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Abstract: Feather keratin (FK) extracted from feathers represents a valuable source of
biodegradable and biocompatible polymer. The aim of this study was the development and
characterization of blended films based on FK and polyvinyl alcohol (PVA) cross-linked
by dialdehyde starch (DAS) for a potential drug release application. The compatibility of
FK/PVA was improved when cross-linked by DAS: the relative crystallinity of the
PVA/FK film slightly decreased, and the enthalpy value for the melting peak decreased by
about 50% for the cross-linked films. The total soluble mass of all blend films in water was
below 35% at 37 °C, indicating a good stability of the films in water. The results of the
Rhodamine B dye (as a model drug) release tests showed that the release rates decreased
with increasing DAS content. DAS-induced cross-linking improves several important
properties of the FK/PV A films, such as the compactness, the compatibility, and the stability
in water. These improvements offer the potential to expand the application of FK films in
the biomaterial field.
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1. Introduction

Over the last 20 years, an increased number of research publications focused on biomaterials obtained
from renewable resources such as proteins, polysaccharides, and lipids [1,2]. Most materials of
biological origin degrade into water, carbon dioxide, and inorganic compounds, and are considered to be
environmentally friendly [3]. Using biodegradable materials is considered the most effective solution for
a number of environmental pollution problems caused by synthetic polymers. However, there are
concerns that the potential source of such material could compete with food resources. Thus, there is an
increasing interest in finding new sources of biomaterials that do not originate from potential food
sources [4]. One of the best choices is feather keratin (FK), obtainable in large quantities from the
poultry industry, which produces millions of tons of feathers annually throughout the world [5,6].
Although feathers are cheap, a renewable resource, biodegradable, and easily available, their utilization
in industrial applications is limited [7]. Currently, they are used for the production of animal feed, as
well as duvets and down coats. However, most of the feathers end up in landfills as solid waste, resulting
in environmental and economic problems [8,9]. Furthermore, feathers in duvets and down coats could
lead to secondary pollution when these down products are eventually abandoned. In order to lower the
solid waste pollution, several research groups around the world are working on improving the processing
of feathers and improving FK extraction methods.

Feathers contain more than 90% FK, with a cysteine residue content of about 7%, which is higher
than the content of other proteins. The cysteine residues can be oxidized to generate inter- or
intramolecular disulfide bonds, and form a cross-link network, which leads to the high thermal stability,
high mechanical strength, and hydrophobicity of feathers, and their good stability in the solid state [10,11].
Films developed only from keratin exhibit relatively poor mechanical properties, are very fragile, and
show a high moisture sensitivity, like other protein-based films. A variety of studies has been devoted to
the improvement of the properties of keratin films by blending keratin with both natural [12-16] and
synthetic polymers [6,17]. Nevertheless, using natural polymer/keratin blend films would just enhance
the film-forming ability but not fundamentally improve the water resistance, due to the high
hydrophilicity of natural polymers. On the other hand, using synthetic polymers in the keratin blends
would not completely eliminate the problem of environmental contamination, since most of the
synthetic polymers are not biodegradable.

In our work, we have used polyvinyl alcohol (PVA) as the coalescent agent for the preparation of
FK-based films. PVA is a nontoxic, biodegradable, synthetic, water-soluble polymer with outstanding
chemical stability and good film-forming capacity [18,19]. PVA-protein films are produced as materials
for food packing, tissue engineering, and drug delivery systems [20-23]. PVA hydrogel materials
containing keratin from wool and hair were recently synthesized by electron beam irradiation [24].
To improve the mechanical properties, moisture sensitivity, and thermal stability of these protein/PVA
blend films, the polymers were cross-linked with glutaraldehyde. Glutaraldehyde interacts with both
PVA and the protein and binds them together [20,25]. However, there are always concerns about the
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toxicity of glutaraldehyde residuals in materials, which limits the application of glutaraldehyde in the
biomaterial and food packing industries [26]. Dialdehyde starch (DAS) has been suggested as an
alternative to glutaraldehyde due to its lower toxicity. DAS is a polymeric aldehyde obtained by
controlled periodate oxidative cleavage of the C2—C3 bond of the anhydroglucose units of native starch.

