at 5.00 kV.

2.5. Fourier transform infrared spectrometry (FTIR)

A Bruker Tensor 27 Fourier Transform Infrared Spectrometer
(Billerica, MA, USA), equipped with a deuterated triglycine sulfate
detector and a multiple reflection, horizontal MIRacle ATR attachment
(using a Ge crystal, from Pike Tech. (Madison, WI)) that was con-
tinuously purged with nitrogen gas was used. Readings were taken at a
range of 4000 to 400 cm−1 with 64 background scans and 64 sample
scans at a of 4 cm−1. For each fiber and film sample, four total mea-
surements were taken to ensure homogeneity. However, only one
spectrum is shown in this report to demonstrate the overall trend.
Between samples, the ATR crystal was cleaned with methanol.

2.6. Differential scanning calorimetry (DSC)

Data were collected using a TA Instruments (New Castle, DE, USA)
Q100 DSC, with purged dry nitrogen gas flow (50 mL/min), equipped
with a refrigerated cooling system. The instrument had been previously
calibrated with indium for heat flow and temperature, and aluminum
and sapphire reference standards were used to calibrate heat capacity.
Samples were encapsulated in aluminum pans and heated in the DSC.
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Temperature-modulated differential scanning calorimetry (TMDSC)
measurements were taken at a heating rate of 2 °C/min with a mod-
ulation period of 60s and temperature amplitude of 0.318 °C, from
−40 °C to 400 °C.

2.7. Drug release study

Drug release experiments were performed in continuous sink con-
ditions, by first immersing 0.05 g of drug-loaded film or fiber meshes,
into 50 mL of 20 mM phosphate buffer (pH 7.0) at 37 °C. At

Fig. 1. Overview of corn zein nanofiber and films synthesis and drug release study procedure.

Table 1
Summary of chemical and physical properties of the chosen model drugs.

Model drug compound Molecular weight
(g/mol)

Solubility in H2O at 25 °C
(mg/mL)

Log P

Crystal violet 407.98 50 1.4

Indigo carmine 466.36 10 1.01

Rhodamine B 497.02 8 1.95

Rifampin 822.94 2.5 2.77

Alcian blue 1298.9 1 −9.7
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predetermined time points (15 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, 24 h,
48 h, 96 h), samples were transferred to fresh PBS and 2 mL aliquots of
the previous bath were collected for analysis. To quantify the con-
centration of drug in the release media, the UV absorbance of the ali-
quots was measured using a SpectraMax i3x Plate Reader (Molecular
Devices LLC, Sunnyvale, CA, USA) immediately after collection.
Absorbance was correlated to concentration using a standard prepared
by dissolving the corresponding drug in PBS at various concentrations.
All experiments were done in triplicate, and the average values graphed
as a function of time. Upon completion of the study, fibers were ex-
tracted from solution via suction filtration and dried overnight. Release
profiles were then fit with the Krosmeyer-Peppas release model shown
in Eq. (1) [36]:

=M
M

K tt
kp

n
(1)

Here, M∞ represented the amount of drug released at the equili-
brium (assumed to be the total amount of drug loaded) and Mt corre-
sponds to drug released at specific time point. The fitted constant K,
accounts for the physiochemical and geometric characteristics of the
carrier, and n corresponds to the mechanism of release.

2.8. Biocompatibility study

HEK293 (Human embryonic kidney) cells from ATCC (American
Type Culture Collection) were grown in Dulbecco's modified Eagle's
medium (HyClone, with 4.00 mM L-Glutamine and 4500 mg/L
Glucose), supplemented with 10% fetal bovine serum (Life
Technologies Inc.) and 100 U/mL Penicillin-Streptomycin (Thermo
Fisher Scientific Inc., USA), in an atmosphere of 95% air, 5% carbon
dioxide (CO2), at 37 °C. Cell culture was carried out according to NIH
standard protocols. Equal number of cells was seeded on different zein
fiber mat or film samples at a concentration of 3 × 104 cells per well
with blank substrates as the control samples. All samples prepared in
triplicate on the same 96 well plate (Costar, Corning Life Sciences,
Corning, NY, USA). Cell numbers were acquired 72 h after seeding
using a 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) assay following protocols from the manufacturer. 100 uL of MTT
solution was added to each well and incubated at 37 °C with 150uL of
dimethylsulfoxide (DMSO). After homogenizing the solution via 30 min
of shaking, absorbance measurements were taken using a plate reader.

