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This special issue is focused on the nanomaterials derived
from natural products and their application in different
industrial sectors.

Nanotechnology has emerged as one of the most promis-
ing tools for creating high performance and multifunctional
materials for various industrial applications. Looking at the
growing concern about the environment and sustainabil-
ity, nanomaterials from natural sources are receiving great
attention in the scientific community as well as in industrial
sectors. A wide variety of nanomaterials synthesized from
natural products possess exceptional strength characteristics,
light weight, transparency, and excellent biocompatibility and
are, therefore, promising materials for coatings, packaging,
medicine, construction, electronics, filtration, transporta-
tion, and other areas. Among various techniques, electro-
spinning has been considered to be a simple and versatile
technique for producing continuous nanofibres from natural
polymers. Therefore, besides particles, it has been possible
to produce continuous fibres and textiles based on these
nanomaterials.

Within the range of natural nanomaterials, nanocellulose
has attracted a special attention and has been widely used for
industrial applications. Nanocellulose has been either synthe-
sized through bottom-up approach using bacteria (known as
bacterial cellulose) or produced from plant cellulose through
physical (such as ultrasonication, homogenization, and ball
milling) or chemical methods (such as acid hydrolysis) or

their combination in the form of nano-fibrillated cellulose
(NFC) and nano-crystalline cellulose (NCC). Nanocellulose
possesses high mechanical properties (NCC’s axial Young’s
modulus: 120–220GPa, transverse modulus: 11–57GPa, ten-
sile strength: 7.5 GPa), high surface area, and interesting
barrier and optical properties and is, therefore, considered to
be an excellent reinforcement for composite materials. This
special issue presented a number of sources for production
of nano cellulose and its application in different areas. For
example, M. Hassanzadeh et al. produced NFC from two
underutilized Appalachian hardwoods, Northern red oak
(Quercus rubra) and yellow poplar (Liriodendron tulipifera)
and explored the possibility of using the produced NFC
as templates for antimicrobial copper for packaging and
medical/pharmaceutical applications. J. Li et al. produced
NFC from poplar and cotton sources and used for the
reinforcement of Polylactic Acid (PLA) composites. An
interesting application of copper immobilized NFC has been
reported by C. W. Owens et al. as catalyst for the synthesis
of 1-benzyl-4-phenyl-1H-1,2,3-triazole from benzyl azide and
phenylacetylene with a yield of over 90%.

A number of attempts have been made to control
the size and morphology as well as functionality of pro-
duced nanocellulose targeting different applications. These
approaches either include pretreatment of cellulosicmaterials
prior to nanocellulose extraction or functionalization of
produced nanocellulose using different chemical or physical
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methods. In this special issue, Y. Chen et al. presented a green
pretreatment approach with exoglucanase and endoglu-
canase enzymes to produce NFC with controlled length for
special applications.

Nanomaterials produced by bacteria are also getting
tremendous attention in recent times. Bacterial cellulose is an
appropriate example of this type ofmaterials with high purity,
crystallinity, and excellent mechanical properties. Minicells
generated by lactic acid bacteria are another type of nanosized
particles with huge application potential in drug delivery
systems for treatment of cancer, microbial infection, and
other diseases, as discussed in the review paper by H. N.
Nguyen et al. included in the present special issue.

Nanoclays such as montmorillonite (MMT), kaolinite,
and saponite are other natural nanomaterials which have
been widely used for reinforcement of polymeric as well as
cementitious composites. Reinforcement of polymers with
nanoclays improves their physical, mechanical, and gas bar-
rier properties. On the other hand, in case of cementitious
materials, nanoclays are used to improve the mechanical
performance, resistance to chloride penetration, and self-
compacting performance and to reduce the permeability and
shrinkage properties. Nanoclays find diversified applications
in cosmetics, drug delivery systems, pollution control and
water treatment, food industry, and so on. An application
of nanoclays to improve the mechanical and barrier per-
formance of whey protein isolate nanocomposites films for
food packaging applications has been presented in this special
issue by K. Müller et al. The use of other inorganic nano-
materials such as MCM-41 silicate and Y-Zeolites, deposited
with a bioactive plant extract for medical applications, has
been discussed by M. A. Hernández et al. Some other nano-
materials from natural products for medical applications,
discussed in this issue, include nanoemulsion produced from
the extract of Amazonian andiroba plant oil as reported by
S. S. R. Milhomem-Paixão et al. and nanocomposite films of
hyaluronic acid containing metal nanoparticles as discussed
by G. Cárdenas-Triviño et al.

However, despite promising properties and applications,
further research and developments are extremely essential for
nanomaterials obtained from various natural products. Pro-
duction of these nanomaterials at industrial scale needs cost-
effective production processes, improved production rate,
and consistent quality as well as predictable and consistent
performance of nanomaterials based products. This special
issue presented some of the recent research approaches to
study and optimize the properties of a few natural product
based nanomaterials and highlighted their enormous appli-
cation potential in diversified industrial sectors.

Sohel Rana
Raul Fangueiro
Vijay K. Thakur
Mangala Joshi
SabuThomas
Bodo Fiedler
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A study on the nanoparticles size and the antibacterial properties of hyaluronic acid (HA) doped with nanoparticles is reported.
Nanoparticles from gold, silver, copper, and silver palladiumwith HA support were performed.The solvatedmetal atom dispersion
(SMAD) method with 2-propanol and HA was used. High-resolution transmission electron microscopy (HRTEM), infrared
spectroscopy (FT-IR), and thermogravimetric analysis (TGA) were conducted. The average sizes of nanoclusters were as follows:
HA-Au = 17.88 nm; HA-Ag = 50.41 nm; HA-Cu = 13.33 nm; and HA-AgPd = 33.22 nm. The antibacterial activity of solutions
and films containing nanoparticles against American Type Culture Collection (ATCC) bacterial strains Escherichia coli (EC),
Staphylococcus aureus (SA), Staphylococcus epidermidis (SE), and Pseudomonas aeruginosa (PA) was determined. Inhibition was
observed for HA-Ag, HA-Cu, and HA-AgPd. Toxicological tests were performed in rats that were injected intraperitoneally with
two concentrations of gold, copper, silver, and silver-palladium nanoparticles. No alterations in hepatic parameters, including ALT
(alanine aminotransferase), GGT (gamma-glutamyl transpeptidase) bilirubin, and albumin, were observed after 14 days. These
films could be used as promoters of skin recovery and Grades I and II cutaneous burns and as scaffolds.

1. Introduction

Nanotechnology is now one of the highest priorities in
science and technology research [1]. By controlling the size,
shape, and distribution of nanoparticles (NPs), it is possible
to determine their properties and the nature and intensity of
their interactions with other molecules. One way to modify
the final properties of a nanomaterial is to use a poly-
meric support. The unique properties of supported metallic
nanoparticles (MNPs) are directly related to the types of
particles (size and shape), the dispersion, concentration, and
electronic properties of the metal in the support [2, 3]. MNPs
dispersed in solvents have been widely studied over the past
few years because their properties have enabled applications

in the areas of electronics, medicine, environmental science,
and materials science [4].

Nanomedicine is a field that encompasses applied nan-
otechnology methods in medicine. Thus, it allows the use of
nanotechnology in cutting-edge research that will lead to the
creation of better techniques for the treatment of diseases to
improve the prognosis of patients [5]. The revolutionary aim
of this science is focused primarily on monitoring, repairing
tissue, controlling the evolution of disease, and defending and
improving human biological systems. The most significant
biotechnological advances in this field include biosensors,
novel pharmacoselective agents, and the development of
materials for grafts, among others [6].

Hindawi
Journal of Nanomaterials
Volume 2017, Article ID 9573869, 9 pages
https://doi.org/10.1155/2017/9573869

https://doi.org/10.1155/2017/9573869


2 Journal of Nanomaterials

The antimicrobial activity of metal nanoparticles had
been reported profusely in the last years [7–10] as a possible
alternative treatment for infected wounds, particularly with
antimicrobial resistant bacteria, and nanoparticles of various
metals have been studied.

There is evidence that demonstrates that gold nanopar-
ticles are inert or have nontoxic effect on human cells [11].
No proinflammatory cytokines secretion, such as necrosis
factor tumor alpha (TNF-𝛼), was detected in a study with
macrophage cells; these results emphasize that AuNPs are
not cytotoxic or immunogenic but are biocompatible, cor-
roborating their excellent potential in the areas of nanoim-
munology, nanobiotechnology, and nanomedicine [12]. On
the other hand, good antibacterial activity has been demon-
strated against various pathogenic bacteria [13, 14].

In contrast to gold nanoparticles, silver nanoparticles
(AgNPs) show toxicity associated with their oxidative and
inflammatory nature [15], which is related to their genotox-
icity and cytotoxicity [16, 17]. Therefore, it is suggested that
AgNPs can inhibit the mechanisms of antioxidant defense
through the reduction of glutathione, inactivation of the
superoxide dismutase, and promotion of lipid peroxidation
[18]. Consequently, reactive oxygen species accumulation and
oxidative stress can cause many physiological and cellular
events, including stress, disruption and destruction of mito-
chondria, apoptosis, inflammation, and damage to DNA [19].
The mitochondria appear to be the cellular compartment
most sensitive to the toxicity of AgNPs [20].

In addition to the damage to DNA and mitochondria, it
has also been observed that AgNP exposure, in contrast with
AuNPs, induces the release of a series of proinflammatory
markers, predominantly TNF-𝛼, pulmonary intravascular
macrophages, and granulocyte colony-stimulating factor [21].
However, the toxicity of AgNPs is still a concern matter
because AgNPs release Ag+ ions in aqueous solution [22],
and there is evidence that the silver ion presence enhances
significantly the toxicity of AgNPs [23].

On nanoscale, pure copper or copper oxides become even
more toxic to pathogenic microorganisms, an effect that is
directly related to the size of the particles. As is the case with
other metals, the presence of excess copper has also been
proven to be toxic, to a certain extent, to cellular organisms in
general [24, 25]. This is because, in the presence of water and
oxygen, copper releases positive ions and generates hydroxyl
radicals, both of which are highly toxic. In addition, the
electrons produced by oxidation reactions interact with water
molecules, forming other hydroxyl radicals [26, 27].

There are multiple effects that show the toxicity of
copper: (1) inhibition or alteration of protein synthesis; (2)
alterations to the permeability of the cell membrane, causing
the peroxidation of lipids by inducing oxidative damage to
them; as a result, an imbalance is created in the entrance and
the exit ofminerals, including sodiumandpotassium, that are
essential for normal cells to function; and (3) destruction or
alteration of nucleic acids (DNA), thus disrupting the ability
of cells to multiply [28].

In a study that evaluated the in vitro toxicity of CuNPs in
fibroblast cells from mouse embryos showed that Cu2+ ions

are more cytotoxic than covered NPs (CuNPs) [26] as has
been reported also for AgNPs and silver ions.

Palladium has been used in alloy with gold, silver, and
tin as a material for dental restoration for years, and health
concerns about his use are due it known effect on the
immune system [29, 30]. Limited other data about palladium
toxicity has been reported [31]. For this reason, AgPd-NPs
was included in this study.

Hyaluronic acid (HA) is a fundamental component of
the extracellular matrix of the skin, mucosal tissue, joints,
eyes, and many other organs and tissues. It is involved in
tissue repair processes and is an essential component in the
resurfacing of the skin and the prevention of scar formation.
Its osmotic capability restores tissue hydration during the
inflammatory process, and its viscosity helps to prevent the
passage of bacteria and viruses into the pericellular area
(around the cell). It is a known stimulator of the inflammatory
process because it acts as a barrier to tissue degradation and
has antioxidant properties, including the ability to eliminate
free radicals [32–34], which are tissue-damaging byproducts
derived from the metabolism of oxygen that can cause
inflammation and cancer [35].

HA, is a potent water attractant. This property provides
hydration, firmness, smoothness, and a defensive barrier to
the skin and also offers mechanical stability to joints and
slows down skin aging.

Themain goal of this work is to obtain films of HA doped
with MNPs to improve skin recovery and to control bacterial
infections of wounds.

2. Materials and Methods

2.1.Metal AtomReactor (Chemical LiquidDeposition-Solvated
Metal Atom Dispersion Method). The metal atom reactor
used has been previously described [36, 37]. In a typical
procedure, an alumina-tungsten crucible at the bottom of
the reactor was charged with 0.150 g of Au metal and 3.0 g
of HA. Dry 2-ethoxyethanol was placed in a ligand inlet
tube and degassed by several freeze-pump-thaw cycles. The
reactor was pumped down to 0.008mbar, while the crucible
was heated until it was red.A liquid nitrogen-filledDewarwas
placed around the vessel, andAu and 2-ethoxyethanol (70ml)
were deposited over a period of 1 h with a current of 35A.
The matrix was a blue/purple color at the end of the depo-
sition. The matrix was then allowed to warm slowly under
vacuum for 1 h by removing the liquid nitrogen Dewar. Upon
meltdown, a purple colloid was obtained. After returning the
matrix to 1 atm by the addition of nitrogen, the colloid was
allowed to warm for another 0.5 h at room temperature. The
dispersion was stirred for 12 h and was then syphoned out
under nitrogen into a flask. Based on the evaporated metal
and 2-ethoxyethanol in the inlet, the molarity of the metal
could be calculated. Several concentrations were prepared
under the same conditions for Ag, Cu, and AgPd (between
50 and 200mg). No hydrogen evolution during the metal
evaporation was observed. The vacuum remained constant
during the evaporation process.
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2.2. Metallic Solids. Metallic solids were prepared by the
direct evaporation of solvent, achieved by connecting the
receiver flask to the vacuum line for a period of approximately
10 h. Once the solvent had evaporated, the flask and the solid
could be collected, after which it was stored in a dry chamber
under atmosphere of nitrogen gas to prevent the oxidation of
the material.

2.3. High-Resolution Transmission Electron Microscopy
(HRTEM). Micrographs were obtained on a JEOL 2100F
high-resolution transmission electron microscope (200 kV)
or on a JEOL 2010 TEM (200KV). It was possible to
determine the range of size distribution of NPs in addition to
possible distortions and imperfections in the MNPs of Au,
Ag, Cu, and the alloy AgPd. Sample preparation included
a procedure that separated and dissolved the polymer
nanoparticles using only HA and water as solvent. This step
allowed us to view the NPs in more detail. In this procedure,
solid polymer containingMNPs and weighing approximately
0.002 g to 0.008 g was dissolved in 3 or 6ml of sterile distilled
water and sonicated for 15 minutes; then, 1 drop of the
solution obtained was placed in the grid of copper or nickel
with a carbon film. The average particle size was obtained
from 59 measurements.

2.4. Infrared Spectroscopy with Fourier Transform (FT-IR).
The spectrophotometer used to obtain IR spectra was a Nico-
let Magna 500 equipped with Nicolet EZ OMNIC software
for the collection and analysis of spectra.

The sample preparation method used most often for the
analysis of solid samples involved a KBr matrix; specifically,
the solid samples were dispersed and supported on a KBr
matrix tablet. For the preparation of the tablet, solid fiberglass
(1mg), previously cut with a microtome, was dispersed on an
array of KBr (100mg) bymixing and grinding to homogenize
the mixture inside an agate mortar. Then, the mixture was
introduced into a mold and compressed to obtain a disc.
Subsequently, the disc was stored in a desiccator until FT-IR
analysis.

Spectra were recorded in a wavelength range from
400 cm−1 (25 micrometers) to 4000 cm−1 (2.5 micrometers),
which defined the IR electromagnetic radiation spectrum.
The analysis included obtaining the far andmiddle IR spectra
of each of the samples.

2.5. Thermogravimetric Analysis (TGA). Thermogravimetry
was performed with a Q50 V2010 Build 36 TGA. Samples
of the solid were heated at a rate of 10∘C/min in air with a
flow rate of 20ml/min. From the corresponding thermogram,
the temperature of decomposition and the mass percent
composition of the degradation products were determined.

2.6. Microbiological Tests. For the bacteriological assays,
four bacterial strains were used: Escherichia coli (ATCC
25922), Pseudomonas aeruginosa (ATCC 27853), Staphylo-
coccus aureus (ATCC 25923), and Staphylococcus epidermidis
(ATCC 12228).

The antibacterial properties of the NPs supported in HA
were assayed by a qualitative approach. For this, a 1 cm2 film
prepared from HA and the appropriate NPs was deposited
in a Petri dish containing a thin layer of Mueller-Hinton
(MH) agar. Then, 10ml of MH agar containing an inoculum
of approximately 106 CFU/ml was poured onto the film until
it was covered. The antibacterial activity was determined by
comparing the growth to that of a control film without NPs.

2.7. Toxicological Test: Bioassays in Rats. The experimental
method of intraperitoneal injection inmice started with a full
physical examination of the rats before beginning the admin-
istration of the solutions under study. The average tempera-
ture, pulse, and breathing needed to be 38∘C, 280 beats/min,
and 90 breaths/min, respectively, before proceeding.The ani-
mals were supplied with adequate food and water, in addition
to controlling the conditions in terms of light and humidity.
Ether was used as an anesthetic; before the induction, the
rats were fasted for at least 12 h. This procedure employed
all possible hygienic measures, such as the use of surgical
gloves, apron, cap, and mask. Once the mouse was sedated, it
was held during injection of the solution under study using
a syringe that conformed to the desired volume level. The
solution was injected into the back of the mouse, around
the cervical area.

After the solutions were administered, all the rats under
study, including the control group, were maintained under
conditions with adequate food, light, temperature, and
humidity until the day established as the end of the analysis, at
which point a number of rats in each group under study were
sacrificed. For example, a rat from each group was analyzed
in terms of their liver enzymes to determine toxicity in the
long and short term.

The studies that were performed in the present work were
conducted, without exception, while respecting international
standards for the management of laboratory animals accord-
ing to National Institute of Health Guide for the Care and
Use of Laboratory Animals and the Bioethics Committee
(Universidad Austral de Chile).

3. Results

3.1. High-Resolution Transmission Electron Microscopy
(HRTEM). From the micrographs (Figure 1(a)) obtained, it
is possible to observe atomic planes previously reported in
the literature for eachNP. UsingDigitalMicrograph software,
measurements of interplanar spacing values were performed
to identify the type of atomic plane. From these data, it is
possible to determine the space between each interplanar
layer of the metallic element (0.39 nm) and that the MNPs
have a face-centered cubic (fcc) crystal structure. One of the
objectives of this TEM analysis was to determine the size
distribution of the MNPs under study and to determine the
presence or absence of any distortions or imperfections in the
particles arising from an incomplete synthesis process.

Assuming that its crystalline structure is fcc on both sides,
the measurement of the extent of the interplanar distance is
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(a) (b)

Figure 1: (a) High-resolution micrograph of HA-Au-2. Interplanar distance = 0.39 nm. (b) Micrograph exhibiting Au NP supported in HA
with an average particle size of 17.88 nm.

Table 1: Frequency bands of the major functional groups present in the HA and HA + metal NPs.

Number Bond Frequency (cm−1)
pure HA

Frequency (cm−1)
HA+Au-2

Frequency (cm−1)
HA+Ag-2

Frequency (cm−1)
HA+Cu-2

Frequency (cm−1)
HA+AgPd-2

(1) ]O–H 3428,52 3419,14 3431,03 3430,83 3426,44
(2) ]C–H 2928,61 2926,71 2914,37 2925,68 2922,69
(3) ]C=O 1624,47 1728,94 1629,23 1630,56 1623,40
(4) ]C–C 1414,42 1412,76 1416,64 1417,31 1415,47
(5) ]C–C 1326,19 1281,01 1316,18 1319,27 1321,25
(6) ]C–O 1154,97 — — 1155,23 1154,67
(7) ]C–O 1041,64 1077,03 1043,18 1042,60 1039,55
(8) 𝛿CH

2
611,40 611,01 604,97 606,98 613,01

(9) ]C=O — 1618,63 — — —

equal to 0.362 nm. It can be concluded that the observed plane
is the (111) plane.