Although there are some reports on using DAS as cross-linking agent for various proteins, such as
soy protein isolate [26,27], collagen [28], corn zein [29], flour starch—protein [30], and whey protein [31],
to the best of our knowledge there are very few studies on keratin materials cross-linked with DAS.
We previously reported that the mechanical properties, thermal stability, and water vapor barrier
property of FK/PV A blended films could be improved by DAS-induced cross-linking [32].

This study extends our investigations to test the effect of DAS on the microstructure, crystallization
behavior, compatibility, stability in water, and delayed drug release of FK/PVA films.

2. Materials and Methods
2.1. Materials

PVA with a degree of polymerization of roughly 1700 and a degree of alcoholysis of approximately.
99% was purchased from Aladdin Ltd. (Shanghai, China). The chicken feather keratin (FK) solution and
the dialdehyde starch (DAS) were prepared as described in our previous work [32].

2.2. Preparation of the Blended Films and the Dye-Loaded Films

The pH value of the FK solution was adjusted to 9.5 using a 0.1 mol-L™' NaOH solution under
continuous stirring at 40 °C for 10 min. The DAS aqueous solution was prepared by adding 2 g of DAS
powder to 48 g of deionized water. The pH value of the resulting solution was again adjusted to 9.5 by
adding a 0.1 mol-L ™! NaOH solution under continuous stirring at 40 °C for 30 min. Mixtures of the FK
solution and different weight ratios of the 15% PVA aqueous solution and the 4% DAS solution were
produced as the film-forming solution. The pH value of the mixture was adjusted to 9.5 using a
0.1 mol-L~! NaOH solution, followed by an annealing step at 60 °C under continuous stirring for 20 min.
The mixture was placed in an ultrasonic bath to remove any air bubbles, and then poured into a
polypropylene dish to prepare the FK films. The sample was dried in an oven at 60 °C for 6 h, and then
cooled down to room temperature. The resulting films could be easily peeled from the dish.

A series of FK/PVA films labeled as P-10, P-20, P-30 and P-40 were fabricated with FK to PVA wt%
ratios of 90:10, 80:20, 70:30, and 60:40, respectively. Another series of FK/PVA films with added DAS
were labeled as P-PVA-n, where n denotes the weight percent of DAS relative to the total weight of FK
and PVA in the film. For example, P-30-10 corresponds to a weight ratio of FK to PVA of 70:30 in the
film, and the DAS content relative to the total weight of FK and PVA was 10 wt%. One weight percent
of Rhodamine B (RB) (wt% based on the weight of the blended film) was added to the film-forming
solution after the addition of DAS to prepare the dye-loaded film according to the procedure
described above.
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2.3. Characterization

The surface of the resulting films was investigated by scanning electron microscopy (SEM) at an
acceleration voltage of 20 kV using a Quanta 400 SEM (Oxford, UK). Prior to the SEM observations,
the samples were coated with a fine gold layer.

An X-ray diffraction (XRD) analysis was performed using an X-ray diffractometer (D/max 2200
UPC, Rigaku, Osaka, Japan) operated at 30 kV and 30 mA.

The temperature co-ordinates of the characteristic peaks were assessed using a differential scanning
calorimeter (DSC, Instruments 910s, Mettler, Zurich, Switzerland) and open aluminum pans.
The samples were first heated from 25 to 105 °C at a heating rate of 20 °C-min"', then kept at this

' The second

temperature for 5 min, and then cooled from 100 to —60 °C, again at a rate of 20 °C-min~
heating step was from —60 to 250 °C at a heating rate of 10 °C-min™"'.