3. Results and discussion

3.1. Structural characterization

To assess the structural properties of the corn zein nanofibers,
samples with and without model drugs were first characterized with
FTIR. Fig. 2a shows the complete absorbance spectrum of samples be-
fore drug release. Absence of the formic acid C]O peak is also observed
in FTIR of all film samples, suggesting that no residual formic acid was
left before the studies. To analyze the secondary structure of the corn
zein protein more closely, the Amide I and II regions are highlighted in
Fig. 2b. Prior to the addition of model drugs, the Amide I peak is lo-
calized at 1640 cm−1 suggesting an insoluble network dominated by
random coils. Upon addition of model drugs, the Amide I peak shifts left
suggesting a transition to a more alpha helical structure. For the crystal
violet and rhodamine B samples, a shoulder at 1585 cm−1 and
1560 cm−1 can be seen. These peaks can be attributed to the corre-
sponding model drugs (Supplemental Fig. 2). All samples excluding
fibers containing no drug or crystal violet also exhibit a small shoulder
localized at 1720 cm−1, most likely originating from the C]O
stretching of the protein due to the structural change [37,38]. These
assertions are further corroborated by the spectrum shown in Fig. 2c for
fibers after drug release. A shift back to the original 1640 cm−1 loca-
lization of the Amide I region is observed for all fiber samples once the

drug is removed. This suggests that the model drug molecules may be
pushing the random coil structure of the corn zein into alpha helices.
Upon removal of the drug, corn zein again completely adopts it native

Fig. 2. (A) FTIR spectra for corn zein nanofibers with and without different
model drugs. The region containing the amide I and II peaks has been isolated
in (B) to highlight the random coil to alpha helix transition with the addition of
drug. When drug is released, secondary structure reverts back to homogeneous
random coil network in (C).
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coil-dominated structure, illustrating a fully controllable transition
overall. Reduction in the rhodamine B and crystal violet peaks is also
evident, suggesting that the majority of the drug was released. In this
instance, the corn zein fibers are behaving more like carriers for the
model drugs. This is an ideal characteristic for drug delivery vehicles

since the drug does not permanently bind to the protein and can be
released completely.
Fig. 3a and b show the complete and Amide I and II spectrum of the

corn zein films prior to drug release. Compared to the fiber samples
studied in Fig. 1b, the corn zein films appeared to retain their random
coil structure upon the addition of model drugs. During the creation of
films, corn zein is dissolved in formic acid and then poured into PDMS
molds to set. In this instance, the corn zein is exposed to formic acid for
a longer period of time than it is during fiber generation. During this
time, the formic acid is able to sever some of the hydrogen bonds of the
corn zein structure, allowing the integration of the model drug mole-
cules. Thus, the addition of drugs does not compress the corn zein to-
wards a more alpha helical structure for the films. An exception to this
is films containing alcian blue and rifampin. As seen in Fig. 3b, alcian
blue films experienced a similar shift to 1648 cm−1. Alcian blue, with a
molecular weight of 1.3 kDa was the largest model drug tested. This
drug is most likely too large to integrate into the corn zein structure and
still pushes the protein towards an alpha helical structure. Upon release
of drug from the films, the majority of the random coil network is
maintained but with slight structural change, illustrating an un-
controllable transition due to the protein-drug interactions.

3.2. Thermal analysis

DSC analysis was conducted to examine the thermal properties of
the zein-drug nanofibers and films prior to drug release testing. Fig. 4a
represents the heat flow of the drug-zein nanofibers. As the temperature
approaches 100 °C, an endothermic peak appears for each sample
which indicates that bound water absorbed from air has evaporated as
this point. After all the water has evaporated, heat flow steadily

Fig. 3. (A) FTIR spectra of corn zein films with and without model drugs. The
region containing the amide I and II peaks has been isolated in (B) to show the
effects of drug incorporation on zein structure. After release, films maintain
their inhomogeneous coil network with some variety as seen in (C).