The quality of the two high-resolution images in Figure 3
of the silver-palladium (alloy) NPs should be noted; it is pos-
sible to see at a glance atomic levels, interplanar distances, and
facets of the location of the atoms. Clearly, the observation of
the spatial arrangement of atoms in themore stable (111) plane
was achieved.

The shape of the NPs was generally not a perfect sphere,
so, the average size was calculated as the mean of the width
and the length of several particles (see Figure 4).

According to measurements made using Digital Micro-
graph software, the sizes of the gold, silver, copper, and silver-
palladiumMNPs were within the range of 10–50 nm.

Based on the results obtained and themicrographs shown
above, it is possible to determine that the sizes of the
different types of NP, for example, Au and Ag NPs, are not
homogeneous, which is to be expected because, during the
synthesis process, unequal amounts in terms of milligrams
of metal not used in the formation reaction lead to different
particle sizes at the nanometer scale. However, it was not

expected that there would be a difference in the distribution
of sizes between a single type of metal NP, for example, silver,
in which case there were no more than two NPs with equal
sizes, which may be attributable to the synthesis process.
There were several factors that influenced NP growth not
being realized in its entirety in all the NPs; therefore, the sizes
measured varied within the particles containing the same
type of metal.

3.2. FT-IR Spectroscopy. Shown below are IR spectra from
which polymer structure characterization can be achieved.
HA was analyzed in the middle or intermediate IR range
(up to 4000 cm−1) to corroborate the presence of polymer
in each of solid samples containing NPs of Au, Ag, Cu, and
AgPd. From these spectra, one can check for the presence
of the main organic groups present in the molecule. In
addition, spectroscopy in the far IR range (up to 400 cm−1)
was performed on the samples of MNPs, making it possible
to distinguish the main bonds where the MNPs are linked to
the polymer and the presence of clusters or atomic groupings
of the same metal (see Table 1).



Journal of Nanomaterials 5

Table 2: HA and MNP bonds and their possible frequency bands.

HA-metal Frequency of metal-oxygen
(cm−1)

Frequency of metal (clusters)
(cm−1)

HA-Au 451,39 126,56
HA-Ag 444,72 186,72
HA-Cu 445,25 132,72
HA-AgPd 459,06 122,86

Table 3: Summary table of decomposition temperatures and mass losses of solid NPs of Au, Ag, Cu, and AgPd-2 alloy supported by HA.

Solid Total mass
(mg)

Decomposition
temperature (∘C)

Percentage of
mass loss (%) Mass loss (mg) Residual loss temperature

(∘C, approx.)
Residual mass
percentage (%)

HA 12,185 220,98 63,07 7,685 500 36,93
HA-Au-2 11,568 217,94 73.89 8,547 500 26.11
HA-Ag-2 6,269 217,80 76,87 4,819 550 23.16
HA-Cu-2 5,264 218,72 72,01 3,791 550 27.99
HA-AgPd-2 7,563 220,45 76,26 5,768 550 23.74

Table 4: Inhibition of bacterial growth by films of metallic NPs supported by HA.

Films of MNPs HA-Au-2 HA-Au-3 HA-Ag-2 HA-Ag-3 HA-Cu-2 HA-Cu-3 HA-AgPd-2 HA-AgPd-3
S. aureus ATCC (25923) x x xx xxx xx xx xx x
S. epidermidis ATCC (122228) xx xx xx xx xx xx xx x
E. coli ATCC (25922) x xx xxx xx xx xx x xx
P. aeruginosa ATCC (27853) xx xx xxx xxx xx xxx xx xx
(x = no inhibition; xx = decreases growth; xxx = inhibits).

To confirm the presence or absence of the major func-
tional groups of HA as a polymer solid used to support NPs, it
is not necessary to obtain an equal value in terms of frequency
but rather to confirm that bands move only within similar
ranges with a minimal difference. This difference between
each solid sample containing a different metal arises from the
metal causing the bands to behave similarly but not exhibit
the same vibrations. The 3428 cm−1 bands correspond to
the vibration of –OH bond stretching.The band at 2928 cm−1
is due to –CH bond stretching. At 1727 cm−1, the band
corresponds to the absorption from C=O double bond
stretching, and the 1624 and 1625 cm−1 bands show absorp-
tion from the stretching of the C=C double bonds or chelated
groups in the case of Au-2.

3.3. Far FT-IR. Spectrum allows us to demonstrate the possi-
ble bonds betweenHA and themetal, which are concentrated
around the metal-oxygen groups of hyaluronate (a monomer
unit that interacts with metals) and the carbonyl of the glu-
curonic acid group, which displaces the band. Furthermore,
the presence of bonds between clusters of atoms of the same
metal is observed [38, 39]. Table 2 summarizes the far IR
bands of different nanoclusters involved.

3.4. Thermogravimetric Analysis (TGA). The main objective
of TGA is to demonstrate the stability of metallic solids in
response to temperature changes. From the obtained scans,
it is possible to determine the temperature of decomposition
of a polymer and a polymer doped with MNPs and to obtain

information on the percentage ofmass loss of a sample, which
can be used to determine which sample is more stable.

From the results in Table 3, it can be concluded than
the average experimental decomposition temperature of the
polymer supporting MNPs is 218.73∘C. On the other hand,
the decomposition temperature of pure HA is around 220∘C
(shown in Figure 5). Similar result occurs with chitosan; a
decrease in decomposition temperature is observed between
pure and MNPs-doped polymer [40]. The observed values of
percentage of mass loss are, with some degree of similarity,
directly related to the loss in mass (in mg) undergone by the
solid samples.The residual mass percentage and temperature
refer to the peak temperature at which mass is no longer lost
as a result of increasing the temperature of the sample. The
residual mass is between 23 and 27% for doped HA, while the
pure HA exhibit a residual mass of 36,93%.

3.5. Bacteriological Assays. The results of the qualitative
analysis are shown in Table 4. In general, the highest activity
was found in gels containing NPs of copper and silver, with
both displaying activity against the four tested strains of
bacteria.

Comparison of the results with the literature is challeng-
ing, mainly due to differences in the methodologies used
and the polymer used as a support. Most of the work in
this field uses chitosan as the polymer support. Chitosan is
known to have antibacterial properties significantly different
from those of HA, which has weak or no antibacterial activity
depending on the tested microorganism [41]. Our results
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Figure 2: Copper cluster supported in HA. It is possible to observe single particles with average particle size of 13.33 nm.

(a) (b)

Figure 3: Two high-resolution micrographs of HA-AgPd (a). The interplanar distance is observed in (b).

show that strong antibacterial activity is achieved with NPs
of copper and silver, while low activity is observed with gold
and silver palladium. These results are consistent with the
literature, which indicates that metals such as gold and plat-
inum have low antibacterial activity [8]. Anisha et al. (2013)
[42] used a matrix of chitosan/hyaluronic acid as support for
silver nanoparticles and determined the antibacterial activity
of the compound.They demonstrated that the mix was active
against all the bacteria tested, including methicillin-resistant
Staphylococcus aureus strains. These results are comparable
with the result of this work. One study reports MIC val-
ues comparable to those obtained in this study for silver
and copper, with values of >0.395mg/ml and 0.048mg/ml,
respectively, against E. coli and 0.198–0.395 and 0.048mg/ml,
respectively, against S. aureus, values that are similar to the
inhibition of bacteria growing on the films. This study shows
a MIC for copper that is the same (0.048mg/ml) against all
the strains tested, which is less than half the value reported
by Ruparelia et al. [8] for this metal; in the case of silver, the
values are similar.

3.6. Bioassays in Rats. The toxicity tests were conducted in
laboratory rats weighing 100 g that were separated into two
groups, one experimental and the other a control, whose
evaluation was performed after the solution was injected
intraperitoneally at days 1 and 7. A blood sample of 0.5ml
was taken to determine the hepatic biochemical parameters,
including ALT, GGT, bilirubin, and albumin. After euthana-
sia, all hepatic and renal tissue was extracted for histopatho-
logic analysis. This analysis was used to determine if the
solutions of the MNPs supported on HA were sufficiently
nontoxic to permit their use.

We find that the levels of ALT, GGT, and bilirubin
measured at 14 days after intraperitoneal injection were
normal in the group of animals injected at days 1 and 7 with
0.5ml of a 0.5% solution of Au, Ag, and Cu or AgPd-NPs
supported by HA (see Figure 6).

There were no changes associated with hepatotoxic-
ity after 14 days in all sampled groups since the liver
functionality-specific enzymes and the levels of albumin and
bilirubin synthesized were found to be within normal ranges.
There were also no signs associated with damage to the
hepatic or renal tissue in samples taken 14 days later after
the euthanasia of each animal. With regard to the pathology,
macroscopic analysis indicated that no mice belonging to the
group injected with metals and HA had adhesions in their
abdominal cavity. This finding leads to the conclusion that
solution of MNPs supported in HA does not present high
levels of toxicity; in fact, toxicity levelswerewithin the normal
ranges for continuous exposure.

4. Conclusions

Analyses were performed onmetallic NPs of gold, silver, cop-
per, and silver palladium (alloy) supported in the biopolymer
HA,which, despite not having antibacterial properties, acts as
a favorable stabilizer of MNPs, allowing them to exhibit their
unique properties, particularly their antibacterial abilities.
These properties were evident from the first characterization
analyses, such as HRTEM analysis, which showed MNPs
located clearly in a spatial arrangement of atoms in the more
stable (111) plane, as shown in Figure 2. Furthermore, the
analyses allowed us to determine that the size of the MNPs
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(a) (b)

Figure 4: (a) Micrograph of HA-AgPd, average particle size of 33.22 nm. (b) Micrograph of HA-Ag, average particle size of 50.41 nm.
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Figure 5: Thermogram of pure hyaluronic acid showing a decomposition temperature of 220∘C.
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Figure 6: (a) Evaluation of ALT after the intraperitoneal injections at days 1 and 7 of 0.5ml of a 0.5% solution of Au, Ag, Cu, or AgPd-NPs
supported on HA. The enzymatic levels are close to the normal reference levels for this species. Dotted lines represent the normal reference
range. (b) Evaluation of GGT after the intraperitoneal injection at days 1 and 7 of 0.5ml of a 0.5% solution of Au, Ag, Cu, or AgPd supported
by HA. The enzymatic levels are close to the normal reference level for the species. Dotted lines represent the normal reference range.

was within the range of 10–50 nm and that differences in
sizes existed between each of the different types of NPs, with
AgNPs being the largest and CuNPs the smallest. We also
characterized the presence of deformities and imperfections,
such as nanotwins and strips of thickness in the AgNPs,

attributable primarily to incomplete synthesis. Medium and
far FT-IR analysis was used to determine that the 3428 cm−1
bands correspond to the vibration of the stretching of the
–OH bond. The band at 2928 cm−1 is due to the stretching
vibration of the –CH bond. A peak at 1727 cm−1 represents
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absorption in the C=O double bond stretching band, among
others. In the far IR, there were possible bonding interactions
between HA and metal, which would be focused in the
–Metal-O- groups of hyaluronate (a monomeric unit that
interacts with metals) and the carbonyl group of glucuronic
acid; these interactions cause the formation of bands. Fur-
thermore, the presence of bonds between clusters of atoms
of the same metal with values between 120 and 190 cm−1 was
observed. TGA analysis determined that the temperature of
decomposition for the system exhibits several peaks from 217
to 220∘C, values consistentwith the literature, which indicates
thatHAmacromolecules decompose at approximately 220∘C.

From these analyses, it is concluded that the use of HA
as a stabilizing support offers the safety and capacity needed
for its use in the preparation of medical dressings with
MNPs. Although HA is being compared to other well-known
biopolymers (e.g., chitosan) that have significant antibacte-
rial properties, a greater likelihood of allergic reactions is
ascribed to these polymers. Neutral HA, however, has no
adverse reactions, is fully biocompatible, and is involved
in tissue repair process. In addition to this factor, with
the proven antibacterial properties of MNPs, we can fully
recommend the use of these components for the development
of an effectivemedical dressing.While the course of this work
concluded with preclinical trials in animals (mice), it would
be appropriate to continue this investigation with clinical
trials of patients suffering from skin wounds and diseases.
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[41] M. Bračič, L. Pérez, R. I. Martinez-Pardo et al., “A novel
synergistic formulation between a cationic surfactant from
lysine and hyaluronic acid as an antimicrobial coating for
advanced cellulose materials,” Cellulose, vol. 21, no. 4, pp. 2647–
2663, 2014.

[42] B. S. Anisha, R. Biswas, K. P. Chennazhi, and R. Jayakumar,
“Chitosan-hyaluronic acid/nano silver composite sponges for
drug resistant bacteria infected diabetic wounds,” International
Journal of Biological Macromolecules, vol. 62, pp. 310–320, 2013.



Research Article
Comparative Study on Properties of Polylactic Acid
Nanocomposites with Cellulose and Chitin Nanofibers Extracted
from Different Raw Materials

Jingjing Li,1 Jian Li,1 Dejun Feng,1 Jingfeng Zhao,1 Jingrong Sun,1 and Dagang Li2

1College of Forestry, Northwest A&F University, Yangling, China
2College of Materials Science and Engineering, Nanjing Forestry University, Nanjing, China

Correspondence should be addressed to Dagang Li; 396420748@qq.com

Received 15 May 2017; Revised 17 September 2017; Accepted 16 October 2017; Published 20 November 2017

Academic Editor: Mangala Joshi

Copyright © 2017 Jingjing Li et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Polylactic acid (PLA) was reinforced with ultralong cellulose and chitin nanofibers extracted from four rawmaterials by extrusion.
The mechanical, rheological, thermal, and viscoelastic performances of four nanocomposites were comparatively studied in detail.
The results showed that fibrillation of poplar was much easier than that of cotton, and fibrillation of crab shell was relatively hard as
compared to prawn shell. The poplar CNFs/PLA composite exhibited the best mechanical properties among four nanocomposites
due to the highest aspect ratio of nanofibers, while both the cotton CNFs/PLA composite and the crab shell CHNFs/PLA composite
had low mechanical strength due to the relatively low aspect ratio. FE-SEM images showed that the ultralong nanofibers were
uniformly dispersed in PLAmatrix for all four samples with the water preblending method.The CTE values of the nanocomposites
with 40wt% nanofibers extracted from poplar, cotton, crab shell, and prawn shell were 69.5 × 10−6 K−1, 79.6 × 10−6 K−1, 77.2 ×
10−6 K−1, and 75.3 × 10−6 K−1, respectively. All the results indicated that the aspect ratio of the nanofibers has a great influence on
the performance of the composites, irrespective of the composites prepared by cellulose or chitin.

1. Introduction

Polylactic acid (PLA) is a renewable, biocompatible, and
biodegradable polymer and it is one of the most widely used
bioplastics [1]. Due to the excellent modulus and tensile
strength and high transparency comparable to petroleum-
based polymers, PLA is a good alternative for the conven-
tional synthetic polymers in different applications, especially
in packaging [2]. Nevertheless, the properties of PLA such as
thermal stability and impact toughness are inferior to those
of conventional polymers used for thermoplastic applications
[3]. To overcome the mentioned drawbacks and broaden the
application areas of PLA, considerable researches have been
carried out to develop and study modified PLA, PLA-based
copolymers, and PLA-based composites [4].

Cellulose nanofibers (CNFs) and chitin nanofibers
(CHNFs) have attracted the attention of researches as addi-
tives in the green nanocomposites field because they are

biodegradable and renewable polymers with good mechan-
ical properties. CNFs have highly ordered crystalline regions
alternating with disordered amorphous domains [5]. The
crystalline regions of CNFs have a high Young’s modulus
of 138GPa [6] and a very low thermal expansion coefficient
(10−7 K−1 in the longitudinal direction) [7]. As the second
most abundant natural polysaccharide after cellulose, chitin
is the major structural component of cell walls in fungi and
yeast, the exoskeleton of arthropods, andmollusk shells [8]. It
is reported that the longitudinal modulus and the transverse
modulus of chitin nanocrystals are 150GPa and 15GPa,
respectively [9]. Because of these distinctive properties,
CNFs/CHNFs have been used in a wide range of applications
such as optically transparent materials, reinforced polymer
nanocomposites, biomimetic foams, multifunctional fibers,
templates for chiral nematic mesoporous materials, and
conductive materials [10].
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Cellulose nanomaterials have been extensively used as
an additive to improve the thermal, mechanical, and barrier
properties of PLA [11–17]. However, most of the literature
has focused on the NCC or MCC (microcrystal cellulose)
reinforced PLA composites. There is a lack of study on the
CNFs with high aspect ratio reinforced PLA composites due
to the dispersion problem of the ultralong CNFs. In addition,
chitin nanofibers are mainly used in other polymers, such as
poly (caprolactone), chitosan, PVA, PMMA, and starch [14],
while the research on chitin nanofibers reinforced PLA is very
rare [18].

Although CNFs and CHNFs have great potential as rein-
forcements, the uniform dispersion in polymer matrix is the
major challenge. It is well known that materials in nanosize
have a strong tendency to aggregate. In addition, the strong
hydrogen bonds form when cellulose and chitin are dried,
leading to the aggregation problem. To overcome the disper-
sion and compatibility difficulties, cellulose/chitin nanofibers
have been subjected to physical treatments and chemical
modification [19]. However, the mechanical properties of
the prepared nanocomposites are not remarkably improved
due to the damaged molecular structure of nanofibers by
chemical modification.

Until now, the preparation of CNFs/CHNFs reinforced
polymer composites is mainly focused on the methods
of solvent casting, freeze-drying, and electrospinning. The
development of more flexible and viable processing tech-
niques for industrial applications is needed to promote the
commercialization of nanofibers-based composites. Among
the processing techniques, the melt-compounding process is
themost potential technique, since the final product prepared
by this technique can be easily shaped [13]. However, there are
only very few studies on the nanocomposite prepared by the
melt-compounding technique, especially in the case of chitin
nanofibers [20, 21].

In this study, four different CNFs/CHNFs reinforced PLA
composites were prepared using the extrusion process. The
CNFs/CHNFs were extracted from the raw materials of
poplar flour, cotton, crab shell, and prawn shell. All the
isolated CNFs/CHNFs showed network structure and high
aspect ratio. The effects of fiber morphology on the mechan-
ical, thermal, and viscoelastic properties of the prepared
nanocomposites were comparatively investigated to evaluate
the reinforcing effect of CNFs and CHNFs. To solve the dis-
persion problem of ultralong CNFs/CHNFs in PLA matrix,
the PLA powders were premixed with the CNFs/CHNFs
water slurry followed by freeze-drying before the nanocom-
posites were extruded. This process is a time-saving and
environmentally friendly method due to the absence of
chemical reagent.

2. Materials and Methods

2.1. Materials. Polylactic acid (PLA), NatureWorks TM
4032D, was supplied by Nanjing Jufeng Advanced Materials
Co., Ltd. (Nanjing, China). The glass transition temperature
(𝑇𝑔) and melting point (𝑇𝑚) were 55∘C and 180∘C, respec-
tively. The melt flow index (MFI) was 6 g/10min (190∘C,

2.16 kg). The poplar flour with the size of 60–80mesh was
obtained from Nanjing Jufeng Advanced Materials Co., Ltd.
(Nanjing, China). Absorbent cotton, medical grade, was
purchased from Beijing Tianheng BohaoMedical Equipment
Co., Ltd. (Beijing, China). Dried crab shell powder and prawn
shell powder were obtained from Golden Shell Biochemical
Co., Ltd. (Zhejiang, China). The other chemicals and dis-
tilled water were purchased from Nanjing Chemical Reagent
Company and used without further purification in this study
(Nanjing, China).

2.2. Preparation of Poplar CNFs. Based on our previously
reported methods [22], the preparation procedure of poplar
CNFs was mainly divided into chemical pretreatment and
grinding nanofibrillation.After chemical treatment, thewater
slurry with 1 wt% CNFs was passed through a grinder
(MKCA6-2, Masuko Sangyo Co., Japan) for 20 times with the
grinding stone at 1800 rpm.

2.3. Preparation of Cotton CNFs. The preparation of cotton
CNFs was conducted according to our previously reported
methods [23]. The extraction process of cotton CNFs was
simpler than that of poplar CNFs due to higher cellulose
content in cotton.

