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Abstract

In this research, additive manufacturing of polylactic acid (PLA) reinforced

with keratin was studied. Keratin was obtained from Angora rabbit hair and

modified with NaOH. Scanning electron microscopy (SEM) images showed

that the modified surfaces were rougher than untreated surfaces. Furthermore,

SEM images in the composites' fracture regions showed surface changes, asso-

ciated with the nature of the reinforcement. Likewise, thermomechanical

properties of the composites were attributed to the nature of the reinforcement

and the type of keratin. Besides, the 3D printed composites showed higher

thermal conductivity values than PLA with the addition of keratin. Cytotoxic-

ity tests revealed an improvement in cell growth compared to the control and

PLA. These results are meaningful toward the development of high thermal

conductors and biocompatible composites with applications in different fields,

where the use of only natural polymers is necessary.
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1 | INTRODUCTION

The field of 3D printing, also called additive manufactur-
ing, has been growing exponentially in the last few years.
As a result of its effortless operation, this technology
promises to create sophisticated products at low costs,

improving the design and manufacturing, drastically
shortening supply chains, and reducing waste produc-
tion.1,2 3D printing (3DP) can be applied to various
manufacturing markets and could potentially serve as a
substitute for conventional processes. Furthermore, 3DP
allows for the realization of complex freeform geometries,
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as the process is not constrained by technological limita-
tions of conventional manufacturing processes.3

3DP technology offers enormous potential in the bio-
medical industry, such as anatomical models for surgery
training/planning, rehabilitation, dentistry, customized
implants, drug delivery devices, and organ printing.4 For
example, additive manufacturing allows for the develop-
ment of composites, which could be useful for biomate-
rials, such as those used for tissue engineering and
possibly bone regeneration.5 Green options for materials
that can be used in 3D printing are emerging, such as
polylactic acid (PLA).6 PLA is a biodegradable, thermo-
plastic, aliphatic polyester which can be derived from
renewable resources, such as starch, and is a sustainable
alternative to petrochemically-derived products. Addi-
tionally, it exhibits high stiffness and strength and, conse-
quently, is being used in several applications, such as
food packaging, water and milk bottles, and degradable
plastic bags, as well as in automotive applications.7 How-
ever, PLA has a low tenacity, which is limiting in high
mechanical demand applications, making improvement
of these properties a desirable pursuit. The benefit of
incorporating natural fibers into PLA for additive
manufacturing has increased in recent years, mainly due
to sustainability issues.8,9 For example, natural waste
materials can be used as reinforcements for composites,
extending the life cycle of the waste, making the mate-
rials sustainable, biodegradable, and environmentally
friendly.10,11 PLA composites reinforced with natural
fibers, such as wood, kenaf, and keratin, have displayed
notable thermal and mechanical properties.9–13 This has
allowed the development of some materials that already
exist on the market, such as biodegradable urns from
PLA and flax, PLA-kenaf mobile phone cases, and in the
automotive industry, the development and application of
covers for replacement tires from PLA-kenaf fiber.14

Therefore, investigating the use of other natural fibers as
reinforcement alternatives to PLA, from natural and
waste materials, is extremely attractive. For example, ker-
atin is one of the most abundant biopolymers and is
widely distributed in animal hairs.15 Angora is a kerati-
nous textile material, obtained from the pelts of the long-
haired Angora rabbit, and Angora fiber can be used in
several ways. Angora fiber has a low density of about
1.15–1.18 g/cm3, compared to 1.33 g/cm3 for wool and
1.50 g/cm3 for cotton. Further, the fiber's tenacity is
around 14 cN/tex, and the breaking extension is 40%.16,17

Angora fiber has a protein chemical structure that con-
sists of spindle-shaped cortical cells. In fact, it is one of
the world's warmest, softest, and lightest natural fibers,
while still providing high insulation and a warmer feeling
in garments, due to medulla structure in the core of the
fiber.17 On the other hand, the thermal conductivity

registered in rabbit hair is 35–37 mW/mK, suggesting an
alternative use for rabbit fur as a sustainable and friendly
material in the textile industry.18

Therefore, although there are different research stud-
ies on the use of natural fibers as reinforcements for com-
posites and the use of keratin as a reinforcement material
has already been studied, each keratin source offers dif-
ferent structures and, therefore, the possibility to diver-
sify composite properties. Thus, keratin obtained from
rabbit hair has not been studied as a reinforcement of
PLA, especially using additive manufacturing to obtain
biocomposites. This work is focused on the development,
study, and analysis of a novel natural composite from
PLA and Angora rabbit hair, processed by additive
manufacturing. Further, we report thermal, thermo-
mechanical, morphological, and cytotoxicity properties
related to the amount of reinforcement used and the
chemical nature of the reinforcements.