The total soluble mass (TSM) of the films in water at 37 °C was obtained using the following method:
first, the rectangular specimens (40 mm % 10 mm) were preconditioned by drying in an air oven at 70 °C
for 24 h, then cooled in a desiccator for a few minutes and then immediately weighed (W#1). Under
oscillation, the preconditioned specimens were immersed in distilled water at 37 + 2 °C for 24 h with
shaking. The resulting wet specimens were dried again in an oven at 70 °C for 24 h, cooled in a
desiccator, and immediately weighed again (W2). Afterwards, the TSM of the films was calculated using

the following equation:

TSM (%) = (W1 — W2)/W1 x 100% (1)
2.4. Dye Release

To investigate the release of Rhodamine B (RB) from the blended films, the dye-loaded films were
processed in ultrapure water in a shaking water bath with the temperature regulated at 37 °C, with a film
to solution ratio of 1:100 (g/mL). The amounts of RB released from the dye-loaded films were calculated
by measuring the absorbance at 553 nm using a UV-VIS spectrophotometer (UV-2450, Shimadzu
Corporation, Suzhou, China).

3. Results and Discussion
3.1. Morphology of the Films

After blending PVA with FK, macroscopically uniform, yellowish, optically semitransparent films
were obtained. The surfaces of the FK/PVA blend films look very smooth, without visible cracks or
holes. The appearance of these films did not change when different DAS and PV A ratios were used.
A fragile film was formed for PV A ratios lower than 10%. All films could be easily peeled from the dish.
However, the appearance of the two sides of the film was different both for films containing DAS and
films not containing DAS. The film side facing the casting plate was shiny, while the other side was dull,
probably due to the polymer arrangement during solvent evaporation. This phenomenon was also
observed for whey protein isolate films by Oscar et al. [33].

The surface and fracture morphology of the cast PVA/FK blend films was examined by SEM
(Figure 1). The SEM images reveal that the samples (keratin film, P-40 and P-40-10) have a compact and
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continuous structure, and voids were not found even at higher magnifications. The SEM images reveal a
very similar surface morphology for the blended samples both for films containing DAS and not
containing DAS, showing the formation of compact and continuous films with good structural integrity.
However, compared with the pure keratin film, the surface of all samples (P-40 and P-40-10) is less
smooth, with some teardrop-shaped bulges revealed at higher magnifications, which can probably be
attributed to the different coacervation kinetics of FK compared to PVA. This phenomenon is further
verified by the fracture morphology of the blended films. The keratin films exhibit a relatively smooth
and homogeneous fracture surface. A fluctuating and rough fracture surface with a few small particles
inside the matrix was observed for the blend films without cross-linking (P-40), suggesting a phase
separation caused by PVA aggregates in the FK matrix. This phase separation phenomenon was also
observed for a PV A/silk fibroin blended system by Tsukada et al. [34]. On the other hand, the blend film
cross-linked by DAS (P-40-10) did not show any particles, and a more uniform and compact fracture
surface was observed. However, some cross-linked agglomerates were found in the form of spherical
particles in these FK/PVA blends. In conclusion, the SEM results show that a phase separation occurred
in the PVA/FK blended system, which could be suppressed by adding DAS as cross-linking agent.
This indicates that the PVA and FK polymer chains are mostly entangled due to hydrogen bonds prior to
the chemical cross-linking, but the formation of covalent bonds has occurred due to the DAS-induced

cross-linking [35].

Figure 1. Representative SEM images revealing the surface morphology (left, 400x;
center, 2000x) and the fracture morphology (right, 2000x) of the FK/PVA blend films.
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3.2. X-Ray Diffraction (XRD) Analysis