2.4. Preparation of Crab/Prawn CHNFs. Crab/prawn shells
are composed of chitin and some other constituents such as
proteins, lipids, calcium carbonate, and pigments.The chem-
ical treatment of crab/prawn shell was conducted according
to our previously reported methods [24]. Finally, a water
suspension with 1 wt% CHNFs was passed through the
grinder for 20 times with the grinding stone at 1800 rpm.

2.5. Preparation of Nanofibers/PLA Composites. Before
the extrusion process, different contents of PLA powders
(60–80mesh) were added to the 1 wt% CNFs/CHNFs water
slurry and were continuously stirred by a magnetic stirrer
at 75∘C for 1 h. After the water preblending process, the
mixture slurry was dehydrated by vacuum filtration using a
Büchner funnel and then was freeze-dried. Subsequently, the
nanofibers/PLAmixturewas fully broken using a blender and
fed into a HAAKE MiniLab (HAAKE MiniLab II, Thermo
Fisher Scientific, Germany) for compounding. The HAAKE
MiniLab is a small twin screw extruder for laboratory use.
The samples were extruded through a rectangular die with
the sectional dimension of 3.5 × 1mm2. The samples were
crushed into powder by a blender and then hot-pressed at
170∘C for 5min with a press vulcanizer.

2.6. Characterization

Cellulose/Chitin Nanofibers

FE-SEM. The morphologies of four different nanofibers were
observed using a field emission scanning electronmicroscope
(HITACHI S-4860, HITACHI, Japan). Prior to FE-SEM
observations, the samples were kept in a vacuum oven at
30∘Covernight and then coatedwith gold for 30–60 s to avoid
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charging. The acceleration voltage was 3 kV and the coating
current was 10mA. The width of nanofibers was measured
using a microscope image analysis system, Image-Pro Plus.

CNFs/CHNFs Reinforced PLA Composites

Rheological Properties. The nanofibers/PLA mixture was fed
into the HAAKE MiniLab for capillary rheological test. The
extrusion temperature was set at 180∘C. The rotating screw
speed was set from 10 rpm to 100 rpm. After the rheological
measurement, themixture was extruded through the die.The
rotating screw speed was fixed at 40 rpm in the extrusion
process.

FE-SEM. The fracture surfaces of four different nanofi-
bers/PLA composites were observed by a FE-SEM. The
nanocomposite samples were frozen in liquid nitrogen and
then quickly broken.

Mechanical Properties. The tensile and flexural properties
of different nanofibers/PLA composites were tested using a
universal materials testing machine (AG-10TA, Shimadzu,
Japan). The tensile gauge length was fixed at 25mm at a
tensile speed of 1mm/min. Each sample was prepared with
a dumbbell shape and dimensions of 50mm length, 3mm
width, and 3mm thickness. The flexural properties were
tested in bendingmode with the span of 40mm and the cross
head speed of 1mm/min following ASTM-D 790-2010. The
results represent the average value of six specimens for each
formulation.

The impact strength of different nanofibers/PLA compos-
ites was measured by an Izod impact test machine (QJBCX,
Shanghai Qingji Instrumentation Technology Co., China)
according to ASTM D256-2010. Moreover, at least four
replications were tested for each measurement.

Coefficient of Thermal Expansion (CTE). The CTE values of
different nanofibers/PLA composites were measured using
a thermal mechanical analyzer (TMA 401F1, NETZSCH,
Germany) to investigate the change in length with the
increase of temperature. The samples were tested in tension
mode with a static load of 1 N and the dimension of 15mm ×
5mm × 1mm.The tests were performed over the temperature
range from −20 to 110∘C at a heating rate of 5∘C/min.

Dynamic Mechanical Analysis (DMA). Dynamic mechanical
analysis of different nanofibers/PLA composites was per-
formed on a dynamic mechanical analyzer (DMA 242C,
NETZSCH, Germany). Prior to the test, the samples were cut
into strips with dimension of 32mm × 3.5mm × 1mm. The
tests were carried out in a dual cantilever mode at a heating
rate of 3∘C/min over the temperature range from−20 to 110∘C.

3. Results and Discussion

3.1. Cellulose/Chitin Nanofibers

FE-SEM. The SEM images of poplar CNFs, cotton CNFs,
crab shell CHNFs, and prawn shell CHNFs after the grinding
treatment are shown in Figure 1. A classical web-like network

structure is observed in all the nanofibers. Moreover, a very
long entangled cellulosic filament can be found. The fibers
of poplar CNFs in Figure 1(a) are highly uniform even over
an extensive area, with the average width of approximately
30–80 nm. The SEM observation also reveals that the length
of most obtained poplar CNFs is a few microns. Hence the
aspect ratio of poplar CNFs is up to 500–2000. Compared
to poplar CNFs, the morphology of cotton CNFs is very
different (Figure 1(b)). Although long and single-cellulose
nanofiber can be clearly observed, many large fiber bundles
are still present. Therefore, the grinder treatment is unable
to fibrillate the cotton fibers into nanofibers with a uniform
width because of the remaining strong hydrogen bonding
within the adjacent cotton cellulose after the chemical purifi-
cation [25]. Figure 1(c) displays the morphology of crab shell
CHNFs after removal of the protein and mineral matrix
components. It can be noticed that crab shell could not be
uniformly nanofibrillated as compared to the poplar CNFs.
The widths of the fibers derived from crab shell are in a
range from 120 to 200 nm. The thick fibers corresponding
to bundles of nanofibers of 10–20 nm in width were not
successfully fibrillated by the grinding treatment. Compared
to crab shell, the CHNFs extracted fromprawn shell using the
same treatment are relatively uniform over an extensive area,
and the width of the nanofibers is 80–120 nm (Figure 1(d)).
Fibrillation of the prawn shell was relatively easy as compared
to crab shell due to the differences in the cuticle structure
and fiber thickness. Prawn is primarily made up of a fine
exocuticle, while crab shell is mainly composed of the
endocuticle, which has a much coarser matrix structure with
a thicker fiber diameter than exocuticle [26].

Diameter Distribution. Figure 2 presents the diameter distri-
bution of four different nanofibers after the grinding treat-
ment. In Figure 2(a), the percentage of the poplar CNFs with
the width of 30–80 nm is about 65%. The percentage of the
cotton CNFs with the width of 120–500 nm is approximately
80% (Figure 2(b)). These results show that cotton CNFs
have much thicker fiber bundles as compared to the poplar
CNFs. It is very difficult for cotton to fibrillate into nanofibers
with a uniform width by the only grinding treatment. Other
mechanical processes are necessary to break the strong
hydrogen bonding and individualize cotton fibers into much
finer nanofibers. For the crab shell CHNFs, the percentages
of nanofibers with widths of 120–200 nm and 80–120 nm are
about 50% and 24%, respectively (Figure 2(c)). In contrast,
the percentages of prawn shell CHNFs with the widths of
120–200 nm and 80–120 nm are 23% and 52%, respectively.
The data suggests that fibrillation of prawn shell is easier than
that of crab shell.

3.2. CNFs/CHNFs Reinforced PLA Composites

Rheological Properties. Figure 3 presents the capillary rheo-
logical curves in terms of the viscosity and shear stress of
four nanofibers (40wt%)/PLA composite melts as functions
of shear rate. All samples show a shear-thinning behavior
without a plateau region and a less frequency-dependency
behavior, especially at lower frequencies. The shear-thinning
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Figure 1: FE-SEMmicrographs of the nanofibers extracted from original (a) poplar, (b) cotton, (c) crab shell, and (d) prawn shell.

behavior can be attributed to disentanglement and orien-
tation of nanofibers and PLA chains in the flow direction
reducing the viscous resistance. In addition, the viscosity
and shear stress of four composites are much higher than
those of the pure PLA, suggesting a network formation
with the addition of cellulose/chitin nanofibers. Nanofibers
will disturb the normal flow of the matrix melt and hinder
the mobility of chain segments of polymers. It can also be
noticed that the viscosity and shear stress of the poplar
CNFs/PLA composite are highest among four samples, and
the corresponding values of the cotton/PLA composite are
the lowest. According to the SEM images in Figure 1, poplar
CNFs have higher aspect ratio, more refined structure, and
larger specific surface area than other nanofibers extracted
from cotton and crab/prawn shell. Consequently, much
stronger CNF/PLA interactions and restriction to PLA chain
mobility are generated, leading to the relatively high viscosity
and shear stress. It was reported that, in addition to the
interfacial interactions through molecular entanglement and
mechanical interlocking between nanofibers and the polymer
matrix [27], CNFs may have electrostatic attractions with
PLA as well [28, 29]. The cotton/crab shell nanofibers are
more easily aligned anddistributed along the direction of flow
due to the relatively low aspect ratio. Hence, the probability of
fiber/fiber collisions ismuch less than that of the poplar CNFs
composite, leading to the lower viscosity and shear stress of
the nanocomposites.

Mechanical Properties. Generally, mechanical properties are
the key factors in determining the reinforcing effect of
nanofibers for PLA. The effect of nanofiber content on the
tensile, flexural, and impact properties of four nanofibers/
PLA composites is presented in Figure 4.The tensile strength
of PLA is increased slightly with the addition of 10 wt%
nanofibers due to the high stiffness of the nanofiber itself. As
shown in Figure 4(a), the tensile strength of nanocomposites
increases with increasing nanofiber content up to 30wt%.
However, it can be noticed that the tensile strength of the
40wt% nanofiber/PLA composite is lower than that of the
30wt% nanofiber/PLA composite.The decrease in the tensile
strength indicates that nanofibers’ aggregation and poor
dispersion will occur in the composite with high content of
nanofibers. Different from the tensile strength, Young’s mod-
ulus, bending strength (MOR), bending modulus (MOE),
and impact toughness of four nanocomposites increase
rapidly with increasing the loading of nanofibers. The dra-
matic improvement can be attributed to the excellent disper-
sion and improved interfacial interaction between nanofibers
and PLA chains. Excellent dispersion of nanofibers leads
to the formation of a network structure, which leads to
significant improvement in mechanical strength. However,
when the content of nanofiber is fixed, four composites show
different mechanical properties.The poplar CNFs/PLA com-
posite exhibits the best mechanical properties and the prawn
shell CHNFs/PLA composite shows the second highest
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Figure 2: Diameter distribution of the nanofibers extracted from original (a) poplar, (b) cotton, (c) crab shell, and (d) prawn shell.

mechanical strength among four nanocomposites. The
mechanical properties of cotton CNFs/PLA composite and
the crab shell CHNFs/PLA composite are the worst. The
excellent mechanical performance of the poplar CNFs/PLA
composite is ascribed to the highest aspect ratio of poplar
CNFs. So it can be concluded that the aspect ratio of
nanofibers is the main reason for different mechanical
properties of the nanocomposites, whether raw material is
cellulose or chitin. Rowell and coworkers reported that a high
aspect ratio is very important in fiber reinforced composites,
as it indicates potential strength properties [30]. Stark and
Rowlands reported that aspect ratio, rather than particle
size, has the greatest effect on strength and stiffness [31].
The mechanical properties of the fiber/polymer composites
are determined by several factors, such as nature of the
reinforcement fiber, fiber aspect ratio, fiber-matrix interfacial
adhesion, and also the fiber orientation in the composites
[32]. Except for the factor of fiber aspect ratio, the interfacial
adhesion and fiber dispersion are also very important factors

to influence the reinforcing effect of fibers.The improvements
of mechanical properties demonstrate that homogeneous
dispersion of CNFs/CHNFs could be achieved by using
the water preblending method. Furthermore, the excellent
impact toughness of the nanocomposites could be obtained
due to the ultralong CNFs/CHNFs. If the nanofibers are
uniformly dispersed in the matrix, the refined nanofibers
network structure can absorb a large amount of energy in the
process of fracture, leading to a great improvement in impact
strength of the nanocomposite.

FE-SEM. FE-SEM micrographs of fractured surfaces of four
different nanofibers reinforced PLA composites are presented
in Figure 5. Homogeneous dispersion of nanofibers in PLA
matrix could be achieved for all four samples with the water
preblending method. It is observed that lots of ultralong and
refined nanofibers are distributed uniformly and compactly
on the fracture surface of the nanocomposite in the form
of a “spider web” without aggregation. The cellulose/chitin
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Figure 3: The viscosity and shear stress of four nanofibers/PLA composites as functions of shear rate.

nanofibers in the composites have the same entangled
structure as the nanofibers, which means that the network
structure of the nanofibers is stable and unaltered even after
the water preblending and extrusion processes. The rough
fracture surface suggests that large plastic deformation has
occurred in the process of the fracture instead of the brittle
fracture mode for the neat PLA.The fiber bundles disruption
and delamination take more energy as compared to fiber
fracture, leading to the prolonged crack propagation before
failure. This mechanism is responsible for high toughness
in the nanofiber/PLA composite. For the water pretreatment
method, hydrophilic nanofiber and hydrophobic PLA fibers
can be uniformly dispersed in aqueous suspension [33].
During the preblending process, nanofibers are adsorbed on
PLA fiber and entangled to form a net shape. Therefore, the
formed electrostatic repulsion and steric hindrance between
nanofibers and PLA result in the uniform dispersion of
cellulose/chitin nanofibers.

From the SEM images, it can be found that there are
distinct differences in the fiber diameter and length for four
samples. The poplar CNFs in the PLA matrix are the most
homogeneous, having the lowest fiber diameter and highest
length. These finer and longer fibers have higher resistance
to deformation under the vacuum applied and develop
greater network strength. The prawn shell CHNFs/PLA
sample is intermediate between the poplar sample and the
crab shell/cotton samples, as it contains some thicker fibers
compared to poplar CNFs but finer fibers compared to crab
shell/cotton nanofibers. For the crab shell/cotton nanofibers,
both samples have some large fiber bundles; thus the samples
are highly heterogeneous.This is because the strong hydrogen
bonding between the nanofiber bundles makes it difficult to
obtain thin and uniform nanofibers from crab shell/cotton.
The fiber bundles with low aspect ratio lead to relatively low
mechanical properties of the nanocomposites.

Coefficient of Thermal Expansion (CTE). The reinforcement
effect of fibers can also be characterized to analyze the
thermal expansion of plastics examined using the TMA.
As reported, thermal expansion has an inverse relationship
with Young’s modulus [33]. The CTE values of four different
nanocomposites and sheets prepared by different raw mate-
rials are presented in Figure 6. The CTE value of neat PLA is
up to 180 × 10−6 K−1 due to its amorphous flexible molecular
chains (Figure 6(a)). The thermal expansion of PLA was
remarkably suppressed by the introduction of CHNFs/CNFs.
The CTE values of the composites with 40wt% nanofibers
extracted from poplar, cotton, crab shell, and prawn shell
are 69.5 × 10−6 K−1, 79.6 × 10−6 K−1, 77.2 × 10−6 K−1, and
75.3 ×10−6 K−1, respectively. CNFs/CHNFs with low CTE
and high Young’s modulus can effectively decrease the ther-
mal expansion of PLA matrix due to the reinforcement
effect, resulting from the suppression of the expansion for
PLA matrix by the rigid three-dimensional nanostructural
networks of nanofibers at high temperature [34]. On the
other hand, the reinforcement effect can be attributed to the
homogeneous dispersion of nanofibers in PLA matrix with
the water preblending method. It can also be found that
the poplar CNFs/PLA composite shows the lowest thermal
expansion and the cotton CNFs/PLA composite shows the
highest thermal expansion. In addition, it can be noticed
that the CTE value of the crab shell CHNFs/PLA composite
is slightly lower than that of cotton CNFs/PLA composite,
which is different from the result of mechanical proper-
ties. This phenomenon can be explained by the fact that
chitin nanofibers have higher thermal stability and higher
crystallinity than cellulose nanofibers [14]. Furthermore, the
CTE values of nanofibers sheets were measured in the same
temperature region. From Figure 6(b), it can be seen that
CTE values of the sheetsmade from poplar, cotton, crab shell,
and prawn shell are 36.9 × 10−6 K−1, 45.7 × 10−6 K−1, 36.4 ×
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Figure 4: The mechanical properties, (a) tensile strength, (b) Young’s modulus, (c) flexural strength, (d) flexural modulus, and (e) impact
toughness of four nanofibers/PLA composites as functions of nanofiber content.
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Figure 5: The FE-SEM images of fracture surfaces for 40wt% nanofibers/PLA composites: (a) poplar CNFs, (b) cotton CNFs, (c) crab shell
CHNFs, and (d) prawn shell CHNFs.
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Figure 6: CTE values of (a) nanofibers/PLA composites and (b) nanofiber sheets.

10−6 K−1, and 32.1× 10−6 K−1, respectively. CHNFs sheets have
lower thermal expansion than that of CNFs sheets. Hence, the
crab shell CHNFs/PLA composite presents lower CTE value
than the cotton CNFs/PLA composite. In addition, it can be
noticed that the CTE value of the crab shell CHNFs sheet
is approximately equal to that of the poplar CNFs sheet, but
the poplar CNFs/PLA composite shows much lower thermal
expansion than that of crab shell CHNFs/PLA composite.

This result can be ascribed to the fact that poplar CNFs
have much higher aspect ratio than the crab shell CHNFs,
leading to higher mechanical properties. Therefore, it can be
concluded that the aspect ratio of fibers has great influence
on the thermal expansion of the polymer matrix.

DMA. Dynamic mechanical test methods have been widely
employed for investigating the structures and viscoelastic
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Figure 7: Temperature dependence on (a) storage modulus (𝐸) and (b) loss factor (tan 𝛿) of four nanofibers/PLA composites at fiber content
of 40wt%.

behavior of polymeric materials to determine their stiff-
ness and damping characteristics for various applications.
Figure 7 represents the plots of storage modulus (𝐸) and
loss factor (tan 𝛿) with respect to temperature for the
four nanofibers/PLA composites. In Figure 7(a), all the
nanocomposites exhibit the storage modulus in the following
order in the glassy region: poplar CNFs/PLA > prawn shell
CHNFs/PLA > crab shell CHNFs/PLA > cotton CNFs/PLA.
The storage modulus in the glassy state is primarily deter-
mined by the strength of the intermolecular forces and the
way of the polymer chains packed by fibers [35]. High 𝐸
value can be attributed to the high interfacial adhesion and
high aspect ratio of nanofibers, which may be helpful to
the stress transfer in the nanofiber-matrix interface [36].
tan 𝛿 is a dimensionless parameter that measures the ratio
of loss modulus to storage modulus. For fibers/polymer
composites, the loss of energy mainly occurs on the interface
of fibers and polymers; thus high strength of composites
indicates the low energy loss and low tan 𝛿 [37]. In contrast,
four nanocomposites exhibit tan 𝛿 in the following order
(Figure 7(b)): cotton CNFs/PLA > crab shell CHNFs/PLA
> prawn shell CHNFs/PLA > poplar CNFs. An increase in
tan 𝛿 among different composites indicates that the viscosity
of the composite is improved. The DMA results indicate that
the aspect ratio of the nanofibers has a great influence on
the thermal and mechanical performance of the composites,
irrespective of the composites prepared by cellulose or chitin.