2 | EXPERIMENTAL

2.1 | Materials and methods

Angora rabbit hair was donated by Valentino's farm
(Querétaro, México). PLA filament of natural color, with
a 1.8 mm caliber, was used from trademark Print Fila-
ment. Sodium hydroxide (NaOH) was used to modify the
surface of the ground rabbit hair and was purchased from
Sigma-Aldrich.

2.2 | Sodium hydroxide treatment

One gram of ground rabbit hair was placed in a glass ves-
sel, and 100 ml of 0.1 M NaOH was added to the vessel,
followed by mechanical stirring. The mixture was heated
to 50�C for 1 or 5 h (two different treatments). Then, the
biofiber was separated from the solution and washed
with distilled water to remove the excess NaOH
(pH = 11), according to previous work done from our
group.13 Afterward, the rabbit hair was dried at 35�C for
48 h before preparing the blends for extrusion and addi-
tive manufacturing.

2.3 | Preparation of composites

The biocomposites were fabricated by extrusion and 3D
printing. First, PLA-ground rabbit hair and PLA-treated
ground rabbit hair (1 or 5 h at 50�C; 0.5, 1, or 2.5 weight
percent [wt %]) were mixed in a glass vessel and fed into
a Filabot extruder at a uniform temperature of 172�C.
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Filaments for both kinds of composites (1.8 ± 0.3 mm
diameter) were obtained in this way. Afterward, the
shapes of the 3D test pieces were modeled using
Solidworks software. CURA software was used to analyze
STL-files. The composites were manufactured using a 3D
printer (Industria 55, Queretaro, México) with a 1.5 mm
diameter nozzle, a print speed of 850 mm/s, a nozzle
temperature of 190�C, and room temperature in the print
bed. The framework was 100% dense, with a 45� orienta-
tion, alternating between layers and layers, with respect
to the axis of the piece.

Table 1 shows the corresponding concentration and
nomenclature used in the manufacturing and characteri-
zation of composites, and Figure 1 shows the printed
specimens. Test pieces of different shapes were prepared
by 3D printing for analysis.

2.4 | Cell viability

Cell viability was evaluated using 3-(4,5-dimethylthiazol-
2-yl)-2-5-diphenyltetrazolium bromide (MTT).19 The
samples were cultured and incubated with 10,000 mouse
fibroblast cells (3 T3, ATCC®) in D-MEM with 10% fetal
bovine serum (FBS) and 1% penicillin–streptomycin at
37�C. After 24 h, the culture medium was discarded, and
200 μL of D-MEM solution, supplemented with antibi-
otics, FBS, and 50 μL of MTT (5 mg/ml of phosphate
buffer solution [PBS], 1X), were added. Then, the samples
were incubated at 37�C for 3 h. After, the medium was
discarded, and dimethyl sulfoxide (DMSO) was added to
the dissolved formazan crystals. The absorbance of the
solution was measured at 570 nm with a microplate
reader. All measurements were completed using a micro-
plate spectrophotometer (Benchmark Plus) and were car-
ried out in triplicate. For cell morphology examinations,
the cultured samples were stained with
40,6-diamidinophenyl-indol (DAPI; cell nuclei) and Cal-
cein AM (cellular cytoplasm) solutions. Cell viability was
expressed as a percentage relative to the control cells.
Results are expressed as an average of three measure-
ments, and the variability is reported as the standard
deviation.