Fig. 4. Heat flow of (a) zein nanofiber and (b) zein film samples, showing
temperature regions related to bound water evaporation, glass transition and
degradation.
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declines in each sample as temperature increases. This is due to the fact
that molecules within proteins move faster in response to higher tem-
peratures. At 226 °C, an exothermic peak occurs for corn zein nanofi-
bers (Fig. 4a). Previous studies report that corn zein exhibits an exo-
thermic peak at 210 °C followed by the formation of β-structures
[39–41]. The higher zein exothermic peak temperature reported here is
likely due to the 1-dimensional aspect of nanofibers. According to
polymer nanofiber studies, nanofibers display different self-assembly
behavior from those in the bulk materials [42,43]. The general trend
appears to be that when model drug is present within the zein protein,
the self-assembly occurs at a higher temperature. This shift is likely a
result of additional molecular weight from the model drugs within the
fiber mesh. This trend is consistent with every drug-zein copolymer
except the alcian blue sample with an exothermic peak similar to that
found in corn zein. Previously mentioned in FTIR analysis, alcian blue
molecules may be too large to completely integrate into the protein
structure. Corn zein polymer chains, in the alcian blue-zein copolymer,
are less obstructed by the alcian blue molecules which are situated
more along the polymer chain exterior rather than embedded within
the alpha helical structure. Table 2 shows the full degradation peak
values for each fiber sample with an average value at
273.0 ± 3.423 °C. A degradation peak appears for each fiber sample
immediately after corn zein self-assembly. According to Table 2, corn
zein nanofibers have a degradation peak at 267.1 °C. Previous studies
have stated that corn zein powder is thermally stable up to 280 °C with
a single degradation step at higher temperatures [44]. The small de-
crease in thermal stability is due to the increase in surface contact area
where nanofiber polymer strands are exposed to more heat than in bulk
material. When drugs are added to zein nanofibers, the thermal stability
increases slightly and this trend is consistent throughout each sample as
seen in Table 2 and Fig. 4a. However, the peak shift is minor which
shows that the addition of drugs changed the molecular structure but
did not significantly affect the thermal properties of the zein. This
suggests that the chemical composition of the zein and the model drugs
remain intact and the zein is acting solely as a carrier for the drugs.
Fig. 4b represents the heat flow of the drug-zein films. The films display
a similar heat flow trend seen in Fig. 4a for the nanofiber samples. Zein
films have exothermic peaks immediately before degradation and dis-
play degradation in a single step. The model drug-zein films also have a
major degradation peak at a higher temperature than that of the pure
film, as shown in Table 2.
Fig. 5a represents the reversing heat capacity of the zein-drug na-

nofibers. Due to the presence of amorphous polymer, corn zein protein
displays a glass transition at 162.3 °C. This is similar to the glass
transition of zein powder observed in previous studies at a temperature
of 165 °C [41]. As previously mentioned, the decrease in glass transition
temperature is due to the polymer strands possessing more molecular
mobility in the form of a nanofiber than in compact powder. In ac-
cordance with Table 2, most model drugs shift the glass transition to a

higher temperature. The presence of most model drugs restricts mole-
cular motion of the nanofiber matrix resulting in an increase in glass
transition [43]. The shift in glass transition also suggests that the drugs
induced molecular alignment in the zein. As described in the FTIR
analysis, the drugs promote formation of alpha helical structure within
the zein. Therefore, the increase in glass transition serves as evidence
that there is less amorphous and more pre-aligned polymer in the drug-
zein nanofibers. However, alcian blue and crystal violet samples did not
follow this trend. Due to its large molecular size, alcian blue molecules
push the polymer fibers together rather than embed themselves within
the matrix. In addition, the melting point of alcian blue is at 148 °C
which means that there was no hindrance in molecular mobility in the
zein. This coincides with a decrease in glass transition in the alcian blue
sample. Alcian blue likely compressed the zein polymer together into an
aligned structure and melted before hindering the glass transition. In
Table 2, the crystal violet-zein nanofibers exhibit a glass transition
temperature value overlapping with zein protein. It appears that the
crystal violet, while it induces alpha helix formation, does not impede
further alignment of zein polymer.
Fig. 5b represents the reversing heat capacity of the zein-drug films

with different model drugs. Zein films display an earlier glass transition
than zein nanofibers which could be due to the film 2D structure having
more alignment than the 1D nanofibers. Unlike the nanofibers, all films
with the addition of drugs display an early glass transition
(115– 123 °C, see Table 2) following with an unstable heat capacity
drop, much lower than the Tg of pure zein films (146 °C). This suggested
the drugs may have caused additional polymer matrix degradation or
disassembling at a lower temperature (~130 °C) in the films reducing
the amount of polymer available to undergo glass transition. The model