4. Conclusions

Polylactic acid (PLA) was reinforced with ultralong cellulose
and chitin nanofibers extracted from four raw materials
by the extrusion molding. The poplar CNFs/PLA compos-
ite exhibited the best mechanical properties among four
nanocomposites, while both the cottonCNFs/PLA composite

and the crab shell CHNFs/PLA composite had low mechan-
ical strength. Rheological measurement indicated that the
viscosity and shear stress of the poplar CNFs/PLA composite
are the highest among four samples, and the corresponding
values of the cotton/PLA composite are the lowest. FE-SEM
images showed that homogeneous dispersion of nanofibers
in PLA matrix can be achieved with the water preblending
method.The CTE values of the nanocomposites with 40wt%
nanofibers extracted from poplar, cotton, crab shell, and
prawn shell were 69.5 × 10−6 K−1, 79.6 × 10−6 K−1, 77.2
× 10−6 K−1, and 75.3 × 10−6 K−1, respectively. The storage
modulus of four nanocomposites in the glassy region is listed
in the following order: poplar CNFs/PLA > prawn shell
CHNFs/PLA > crab shell CHNFs/PLA > cotton CNFs/PLA.
All the results indicated that the aspect ratio of the nanofibers
has a great influence on the performance of the composites,
irrespective of the composites prepared by cellulose or chitin.
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Hybridmaterials based onMCM-41 silica and Y-zeolites with a variable Si/Al ratio and an appropriate countercationic composition
were prepared by impregnating inorganic substrates with an organic extract.The organic phasewas previously characterized byGC-
MS and IRTF, while XRD, SEM, TEM,N2-physisorption, and TPDofNH3 were used to analyze the selected inorganic supports.The
effect of size- and shape-selectivity was manifested in MCM-41 and Y-zeolites. Texture results confirm that the extract containing
relatively large branched organic molecules is deposited in the internal voids of MCM-41 material and on the outer area of Y-
zeolites. In the case of Y-zeolites, the results demonstrate the effect of the SiO2/Al2O3molar ratio and countercations on the textural
properties of the samples.

1. Introduction

Nanomaterials such as aluminosilicate zeolites and sponge
silicon dioxide are porous substances with well-defined reg-
ular pore systems. Zeolites are widely used in the industry
for many applications, including catalysis, gas separation,
and adsorption [1, 2]. Mesoporous silica nanomaterials are
also extensively studied for potential use in various areas [3].
Their proposed applications include medical and biological
fields, which attract a great research interest [4, 5]. These
nanostructured substrates possess a high porosity and surface
area, as well as a large pore volume, together with a uniform
and adjustable pore size, which makes them suitable for
special applications in biomedical areas [6, 7].

For the deposition of organic plant extracts, the loading
capacity of traditional materials, such as inorganic oxides or

polymer matrixes, is usually not high enough; in addition,
trapped organic components cannot be selectively released
without difficulties. To achieve high loading and controlled
release, nanoporous materials possessing large volumes and
regular structures are preferred; no doubt, these requirements
are met by Y-zeolites and MCM-41 materials [8, 9]. Their
impact on living organisms and the likely toxicity were
carefully considered [10, 11].

The loading capacity and release of active phases in the
nanoporous carrier are determined by a variety of factors,
including pore size, shape, connectivity, and host affinity.
Microporous and mesoporous materials, such as zeolites and
mesoporous silica, become important solids for the delivery
of the active phase. The advantages of zeolites and meso-
porous silica for biomedical applications include their bio-
compatibility, a large surface area, and the ability to tune
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and control their physicochemical properties. For example,
Lehman and Larsen [11] mentioned the use and application
of porous nanomaterials in the delivery of drugs for the treat-
ment of various diseases. Datt et al. [12] conducted research
related to intelligent nanomaterials for medicine.This review
reports on the effect of nanostructured materials on the
type of toxicity. Colella [13] published a review taking into
account the structure, composition, and ion-exchange pro-
perties of nanoporous materials, such as clinoptilolite zeolite,
for modern therapeutic applications. Pavelić et al. [14] used
Ca-exchanged clinoptilolite as a potential adjuvant for the
treatment of various cancers. Due to their versatility, zeo-
lites and MCM-41 have acquired great importance for the
development of new nanomaterials. Recently, the Sanchez
group reported [15] a large group of organic-inorganic hybrid
nanomaterials and their applications.

The faujasite zeolite (a structure code is FAU, according
to the database of the International Zeolite Association, IZA)
[16] is a zeolite that has nearly spherical cavities with a diam-
eter of 12 Å connected by windows of 7.2 Å. This structure, as
well as the inner and outer surfaces, are shown in Figure 1.
Independent of their composition, all faujasites are topolog-
ically identical, but they have different properties depending
on theAl content in their structure, giving two differentmate-
rials: type X- or type Y-zeolites. The unit cell of faujasite has
192 tetrahedrally coordinated atoms, which can be Al or Si.
Materials with the number of Al atoms between 96 and 77 per
unit cell belong to the X-type, and materials with a lower Al
content belong to the Y-type.Thismeans that the SiO2/Al2O3
molar ratio of X-zeolites is lower than 3, and the faujasites
with MR above the value of 3 appear as Y-zeolites [17].

The discovery of MCM-41 materials containing the
hexagonal arrangement of one-dimensional tubular meso-
pores with a diameter from 20 to 100 Å [17] and a large surface
area has opened up new possibilities for the development of
molecular sieves of this type, because their high surface areas
are very attractive for the development of new adsorbents
and catalysts. MCM varieties are relatively stable (thermally,
hydrothermally, mechanically, and chemically) and a suitable
choice of organic templates and synthesis conditions can cre-
ate materials with pore diameters suitable for the adsorption
of large organic molecules [18–21].

In the continuation of our earlier work [22], this paper
describes the preparation and characterization of nanoporos-
ity in hybrid materials created after the deposition of the
extract of the plant Tournefortia hirsutissima L. on the outer
surface of Y-zeolites and into the inner nanopores of MCM-
41 silica, as well as the possible use of obtained materials in
the treatment of diabetic foot.

Potential advantages of this study are (i) the development
of new hybrid materials by precipitation of the extract of
the Tournefortia hirsutissima L. on carriers, Y-zeolites and
MCM-41 silica materials; (ii) characterizing hybrid materials
by various physical chemical methods; and (iii) the study
of nanoporosity in these hybrid materials, which have the
potential properties of cell regeneration. The experimental
study on the preparation of a group of hybrid materials by
means of impregnation and the influence of the preparation
protocol on the secondary porosity was performed. The

organic part of the hybrid materials was characterized by
Gas Chromatography-Mass Spectroscopy (GC-MS), and the
inorganic supports were characterized by X-Ray Diffraction
(XRD), Scanning Electron Microscopy (SEM), Transmis-
sion Electron Microscopy (TEM), High-Resolution Adsorp-
tion (HRADS), Energy Dispersive Spectroscopy (EDS), and
Temperature Programmed Desorption (TPD). The textural
parameters such as surface area, external surface area, micro-
pore volume, total pore volume, and pore size distribution
of the microporous were calculated from the adsorption iso-
therms. The primary interest of this work is to obtain and
analyze the morphological characteristics of nanoporous
solids with highly developed surface areas, used as carriers
of bioactive phases of organic nature, with the aim of getting
a vehicle that allows an efficient and controlled desorption of
active ingredients, constituting the organic phase deposited
on the surface of such materials.

2. Experimental Section

2.1. Materials. MCM-41 materials were prepared in the labo-
ratory by hydrothermal synthesis [18]. Commercial Y-zeolites
with faujasite structure (FAU topology of the framework, see
the WEB site of International Zeolite Association [16] for
detailed description) were supplied by Zeolyst International.
The faujasites with the compositions in the range of the so-
called Y-zeolite, with the same topology of the structure, but
with different SiO2/Al2O3 molar ratio (MR) in the range
from 5.1 up to 30 and in different cationic form (Na+, NH4

+,
and H+), were selected for this work. These materials and
some of their properties presented by the supplier are listed
in Table 1. Labeling of samples through text and figures is
listed in the last column of Table 1 and includes the type of
cation, the structure of the zeolite (Y), and the molar ratio
MR, for example, NaY5.1. For as-prepared substrates and
for samples after impregnation, characters S (NaY5.1-S) or
I (NaY5.1-I), respectively, are added to the label. It should
be emphasized that in nominally hydrogen or ammonium
forms of Y-zeolites nonetheless some amount of sodium
cations is presented (see Table 1). Thermal activation of the
inorganic phase substrates was done before impregnation by
plant extracts (see Section 2.2.1).

2.2. Methodology

2.2.1. Dispersion and Stabilization of Organic Phase Nanode-
posits on Y-Zeolites and MCM-41 Materials. Both Y-zeolites
and MCM-41 (5 g) materials were dried at 373K for 8 h
and, afterward, were cooled below 300K and mixed under
stirring with the ethanol extract of Tournefortia hirsutissima
L. (2.5mL). The obtained slurry was stirred for two hours at
room temperature. After this, the solvent was evaporated at
393K.

The initial step consists in the preparation, formation,
and stabilization of nanodeposits on the surface of Y-zeolite
and MCM-41 materials. These processes were carried out by
impregnation and heat treatment; these steps were performed
using the previously obtained liquor extract of Tournefortia
hirsutissima L. in EtOH for 24 h under stirring. Subsequently,
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Figure 1: Surfaces in Y-zeolites.

Table 1: Y-zeolites supplied by Zeolyst International.

Zeolyst products SiO2/Al2O3 molar ratio Nominal cation form Na2O weight% Unit cell size, Å Labeling of the samples

CBV-100 5.1 Sodium 13.0 24.65 NaY5.1
CBV-300 5.1 Ammonium 2.8 24.68 NH4Y5.1
CBV-400 5.1 Hydrogen 2.8 24.50 HY5.1
CBV-500 5.2 Ammonium 0.2 24.53 NH4Y5.2
CBV-600 5.2 Hydrogen 0.2 24.35 HY5.2
CBV-720 30 Hydrogen 0.03 24.28 HY30

the solvent was removed by evaporation at 363K. Finally, the
resultant hybrid materials were stabilized at 423K.

2.2.2. Characterization of the Substrates and Impregnated
Materials. (i) Gas chromatography-mass spectrometry (GC-
MS) analysis of the extract was performed by means of a cou-
pled system of an Agilent Model 7890A gas chromatograph
and an Agilent Model 5975 mass spectrometer and has been
previously reported [23].

(ii) X-ray diffraction (XDR) test samples were performed
with a Siemens D500 diffractometer using a Cu K𝛼 radiation
(𝜆 = 1.54 Å), operating at 40 kV and 30mA. The samples
were previously ground. Crystalline phases were identified
with the help of cards supplied by the Joint Committee on
Powder Diffraction Standards (JCPDS) and Collection of
XRD Patterns for zeolites edited by IZA [24]. Samples were
analyzed over a diffraction angle range 2𝜃 = 1–6∘ for MCM-
41 materials and 2𝜃 = 5–65∘ for Y-zeolites, employing a step
size of 0.03∘ and a time of 6 s.

(iii) Scanning Electron Microscopy (SEM) was performed
using a JEOL JSM-5300 electron microscope (SEM) employ-
ing a tungsten filament operated at 10 kV at 298K. Photomi-
crographs of the surface were gotten and the morphology of
obtained materials was observed and chemical analyses were
performed through energy dispersive spectroscopy (EDS).

(iv) Transmission Electron Microscopy (TEM) was per-
formed on TITAN 80 operated at 300 kV.

(v) Fourier Transform Infrared Spectroscopy (FTIR) anal-
yses were carried out in a Bruker Vector spectrometer.

(vi) 𝑁2 adsorption isotherms were determined at the
boiling temperature of liquid nitrogen (77K at the 2,150-
m altitude of Puebla, Mexico) applying fully automated vol-
umetric instrument (Autosorb1LC, Quantachrome Corp.).
This system was previously calibrated with reference adsor-
bents. Adsorption isotherms were determined in the range
of relative pressure, 𝑝/𝑝0 from 10−6 to 1; 𝑝0 is the saturation
N2 pressure and it was continuously recorded throughout
the experiment. Prior to the N2 sorption runs, each sample
was degassed at 200∘C for 20 h under a vacuum of 10−6mbar.
Textural parameters (surface areas and pore volumes) were
obtained from the analysis of sorption isotherms by means
of (i) the BET [25] equation, (ii) the Langmuir equation [26],
(iii) the method of external area [27], and (iv) the Gurvitsch
rule [28]. The pore size distribution of the samples under
study was obtained from the data, processing the boundary
desorption curves through the BJH method [29].

(vii) Temperature Programmed Desorption (TPD) of NH3
was used to characterize acid sites on the substrates. This
process was carried out by chemisorption of a NH3/He gas
mixture at different adsorption temperatures.The instrument
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Figure 2: XRD patterns of (a) MCM-41 and (b) Y-zeolites.

used was an Autosorb-1C-MS Quantachrome automatic
sorption characterization device.

3. Results and Discussion

3.1. GS-MS. The chemical composition and the mass per-
centage of each of the components presented in the active
phase of the Tournefortia hirsutissima L. ethanol extract were
estimated by GC-MS and have been previously reported
[23]. Table 2 summarizes the information of the compounds
detected by gas chromatography that exist in higher con-
centrations, together with their retention times and iden-
tification factor for each one of them. This table shows
that 1,2-benzenedicarboxylic acid, mono (2-ethylhexyl) ester
(21.04%), 𝛾-sitosterol (16.42%), and 3,7,11,15-tetramethyl-2-
hexadecen-1-ol (6.34%) are the three main components,
followed by hexadecanoic acid, ethyl ester (4.77%), phenol,
2,2-methylene bis (4.53%), (E)-9-octadecenoic acid ethyl
ester (4.11%), and hexadecanoic acid, methyl ester (4.08%).

3.2. X-Ray Diffraction. Diffraction patterns of the materials
under study at 2𝜃 = 2–6∘ for the MCM-41 materials and at
2𝜃 = 5–65∘ for the Y-zeolites are shown in Figure 2. In the
diffraction pattern ofMCM-41materials predominant signals
were observed at approximately 2𝜃 = 2∘; however, these
signals are relatively wide thus manifesting an amorphous
character. It appears that higher 2𝜃 values than the usual ones
indicate some contraction of the structure of this material.
The diffraction patterns of Y-zeolites (JCPDS card 33-1270.)
exhibit typical signals of such materials. The predominant
peaks appear at 2𝜃: 6.19∘, 15.61∘, 18.64∘, 20.3∘, 23.6∘, 26.97∘,
31.32∘, and 33.99∘.

3.3. Scanning Electron Microscopy. The analysis performed
on the same sample by using Scanning Electron Microscopy

shows Y-zeolite aggregates, as well as thin crystals of cubic
form and varying sizes of about 1𝜇m (Figures 3(a) and 3(b)).

3.4. Transmission Electron Microscopy. TEM analysis was
performed for the MCM-41-S specimen; the correspond-
ing micrograph unveiled the presence of well-defined and
ordered channels (Figures 3(c)-3(d)).

3.5. EnergyDispersive Spectroscopy. Studies of Y-zeolites indi-
cate that MR ratio remains constant after impregnation; with
respect to the abundance of Na2O, the following sequence
is set up: NaY5.1 > NH4Y5.1 = HY5.1 > NH4Y5.2 = HY5.2
> HY30, which coincide with the sequence of the provider
values (Table 1). It means that ion content is not changed
during the treatment. Meanwhile, the size of the unit cell is
similar for all Y-zeolites, Table 1.

3.6. FTIR. The infrared spectra of the Tournefortia Ethanolic
Extract (TEE) in solution and with impregnated Y-zeolites
and MCM-41 nanomaterials have the following features. The
most intense absorptions were observed in the range of
(a) 400–1700 cm−1 and (b) 2800–3800 cm−1, Figures 4(a)
and 4(b). The infrared spectrum has the following features
(cm−1): 3300 typical absorption of C-H stretch in alcohols
and phenols; 2900 absorption characteristic of C-H stretch
of methylene groups; 1720 typical of C=O stretching vibra-
tions of carbonyl group; 1450 cm−1 of CH2; and 1400 typical
of COCH3; other absorption peaks include 1200 cm−1 (OH),
1100 cm−1 (cycloalkane), and 950 cm−1 [23]. The frame-
work vibration bands of Y-zeolite show the spectra below
1200 cm−1 in the regions 750 and 700 cm−1, which are attri-
buted to double ring, symmetric stretching, and asymmetric
stretching vibrations, respectively [30].

3.7. Analysis of the Adsorption Isotherms. The N2 sorption
isotherms at 77K, that is, relative pressure, 𝑝/𝑝0 versus
adsorbed volume in cm3 STP per gram of material are shown
in Figure 5.

These isotherms correspond to the samples before and
after being impregnated with the alcoholic extract of Tourne-
fortia hirsutissima L. plant. These sorption isotherms are
of Type IV in the IUPAC classification for the MCM-41
substrates. In turn, theN2 sorption isotherms of theY-zeolites
are Type Ia in the same classification [31]. The results of the
textural studies of the samples, before (S) and after impreg-
nation (I), are reported in Table 3. It can be observed that a
greater adsorption capacity of the MCM-41-S material exists,
along with the entire 𝑝/𝑝0 range if compared to the case of Y-
zeolites. However, when this material has been impregnated
with the extract solution, the adsorption capacity for the
MCM-41-I material is considerably diminished, since the
extract is deposited in the interior of the structure voids,
thus blocking the pore cavities of this material. There is a
decrease in the available volume by approximately 3.5 times.
This behavior may be related to the effect of size selectivity
depicted byMCM-41materials.The textural properties of the
samples, before (S) and after impregnation (I), conform to the
following order according to their adsorption values.
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Figure 3: SEM images of Y-zeolites (a-b) and TEM images of MCM-41 materials synthetic samples with different crystal sizes (c-d).

Table 2: Principal organic molecule composition of the ethanolic extract of Tournefortia hirsutissima L. as measured by GC-MS.

RT
min Compound Formula 𝑀

gmol−1
RC
%

11.878 3,7,11,15-Tetramethyl-2-hexadecen-1-ol (Phytol) C20H40O 296 6.34
12.732 Hexadecanoic acid, methyl ester C25H42O2 374 4.08
13.334 Phenol, 2,2-methylene bis C13H12O2 200 4.53
13.389 Hexadecanoic acid, ethyl ester C18H36O2 284 4.77
14.998 (E)-9-Octadecenoic acid ethyl ester C20H38O2 310 4.11
19.804 1,2-Benzenedicarboxylic acid, mono(2-ethylhexyl) ester C16H22O4 278 21.04
55.946 𝛾-Sitosterol C29H50O 414 16.42
RT: retention time, M: molecular mass, and RC: relative concentration (%) of Tournefortia hirsutissima L. of ethanolic extract.
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Table 3: Textural parameters of FAU-CBV zeolites and MCM-41 materials determined from N2 adsorption before (S) and after being
impregnated (I) with Tournefortia ethanolic extract.

Materials 𝐴SB
m2 g−1 𝐶𝐵

𝐴SL
m2 g−1

𝐴St
m2 g−1

𝑉Σ
cm3 g−1

𝑊0𝑡
cm3 g−1

𝑉meso
cm3 g−1

Pore diameter
BJH, Å

Before
CBV-100-S 670 −37 1018 38 0.395 0.335 0.06 51, 106
CBV-300-S 601 −55 882 31 0.326 0.291 0.035
CBV-400-S 604 −61 886 84 0.275 0.265 0.010
CBV-500-S 678 −61 994 127 0.414 0.284 0.130 72
CBV-600-S 529 −65 772 101 0.378 0.217 0.161
CBV-720-S 725 −80 1060 121 0.496 0.306 0.190 34
MCM-41-S 1009 52 1185 1009 0.777 0 0.777 24, 34

Impregnated
CBV-100-I 692 −53 1016 38 0.369 0.335 0.034
CBV-300-I 462 −56 680 44 0.267 0.214 0.053
CBV-400-I 604 −61 886 84 0.363 0.265 0.098 36, 103
CBV-500-I 678 −61 994 96 0.414 0.297 0.117
CBV-600-I 526 −65 772 101 0.378 0.217 0.161 36, 47, 151
CBV-720-I 725 −80 1060 124 0.496 0.304 0.192 36
MCM-41-I 286 78 415 286 0.309 0 0.309 36
𝐴sB is the specific surface area BET; 𝐴sL is the specific surface area Langmuir; 𝐴st is the external surface area 𝑡-method; 𝐶𝐵 is the BET constant; 𝑉Σ is the
volume adsorbed close to saturation (𝑝/𝑝0 = 0.95), calculated as volume of liquid (Gursvitch rule);𝑊0𝑡 is micropore volume calculated by 𝑡-plots; 𝑉meso is
mesopore volume; and Pore diameter BJH is the pore size estimated by BJH method.
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Figure 4: FTIR spectra of Tournefortia Ethanolic Extract (TEE) in solution and with impregnated materials, (a) 400–1700 cm−1 and (b)
2800–3800 cm−1.