2.5 | Characterization

The morphology of composites was observed by scanning
electron microscopy (SEM) using a TM-1000 de Hitachi
microscope at an accelerating voltage of 15 kV. Rectangu-
lar 3D-printed samples (40 × 1 × 4 mm) were fractured
with N2, mounted on metal stubsm and vacuum-coated
with gold using a sputter coater (DENTON VACUUM
Desk V HP). Simultaneous thermal analyses were carried
out using a TA Instrument, model Q600; samples were
heated at 10 �C/min under a N2 gas atmosphere from
room temperature up to 600�C with a N2 flow rate of
100 ml/min. The rectangular PLA-reinforced 3D-printed
samples were analyzed by dynamical mechanical analysis
(DMA; TA instruments Q800) using dual cantilever mode
with a frequency of 1 Hz over 30–200�C, with a heating
rate of 5�C/min. Thermal diffusivity, specific heat (Cp),

TABLE 1 Composition and nomenclature of PLA/keratin reinforced composites

Percentage of Angora rabbit hair (RH)
reinforcement (wt %)

Type of Keratin reinforcement

Without treatment Treated 1 (50 �C – 1 h) Treated 2 (50 �C – 5 h)

0.5% RH-0.5 RHM-1-0.5 RHM-5-0.5

1% RH-1.0 RHM-1-1.0 RHM-5-1.0

2.5% RH-2.5 RHM-1-2.5 RHM-5-2.5

FIGURE 1 Image of printed specimens for composites with

0–5 – 2.5 wt% of rabbit hair an PLA. PLA, polylactic acid [Color

figure can be viewed at wileyonlinelibrary.com]
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and thermal conductivity (thermal analysis) were mea-
sured with laser flash equipment (Linseis LFA-1000). All
analyses were made at room temperature under vacuum
(10−3 mtorr) with a Nd:YAG laser (25 mJ pulse−1) and
variable pulse length. Quadrangular 3D-printed samples
were manufactured in sizes of 10 × 2 × 10 mm. The
design of experiment (DOE) was performed to evaluate
data thermal conductivity using Minitab 17. This experi-
ment is designed considering two factors: treatment
(3 level) and concentration (4 level; see supplementary
information).

3 | RESULTS AND DISCUSSION

3.1 | Morphology of fibers and
composites

The difference between rabbit hair fiber with and without
chemical treatment at different times is shown in
Figure 2. Images a) and b) show rabbit hair without

treatment. The longitudinal surface of the fiber clearly
presents the characteristic of rabbit fibers, with chevrons
pointing out to the principal axis of the fiber, as previ-
ously noted.15,20 The ends of the fibers remain closed,
preventing any material from entering them. After,
NaOH chemical treatment for 1 h, the fibers undergo
slight erosion over their entire surface (Figures 2(c),(d)).
However, they still maintain the primary characteristic of
rabbit hair fiber, the length and diameter ratio. The fibers
treated for 5 h (Figures 2(e–f)) show a surface with more
apparent damage along the fiber, exhibiting roughness in
the fiber edge surrounded by groove patterns and
completely open tips. Hence, treatment time seems to
directly influence surface roughness. Therefore, this is
considered a more aggressive procedure compared to
helium (He) or He+ air plasma treatment17 but remark-
ably like ozone treatment, in which the outer layer of the
fiber is also damaged.16 Finally, NaOH treatment exhibits
more invasive behavior toward the keratin material pre-
sent in rabbit hair (predominantly α)21 than that reported
in chicken feathers (predominantly β)22,23 under the

FIGURE 2 Scanning

electron microscopy (SEM)

micrographs. Surface

appearance of Angora rabbit

hair (RH): (a, b) without

treatment; (c, d) with chemical

treatment of NaOH by 5 h

(RHM-5)
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same time and mercerization conditions. However,
chemical treatment meets the objective, changing the
surface topography needed to improve the link in the
composites at the interface level with PLA,22,24–27 unlike
plasma treatments used in other investigations,28 where
no defects or tears were observed when comparing
images obtained before and after treatment. Thus, cur-
rent research is evaluating other properties, not consid-
ered in this article, investigating the implications of both
treatments (NaOH at 1 and 5 h) and the repercussions of
roughness produced by chemical treatment on the sur-
face for other composite properties.