The XRD analysis revealed that the inclusion of DAS into the FK/PVA matrix slightly reduced the
degree of crystallinity, probably due to the formation of covalent bonds. The XRD patterns of pure PVA,
pure FK, and the film P-30 are shown in Figure 2a. The XRD pattern obtained for pure FK exhibits broad
diffraction peaks at 20 = 9° and 20°, which are typical fingerprints of partially crystalline materials,
whereas sharp diffraction peaks at 20 = 19° were observed for pure PVA, indicating a high crystallinity.
The blend film (P-30) also exhibits similar diffractograms for the films based on pure keratin (26 = 9°) or
pure PVA (20 = 19°), respectively, indicating partially crystalline structures. However, the intensity of
these peaks is lower than the intensity of the peaks observed for PVA, suggesting that the overall
crystallinity of the blend films is slightly lower than the crystallinity of the PVA film due to the addition
of FK, which contains a small crystalline and a large amorphous region. Figure 2b shows that the
intensity of the characteristic peak slightly decreased after DAS was added to the FK/PVA blend (P-30-5
and P-30-15), indicating that the cross-linking induced by the addition of DAS reduces the relative
crystallinity of the FK/PV A blend to some extent. However, some microcrystals remain in the polymer
chain, probably due to the high crystallinity of PVA. Therefore, the cross-links partly reduce the degree
of freedom in the polymer chains and limit the formation of crystalline regions.

| (a) 1 (b)
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Figure 2. XRD patterns obtained for (a) pure PVA and pure FK, and (b) the blend films
P-30, P-30-5, and P-30-15.

3.3. DSC Analysis

Figure 3 reveals the DSC traces of the films dried at 70 °C for 24 h in an oven. Overall, the DSC plots
of the pure keratin and the blended films correspond to partially crystalline structures. In the DSC
curves, the endothermic peak at approximately 140 °C can be attributed to the evaporation of bound
water (7e), representing the energy required to vaporize bound water present in the films, followed by
another endothermic peak observed at about 220 °C related to the crystalline melting (7m) of the films,
and the peak area representing the crystallinity of the films [9,36]. At a PVA content of 30% in the
blended film, the AH. value for the vaporization of bound water increased from 232.0 to 303.7 J-K™!
(cp. Table 1), suggesting a higher water binding ability of the blended film, which may be due to the
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higher hydrophilicity of PVA. The addition of DAS caused a reduction of the AH. value to about
149.7 J-K™! due to the chemical cross-linking effect. This suggests that the FK/PVA blend films with
DAS-induced cross-linking are less hydrophilic. The melting peak of the pure keratin film at 214.8 °C
changed into two peaks: one at about 213.6 °C, in shoulder form, and the second at 217.2 °C. The value
of AHm obviously increases from 267.5 to 314.2 J-K ™! after adding 30 wt% PVA. Therefore, we suggest
that FK and PV A are partly compatible and that the crystallinity of the blended film is higher than the
crystallinity of the keratin film. It is worth noting that, after adding DAS to the mixture, the melting peak
changed back to a single peak at 216 °C, and the AHm value sharply decreased to 150.5 J-K™!, which
could be caused by the formation of covalent bonds between the components and the cross-link network
in the blended film. This indicates that adding DAS could improve the compatibility of FK with PVA
and decrease the overall crystallinity of the blended films, which is consistent with the XRD results
described above.

reiease of bound water
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Figure 3. Comparison of the DSC curves obtained for pure FK, P-30, P-30-15, and pure
PVA, respectively.

Table 1. Temperatures (°C) and enthalpy values (J-K™!) corresponding to the endothermic
peaks observed for the different FK films.

Sample T.(°C) AH.(J'’K') Tn(°C) AH,J-K™)

FK 138.5 232.0 214.8 267.5
P-30 132.5 303.7 217.2 314.2
P-30-15 143.2 149.7 216.0 150.5
PVA 131.4 296.1 225.8 461.2

An erratic peak above 240 °C was observed for the pure FK film, which is attributed to the
decomposition of FK. However, this decomposition peak was not observed for the blended films (P-30
and P-30-15), suggesting that PVA interferes with the keratin self-assembling, causing the protein
chains to organize in a thermally more stable secondary structure. The cross-link network formed in the
blended film after DAS was added to the mixture improved the thermal stability of the blended film.
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3.4. TSM of the Blend Films