Journal of Nanomaterials 7

0,0 0,2 0,4 0,6 0,8 1,0
0

150

300

450

600

750

HY5.2-S
NH4Y5.1-S
NaY5.1-S
HY30-S

HY5.1-S
NH4Y5.2-S
MCM-S

V
(＝
Ｇ

3
Ａ−

1
ST

P)

p/p0

(a)

0,0 0,2 0,4 0,6 0,8 1,0
0

150

300

450

600

750

NaY5.1-I
NH4Y5.2-I
HY30-I
HY5.2-I

HY5.1-I
NH4Y5.1-I
MCM-41-I

V
(＝
Ｇ

3
Ａ−

1
ST

P)

p/p0

(b)

Figure 5: N2 adsorption isotherms at 77K on Y-zeolites and MCM-41 materials: (a) nonimpregnated and (b) impregnated with ethanolic
solution.

Initial Substrates before Impregnation

𝐴SB (m2 g−1): HY30-S > NH4Y5.2-S > NaY5.1-S >
HY5.1-S > NH4Y5.1-S >HY5.2-S
𝑉Σ (cm

3 g−1): HY30-S > NH4Y5.2-S > NaY5.1-S >
HY5.2-S > NH4Y5.1-S >HY5.1-S
𝑊0𝑡: (cm

3 g−1): NaY5.1-S > HY30-S > NH4Y5.1-S >
NH4Y5.2-S >HY5.1-S >HY5.2-S

Impregnated Materials

𝐴SB (m2 g−1): HY30-I > NaY5.1-I > NH4Y5.2-I >
HY5.1-I >HY5.2-I > NH4Y5.1-I
𝑉Σ (cm3 g−1): HY30-I > NH4Y5.2-I > HY5.2-I >
NaY5.1-I >HY5.1-I > NH4Y5.1-I
𝑊0𝑡 (cm

3 g−1): NaY5.1-I > HY30-I > NH4Y5.2-I >
HY5.1-I >HY5.2-I > NH4Y5.1-I

Regarding the Y-zeolites, the deposition of the extract is
performed on the outer surface area of these materials, and
their textural properties do not change noticeably after the
impregnation.

3.8. Pore Size Distribution. The pore size distribution (PSD)
functions for impregnated samples were obtained by the
method of Barrett-Joyner-Halenda, BJH, by using the des-
orption points of the respective isotherms (Figures 6(a) and
6(b)). It can be seen in Figure 6(a) that PSD curves of Y-
zeolites before impregnation produce unimodal distributions

with peaks occurring at specific values of pore diameters for
zeolite HY30-S (74 Å) and bimodal (51 and 106 Å) for zeolite
NaY5.1-S. It can be noted the MCM-41-S materials possess
bimodal distributions arising at 24 and 34 Å. Meanwhile, the
PSD distribution curves of the impregnated materials render
unimodal distributions for theMCM-41-I specimen centered
at 36 Å. The HY5.2-I zeolite sample shows bimodal distribu-
tions centered at 26 and 47 Å, Figure 6(b).The results of these
PSD estimations are listed in the last column of Table 2.

3.9. Temperature Programmed Desorption (TPD). NH3 TPD
curves associated with the acidity of protonic zeolites, such as
HY5.1, HY5.2, andHY30 herein studied, usually, demonstrate
peaks in two temperature ranges (see Figure 7). These inter-
vals lie within 150 to 300K and 350 to 600K and are referred
to as low temperature (LT) and high temperature (HT) inter-
vals, respectively. The peaks in the LT region are attributed
to the desorption of weakly bound NH3. The peaks in the
HT range can be attributed to ammonia desorption from
Brønsted acid sites and strong Lewis ones. The maximum
temperature desorption peak was used to characterize the
strength of acidity according to the classification.TheNaY5.1,
NH4Y5.1, NH4Y5.2, HY5.2, and HY30 samples showed NH3
TPD profiles consistent with those reported in the literature
[32]. The NH4Y5.1 zeolite has the highest total acidity in the
two defined regions. The position of the high-temperatures
desorption peak of NH3 (around 660∘C) is the same as
the position of dehydroxylation peak. The dehydroxylation
and deammoniation occur from the strongest acid sites. The
population of these strongest Brønsted sites determined after
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Figure 6: PSDs of Y-zeolites and MCM-41 materials calculated from the BJH method: (a) nonimpregnated and (b) impregnated.
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deconvolution of the TPD spectra is a small fraction of the
total number of sites.

4. Conclusions

A group of microporous and mesoporous hybrid materials
was obtained; these inorganic substrates were impregnated
with a bioactive organic phase. The active phase could be
introduced and stabilized inside the internal surface of the
voids of MCM-41 materials. Meanwhile, the same extract
was deposited on the outer surface of the Y-zeolites. The
chemical composition of the ethanol Tournefortia hirsutis-
sima L. extract indicates that a group of compounds exists
constituting the mixture, in which 1,2-benzenedicarboxylic
acid, mono(2-ethylhexyl) ester, and 𝛾-sitosterol prevail as the
most abundant compounds. XRD analysis was performed at
low and normal angles. N2 adsorption indicates the adsorp-
tion capacity is clearly affected after extract impregnation has
been performed in the supporting materials; this appears so
since the surface area is covered with the bioactive organic
phase and results in a decreasing surface area. The pore
size distribution indicates a bimodal pore character for the
NaY5.1-S zeolites material while in the case of MCM-41-S the
behavior is similar to these materials. On the other hand,
HY5.1-I has a bimodal character and renders a multimodal
character HY5.2-I, so projecting the HY5.2-I acidity and
study shows that there are different acid sites (strengths and
weaknesses).
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Nanotechnology has the ability to target specific areas of the body, controlling the drug release and significantly increasing the
bioavailability of active compounds. Organic and inorganic nanoparticles have been developed for drug delivery systems. Many
delivery systems are through clinical stages for development and market. Minicell, a nanosized cell generated by bacteria, is a
potential particle for drug delivery because of its size, safety, and biodegradability. Minicells produced by bacteria could drive
therapeutic agents against cancer, microbial infection, and other diseases by targeting. In addition, minicells generated by lactic
acid bacteria being probiotics are more interesting than others because of their benefits like safety, immunological improvement,
and biodegradation. This review aims to highlight the stages of development of nanoparticle for drug delivery and discuss their
advantages and limitations to clarify minicells as a new opportunity for the development of potential nanoparticle for drug delivery.

1. Introduction

There are many researches concentrating on the ways of
delivering drugs directly to tumor tissue. Drug delivery
undergoes many stages consisting of entering the body,
passing through the blood-stream to cancerous cells [1, 2].
Furthermore, drug delivery system is developed to achieve a
higher degree of tumor cell specificity and reduce side effects.
However, nanoparticle could also accumulate in the liver
and the spleen, where they provide no therapeutic benefit
and can cause side effects [3, 4]. To minimize unwanted
effects, researchers developed biodegradable materials. The
first biodegradable nanoparticles to be developed for drug
delivery coated the active agent with lipids [5]. The first drug
of this type to be approved was Doxil in 1995 [6]. According
to theUSNational Cancer Institute, six nanoparticles are cur-
rently approved for use on the market worldwide, while these
costs of products were higher ten times than conventional
treatment [7, 8].

Recently, using bacterially derived nanosized particles to
package a range of different chemotherapeutic drugs is a

new technology that is specifically targeting the minicells to
tumor cell surface receptors via bispecific antibodies coating
the minicells. Minicells loading drugs could have effect on
the apoptosis of tumor cells both in vitro and in vivo. They
also targeted cancer cells in vivo with high specificity and
effectivity without toxicity [9].

The minicells are generated from mutant bacteria and
kept their cell membrane structure. The minicells could load
chemicals as anticancer drugs and are coated with antibodies
to bind the specific receptors on the surface. The cancer
cells recognize the bacterial minicells and then swallow these
minicells with cancer killing drug. In previous study for
phase I, minicells were loaded with a cytotoxic chemotherapy
drug called paclitaxel and coated with an antibody targeting
tumors expressing the epidermal growth factor receptor
(EGFR) for treating small groups of patients [10, 11].

The purpose of this review was to discuss the positive
and negative effects of nanotechnology for drug delivery
and propose novel biodegradable nanocells originating from
lactic acid bacteria due to their benefits.
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2. General Nanoparticle

Nanotechnology was first defined in 1974 by Norio Taniguchi
that is the engineering technology for understanding and
control of matter at the length scale of approximately 1 to 100
nanometers [1]. Numerous nanomaterials preparations have
been potentially applied for drug delivery system to thera-
peutics. Several nanosized preparations such as liposomes,
polymeric micelles, and polymeric-drug conjugates have
been developed in vitro, while others undertake preclinical
studies [12, 13]. Besides, some successful nanosized prepara-
tions have already emerged in today’s pharmaceutical market
and showed better clinical performance than traditional
drugs [14, 15]. The properties including size, surface charge,
shape, and density of surface associated ligands can allow
nanoparticles to avoid renal clearance but reach the desig-
nated cellular destinations in sufficient amounts, eliciting a
biological response with minimal nonspecific interactions
[16].

Nanoparticles are the best drug delivery systems that can
be administered via intravenous injection or other routes
based on their sizes [17]. The materials for nanoparticle
preparation are not only biological like lactic acid, dextran,
phospholipids, lipids, carbon, and chitosan but also chemical
like polymers, silica, and metals [18–21]. Each nanoparticle
had a special property in drug delivery. Even though solid
nanoparticles may be used for drug targeting, the deliv-
ered drug must escape after reaching the target. Therefore,
nanoparticle should be structured well to let the drug be
released effectively.

Currently, there are several products already available
on the market, while many others are in the preclinical-
to-clinical pipeline. The major interest in cancer therapy
is also reflected in an important industry. Some currently
marketed nanotherapeutics in cancer therapy are liposomes,
nanoparticles, nanocapsules, nanoemulsions, nanocrystals,
and micelles [22–26]. However, nanomedicines currently
approved for cancer therapy are mostly liposomes. Other
products are in advanced clinical trials. Several others are at
earlier stages of clinical trials or in preclinical phase.

Over the last years, the importance of bridging together
nanotechnology and cancer therapy has been realized. The
National Cancer Institute (NCI) in US has created the NCI
Alliance for Nanotechnology in Cancer [27, 28] and the
European Science Foundation has also issued a report in
analyzing the situation of nanomedicine in Europe [29,
30]. They have designated nanotechnology and its applica-
tions to biomedicine as one of its major priority research
areas.

3. Advantage of Nanomedicine

Targeted drug delivery system is developed to achieve a
higher degree of tumor cell specificity but also reduces side
effects. Active targeting of nanoparticles is the merging of
target sections such as ligands or antibodies on the surface
of nanocarriers to specific receptors on the tumor cells and
endothelium shown on Figure 1 [31–34]. The active targeting
increases the selectivity of the drug delivery. Furthermore,

Nanoparticles
Receptor

Ligand TumorMonoclonal 
antibodyy

Figure 1: Nanoparticles coated with monoclonal antibody for spe-
cific activity.

nanocarriers have a high surface area allowing for multiple
ligands to combine on their surfaces to direct cells and
have some drawbacks [35, 36]. Nanoparticles combined with
ligands to reduce toxicity due to avoiding the nonspecific
binding and then decreasemultidrug resistance in tumor cells
as well [37].

Based on the expression of receptors or epitopes on the
cell surface, nanoparticles could bind to target cells through
ligand receptor interaction. Internalization of targeting con-
jugates can also occur by receptor-mediated endocytosis
after binding to target cells; then drug will be released
inside the cells (Figure 2) [38, 39]. The conjugates bind with
their receptors, followed by plasma membrane enclosure
around the ligand receptor complex to form an endosome
based on the receptor-mediated endocytosis mechanism.
The newly formed endosome is transferred to specific
organelles where drug was released by acidic pH or enzymes
[40].

On the other hand, nanoparticle used to improve a drug
formulation could be served as an alternative to conven-
tional administration vehicles, which are sometimes toxic;
for example, the potent chemotherapeutic paclitaxel is not
soluble in water. Under the trade name as Taxol�, paclitaxel
is dissolved in cremophor EL, a polyoxyethylated castor
oil, which is toxic. Abraxane�, an albumin-bound form of
paclitaxel, uses the nanotech platform of albumin as an
alternative to cremophor EL. Abraxane has been shown to be
both more efficacious and less toxic than Taxol [41, 42].

3.1. The Increase of Drug Stability. Many drugs used in
anticancer therapy are unstable even under mild condi-
tions. Low molecular weight drugs suffer degradation by
diverse mechanisms as photochemical reactions, oxidation,
hydrolysis, and so on [43]. Polypeptide drugs can be par-
tially denatured during storage and lose their activities.
Nanocarriers can increase the stability of many anticancer
drugs by integrating them into their structure. For instance,
doxorubicin is quickly degraded upon exposure to light,
whereas doxorubicin entrapped into nanoparticles maintains
its biological activity under the same conditions [44]. The
stability of doxorubicin has also been increased through its
incorporation into liposomes [45]. In the sameway, paclitaxel
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Figure 2: Schematic drawing of the drug release and organelle-
specific targeting of drug loaded nanoparticles via endocytosis.

used for the antineoplastic treatment was formulated in a
surfactant/alcohol mixture and increased the shelf-life to
71 days at 25∘C, and its stability is reduced even further
upon dilution [46, 47]. Previous study reported a beneficial
effect on long-term DNA stability when this molecule was
complexed to polymeric micelles [48, 49].

3.2. The Improvement of Drug Administration and Absorption

3.2.1. Oral Administration. In general terms, anticancer drugs
have low oral bioavailability. For large macromolecules,
this is related to their fast enzymatic degradation and
their inefficiency in crossing biological barriers [50, 51].
For hydrophobic drugs, their main limitation is their low
solubility at the absorption site, but also their biodegradation.
The case of many conventional hydrophobic drugs is finely
illustrated by paclitaxel [52, 53]. This molecule has low oral
bioavailability in conventional formulations because most
of the drug is eliminated through the cytochrome P450-
dependent metabolism and excreted by the P-glycoprotein
pump present in the intestinal wall [54–56]. Nanosystems
may improve drug absorption in oral chemotherapy by
protecting the drug, enhancing its residence time at the
absorption site or through the inhibition of efflux pumps.
Previous studies reported that new d-𝛼-tocopheryl-PEG
succinate nanoparticles could be used for oral delivery of
paclitaxel [57–59]. On the other hand, liposomes formed by a
blend of collagen and carrageenan polymeric core were also
found to enhance the permeability of 5-fluorouracil (5-FU)
and methotrexate crossing the Caco-2 and TC7 monolayers
[23].

3.2.2. Parenteral Administration. Parenteral formulations
have the additional advantage of drug absorption. How-
ever, the preparation of injectable formulations of many
hydrophobic drugs is very low water solubility. Indeed,
intravenous injection of these drugs may cause embolization

of blood vessels due to drug aggregation, and ultimately,
local toxicity as a result of high drug concentrations at the
site of deposition [60, 61]. Cremophor EL (Taxol) has been
the standard solvent system for paclitaxel including clinically
relevant acute hypersensitivity reactions and peripheral neu-
ropathy [62]. Moreover, paclitaxel-loaded albumin nanopar-
ticles (Abraxane or ABI-007) have recently been approved
by FDA for the treatment of metastatic breast cancer
[23].

3.3. Increase in Blood Circulation. Changes in drug biodis-
tribution and accumulation in the target tissues can be
achieved through the incorporation of these drugs into
specific nanocarriers. Classical nonselective nanocarriers are
known to be opsonized and rapidly cleared by the mononu-
clear phagocytic systems (MPS) which is predominantly dis-
tributed in liver, lungs, spleen, and bonemarrow [23, 63].This
uptake can be very advantageous for the chemotherapeutic
treatment of MPS-localized tumors like hepatocarcinoma
or hepatic metastasis. This therapeutic benefit has been
observed with doxorubicin in a murine hepatic metastases
model when this drug was incorporated into biodegradable
poly(alkylcyanoacrylate) nanoparticles [64–66]. Polyethyl-
glycol has been applied to enhance the plasmatic half-life of
several nanocarriers including liposomes and micelles [67–
69].

3.4. Active Targeting to the Cancer Cells. Nanomedicine
designed to actively target cancer cells showed high binding
affinity to its receptor on cancer cells. Specific monoclonal
antibodies were able to bind to corresponding tumor anti-
gens [12, 70, 71]. At present, there are several formulations
comprising antibodies approved or undergoing clinical trials.
For example, Mylotarg� conjugated with CD33 antibody
and Zevalin� and Bexxar� conjugated with two CD20 have
already been approved by the FDA [72]. A liposome-plasmid
DNA formulation (SGT-53) that uses an antibody fragment
for tumor targeting is currently in phase I clinical trial
[23, 73]. The other work reported that there were encapsu-
lated antineoplastic drugs in bacterially derived nanosized
delivery system linked with antibodies to the target [74].
Actively targeted minicells resulted in antitumor effects
enhanced efficacy even compared to other less sophisticated
nanomedicines.

4. Challenges of Nanoparticles

However, there are limited reports about the effects of
nanoparticles on the body. It is difficult to predict the long-
terms effects on our health. Nanoparticles have large surface
that helps them react very quick [75]. A metal nanoparticle
is an example that they might speed up reactions in living
things in unpredictable ways causing illness or death [75,
76]. Furthermore, nanoparticles have ability in antimicrobial
activities but also theymay kill benefit bacterial communities
in the intestinal tract. Besides, there are chemicals or physical
systems applied to maintain them to retain their nanoscale
properties because nanoparticles are easy to aggregate or club
together [77, 78].
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In addition, drug delivery system in nanoparticles is
more expensive to produce when compared with traditional
materials due to containing lots of complicated steps [19,
79]. Therefore, it is a difficult to scale up nanoparticle
production leading to limitation in market production. More
importantly, the human immune system may be defenseless
against particles on the nanoscale [80–82]. As a result, tiny
solid particles can cause irritation in the lungs and potentially
cause lung damage and cancer. In summary, nanoparticles
are usually reported in a positive way because of their
exciting potential applications in drug delivery. However,
a nanoparticle is also a risk due to their unknown side
effects and bioavailability that have not been reported yet
[18, 83–87].

Nanoparticles used as drug delivery are more and more
popular with a lot of challenges in pharmaceutical engi-
neering. There are many reports about nanotoxicology, the
potential negative impact of the interactions between nano-
materials and biological systems. For example, naked quan-
tum dots show cytotoxicity by induction of reactive oxygen
species, resulting in damage to the nucleus, mitochondria,
and plasma membranes [18, 88]. Furthermore, cadmium-
(Cd-) containing quantum dots have been reported to be
toxic due to the release of free Cd2+ ions [89, 90]. Gold
(Au) solution has not been considered to present a hazard,
and gold nanoparticles (Au NPs) have been taken up by
cells without cytotoxic effects [91, 92]. By contrast, gold
nanorod cytotoxicity could be attributed to the presence
of the stabilizer cetyltrimethylammonium bromide [93, 94].
For silica nanoparticles (NPs), only concentrations over
0.1mg/ml were found to be toxic as shown in a reduction
of cell availability and proliferation [18, 94]. The production
of carbon nanotubes also causes reactive oxygen species
generation, mitochondria dysfunction, lipid peroxidation,
and changes in cell morphology, while graphite and fullerene
produce no significant adverse effects [18, 95, 96]. In addition,
it was reported that most cationic NPs can cause hemolysis
and blood clotting, while neutral and anionic NPs are quite
nontoxic [40, 97].

Another challenge facing nanosized drug delivery is the
large scale production of nanomaterials in terms of scaling
up laboratory or pilot technologies for commercialization.
A number of nanosized drug delivery technologies may not
be compatible with large scale production due to the nature
of the preparation method and high cost of materials [98].
The challenges of scaling up include a low concentration
of nanomaterials, agglomeration, and the chemistry process
[99–101].