Figure 3 shows SEM micrographs of the fracture sur-
face with N2 of the PLA, PLA-angora fiber (RH-2.5), and
PLA-treated angora fiber (RHM-1-2.5, RHM-5-2.5). In
Figures 3(a),(b), the fracture surface obtained from PLA
can be observed. Cavities that appear in the first images
are attributed to the 3D printing movement, which is
related to the nozzle diameter and speed of printing;
these factors influence the final application of the printed
material.29 A smooth surface is also observed between
the layers of the PLA material.7

Figures 3(c–e) show the fracture surfaces of reinforced
composites, allowing the way the reinforcements influence
the composites to be observed. In fractures of composites
reinforced with treated fibers, the affected areas present
different relief compared with polymers from unmodified
fibers. Composites also show differences in the print direc-
tion patterns. Fractures of untreated fiber-reinforced com-
posites have a homogeneous surface, attributed to good

adhesion between the reinforcement and matrix. This
behavior could be related to results previously obtained in
DMA, corresponding to the registration of the largest
storage modules in composites reinforced with untreated
rabbit hair. On the other hand, the fracture of the fiber-
reinforced composite treated for 1 h shows a rupture
pattern that is not present in PLA or fiber-reinforced com-
posites without treatment. The river patterns present in
the fracture surface suggest a toughening effect in PLA,
coinciding with the decrease in the storage module for the
reinforced composites after1 h of treatment.30,31 The image
of the fracture of the fiber-reinforced composite treated for
5 h (2.5 wt %; Figure 3e) shows holes generated by 3D
printing, in addition to fiber agglomerations, which could
correspond to irregular dispersion, reflected in thermal
conductivity (discussed in a later section) because a clear
decrease in K is shown in these composites compared with
composites reinforced with untreated fibers and fibers
treated for 1 h. Finally, images of the fractures suggest that
the nature of the reinforcement is an important parameter
in the obtained results; the images of the fracture surface
of the fiber-reinforced composites without chemical treat-
ment show good dispersion and fiber wettability by the
polymer, without agglomerations or saturations.

3.2 | Thermal analysis

Material thermal analysis identifies thermal stability of
the prepared composites, in addition to evaluating

FIGURE 3 SEM images of angora rabbit hair-PLA composites. SEM, scanning electron microscopy
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thermal degradation of the composites and its critical role
in the final composite performance. Figure 4a shows the
weight loss and heat flow curves for PLA-keratin rabbit
hair composites. The three graphs obtained by thermal
analysis (differential scanning calorimetry; DSC) are

similar. The glass transition temperature was found
around 60�C, and cold crystallization occurred between
85 and 101�C.32,33 The endothermic peak around at
170�C could be associated with the melting temperature
of PLA, which has been reported in this range.29,32–34 On
the other hand, the temperature range obtained for melt-
ing of the reinforced composites is below the denatur-
ation temperature range for alpha-keratin
(230–248�C),35,36 which has also been reported to change
with humidity (155–205�C).37 Considering the thermal
processing conditions for the PLA-Angora rabbit hair
composites, humidity present in the reinforcement
should be low. Therefore, the structure of keratin still
prevails and, therefore, also influences the decomposition
temperature. The next endothermic peak in the DSC for
the PLA and composites at 345–365�C can be attributed
to total decomposition of the composites. This tempera-
ture range agrees with the highest weight loss observed
during thermogravimetric analysis (TGA; discussed in
the following paragraphs). Moreover, when the amount
of rabbit hair increases, the decomposition peak
decreases in intensity, indicating that decomposition of
the material is easier to carry out; the ΔHd (decomposi-
tion enthalpy, reported in Table 2) corroborated this fact.
Additionally, the melting enthalpy (ΔHm) for PLA is
approximately 56 J g−1, and the reinforced composites
show a ΔHm decrease up to 36 J g−1 with the addition of
keratin (sample RH-2.5 in Figure 4a). Similar behavior
has been reported in other investigations.38

The most significant change is observed in the last
endothermic peak of each graph (see Figures 4(a–c)),
where a decrease in decomposition temperature,
depending on chemical nature of the reinforcement, is
shown. This peak is smaller for composites reinforced
with keratin and chemically modified for longer times
(5 h) and with the highest keratin concentrations (RHM-
5-2.5). For this polymer composite, a peak (340�C), 25�C
lower than that for PLA (365�C), is obtained, as well. This
behavior may be related to the SEM images described
before, arising due to the chemical reaction, which dam-
ages the keratin surface and influences its thermal
response at lower temperatures than the matrix.