The stability in water is an important property of protein-based films. For example, in drug-release
applications, a high film integrity and stability in a humid environment are required over a relatively
long period of time. Generally, cross-linking is the most common and useful method to reduce the TSM
of protein-based films in water [37-39]. The TSM values obtained for the FK/PVA blended films
cross-linked by DAS in water at 37 °C are listed in Figure 4. If DAS was not added, an increase of the
PVA concentration in the blended films resulted in a slight decrease of the film’s solubility in water.
This is in agreement with the results published by Elizondo et al., who reported that the TSM of films
consisting of PVA and amaranth flour decreased to 44% as the PVA content was increased to 50% [40].
The interaction between FK and PVA is probably dominated by the FK/PVA ratio, and the interaction
could prevent the penetration of water molecules into the films. Adding 5% of DAS sharply reduces the
TSM of the film. However, adding more than 5% DAS has little effect on the TSM. The reduction of the
TSM indicates an increase in the degree of cross-linking. Rhim et al. reported that the TSM of cast soy
protein isolate films was significantly reduced by up to 50% by adding DAS [26]. Martucci ef al. also
reported that gelatin films with DAS-induced cross-linking exhibited a substantially lower solubility in
water than films without a DAS treatment [39]. The soluble substance in the FK/PVA blend films could
be the PVA, excessive DAS, and/or low molecular weight peptide chains that could not be cross-linked
by DAS. According to the analyses above, it is clear that DAS, FK, and PVA certainly formed a
cross-linked network structure.

T 1 —a—P-20

P-30
w —— P-40

35 - A\

25 L L ! !

DAS content (wt%)

Figure 4. The total soluble mass observed for the FK/PV A blended films in deionized water
at 37 °C for 24 h, plotted as a function of the DAS content.

3.5. Rhodamine B Release from the PVA/FK Film

So far, little is known about the effect of materials produced from FK on the sustained release of
medicine. Rhodamine B (RB) was used in this study as a model drug to investigate the effect of the DAS
modification on the dye release rate from FK/PVA blended films in ultrapure water. According to the
results of the solubility experiments, the blended films show a relatively low TSM and are more stable in
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water. As a consequence, we chose the blended films containing PV A at a ratio of 40% and cross-linked
by DAS (5%, 10%, and 15%, respectively) as the potential drug delivery material. The effect of the
concentration of the cross-linking agent on the cumulative release rate of RB is shown in Figure 5.
Obviously, the amount of the drug released from the cross-linked blended film P-40-15 was lower than
the amount released from the film P-40-5. Almost 42% of the RB was released from the film P-40-15
within 6 h, which was about 30% less than the amount released from the film P-40-5. The release rates
were significantly reduced with increasing DAS concentration in the blended film. According to the
results of the solubility experiments (cp. Figure 4), compared to the P-40-15 film, a larger fraction of
non-cross-linked components of the P-40-5 film was dissolved in water. The DAS cross-linking reaction
decreased the solubility of the films and formed interpenetrating networks, trapping the RB molecules
and thereby reducing the drug release rate. This indicates that the RB release rate is closely related to the
degree of cross-linking.
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Figure 5. Comparison of the RB release rate time curves measured for the release of RB
from P-40 series films with different DAS content at 37 °C with shaking.

4. Conclusions

Extending our previous studies [32], FK/PVA films cross-linked by DAS were produced and their
properties were investigated. In general, the properties of the films can be controlled by altering the ratio
of PVA, FK, and DAS in the mixed system. The analysis of the film’s morphology, degree of
crystallization, and thermal properties showed that the DAS-induced cross-linking improved the
compactness and compatibility of the FK/PVA films due to the formation of covalent bonds. The total
soluble mass of the blended films slightly decreased as the amount of DAS was increased.
An investigation of the Rhodamine B release rate from the film revealed a reduction of the release rate as
the DAS content was increased. In summary, the FK/PVA films cross-linked by DAS were produced
from inexpensive, biodegradable, and eco-friendly materials and have the potential for a broad range of
applications in the packing industry and the biomaterial field.
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