Generally,most drugs do not cross the blood brain barrier
(BBB). The endothelial barrier is specifically tight at the
interface with the brain astrocytes and can be in normal
conditions only being passed using endogenous BBB trans-
port or receptor-mediated transport [18, 102, 103]. However,
the barrier properties may be compromised intentionally
or unintentionally by drug treatment allowing passage of
nanoparticles [104–107]. The drugs delivered by nanocarrier
to pass through blood brain barrier were recently reviewed
[108, 109].

5. Nanosized Delivery Generated
by Microorganisms

Minicells are one of nanoparticles generated from bacte-
ria that can deliver active compounds to reduce the side
effects and improve bioavailability of the treatment [110].
Minicells are chromosomal cells containing RNA and protein
but little or without chromosomal DNA. There are lots of
applications ofminicells reported as delivery for therapeutics,
nucleic acids, and other bioactive compounds to target
cells. MacDiarmid introducedminicells generated by Shigella
flexneri, Pseudomonas aeruginosa, Salmonella typhimurium,
Escherichia coli, and Listeria monocytogenes with diameter
about 400 nm [9]. In addition, Lactobacillus rhamnosus
and Lactobacillus acidophilus could generate minicells with
nanosize as well [111–113].

During the cell division cycle, the cells must identify
the mid-cell site prepared for cytokinesis and division sep-
tum (Figure 3). For example, the mutants in E. coli were
divided into two group, fts mutants (temperature sensitive
filamentation) and par mutants (partition). There are many
important proteins involved in the division cycle. FtsZ is
one of proteins that play a significant role in the division
process of E. coli [114, 115]. In previous report, MacDiarmid
and colleagues described bacterial minicells encapsulated
chemotherapeutics guided by antibodies to deliver their
load to target cells. Minicells have diameter of 400 nm
produced from both Gram-positive and Gram-negative bac-
teria. Furthermore, the minicells were loaded with different
chemotherapeutics in hydrophobic and hydrophilic forms.
Besides, minicells could lead to the targeted tumor cells with
bispecific antibodies of epidermal growth factor receptor
(EGFR), HER2/neu (ERBB2), CD33, or CD3 [116–118].

Minicell formation related to cell division inhibitor genes
of ftsZ,minBCD locus causing asymmetrical division at mid-
cell leading to cells of different sizes including minicells as
well as filaments. The minicells were isolated and showed the
stable round shape.Minicells keep the rigid cell wall structure
of 20 kinds of lipopolysaccharide like their parental bacteria
[119].Thepathogen strains could produceminicells applied to
vaccine but not complete safe for patient compared to lactic
acid bacteria strains [120]. Therefore, minicells generated by
lactic acid bacteria that are probiotic strain should be more
interesting than others.

The Gram-positive cell wall of lactic acid bacteria con-
sists mainly of peptidoglycans, (lipo)teichoic acids, proteins,
and polysaccharides [121]. The inner layer of the cell wall
consists of a peptidoglycan network covered by a variety
of substances. The most important of these substances are
(lipo)teichoic acids, neutral and acidic polysaccharides, and
surface proteins [122]. Teichoic acids are the negative charged
polymers constitutedwith polyol phosphate that linked to the
peptidoglycan [122, 123].

The polysaccharides associated with the bacterial cell
walls and the extracellular polysaccharides of lactic acid
bacteria are either neutral or acidic [120, 121].There are abun-
dance polysaccharides at the outer surface of the cell wall and
extracellular. The most abundant surface proteins in many
Lactobacillus species are the S-layer proteins [122, 124, 125].
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Figure 3: Bacterial minicell formation.

To date, S-layers have been found in L. brevis, L. acidophilus,
L. crispatus, L. helveticus, L. amylovorus, and L. gallinarum.
S-layer proteins are usually small proteins of 40–60 kDa with
generally highly stable tertiary structures [126]. L. rhamnosus
and L. acidophilus in combination with glucose and fructose
occurred to produce the highest minicells with the size less
than 400 nm that could be used as nanocells in delivering
cisplatin, paclitaxel, and cephalosporin [111–113].

6. Minicell Loading with Different Drugs

Interestingly, minicells can be packaged with 1–10 million
drug molecules [18]. Minicells pass through tumor cells
by receptor-mediated endocytosis. In in vivo experiments,
doxorubicin loading minicells inhibited tumor growth in
mice as breast, ovarian, leukemia, or lung [127]. Importantly,
comparatively small amounts of doxorubicin could induce
tumor regression in liposome encapsulation. The anticancer
efficacy of the minicells was further evaluated in dogs having
T-cell non-Hodgkin’s lymphoma by tumor regression and
tumor lysis [116]. Importantly, many researches showed that
minicells did not have side effects such as proinflammatory
cytokine increase after repeating the doses. Other exper-
iments in animals were also performed and pointed that
there were no adverse reactions [128]. Minicells derived
from bacteria have been used for the first time in human
with the significantly safe, well-tolerated results. Solomon et
al. reported that minicells packaged paclitaxel and coated
with antibody targeting to tumors expressing EGFR of many

Table 1: Functional groups detected in bacteria.

Functional
group Interaction or reaction

Hydroxyl Carbonyl, aromatic, alkyl groups or
a carbon atom

Carboxyl Acid-base
Phosphoryl Group transfer
Amide Acid-base
Phosphate Acid-base
Carbohydrate Protein, enzyme

cancer cells. The study was then conducted in phase I with
small groups of patients. Minicells loaded with doxorubicin
were also continuously tested in phase II in patients with
glioblastoma (a type of brain tumor) [128, 129].

However, Lactobacillus species being the safe microor-
ganisms with many biological activities in anticancer and
immunotherapy, they were used to generate nanosized mini-
cells tested in drug delivery. Due to living cells, Lactobacillus
minicells are the place of different reactions.Therefore, mini-
cells containing a variety of functional groups mentioned in
Table 1 can bind with different compounds easily when they
meet together. Minicells from Lactobacillus could show their
own activities and load with hydrophilic and hydrophobic
drugs as well, for example, paclitaxel and cephalosporin
(Figure 4) [111]. Hydrogen bond in minicells could help
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Figure 4: The interaction between minicell membrane and molecule. (a) Interaction between teichoic acid and paclitaxel. (b) Interaction
between dd-transpeptidase and paclitaxel.
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Figure 5: Model of exopolysaccharide representative in the interac-
tion with cisplatin.

in loading drug molecules. Using docking to explain the
interaction of drug to minicells, paclitaxel binds to dd-
transpeptidase and teichoic acid of minicell membrane by
the interaction with many residues by hydrogen bonds. The
average binding energy is −7 to −10. In the other illustration
for drug loading of minicells, exopolysaccharide could bind
to cisplatin as presented in Figure 5. With the interaction,
cisplatin could be released out of minicells to show activities.
Moreover, minicells have the cell walls that makemany drugs
pass through by concentration gradient. Generally, themodel
of drug loading was showed as in Figure 6.

7. Minicells Avoid Phagocytosis

There were many arguments that minicells used in treatment
could be phagocytosed. However, by experiments, mini-
cells could go inside and outside the macrophages. They
can be stable in about 6 hours. Actually, minicells loaded
doxorubicin could be used in trials and treat cancer in
the volunteers. Remarkably, minicells can be an ideal drug
delivery because of safety, biodegradability, and avoiding

Nanoparticle Drug molecules

Figure 6: The model of drug molecules loaded by minicells.

of phagocytosis. Minicells produced from L. acidophilus in
sugar stress remained stable in storage at −80∘C for long time.

8. Conclusions

Thenanoparticle development for drug delivery is interesting
in therapy. The majority of properties of minicells generated
by lactic acid bacteria are nanosized, round shape which
is suitable for drug delivery. Multifunctional nanoparticles
delivering multiple drugs are now being developed for
enhanced detection and treatment of cancer. Furthermore,
lactic acid bacteria are used in pharmaceutical field and food
industry. Minicells generated by lactic acid bacteria are a
biodegradable system which is excellent vehicle for delivery
of drugs and vaccines. The application of minicells to cancer
has a great promise for cancer patients in the future.

Abbreviations

EGFR: Epidermal growth factor receptor
MPS: Mononuclear phagocytic systems.



Journal of Nanomaterials 7

Conflicts of Interest

There are no conflicts of interest in all authors regarding the
publication of this paper.

References

[1] R. E. Serda, B. Godin, E. Blanco, C. Chiappini, and M. Ferrari,
“Multi-stage delivery nano-particle systems for therapeutic
applications,” Biochimica et Biophysica Acta - General Subjects,
vol. 1810, no. 3, pp. 317–329, 2011.

[2] J. Wright, “Nanotechnology: Deliver on a promise,” Scientific
American, vol. 311, no. 1, pp. S12–S13, 2014.

[3] M. E. Davis and D. M. Shin, “Nanoparticle therapeutics: an
emerging treatment modality for cancer,” Rev Drug Discov, vol.
7, pp. 771–782, 2008.

[4] V. J. Mohanraj and Y. Chen, “Nanoparticles-a review,” Trop J
Pharm Res, vol. 5, pp. 561–573, 2006.

[5] J. Panyam and V. Labhasetwar, “Biodegradable nanoparticles
for drug and gene delivery to cells and tissue,” Advanced Drug
Delivery Reviews, vol. 55, no. 3, pp. 329–347, 2003.

[6] Y. Barenholz, “Doxil: the first FDA-approved nano-drug:
lessons learned,” Journal of Controlled Release, vol. 160, no. 2,
pp. 117–134, 2012.

[7] G. Pillai, “Nanomedicines for Cancer Therapy: An Update of
FDA Approved and Those under Various Stages of Develop-
ment,” SOJ Pharmacy & Pharmaceutical Sciences, vol. 1, no. 2,
2014.

[8] V. Weissig, T. K. Pettinger, and N. Murdock, “Nanopharmaceu-
ticals (part 1): products on the market,” International journal of
nanomedicine, vol. 9, pp. 4357–4373, 2014.

[9] J. A. MacDiarmid, N. B. Mugridge, J. C.Weiss et al., “Bacterially
Derived 400 nm particles for encapsulation and cancer cell
targeting of chemotherapeutics,” Cancer Cell, vol. 11, no. 5, pp.
431–445, 2007.

[10] D. Gastaldi, D. Zonari, and F. Dosio, “Targeted taxane delivery
systems: recent advances,” Deliv Lett, pp. 105–117, 2011.

[11] Y. D. Livney and Y. G. Assaraf, “Rationally designed nanove-
hicles to overcome cancer chemoresistance,” Advanced Drug
Delivery Reviews, vol. 65, no. 13-14, pp. 1716–1730, 2013.

[12] R. Gaspar andR.Duncan, “Polymeric carriers: preclinical safety
and the regulatory implications for design and development of
polymer therapeutics,” Drug Deliv Rev, vol. 61, pp. 1220–1231,
2009.

[13] R. Duncan and M. J. Vicent, “Do HPMA copolymer conjugates
have a future as clinically useful nanomedicines? a critical
overview of current status and future opportunities,”Drug Deliv
Rev, vol. 62, pp. 272–282, 2010.

[14] R. Duncan, “Polymer therapeutics: top 10 selling pharmaceu-
ticals—what next?” Journal of Controlled Release, vol. 190, pp.
371–380, 2014.

[15] J. Miller, “Beyond biotechnology: FDA regulation of nanomed-
icine,” Sci Technol Law Rev, 2003.

[16] S. Biswas and V. P. Torchilin, “Nanopreparations for organelle-
specific delivery in cancer,” Advanced Drug Delivery Reviews,
vol. 66, pp. 26–41, 2014.

[17] L. Brannon-Peppas and J. O. Blanchette, “Nanoparticle and
targeted systems for cancer therapy,” Drug Deliv Rev, vol. 64,
2012.

[18] W.H. De Jong and P. J. Borm, “Drug delivery and nanoparticles:
applications and hazards,” Int J Nanomedicine, vol. 3, pp. 133–
149, 2008.

[19] R. Singh and J. W. Lillard, “Nanoparticle-based targeted drug
delivery,” Exp Mol Pathol, vol. 86, pp. 215–223, 2009.

[20] N. T. Thanh and L. A. Green, “Functionalisation of nanoparti-
cles for biomedical applications,” Nano Today, vol. 5, pp. 213–
230, 2010.

[21] M. Athar and A. J. Das, “Therapeutic nanoparticles: state-of-
the-art of nanomedicine,” Ad Mater Rev, vol. 1, pp. 25–37, 2014.
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Copper was immobilized onto carboxymethyl cellulose, nanofibrillated cellulose, TEMPO-nanofibrillated cellulose, and lignin.
The lignocellulosic frames were used with the aim of providing an effective support for catalyst copper and allowing its further
reutilization. Each organic support was successful and effective in the coupling of copper with the exception of lignin. These
complexes were used as heterogeneous catalysts to produce 1-benzyl-4-phenyl-1H-[1,2,3]-triazole from the copper(I)-catalyzed
azide-alkyne cycloaddition (CuAAC) between benzyl azide and phenylacetylene. Each reaction was carried out in water and
acetonitrile. Those performed in water were completed in 15 minutes while those done in acetonitrile were allowed to react
overnight, reaching completion in less than 20 hours.The yields for Cu-CMC resulted in over 90% for those reactions performed in
acetonitrile. All catalysts were easy to recover except Cu-lignin which could not be filtered or extracted from the reaction effluent.

1. Introduction

The “Huisgen click” reaction refers to an azide-alkyne 1,3-
dipolar cycloaddition. This reaction has many useful appli-
cations for drug discovery [1], polymer synthesis [2], and
material science [3], among other biological applications [4,
5]. However, this reaction often requires high temperatures,
has a low reaction rate, and typically produces a mixture of
1,5-substituted and 1,4-substituted triazoles [6].

Copper (Cu) based catalyst for the “Huisgen click” reac-
tion has received significant attention during the last decade
due to its versatile reactivity and much lower cost compared
with noble metals, such as Pd and Rh. The rate of this
copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) is
increased by a factor of 107 relative to the purely thermal
process [6].Most CuAACprocedures involve in situ reducing
agents to reduce Cu(II) salts in the generation of Cu(I) cata-
lysts [7]. This reaction is quite insensitive to its environment
and is also unaffected by most functional groups, so it may
be performed in an aqueous or organic solution. However,

it is most commonly performed in a water/alcohol mixture
[6, 8, 9], though, without somehow immobilizing the copper
on a homogeneous support, this CuAAC reaction is still very
limited due to the low recoverability of copper from the
product [10].

In general catalytic metal particles have been immobi-
lized on solid supports that include the following: silica,
alumina, zirconia, ceria, zeolites, glass fibers, and synthetic
polymers [11–14]. The concept of sustainable chemistry is
opening incredible opportunities for supporting materials
coming from renewable natural polymers. Cellulose-based
materials were studied as a support material for metal
catalysts some years ago [15]. In recent years, the utilization of
cellulose nanomaterials, such as cellulose nanofibers and cel-
lulose nanocrystals, has demonstrated excellent performance
to be used as scaffold for metal nanoparticles in catalysis
[16–18]. Shen et al. in 2010 used CuSO

4
reduced by sodium

ascorbate to catalyze O-acetyl-𝛼-L-arabinopyranosyl azide
and phenyl acetylene and found yields unsatisfactory at 54%
[19]. The group then immobilized Cu onto microcrystalline
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cellulose as a catalyst, and the reaction (performed in water
at 60∘C) produced a 93% yield, showing that a cellulose-
supported copper catalyst is favorable. The group also reused
the catalyst and, after five cycles, the yield was still favorable
at 84%, displaying excellent recoverability of the Cu(0)-
cellulose catalyst [20].

Reddy et al. used the same procedure and materials as Yu
et al. to create the Cu(0)-cellulose catalyst and had similar
results in their catalyst formations, with Cu 2P X-ray photo-
electron spectroscopy (XPS) spectra peaks around 932.7 eV.
However, inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) analysis in both studies show that Yu et
al.’s Cu(0)-cellulose had almost double the amount of copper
compared toReddy et al.’s at 0.730mmol/g and 0.368mmol/g,
respectively [20, 21].This could be due to the type of wood the
cellulose was drawn from and, correspondingly, the amount
of carboxylate groups on the cellulose fibers.

Koga et al. created a cellulose-supported Cu(I) cat-
alyst using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
nanofibrillated cellulose (TNFC). The azide-alkyne pair of
benzyl azide and phenyl acetylene reacted in an aqueous solu-
tion of sodiumascorbate containing theCu(I)-TNFCcatalyst;
the copper content of the catalyst used in the reaction was
10 𝜇mol. Through NMR analysis, the product was found to
be entirely 1-benzyl-4-phenyl-1H-[1,2,3]-triazole, the desired
product [17]. This indicates both the procedure and catalyst
were very effective for this azide-alkyne cycloaddition.

Zhong et al. in 2013 used carboxymethyl cellulose (CMC)
to immobilize copper that displayed excellent antimicrobial
properties against Escherichia coli. Then, in 2015, Zhong et
al. developed an efficient drying process for Cu-TNFC and
Cu-CMC complexes—which was developed using the same
procedure fromZhong et al. in 2013.The results of this proce-
dure, through XPS analysis, showed that the oxidative state of
copper in the final product was Cu+, which was the oxidative
state of copper in the research previously discussed byKoga et
al. in 2012. In this study, copper nanoparticles were supported
on lignin and three different kinds of cellulose (CMC, NFC,
and TNFC) for the cycloaddition of benzyl azide and phenyl
acetylene. Similar processes to the production of Cu-CMC
[22], drying of the Cu-TNFC and Cu-CMC [23], and catalyst
performance test of CuAAC [17] were used in this research.

2. Materials and Methods

2.1. Materials. Sodium carboxymethyl cellulose (Na-CMC)
with average molecular weight of 90,000 g/mol was
purchased from Sigma-Aldrich, USA; nanofibrillated
cellulose (NFC), 2.8 wt%, from theUniversity ofMaine, USA;
TEMPO-nanofibrillated cellulose (TNFC) gel, 0.96wt%,
from Forest Products Laboratory, USA; lignin, alkali
from Sigma-Aldrich, USA; copper sulfate pentahydrate
(CuSO

4
⋅5H
2
O) from Fisher Scientific, USA; sodium

borohydride (NaBH
4
), 0.5M, from Acros, USA; ethanol

(reagent alcohol, 95%) from Sigma-Aldrich, USA; tert-
butanol (99.5%) from Acros, USA; benzyl azide (94%) from
Alfa Aesar, England; phenyl acetylene (98%) from Alfa
Aesar, England; sodium cyanoborohydride (NaBH

3
CN)

from Sigma-Aldrich, USA.

2.2. Preparation of Copper Catalysts

2.2.1. Preparation of Copper-Carboxymethyl Cellulose. Sodi-
um carboxymethyl cellulose (Na-CMC) (1 g) was suspended
in deionized water (49mL). After that, CuSO

4
(aqueous,

15mL, 0.1M) was added dropwise to the solution under
constant stirring.Once all theCuSO

4
had been added,mixing

immediately ceased, and the solution rested for 14 h. Sodium
borohydride (aqueous, 10mL, 0.5M) was added slowly under
constant stirring over 30min in order to reduce the oxidation
state of copper [22].

2.2.2. Preparation of Copper-Nanofibrillated Cellulose. Nano-
fibrillated cellulose (NFC) gel (1 g, 2.8 wt%) was suspended
in deionized water (10mL). After that, CuSO

4
(aqueous,

4mL, 0.1M) was then added dropwise to the solution under
constant stirring for 1 h. Sodiumborohydride (aqueous, 3mL,
0.5M) was added as a reducer. Once added, the suspension
underwent constant stirring for 30min.

2.2.3. Preparation of Copper-TEMPO-Nanofibrillated Cellu-
lose. TEMPO-nanofibrillated cellulose gel (5mL, 0.96wt%)
was suspended in deionized water (10mL). After that, CuSO

4

(aqueous, 4mL, 0.1M) was then added dropwise to the
solution under constant stirring for 1 h. Next, to reduce the
oxidation state of copper, sodium borohydride (aqueous,
3mL, 0.5M) was added and stirred for another 30min.

2.2.4. Preparation of Copper-Lignin. Lignin (1 g) was sus-
pended in deionized water (10mL). After that, CuSO

4
(aque-

ous, 4mL, 0.1M) was then added dropwise to the solution
under constant stirring for 1 h. Lastly, sodium borohydride
(aqueous, 3mL, 0.5M) was added slowly and then stirred
with the suspension for 30min to ensure all the copper had
been reduced.