The thermal behavior of PLA and keratin composites
obtained by additive manufacturing was also examined
by TGA. Figures 4(a–c) show TGA curves for composites
reinforced with keratin, both without modification and
modified at 1 and 5 h, comparing their behavior to
pristine PLA.

The three curves have nearly identical behaviors. The
foremost degradation step occurs from 270–380�C,
ascribed to composite thermal degradation. The weight
loss percentage is mainly attributed to depolymerization
of the PLA ester bonds.34,39–43 Finally, a residue of

FIGURE 4 DSC-TGA curves for composites with:

(a) composites reinforced with rabbit hair; (b) composites

reinforced with rabbit hair modified by 1 h; (c) composites

reinforced with rabbit hair modified by 5 h. DSC, differential

scanning calorimetry; TGA, thermogravimetric analysis [Color

figure can be viewed at wileyonlinelibrary.com]
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approximately 2–4% by weight was observed at 600�C.
On the other hand, a slight decrease in the degradation
temperature was observed in most cases, as the reinforce-
ment content increased in the composites. Thus, the PLA
crystalline zones seem to be influenced by keratin fibers,
in general (treated and untreated); this effect is corrobo-
rated in the decreased melting enthalpy (ΔHm; Table 2).
In addition, amorphous areas were also influenced by the
presence of keratin, as observed by the decrease in
decomposition composition enthalpies. Therefore, the
decrease in crystalline domains present in the polymer
composites of PLA-keratin generate the decrease in the
matrix's thermal stability. In addition, there are investiga-
tions of natural fiber-reinforced PLA composites,
reporting decreases in thermal stability. These reports
indicate that natural fibers swell in alkaline medium,
which causes a decrease in thermal resistance, but the
crystalline phase is not modified. However, this behavior
allows the amorphous regions to degrade more
easily.43–45 As mentioned, in this investigation, crystallin-
ity seems to be affected. Finally, the TGA results are
related to the endothermic DSC peaks, as described
above, and the effect on the thermal resistance of poly-
mer composites is verified. Therefore, in most of the
materials, the chemical treatment carried out on keratin
affects its relationship with the decreased thermal stabil-
ity after modification with NaOH.

3.3 | Thermo-mechanical analysis

Storage modulus (E') and tan delta (tan δ), as a function
of the PLA temperatures and the composites,are shown
in Figures 5(a–f). The graph in (a) shows the results of E'
obtained from the reinforced composites with
unmodified rabbit hair; and the highest E' value for these
composites (200 GPa at 35�C) is obtained in sample
RH-2.5, which is lower than PLA (E '= 280 GPa at 35�C).

This behavior can be ascribed to α-keratin in rabbit hair,
which is flexible and promotes lower rigidity in these
composites.46,47 Other polymer composites developed
from materials with predominantly β- keratin,21 obtained
from chicken feathers, have a tendency to be more rigid
compared to the natural polymer matrix processed by
methods other than 3D printing.22,23,48

Figures 5(b),(c) also show lower E' values for compos-
ites reinforced with modified keratin compared to PLA.
Besides, in most of these samples, E' is lower than values
obtained for composites with unmodified keratin. There-
fore, the results suggest that chemical treatments
improve interactions between the polymer matrix and
keratin, giving the composites more flexibility, which is a
characteristic property of α-keratin.