Table 2
Thermal analysis data of corn zein nanofibers and films with model drugs. Glass
transition temperatures were obtained from reversing heat capacity curves,
while major degradation peak temperatures were obtained from total heat flow
curves (all temperature values have an error bar within± 0.5 °C).

Sample Fiber Film

Glass
transition
Tg/°C

Major
degradation
Td/°C

Glass
transition
Tg/°C

Major
degradation
Td/°C

Pure corn zein 162.3 267.1 146.2 268.5
Rifampin 166.8 272.0 121.6 282.1
Alcian blue 158.2 276.9 120.1 282.9
Indigo carmine 166.2 275.6 120.4 280.9
Crystal violet 162.4 273.8 115.3 278.5
Rhodamine B 164.1 272.6 122.3 279.2

Fig. 5. Reversing heat capacity scans of different (a) zein nanofiber and (b) zein
film samples, showing temperature region related glass transition temperature
(Tg) vs. the reversing heat capacity for various drug-loaded samples.
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drugs were likely situated more along the exterior of the film un-
protected inside the zein matrix. As a result, the drug release of most
films is faster than that of the nanofibers because the drugs are less
restricted in motion by the films (see drug release section).

3.3. Morphology characterization

The morphology and fiber diameter of the air jet spinning nanofi-
bers are further characterized by the scanning electron microscope
(SEM). As shown in Fig. 6a, the pure corn zein nanofibers are mostly
uniform, with diameters at a range of 0.5 μm to 1.5 μm. The cross-
section of the pure corn zein film was also characterized, showing a
uniform smooth surface (Fig. 6b). No large-scale aggregates were found
in the pure corn zein fiber and film samples.
SEM images of corn zein nanofibers with different model drugs are

shown in Fig. 7. All five types of pre-release samples (Fig. 7, A1-E1)
maintain similar morphology to the pure corn zein nanofiber, with
some tiny aggregates formed randomly in the nanofiber matrix of ri-
fampin, indigo carmine, rhodamine and crystal violet loaded fibers. The
diameters of rifampin, alcian blue, indigo carmine and rhodamine
samples are in the similar range compared with that of pure corn zein
nanofibers. However, diameters of pre-release crystal violet nanofibers
decreased to 0.2–0.8 μm. The morphology of after-release fiber samples
stirring in 20 mM phosphate buffer after 7 days is shown in Fig. 7, A2-
E2. Due to the release of drug into the buffer and the contraction force
during the drying process, corn zein nanofibers are slowly aggregated
into large particles with diameters of 0.5–1.5 μm after 7 days. Small

fiber residues and holes can be found randomly on the particle surface
with multi-layer structures. Both holes and layer structures could be
resulted from drug release process from nanofiber matrix. While fiber
samples appeared to have broken apart during release, no significant
changes in mass were observed suggesting minimal degradation of zein
proteins during the release.
As a comparison, the morphology of corn zein films with model

drugs are shown in Fig. 8. The pre-release rifampin (A1), rhodamine
(D1) and crystal violet (E1) film samples show a smooth morphology
with the similar surface pattern to the pure zein film. The alcian blue
(B1) film sample shows a solid and blank surface morphology. While
other drug assembled into rod/particle shape and homogeneously dis-
tribute in the corn zein films. The surface of Indigo Carmine (C1) film
sample tends to be rougher than other films. Due to the release of drug
molecules (Fig. 8, A2-E2), holes with a similar diameter of original drug
aggregates are formed on the surface of all the samples. It is worth to
point out that the diameter of the holes on rifampin film surface (A2)
are around 20 μm, which is much larger than that of the other four
samples. The diameters of holes on the surface of alcian blue (B2) and
indigo carmine (C2) samples are at a range of 1 to 4 μm, which suggest
the typical size of drug aggregates in the cast films are much larger than
those in the zein fibers (size of drug aggregates in fibers should be less
than the average fiber diameter of 0.5–1.5 μm).