2.3. Drying and Purifying the Copper Catalysts. Each suspen-
sion was then centrifuged and the upper liquid layer was
removed. The solids that remained were then redispersed
in water (50mL) and centrifuged again at 8000 rpm for
5min. The upper clear solution was removed, and ethanol
(25mL) was mixed with the solid in the bottom of the
vial. The vial was centrifuged again at 8000 rpm for 5min,
and the upper clear solution was subsequently removed.
Ethanol was again mixed, and, after waiting for two hours
upon mixing, the solution was centrifuged at 8000 rpm for
5min. The upper liquid was then removed. This process was
repeated using tert-butanol. The solid that remained from
each suspension was then stored in a vacuum for 2 days to
prevent oxidation and to allow the tert-butanol to dry. After
the solids were dried under vacuum, they were placed in
a freeze-dryer for 3 days [23]. Note that this process was
only used to dry Cu-CMC, Cu-NFC, and Cu-TNFC.The Cu-
lignin suspensions were not able to be separated from the
solvent after centrifugation; therefore, the lignin suspension
was placed directly in the freeze-dryer.

2.4. Catalyst Performance Test. Sodium cyanoborohydride
(aqueous, 3.3mM, 30mL) was used to pretreat Cu-CMC
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Figure 1: Illustration of the CuAAC of benzyl azide and phenylacetylene to produce 1,4-BPT, where [A]: benzyl azide, [B]: phenylacetylene,
and [C]: 1-benzyl-4-phenyl-1H-[1,2,3]-triazole (1,4-BPT).

(6mg), Cu-NFC (11mg), Cu-TNFC (14mg), and Cu-lignin
(200mg)—all separately—at 70∘C for 20min prior to per-
forming the CuAAC reaction. For the CuAAC reaction, ben-
zyl azide (125 𝜇L, 1.00mmol) and phenylacetylene (110 𝜇L,
1.00mmol) were added to each solution under constant
stirring at 70∘C [17]. The CuAAC reaction is represented
in Figure 1. The progress of the reaction was monitored by
thin layer chromatography (TLC, hexane/EtOAc, 19 : 1). After
the complete disappearance of benzyl azide, the catalyst was
recovered from the mixture by filtration and washed with
water (2 × 10mL) and acetone (2 × 10mL) and then allowed
to dry in a vacuum. The filtrate was extracted with ethyl
acetate (3 × 30mL).The combined organic phases were dried
(MgSO

4
) and filtered and filtrate was concentrated in vacuum

[20]. The crude product was purified by filtration through a
short plug of silica gel eluting with EtOAc to yield 1-benzyl-
4-phenyl-1H-[1,2,3]-triazole (1,4-BPT).

This process was then repeated usingCu-CMCand scaled
up by a factor of 5 in order to reduce human error. In addition
to scale-up, the recovered catalyst was reused twice for the
same reaction to analyze catalytic decay.

This scaled-up process was also repeated using Cu-CMC
in 30mL of acetonitrile, a common solvent medium for
CuAAC, instead of 30mL of water.This was done to compare
with other literature, as water is not typically used as the
solvent in this CuAAC since copper easily dissolves in water.
However, water is a very desirable reactionmedium due to its
abundance and environmental sustainability.

2.5. Characterization. The copper loading on each cata-
lyst support was determined using Varian Vista-PRO CCD
simultaneous inductively coupled plasma-optical emission
spectroscopy (ICP-OES) (Palo Alto, USA). In order to pre-
pare these samples for ICP-OES, 30mg of each catalyst
was dissolved in 1mL of nitric acid (71 wt%). When the
solid complexes were completely dissolved, the solution was
diluted with 99mL of deionized water and 15mL of this
solution was then used for ICP-OES analysis.

The oxidation state of copper on each catalyst was deter-
mined using Physical Electronics VersaProbe 5000 X-ray
Photoelectron Spectroscopy (XPS) system with a monochro-
matic Aluminum K𝛼 X-ray source (Chanhassen, MI, USA).
The base pressure in the high vacuum analysis chamber was
around 2 × 10−6 Pa. An Aluminum X-ray source of 1486.6 eV

was used for photoelectron excitation with X-ray power of
25W. Pass energies of 117.4 eV for survey scan and 23.5 eV for
detailed scan were used for the data acquisition with energy
steps of 0.5 eV for survey scan and 0.05 eV for detailed scan,
respectively. PHI MultiPak software was used for element
identification and peak fitting. The C1s peak at a binding
energy of 284.8 eV was used as the internal reference. A
Shirley-type backgroundwas subtracted from the spectra and
Gauss-Lorentz curves were used to fit the spectra.

The solid product from the CuAAC reaction was dis-
solved in deuterochloroform andnuclearmagnetic resonance
(1H NMR) measurements were taken using a 400MHz
Agilent Technologies NMR, Model Number 400/54/ASP.
Data analysis was performed using Agilent Technologies
Software VNMRJ, Version 2.4, Revision A.

2.6. Yield Determination. The yield of each reaction was
determined in the following equation:

Theoretical Yield − Actual Yield
Theoretical Yield

× 100. (1)

3. Results and Discussion

3.1. Production of Copper Catalysts. ICP-OES analysis calcu-
lated the amount of copper on each catalyst. Three samples
of each complex were used in order to gain an accurate
knowledge of the loading of copper onto each organic
support. Figure 2 displays the results from ICP-OES. The
number above each bar indicates the average mmol of Cu
per gram of catalyst. The error bars indicate the standard
deviation for all the trials for each sample. These error bars
represent the amount of variation of copper throughout the
catalyst.The results are excellentwhen compared to literature.

Yu et al. used microcrystalline cellulose as the plat-
form to attach copper, and the copper loading onto the
microcrystalline cellulose only resulted in 0.730mmol Cu/g
catalyst [20]. All of our compounds except Cu-lignin (due to
the procedure in which it was created) have higher copper
loadings than this, and CMC has over 2.5 times the copper
loading of the microcrystalline cellulose. From these results,
it can be concluded that CMC is the best organic compound
on which to immobilize copper nanoparticles. This is likely
due to the presence of high number of Na-carboxyl groups
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Figure 3: XPS spectra of Cu-CMC.

that can facilitate the copper reduction and therefore its
further availability.

As determined from XPS the state of oxidation was Cu(I)
for all complexes. There were strong peaks around 931-932
and 950-951 with a weak satellite peak between the two
around 943. This weak satellite peak was the determining
factor for the oxidation state because it is unique to the Cu(I)
oxidation state only. Figure 3 displays the XPS data graphi-
cally for Cu-CMC. All data for the remaining complexes are
very similar and therefor will not be displayed along with the
Cu-CMC.

3.2. Catalyst Performance Test

3.2.1. Using Water as Media for the Reaction. The reaction
time was outstanding for each catalyst, with each reaction
reaching completion in 15 minutes. Compared to Koga et al.,
who used softwood-derived TNFC as a catalyst support for
the same reaction, our copper-cellulose complexes catalyzed
the reaction 5min faster [17]. However, the yields for 1,4-BPT
were not satisfactory. Table 1 presents information regarding
the yields pertaining to each catalyst.

One thing to note as well is that the Cu-lignin was
irrecoverable from the reaction. It appears to have dissolved
in the aqueous layer.

Table 2 shows the results of the scaled-up reaction using
Cu-CMC and the same reaction reusing the catalyst.
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Figure 4: NMR results for material produced from procedure used
in this research.

Table 1: Yield information of each CuAAC using different catalysts.

Catalyst proposed 1,4-BPT yield (mg) Yield percentage
Cu-CMC 131 56%
Cu-NFC 85 36%
Cu-TNFC 136 58%
Cu-lignin 90 39%

Table 2: Results of CuAAC using and reusing Cu-CMC.

Catalyst use Reaction time Yield percentage
1 10min 45%
2 20min 43%
3 150min 38%

These results show that the first reuse of the catalyst is
still very effective as the reaction time was still very fast, only
increasing by 10 minutes. However, after reusing the catalyst
once again, the reaction time increased greatly to 150min
suggesting the catalyst is not be reused more than once.

The low yields could be due to the extraction and
purification process of the product, as there is much room
for human error in this procedure. When using an internal
standard of 1,4-dimethoxy benzene, NMR analysis showed
yields of over 80% 1,4-BPT.This indicates that improvements
can be made to purification in order to isolate the entire
desired product that is formed.

The results of the 1H NMR analysis from Cu-CMC as
catalyst were as follows: 𝛿H ppm: 7.80 (d, 2H), 7.66 (s, 1H),
7.36–7.42 (m, 5H), 7.34–7.29 (m, 3H), and 5.58 (s, 2H). The
data are shown graphically in Figure 4; the numbers below
the 𝑥-axis are the areas under each spike (or group of spikes)
and represent the number of hydrogen atoms on each carbon.
The most indicative datum on Figure 4 is the spike around
5.6 ppm.This is the carbon with two single bonds connecting
the phenyl group to the azide group. Since it is known that
there are two hydrogen atoms at this point and therefore
the area under the spike will be exactly 2, this data was
implemented into the analysis and all other areas under each
spike were determined using this data as the standard. The
large spike around 7.25 ppm is from the solvent, deuterochlo-
roform, used to dissolve the product for analysis. Since every
single area under each spike or group of spikes concurred
with literature [17, 24], the results indicate the product was
entirely 1,4-BPT using each copper complex as the catalyst.
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Table 3: Yield information using acetonitrile as reaction medium.

Catalyst proposed 1,4-BPT yield (mg) Yield percentage
Cu-CMC 1070 91%
Cu-TNFC 872 74%

The reaction completely favors the formation of 1,4-
substituted triazoles as well, differing from the thermal
reactionwhich often results in amixture of 1,4-substitued and
1,5-substituted triazoles [6].

3.2.2. Acetonitrile as Media for the Reaction. Considering
that the highest yields in water as media were for Cu-CMC
and Cu-TNFC, they were tested in acetonitrile to evaluate
differences.The results in this regard are presented in Table 3.
When using acetonitrile as the solvent for the reaction and
CMC-Cu as catalyst, 5mmol of reactant yielded 1.07 g (91%
yield) of 1,4-BPT. These results are very comparable to other
researches [24, 25] concluding that CMC is an effective
support for copper to be used as a catalyst. In terms of Cu-
TNFC, yields were less satisfactory at 74%, though much
improved from the reaction in a water medium.

4. Conclusions

Cu-cellulose was easily prepared using CMC, NFC, TNFC,
and lignin. These complexes were then used as catalysts in
the CuAAC between benzyl azide and phenylacetylene to
produce 1,4-BPT. Water and acetonitrile as media for the
reaction were used. In water media, the catalysts, with the
exception of lignin, were easy to recover, displaying the low
hazardous impact the reaction has on the environment. The
reactionwas complete in 15minutes for each copper complex,
showing the excellent catalytic ability of each heterogeneous
catalyst. Cu-CMC and Cu-TNFC displayed the highest yields
andwere subsequently used as catalysts when acetonitrile was
utilized as media for the reaction. The reaction in this case
needed longer time to be completed and the yield resulted
higher for Cu-CMC. Based on the process used to fabricate
the hybridCu-cellulosematerials, CMCappears to be the best
support for copper of the four organic compounds used as it
held themost copper due to its higher number ofNa-carboxyl
groups and yielded one of the highest amounts of 1,4-BPT.
Further investigation will be directed on the improvement of
copper attachment on the lignocellulosic rawmaterial for the
specific application in the catalysis field.

Abbreviations

1,4-BPT: 1-Benzyl-4-phenyl-1H-1,2,3-triazole
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CuAAC: Copper azide-alkyne cycloaddition
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NFC: Nanofibrillated cellulose
TNFC: TEMPO-nanofibrillated cellulose
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NMR: Nuclear magnetic resonance
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XPS: X-ray photoelectron spectroscopy.
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TEMPO nanofibrillated cellulose (TNFC) from two underutilized Appalachian hardwoods, Northern red oak (Quercus rubra) and
yellow poplar (Liriodendron tulipifera), was prepared to determine its feasibility to be used as template for antimicrobial metallic
copper particles. In addition, a comparison of the TNFC from the two species in terms of their morphological, chemical, thermal,
and mechanical properties was also performed. The woody biomass was provided in the form of logging residue from Preston
County, West Virginia. A traditional kraft process was used to produce the pulp followed by a five-stage bleaching. Bleached
pulps were then subjected to a TEMPO oxidation process using the TEMPO/NaBr/NaClO system to facilitate the final mechanical
fibrillation process and surface incorporation of metallic copper.The final TNFC diameters for red oak and yellow poplar presented
similar dimensions, 3.8 ± 0.74 nm and 3.6 ± 0.85 nm, respectively. The TNFC films fabricated from both species exhibited no
statistical differences in both Young’s modulus and the final strength properties. Likely, after the TEMPO oxidation process both
species exhibited similar carboxyl group content, of approximately 0.8mmol/g, and both species demonstrated excellent capability
to incorporate antimicrobial copper on their surfaces.

1. Introduction

The production of nanofibrillated cellulose (NFC) from
woody biomass has been the subject of intensive investigation
in recent years, primarily, due to their unique properties
including nontoxicity, biodegradability, renewability, bio-
compatibility, high specific surface area, highmechanical per-
formance, and feasibility to be chemically modified [1].These
properties are opening new opportunities for NFC applica-
tions in areas that include the food industry, papermaking,
pharmaceutical/medical, and composites/nanocomposites
among others [2, 3].

NFC is nanosized cellulosic chains with dimensions less
than 50 nm wide and lengths in the order of several microm-
eters [4, 5]. NFC can be produced by applying a mechanical
treatment such as high-pressure homogenization, microflu-
idization, grinding, and ultrasonication, to bleached pulps
[3]. One important disadvantage of anymechanical treatment

is its high energy consumption which has been addressed
applying a preliminary pretreatment. Enzymatic and/or
chemical pretreatment were demonstrated to decrease the
energy demand because they will weaken the bonds that
hold the cellulosic chains together making it easier to break
them into nanocellulose or nanofibrillated cellulose [6]. The
chemical pretreatment TEMPO-mediated oxidation process
will facilitate the breakup of the fiber network and release
the nanofibrils through electrostatic repulsion and osmotic
effects.

TEMPO or 2,2,6,6-tetramethylpiperidine-1-oxyl is a
highly stable nitroxyl radical which is used extensively in
the selective oxidation of primary alcohols to corresponding
aldehydes and carboxylic acids. In aqueous environments,
TEMPO catalyzes the conversion of carbohydrate primary
alcohols to carboxylate (COO–) functional groups in the
presence of a primary oxidizing agent, for example, sodium
hypochlorite (NaOCl). In particular, wood fibers can be
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converted to individual nanofibers 3-4 nm wide with several
microns length by TEMPO-mediated oxidation and succes-
sive mild disintegration in water [7, 8]. During this reaction
significant amounts of C6 carboxylate groups are selectively
formed on each cellulose microfibril surface with minimum
changes of the original crystallinity of the cellulosic material.
The negative charged carboxylate groups introduced by a
TEMPO-mediated oxidation will facilitate the subsequent
fibrillation process due to the electrostatic forces created
among microfibrils [4].

To date, some studies have compared NFC characteristics
from softwood and hardwood biomass sources [5, 9–13]. Part
of the available information has been focused on the evalu-
ation of the final NFC morphology using only a mechanical
fibrillation treatment [12, 13]; the other part has been focused
not only on the final NFC morphology but also on its car-
boxylic acid availability when a preliminary TEMPO-medi-
ated oxidation process is applied to facilitate the mechanical
fibrillation [5, 9–11]. To the authors’ knowledge there is no
previous or ongoing research regarding the use of the mod-
ified nanofibrillated surfaces to attach antimicrobial metal
particles in addition to the research performed so far at
West VirginiaUniversity, where we demonstrated that copper
nanoparticles can be effectively synthesized on softwoods
TEMPO nanofibrillated cellulose (TNFC) [14]. Likewise, the
effectiveness of this TNFC-supported copper in terms of
antimicrobial performance and controlled release from ther-
moplastic films has been also demonstrated previously [14,
15].

Currently, in the Appalachian region, there is a vast
amount of low-value, low quality hardwood that can be used
as feedstock for novel bioproducts. West Virginia is the third
most heavily forested state in the nation. The harvesting
process yields approximately 2.41 million dry tons of wood
residues annually, including 1.34 million dry tones logging
residue of which red oak is the predominant species, followed
by yellow poplar and maple species [16]. Even though these
species constitute a potential source for NFC production,
to the extent of the authors’ knowledge, no study in NFC
preparation from any of thementioned hardwood species has
been performed to date. Only one study has been reported in
West Virginia regarding the use of Appalachian underutilized
hardwoods as raw material for nanocrystalline cellulose
(NCC) production [17]. Consequently, the two hardwood
species, red oak (Quercus rubra) and yellow poplar (Lirioden-
dron tulipifera) which possess similar chemical composition
[2], but different anatomical properties, are of interest to
evaluate their properties at a nanoscale. Red oak is a ring
porous hardwood with prominent and conspicuous rays and
thick-walled latewood vessels. Yellow poplar is a diffuse
porous hardwood, with small and solitary pores and fine rays.

The goals of this study therefore include (i) evaluating
the feasibility of obtaining cellulose nanofibers from highly
available underutilized logging residues from red oak and
yellow poplar; (ii) comparing their changes in chemical com-
position, morphology, carboxyl content, and thermal and
mechanical properties after TEMPO-mediated oxidation;
and (iii) evaluating TNFCs feasibility to synthesize metallic
copper for further antimicrobial applications.

Table 1: Conditions of pulping process, kappa number, and screen
yield after pulping.

Kraft pulping
Active alkali, % Na

2
O 24

Maximum temperature 165∘C
Rise to maximum temperature 1∘/min
Time at maximum temperature 50min
Liquor to solid ratio 4
Sulfidity 25
𝐻-factor 750
Kappa number (after pulping) RO: 13.25; YP: 20
Screen yield pulping RO: 51%; YP: 52.4%

2. Materials and Methods

2.1. Materials. Northern red oak (Quercus rubra) (RO) and
yellowpoplar (Liriodendron tulipifera) (YP) sampleswere col-
lected in 2014 atWVUResearch Forest, Preston County,West
Virginia, in the form of logging residue. The samples were
chipped and screened. The fractions retained between 1/2
inches and 3/8 inches were used for pulping.

2.2. Methods

2.2.1. Pulping Procedure. Small screened samples of RO and
YP were oven-dried to determine the moisture content as
12%. Kraft pulp from the oven-dried material was produced
using a M/K System 6-L laboratory digester. The conditions
for the pulping process are presented in Table 1. All pulping
chemical reagents, including effective alkali, EA, (NaOH +
(1/2)Na

2
S), were expressed in terms of Na

2
O. Sulfidity was

expressed as a percentage of the EA, and the expected 𝐻-
factor was 750. The samples were subjected to the maximum
temperature of 165∘C for 50min, after which the temperature
was reduced rapidly. The final pulp was disintegrated by
vigorous agitation, screened on a Valley flat screen (0.008-
inch slot), washed, and then collected in a 200mesh screen
box. The screened wet samples were used for the next step
(bleaching) while some small samples were oven- and air-
dried for different analysis. The oven-dried pulps were char-
acterized in terms of their lignin content via Kappa number
determination. The Kappa numbers of the two species were
determined bymeasuring the consumption of potassiumper-
manganate according to T236 cm-85 standard method. The
percentage of lignin was estimated using the following equa-
tion:

Lignin (%) = Kappa number × 0.15. (1)

2.2.2. Bleaching. A five-stage bleaching sequence DEpDEpD
was performed, where D denotes chlorine dioxide and Ep
represents peroxide reinforced alkaline extraction.The pulps
were thoroughly washed between stages. After the comple-
tion of all stages, the fibers were washed and oven-dried.
Table 2 shows the conditions of the bleaching processes.
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Table 2: Conditions of bleaching process.