Figures 5(d–f) show tan δ curves for composites and
PLA. This damping parameter (tan δ) is the ratio of loss
and storage moduli.48 In Figure 5(d), the glass transition
temperature (Tg) of PLA is observed around 67�C, and
the Tg values of composites with unmodified hair are
around 64, 70, and 66�C for composites with 0.5, 1.0, and
2.5 wt %, respectively. Therefore, the increase in Tg in
reinforced composites is minimal and only occurs with
1 wt % reinforcement material. On the other hand, tan δ
values are lower than PLA (1.05) in reinforced compos-
ites (see Table 3). Lower tan δ values in all composites
compared to PLA are related to the resistance to move-
ment of polymeric chains linked to keratin. Conse-
quently, friction between the chains is diminished in the
presence of reinforcement, as reported in other investiga-
tions.8,39,49,50 Thus, having smaller energy dissipation
coefficients in the composites indicates a strong interac-
tion between the fiber and matrix, allowing characteris-
tics presented by keratin reinforcement, such as
flexibility, to be transmitted to PLA.50

In Figures 5(e),(f), the same behavior as observed in
Figure 5(d) can be appreciated; the composites have
lower storage potential for energy than heat dissipation

TABLE 2 Melting (Tm) and

Descomposition (Td) temperature and

related enthalpies obtained from DSC

curves in thermal analysis

Materials Tm / �C ΔHm = (J g−1) Td / �C ΔHd = (J g−1)

PLA 167 56 365 904

RH-0.5 166 43 345 488

RH-1.0 169 56 334 636

RH-2.5 165 36 327 187

RHM-1-0.5 167 42 338 441

RHM-1-1.0 166 43 336 356

RHM-1-2.5 167 43 346 546

RHM-5-0.5 167 56 357 1147

RHM-5-1.0 168 43 358 704

RHM-5-2.5 167 42 340 294
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energy.40,50 These results verified that the presence of
keratin fiber in all the composites produces a reduction
in the movement of polymeric chains and a decrease in
the value of tan δ. Furthermore, both suggest a better
interface between the reinforcement and matrix.

3.4 | Thermal conductivity

Thermal conductivity is a physical property of materials
that measures the heat conduction ability or ability of a
substance to transfer kinetic energy to substances with
which it is in contact. A material with low thermal con-
ductivity is considered insulating. In contrast, if the mate-
rial has high conductivity, it is considered a heat
conductor.51 In Table 4, the properties of thermal

FIGURE 5 Storage modulus (E') for composites with: (a) composite reinforced with rabbit hair; (b) composite reinforced with rabbit

hair modified by 1 h; (c) composite reinforced with rabbit hair modified by 5 h. Tan δ curves for composites with: (d) composite reinforced

with rabbit hair; (e) composite reinforced with rabbit hair modified by 1 h; (f) composite reinforced with rabbit hair modified by 5 h [Color

figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Tan δ and Tg of composites with 0.5–2.5% of Angora

rabbit hair and treated Angora rabbit hair

Sample Tan δ Tg, �C

PLA 1.05 67

RH-0.5 0.46 65

RH-1.0 0.54 70

RH-2.5 0.49 66

RHM-0.5 0.47 67

RHM-1.0 0.63 68

RHM-2.5 0.36 65

RHM-0.5 0.49 67

RHM-1.0 0.56 71

RHM-2.5 0.33 64
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diffusivity (α), Cp, density, and thermal conductivity
(K) of the reinforced composites are observed. The
parameter K is a transport property and is characteristic
of the given material; it also provides an indication of the
rate at which energy is transferred by the diffusion pro-
cess. K is the product of thermal diffusivity (α), density
(ρ), and specific heat (Cp).52

Figure 6 shows the thermal conductivity values
(K) obtained for PLA and composites processed by addi-
tive manufacturing. The three graphs involve the all the
composites reinforced with rabbit hair, with and without
modification. In Figure 6(a), (K) values of 0.278, 0.280,
and 0.192 W/mK are observed for composites with 0.5,
1.0, and 2.5 wt % of unmodified rabbit hair, respectively.
All these K values are higher than that of the PLA matrix
(0.111 W/mK). Therefore, keratin produces thermal con-
ductive behavior in PLA and, as a result, is a better heat

conductor. However, K diminishes with the highest per-
centage of reinforcement (2.5 wt %); this behavior could
be attributed to reinforcement, which seems to over-
saturate the matrix, and the inadequate distribution of
keratin, which modifies the thermal conductivity in the
composites.