3.4. Human cell proliferation

Cell compatibility tests were performed to further demonstrate the

Fig. 6. SEM images of (a) pure corn zein nanofibers (scale bar is 10 μm), and the cross-section of a pure corn zein film (scale bar is 2 μm).

Fig. 7. SEM images of corn zein nanofibers with different model drugs. A1, B1, C1, D1 and E1 are pre-release fibers of Rifampin, Alcian Blue, Indigo Carmine,
Rhodamine and Crystal Violet, respectively. The scale bar is 20 μm. The inset images are to show the diameter of individual fibers (scale bar: 2 μm). A2, B2, C2, D2
and E2 are after-release fibers of Rifampin, Alcian Blue, Indigo Carmine, Rhodamine and Crystal Violet, respectively. The scale bar is 20 μm.
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potential of zein film and nanofibers for drug release applications.
HEK293 (Human embryonic kidney cells) is a cell line generated by
transformation of either a fibroblastic, endothelial or epithelial cell, all
of which are abundant in kidneys. These cells, if interacting with a
biocompatible material in vitro, will grow and proliferate. In order to
test cell compatibility on the zein materials, HEK293 cells were cultured
on the surface of zein film and fiber samples (with blank substrate as
the control) for 72 h. After seeding the cells on the samples for 24 and
72 h, it can be seen that the cells successfully attached to the protein
fibers (24 h) and proliferated very well (72 h), similar to the cells on the
films and the cells on the blank control substrates, which indicates that
both zein protein materials tested in this study has good biocompat-
ibility. Cell proliferation on both the zein fiber and film materials were
then evaluated by cell numbers at 72 h after seeding using an MTT
assay (Fig. 9). After 72 h, compared with blank surface, both zein film
and fiber materials showed a significantly increased cell density, which
indicated cell proliferation can be elevated by zein protein materials. In
addition, at 72 h, the cell density on zein film samples was similar to

air-spun zein fiber samples, indicating that both materials are good for
biomedical applications.

3.5. Drug release study

To further investigate the potential effectiveness of the supramole-
cular systems for drug delivery, drug release of the model drugs in-
corporated in either films or fibers was simulated in 0.1% w/v 20 mM
phosphate buffer (pH 7.0) for different times. These model drugs were
chosen based on their similarity to existing pharmaceutical compounds,
as well as varying molecular weights, hydrophobicity, and solubilities
(Table 1). Some compounds such as crystal violet and rifampin, have
also been shown to exhibit anti-bacterial and anti-fungal activity
[45,46]. While historically used for the treatment of tuberculosis, oral
delivery of rifampin was recently utilized for the treatment of atopic
dermatitis [47]. Despite its therapeutic potential, oral delivery is as-
sociated with severe systemic side effects including hepatic toxicity,
gastrointestinal distress, headaches, and general physical weakness
[48,49]. Given their high surface area to volume ratio, porosity, and
malleability, when combined with adhesive gauze, fiber mats can per-
form as ideal vehicles for topical drug delivery, and may be used to
mitigate these side effects by allowing for localized delivery of rifampin
to the skin.
Shown in Fig. 10a and b are the normalized release profiles for the

fiber and film models, respectively. Data points have been normalized
based on the amount of drug released at 96 h. No significant drug re-
lease was observed above 96 h for all samples. All release profiles were
also fit with the Korsmeyer-Peppas model (see Eq. (1)) [36], and n
values, which demonstrated the release resistance, can be shown in
Table 3. In each curve fit, sufficient statistical R-squared (R2) values
suggest the validity of the model in assessing the release from both films
and fiber samples. The general trends suggest that the fibers allow for
sustained release. For both alcian blue and indigo carmine fiber sam-
ples, at the 15-minute time point, a considerably high release percen-
tage is observed s. This is suggestive of a lack of bonding between the
drugs and the zein protein. This further suggests that the fibers act as a
physical carrier of the drugs as opposed to chemically binding to them.
Alcian blue is a very large molecule (MW 1.3 kDa), so it is reasonable to
assume its bulkiness prevents it from being efficiently integrated into
the zein structure. In contrast to the fibers, films with indigo carmine
incorporated displayed a dramatic drop at the earlier points in its re-
lease profile. This can be attributed to the nature of the method used to
fabricate the films. As opposed to the fibers, due to the nature of the
film synthesis, corn zein is exposed to formic acid for a longer period of
time than it is during fiber generation. During this time, the formic acid