Regarding the specific heat, in the composite with the
highest reinforcement concentration, which was modi-
fied for 5 h (RHM-5-2.5), we observe high values of Cp,
which correspond to a low value of K. This can be attrib-
uted to the composite absorbing more energy than it
transfers. On the other hand, thermal diffusivity in com-
posites with high percentages of reinforcement (2.5 wt%)
typically have the following behavior. In the composite
with fiber, treated for 1 h (RHM-1-2.5), a slight decrease
is observed, but the composite reinforced with fiber,
treated for 5 h (RHM-5-2.5), shows a greater decrease in

TABLE 4 Thermal properties of

composites with 0.5–2.5% of Angora

rabbit hair and treated Angora

(m2/s) Diffusivity (J/gK) Cp (g/m3) ρ x 106 (W/mK) K

PLA 1.02E-07 0.91 1.19 0.111

RH-0.5 2.31E-07 1.22 0.99 0.278

RH-1.0 2.10E-07 1.28 1.04 0.280

RH-2.5 2.60E-07 0.96 0.76 0.192

RHM-1-0.5 1.81E-07 1.27 0.829 0.191

RHM-1-1.0 2.50E-07 1.42 0.63 0.227

RHM-1-2.5 1.76E-07 0.94 1.044 0.172

RHM-5-0.5 2.02E-07 1.18 0.78 0.187

RHM-5-1.0 1.71E-07 1.03 1.04 0.183

RHM-5-2.5 1.32E-07 1.14 0.81 0.122

FIGURE 6 Thermal conductivity for composites: (a) composite reinforced with rabbit hair; (b) composite reinforced with rabbit hair

modified by 1 h; (c) composite reinforced with rabbit hair modified by 5 h (S = 0.014 see supplementary) [Color figure can be viewed at

wileyonlinelibrary.com]
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thermal diffusivity. This can be attributed to the fact that
concentration influences dispersion, and the chemical
treatment carried out on the reinforcement generates
wear on the fiber surface, which changes the surface,
affecting thermal diffusivity and generating low values
(RHM-5-2.5 = 1.32E-07 m2/s). The reinforced composite
with unmodified fiber (RH-2.5) has a smaller decrease
than the fiber-treated composites, which is attributed to
poor reinforcement dispersion in this case, where it is
only influenced by concentration.

Composites included in Figure 6(b), reinforced with
keratin modified with NaOH for 1 h, show thermal con-
ductivity values of 0.191, 0.227, and 0.172 W/mK,
depending on concentration. The behavior is similar to
that shown in Figure 6(a). However, the conductivities
are lower for each concentration of composite reinforced
with unmodified keratin. However, in Figure 6(c) (com-
posites reinforced with chemically-treated rabbit hair for
5 h), the maximum value of K is obtained with the lowest
percentage of reinforcement (RHM-5-0.5, K = 0.187 W/
mK) and composites with 1.0 and 2.5 wt % exhibited
values of 0.183 and 0.122 W/mK, respectively. This
behavior could be attributed to the chemical modification
time for the rabbit hair, which modifies the surface and
thermal properties significantly, as mentioned previously
and analyzed with the described techniques (SEM, DSC,
and DMA).

Finally, the presence of keratin contributes to the
modification of PLA thermal conductivity, as well as
chemical treatment, producing a diminished in K. These
results are tangible (Figure 6), since compared to K
values at the same concentration (for instance RH-0.5,
RHM-1-0.5, and RHM-2-0.5) a decrease in K is observed
for composites with the treatment conditions in rabbit
hair. Thermal conductivity in keratin is associated with a
well-organized structure and self-assembled protein.52

The influence of factors, such as modification and con-
centration in the experiment, were validated using a fac-
torial design. Figure S1 shows the interaction plot of the
two factors. Based on this plot, we validated the signifi-
cance of thermal conductivity values with interaction of
reinforcement without chemical treatment and the low-
est concentration of reinforcement (S = 0.014). S repre-
sents the distance between the data and fitted values. The
low value of S indicates that the result will better suit the
model. According to the P value obtained in the ANOVA
(less than 0.05; see Table S1 in supplementary informa-
tion), the interaction of concentration and modification
are significant, and there is no influence from error. Fur-
thermore, the R-squared value for this analysis is 93.74%,
confirming effective thermal conductivity measurements,
indicating that the deviation of measured values is slight.
The increase of thermal conductivity produced by keratin

in PLA composites could be a viable alternative to several
techniques previously used to increase thermal conduc-
tivity in polymers through structure manipulation, self-
assembly, alienation, and orientation of polymer
chains.52