Fig. 8. SEM images of corn zein films with different model drugs. A1, B1, C1, D1 and E1 are pre-release films of Rifampin, Alcian Blue, Indigo Carmine, Rhodamine
and Crystal Violet, respectively. A2, B2, C2, D2 and E2 are after-release films of Rifampin, Alcian Blue, Indigo Carmine, Rhodamine and Crystal Violet, respectively.
The scale bar is 4 μm.

Fig. 9. HEK293 (Human embryonic kidney) cells attached to and proliferated
on zein protein film and fiber materials. The cell density at 72 h was assessed
using MTT assay and plotted vs. blank substrate control. The t-tests were per-
formed between indicated groups (**: p < 0.01).
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is able to sever some of the hydrogen bonds of the corn zein structure,
allowing the integration of the model drug molecules. Thus, the addi-
tion of drugs does not compress the corn zein towards a more alpha
helical structure for the films allowing it to be released faster. There-
fore, although the cylindrical nanofibers have a greater surface area-to-
volume ratio, they are able to retain the drugs and exhibit sustained
release compared to the two-dimensional films.

3.6. Mechanism of drug release

As seen in the FTIR, the addition of model drugs facilitates a tran-
sition from a network of random coils to a more alpha helical ar-
rangement in the fiber samples. When drugs are removed, fibers revert
back to their original random coil structure, showing a completely re-
versible, controllable transition. This is hypothesized to be caused by
the binding of model drug molecules to the protein through hydrogen
bonding. However, some drugs lack hydrogen bond donor groups,
suggesting that their physical infiltration may facilitate the transition. It
is interesting that this controllable, reversible transition is not seen in
the film samples. Upon the addition of model drugs, film samples pre-
serve their random coil structure with the exception of alcian blue,
which is the largest model drug. When drug is released, in all cases film
samples still consist of a network of random coils, however, there is a
small shift in the FTIR, suggesting the controllable, reversible transition
seen in the fibers does not take place in the films. This may be attrib-
uted to the prolonged time the films were exposed to the solvent which
severed any hydrogen bonds within the proteins. A representation of
this proposed mechanism of drug incorporation is shown in Fig. 11. The
differing effects the model drugs have on the films and fibers can ac-
count for differences in their release profiles. It is clear that drug de-
livery is not solely governed by diffusion, but also the biophysical in-
teractions between the protein and model drug molecules.

4. Conclusion

In this study, air-spun corn zein nanofibers and films were able to
reversibly store a variety of model drugs. Incorporation of drug into
fibers was shown to have significantly improved effect on the thermal
stability of the drug molecules, while films could not prevent their
thermal degradation/melting at high temperature. FTIR revealed that
the original insoluble random coil network of the corn zein protein
shifted to a more alpha helical structure. This change was not seen in
films. Therefore, drug release from the fibers and films is not solely
governed by the system geometry but rather the biophysical interaction
between the corn zein protein and model drugs. This interaction was
found to be dictated by the synthesis method of each system. Release
from fibers was more sustained controlled in most cases, most likely due
to the direct interaction between the model drugs and protein.
Understanding this interaction in more detail can lead to more efficient
design of protein-based drug delivery systems.
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Fig. 10. Model drug release from fibers (a) and films (b). Difference between
one- and two-dimensional releases can be seen. The release of most model drugs
was slower and more controlled in fiber samples.

Table 3
n values from the Korsmeyer-Peppas equation of model drug release profiles
from fiber and film samples shown in Fig. 10.

Model drug Fiber Film

n R2 n R2

Rifampin 0.392 0.99 0.284 0.87
Alcian blue 0.111 0.97 0.151 0.96
Indigo carmine 0.132 0.88 0.430 0.98
Crystal violet 0.353 0.93 0.118 0.93
Rhodamine B 0.337 0.95 0.203 0.91
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