According to some investigations, the thermal con-
ductivity value of PLA ranges, approximately, from
0.064–0.23 W/mK.53–56 In this study, we report a value of
0.111 W / mK, within the reported range. On the other
hand, other works have reported thermal conductivity
value changes in keratin depending on its source
(0.1924 W/mK for wool fibers,57 2.99 W/mC for wool,
2.49 W/m� C for goose down,58 and 3.8 x 103 W/mK for
rabbit skin [with long hairs and dyed]).18 Therefore, some
kinds of keratin present higher values of thermal conduc-
tivity than PLA. Finally, the incorporation of keratin sig-
nificantly influenced the thermal conductivity increase of
the composites (0.122–0.28 W/mK).

3.5 | Cell viability

The functioning of a cell is affected mainly by its physical
environment because cells must first adhere to a material
before proliferating. Therefore, the biocompatible mate-
rials used (in this research, PLA and composites) should
also have relevant properties, such as hydrophilic sur-
faces, wettability, and non-toxic effects.59 PLA and kera-
tin, alone or in combination with other biomaterials,
have shown generally good compatibility with cells and
tissues.60–64 Figure 7 shows the proliferation, adhesion,
and viability of fibroblasts cells on materials after 24 h
cultures. Fluorescent microscopy of the material surfaces
revealed a large number of adhered cells, with some
being round in shape. In contrast, other cells partly
spread, and some even aggregated, behavior which is
related to the pores of the biomaterial surfaces.65 Besides,
the nuclei of fibroblasts (blue), enveloped by the cyto-
plasm, can be seen; similar results have been obtained in
other investigations using 40,6-diamidinophenyl-indol
(DAPI) as a fluorescent dye for the identification of fibro-
blast nuclei.66

On the other hand, the cells' cytoplasms, as well as
cell–cell interactions, are clearly observable (using Cal-
ceim M), being appreciated around the cell nucleus, as
indicated by a lower intensity blue color. Results agreed
with the cell viability analysis, showing no sign of cyto-
toxicity in any of the materials. Furthermore, results were
similar for human bone marrow mesenchymal stem cells
cultured in biocomposites. These results were based on
the combination of PLA polymer matrix with keratin
additives, where the keratin concentration does not affect
cell viability or the cell-material interaction.66
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4 | CONCLUSIONS

Composites reinforced with keratin and modified keratin
from rabbit hair were obtained by additive manufactur-
ing. According to the SEM results, chemical modification
of the reinforcement with NaOH for 5 h causes some
damage to the fiber surface. Compared with 1 h of chemi-
cal treatment, which produces moderate damage in the
rabbit hair structure, this effect has moderate repercus-
sions to the thermal conductivity. However, it is needed
to verify if 5 h of treatment influences other properties,
such as mechanical properties, where more surface
roughness could be useful at the interface level.
Thermal results obtained from DSC-TGA evidence
changes with decomposition temperature for most of
the composites (327–340�C), which is related to the
increase in reinforcement and chemical treatment per-
formed on the fiber. In addition, thermal conductivity
of the composites increases up to 155% in the compos-
ites with unmodified rabbit hair. The energy dissipa-
tion coefficients in the composites indicate a link
between the fiber and matrix.

Cytotoxicity tests show favorable cell growth in PLA,
which is further improved by keratin incorporation
(increasing up to 4%), indicating that keratin could diver-
sify possible uses of PLA. On the other hand, additive
manufacturing allows shapes to be built in three dimen-
sions, influenced by keratin, which favors cell growth.

Also, it could be useful for the development of biomate-
rials for applications, such as tissue engineering. This is
the first study that incorporates rabbit hair as a reinforce-
ment for PLA using additive manufacturing. Finally, this
work reinforces the direction of research focused on
applications using waste materials as alternatives for eco-
composite development.
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