Stage D Ep
(alkaline extraction stage 1)

D
(second chlorine dioxide) Ep D

Chemical charge CLO
2
(1.7%)

H
2
SO
4
(0.2%)

NaOH (2%)
H
2
O
2
(0.38%) ClO

2
(0.8%) H

2
O
2
(0.197%)

NaOH (1%) ClO
2
(0.3%)

Pulp consistency 10% 10% 10% 10% 10%
End pH 2.5 11 3.5 11
Temperature 70∘C 70∘C 70∘C 70∘C 70∘C
Time 45min 60min 80min 130min 60min
D: chlorine dioxide; E: peroxide reinforced alkaline extraction.

Table 3: Chemical characterization of untreated wood (raw) and bleached pulps (B).

Sample Cellulose% Hemicellulose% Klason lignin (%) ASL∗ (%)
RawRO 53.8 ± 0.6 19.34 ± 0.8 22.5 ± 0.2 4.41
RawYP 56.8 ± 0.7 17.7 ± 1.1 22.3 ± 0.5 3.30
BRO 78.4 ± 1.6 20.5 ± 2.4 1.1 ± 0.7 0.16
BYP 81.5 ± 1.7 17.6 ± 2.1 1.1 ± 0.6 0.15
∗ASL: acid soluble lignin was measured just one time.

2.2.3. TEMPO-Mediated Oxidation. Approximately 30 g of
oven-dry basis bleached pulp was add to 3 L of water that
contained TEMPO (0.016 g per g pulp) and sodium bromide
(0.1 g/g pulp). The reaction was started by adding NaClO
solution (5.0mmol NaClO per g of pulp) with stirring at
500 rpm at room temperature. The pH was maintained at
10 by adding 0.5M NaOH using a pH stat until no NaOH
consumption was observed. Additional NaClO was add to
each sample as long as no changes in pH were observed.
The TEMPO-oxidized cellulose was thoroughly washed with
water by filtration and stored at 4∘C before homogenization
[1]. The yield has been measured based on weight of dried
final material and weight of diluted samples which results in
approximately 90% for both TOWP samples.

Samples of each species were air-dried and then used
to characterize the degree of polymerization (DP) and car-
boxylic acid group determination. The rest of the TEMPO-
oxidized sample was diluted to 1% solid content, before
homogenization. Mechanical fibrillation was performed by
passing the samples twice through anM-110EH-30 Microflu-
idizer (Microfluidics, Newton, MA). In the first step, the
material passed through a 200𝜇mchamber and in the second
step the suspension passed through 200- and 87-𝜇m cham-
bers in series.

2.2.4. Chemical Analysis. Samples from kraft and bleached
pulps were dried and ground in a Willey mill to pass a
20mesh screen (model number 2, Arthur H. Thomas co).
These samples along with untreated samples were used for
the chemical composition analyses that included Klason
lignin, acid soluble lignin, and hemicellulose and cellulose
determination. High performance anion exchange chro-
matography (Dionex ICS-3000 system) and the procedure
developed byDavis (1998) [18]were used for the carbohydrate
determination. Lignin was determined based on the amount
of sulfuric acid-insoluble Klason lignin, in accordance with

Table 4: Viscosity and degree of polymerization of bleached
samples and samples after TEMPO oxidation process (TOWP).
Note. TOWP: TEMPO-oxidized wood pulp.

Sample(s) Viscosity (mPa s) DP
Bleached(RO) 19.4 ± 0.4 3152–3300
Bleached(YP) 10.9 ± 0.2 1666–1736
TOWP(RO) 2.9 ± 0.2 361–421
TOWP(YP) 2.4 ± 0.1 302–332

the standard of the Technical association of pulp and paper
industry (TAPPI) TAPPI standards-T222 om 88. The results
are presented in Table 3. All the analyses, with the exception
of acid soluble lignin, were performed in duplicate.

2.2.5. Determination of Intrinsic Viscosity and Degree of
Polymerization. Viscosity of the resulting nanofibrillated cel-
lulose was measured according to TAPPI Standard Method
T230 om-99. Oven-dried cellulosic solids of 0.1 g were dis-
persed in 10mLdistilledwater and then added to 10mLof 1M
cupriethylenediamine solution (0.5% solid concentration).
The viscosity of the resultant solution was determined with a
capillary viscometer. The degree of polymerization (DP) was
estimated by the following equation:

DP = 120 × [𝜂]1.11 , (2)

where 𝜂 is the measured viscosity; the results are presented in
Table 4.

2.2.6. Carboxyl Content of the Pulp. Determination of car-
boxyl content of the samples before and after the TEMPO-
mediated oxidation processwas performed according toT237
om-88, modified as indicated below to account for the high
acid content of the fiber with some reagent concentration
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Figure 1: (a) FTIR spectra of red oak: (I) raw material, (II) bleached, (III) tempo-oxidized wood pulp (TOWP), and (IV) TEMPO-oxidized
cellulose nanofibers (TNFC). (b) FTIR spectra of yellow poplar: (I) raw material, (II) bleached, (III) tempo-oxidized wood pulp (TOWP),
and (IV) TEMPO-oxidized cellulose nanofibers (TNFC).

Table 5: Carboxylic contents of Red oak and Yellow poplar species
for bleached and TEMPO-oxidized samples (TOWP).

Samples COOH (mmol/g)
BleachedRO 0.05
BleachedYP 0.07
TOWPRO 0.82
TOWPYP 0.80

modifications. The pulps were converted to the acid form by
soaking them in 0.01MHCl and thenwashingwith deionized
water. This acidified pulp was reacted with a standardized
0.1M NaHCO

3
with 0.25M NaCl solution. The amount of

residual NaHCO
3
was determined by titration with 0.1M

HCl, to a methyl red endpoint. The carboxyl content was cal-
culated in milliequivalents (meq) per 100 g of oven-dry pulp
and then converted to mmol/g and the results are presented
in Table 5.

2.2.7. Fourier Transform Infrared Spectroscopy (FTIR). Fou-
rier transform infrared spectra were recorded for the raw
material, bleached pulps, TEMPO-oxidized pulps, and the
final TEMPOnanofibrillated cellulose (TNFC) samples using
a Perkin-Elmer Spectrum 2000 FTIR spectrometer. The
sampleswere analyzed from600 to 4,000 cm−1.The spectrum
was obtained from dry samples using 16 scans at a 4 cm−1

resolution and a 1 cm−1 interval at room temperature. The
results are presented in Figure 1.

2.2.8. X-Ray Diffraction (XRD) Characterization. X-ray dif-
fraction (XRD) analysis was performed on the raw material,
TEMPO-oxidized pulps, and the final TEMPO nanofibril-
lated cellulose (TNFC) samples. The analysis was performed

Table 6: Crystallinities of raw material, TEMPO-oxidized wood
pulp (TOWP), and TEMPO-oxidized cellulose nanofibers (TNFC).

Sample Degree of crystallinity (%)
RawRO 37.0 ± 3.26
RawYP 34.4 ± 2.5
TOWPRO 61.7 ± 1.66
TOWPYP 59.85 ± 2.2
TNFCRO 39.3 ± 0.9
TNFCYP 39.4 ± 0.5

on a X-ray diffractometer (PANalytical X’Pert Pro XRD) in
the range of 10∘ to 40∘ 2𝜃. Cu-k𝛼1 8047.2 eV source and amax-
imum X-ray power of 45 kV and 40mA were used. The crys-
tallinity index (CI) after the different treatments was deter-
mined using the peak height method and calculated by the
Segal empirical method [19] after subtraction of the back-
ground signal:

CI (%) =
𝐼
200
− 𝐼am
𝐼
200

× 100%, (3)

where 𝐼
200

is the peak intensity corresponding to crystalline
cellulose I at 2𝜃 = 22.6∘ and 𝐼am is the intensity minimum
between the 200 and 110 peaks (2𝜃 = 18∘).

The results are presented in Table 6 and Figure 2.

2.2.9. Thermogravimetric Analysis (TGA). Thermogravimet-
ric analysis was performed for the raw material and the
final TEMPO nanofibrillated cellulose (TNFC) using 4–6mg
sample. The data was obtained using a TA Q50 thermogravi-
metric analyzer (Delaware, USA). The temperature was set
from 25∘C to 600∘C at a heating rate of 10∘C/min under a
nitrogen atmosphere at a flow rate of 20mL/min. The results
of this analysis are presented in Table 7 and Figure 3.
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Table 7: Onset degradation temperature (𝑇onset), maximum thermal degradation temperature (𝑇max), maximum weight loss (WLmax), and
CY (char yield) (%) (char residue after 575∘C).

Samples 𝑇onset (
∘C) Stage I Stage II CY (%)

𝑇max (
∘C) WLmax (%/∘C) 𝑇max (

∘C) WLmax (%/∘C)
RawRO 304.5 285 0.45 358 1.12 14.0
RawYP 312 — — 366 1.17 13.4
TNFCRO 224 234 0.58 288 0.68 20.0
TNFCYP 225 232 0.6 290 0.7 19.5
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Figure 2: X-ray diffraction patterns of (a) RawRO, TOWPRO, and TNFCRO; (b) RawYP, TOWPYP, and TNFCYP.
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Figure 3: Thermogravimetric (TGA (a)) and the corresponding derivative thermogravimetric (DTG) (DTG (b)) curves of the raw material
and TEMPO-oxidized cellulose nanofibers (TNFC).
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2.2.10. Scanning Electron Microscopy (SEM). Scanning elec-
tron microscopy (SEM) was used to evaluate the effect of
mechanical fibrillation on the samplesmorphology. TEMPO-
oxidized wood pulp (TOWP) and TEMPO nanofibrillated
cellulose (TNFC) were freeze-dried after a preliminary sol-
vent exchange process using ethanol and tert-butanol [20].
Freeze drying was conducted on a VirTis Genesis Freeze
Dryer (Warminster, PA, USA) at −40∘C for 1 week. The
morphological analyses of the samples were performed using
aHitachi S-4700 FESEM-EDX. Before the FESEM-EDX anal-
yses, all the samples were coated with gold-palladium using
a sputtering process to provide adequate conductivity. The
diameter of different samples after bleaching and TEMPO
oxidation was measured and calculated using the ImageJ
Manipulation Program [21] for at least 30 fibers for each
sample. Results are presented in Figure 4.

2.2.11. Transmission Electron Microscope (TEM). For TEM
analysis TNFC samples of ROandYPwere used as their origi-
nal undiluted suspension form.UndilutedTNFC suspensions
were deposited on a glow-discharged copper grid with for-
mvar and carbon film (400mesh) for 5min and then rinsed
thoroughly using a 1% aqueous uranyl acetate stain followed
by blotting dry. Samples were imaged using Philips CM-100
TEM (Philips/FEI Corporation, Eindhoven, Holland) oper-
ated at 100 kV, spot 3,200 𝜇m condenser aperture, and 70 𝜇m
objective aperture. The images were captured in digital form
directly on the microscope using Gatan Orius SC200-1
2Mpixel CCD camera (Gatan, Inc., Pleasanton, CA)with 19k,
46k, and 92k magnification. The diameter of different NFCs
was measured and calculated from TEM images using the
ImageJ Manipulation Program [21] for at least 50 nanofibers
in each sample. The results are presented in Figure 5.

2.2.12. Preparation and Characterization of TNFC Films.
TNFC hydrogel films were prepared by filtering TNFC sus-
pensions which were dried afterwards.The filtration was per-
formed by first diluting the TNFC suspension to 0.2% solid
by weight with reverse-osmosis-treated water. Following the
dilution, the suspensions were filtered using a 142-mmMilli-
pore ultrafiltration system (Millipore Corporation, Billerica,
MA, USA) under 0.55MPa of air pressure. Omnipore TM
filter membranes with a pore size of 0.1 𝜇m (JVWP14225, JV,
Millipore Corporation, USA) were supported on filter paper
in the ultrafiltration system. The wet films (hydrogels) were
peeled from the membrane, processed, stacked, and placed
between an assembly ofwaxy coated papers, absorbent blotter
paper, and two metal caul plates. The assembly was air-dried
at room temperature for 24 h and then oven-dried at 60∘C
for 8 h under a load of approximately 250N. The blotter and
filter papers were replaced several times over the first 24 h to
minimize wrinkling of the films [22].

The tensile strength of different NFC films was tested
using an Instron 5865 universal material testing apparatus
(Instron Engineering Corporation, MA, USA) with a 500N
load cell, according to ASTM D638-10. The specimens were
cut according to ASTMD638-10 type V dog bone shape using
a special die (Qualitest, FL, USA) and were subsequently

conditioned at 50% RH and 23∘C for at least 1 week prior
to testing, also at 50% RH and 23∘C. The specimens were
preloaded with a 5N force to remove slack and the tests were
performed with a crosshead speed of 1mm/min. At least 6
specimens were tested for each sample. A LX 500 laser exten-
someter (MTS Systems Corporation, MN, USA) was used to
determine the displacement with sampling frequency of
10Hz.The laser recorded the displacement between two strips
of reflective tape initially placed 8mm apart on the necked-
down region of the dog bone specimens. Strainwas calculated
from the displacement and initial gage length [23].The stress-
strain curves were fit to a hyperbolic tangent and the tensile
modulus was taken as the slope of the fit curve at zero strain.
The statistical significance was determined using a two-tailed
unpaired Student’s 𝑡-test and 𝑝 value < 0.05 was considered
statistically significant. The maximum tensile strength and
the corresponding tensile modulus are presented in Figure 6.

2.2.13. Preparation ofHybrid TNFCandCopperNanoparticles.
The hybrid TNFC-metallic copper particles were prepared
according to Jiang et al., 2016 [14], and Zhong et al., 2015 [15].
Upon dispersing the hybrid materials into deionized water,
they were dried using a preliminary solvent exchange process
with ethanol/tert-butanol and then freeze-dried as described
by Zhong et al., 2015 [20].

2.2.14. Copper Determination on TNFC from Red Oak and
Yellow Poplar. Copper determination of TNFC-metallic cop-
per particles was conducted using Energy-Dispersive X-ray
(EDX) analysis and the results are presented in Table 9. The
morphological analysis of the TNFC-metallic copper parti-
cles from red oak and yellow poplar was performed using a
Hitachi S-4700 FE-SEM; the samples were previously coated
with gold-palladium using a sputtering process to provide
adequate conductivity. An example of the final morphology
of these samples with the presence of copper crystals is
presented in Figure 7.

3. Results and Discussion

3.1. Chemical Analysis. The contents of the primary constit-
uents (cellulose, hemicellulose, and lignin) of the untreated
woody samples and bleached pulps are presented in Table 3.
According to these results, bleached samples of YP contained
slightly more cellulose content and less hemicellulose than
RO. For RO and YP, carboxylic contents were nearly identical
(Table 5) and might be one reason indicating that the
difference in hemicellulose content between two samples is
negligible to have an effect on carboxyl content. It has also
been reported that high content of hemicelluloses facilitates
the release of nanofibrils during the mechanical treatment of
the pulp [24]; however, as mentioned above, the difference in
hemicellulose content in RO and YP does not look significant
based on results of carboxyl contents.

In terms of lignin, no differences between RO and YP
were determined for both untreated and bleached pulps.
The kappa number (KN) of the kraft pulp was 13.25 and 20
giving the lignin percentage of 1.72 and 2.6 for RO and YP
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(a) (b)

(c) (d)

(e) (f)

Figure 4: FE-SEM micrographs of the bleached RO (a) and YP (b); TEMPO-oxidized wood pulp (TOWP) of RO (c) and YP (d); TEMPO
nanofibrillated cellulose (TNFC) of RO (e) and YP (f) samples after a solvent exchange (E/tert-B-FD treatment) followed by freeze drying.
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Figure 5: TEM images of TNFCRO (a) and TNFCYP (b) and their size distribution properties: (c) RO; (d) YP.

after the kraft pulping, respectively.The kappa number varies
according to the wood species and delignification procedure
during pulping [25].

3.2. Degree of Polymerization (DP). The degree of polymer-
ization as a function of the viscosity of bleached andTEMPO-
oxidized wood pulp (TOWP) from RO and YP is presented
in Table 4. The viscosity is an indirect measurement of the
cellulose polymer chain length and can be used to indi-
cate chemical degradation of the pulps due to chemical or
mechanical treatments.

The viscosity and correspondent DP result are higher for
RObleached andTOWP samples.This resultmight be related
to the previous difference in terms of the hemicellulose con-
tent. The TEMPO-mediated oxidation and especially the use
of NaClO inevitably lead to depolymerization of the starting
material in both samples of RO and YP but showed a slight
reduction in YP samples.

3.3. Carboxyl Content. The carboxylic group content was
determined for ROandYPbleached pulps and for the ROand
YP TEMPO-oxidized samples. As presented in Table 5 the
carboxylic group increased from 0.05–0.07mmol/g for the

bleached pulps to 0.80–0.82mmol/g after the oxidation pro-
cess.The increase in the carboxylic content after the TEMPO-
mediated oxidation process was similar for both hardwood
species.

3.4. FTIR Spectroscopy Analysis. The analysis of functional
groups through FTIR is presented in Figure 1(a) for RO
and Figure 1(b) for YP, where (I) corresponds to the initial
woody raw material; (II) is the bleached samples; (III) is the
TEMPO-oxidized samples (TOWP); and (IV) corresponds to
the TEMPO nanofibrillated material (TNFC).

The absorption peaks at 3300 cm−1 and 2920–2800 cm−1
were attributed to hydrogen bonded hydroxyl (OH) groups
of cellulose and absorbed water and aliphatic saturated
C–H stretching vibration, respectively [26–30]. These peaks
increased in intensity after bleaching and TEMPO oxidation.

The bands present at 1730 and 1739 cm−1 which are pos-
sible to observe only for the untreated raw material for both
RO and YP can be attributed to C=O stretching of the acetyl
and uronic ester groups of hemicellulose or the ester linkage
of carboxylic groups of ferulic and p-coumaric acids of
lignin and/or hemicellulose [31, 32]. This band was no longer
present in the FTIR spectra of RO and YP after bleaching
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Figure 6: Main tensile properties of NFC films prepared from cellulose nanofibrils of RO (RO) and YP (YP). (a) Stress; (b) strain at break;
(c) tensile modulus.

Figure 7: SEM images of dried TNFCRO after the treatment with copper sulphate and reducing agent sodium borohydride (TNFCRO-Cu).
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and subsequent TEMPO oxidation treatments. The disap-
pearance of this band is largely due to the removal of hemicel-
lulose and lignin from RO and YP fibers during the chemical
extraction [31, 33].The peaks at 1,509–1,504 cm−1 in the spec-
tra of raw samples of RO and YP represent the –C=C– stretch
of the aromatic rings of lignin [32, 34]. The lower amount of
this peak in the treated samples is attributed to the removal
of lignin during chemical procedures.

Two strong absorption bands at around 1638–1600 and
1412–1402 cm−1, which correspond to carbonyl groups –C=O,
are present in both spectra in response to the TEMPO-
mediated oxidation process. As expected after the TEMPO
oxidation process hydroxyl groups at the C6 position of cel-
lulose molecules were converted to sodium carboxylate. The
intensity of –C=O peaks for both hardwood species presents
the following trend: TNFC = TOWP > bleached > raw
material individually, whereas, comparingROandYPgraphs,
these areas have shown same intensity.

The peaks observed in the spectra of the fibers around
1225 cm−1 are due to the C–O stretching of the aryl group in
lignin [35]. Disappearance of this peak from the spectra of the
bleached pulp fibers as well as from those of the nanofibers
is explained by the removal of lignin due to chemical treat-
ments.

The stretching of C–O andO–H and bending vibration of
the C–O–C pyranose ring in cellulose molecules [36, 37] can
be observed as peaks around 1070–1010 cm−1 for all samples.
The peak at 1029 cm−1 for both hardwood species seems to
be much higher for TNFC in following the trend TNFC >
TOWP > bleached > raw material in RO and YP meaning
more carbohydrate content after treatment.

To summarize, the typical absorption band that appears
in RO and YP was similar, and there were no significant
differences between them after different treatments.

3.5. CrystallinityDetermination. TheXRDpatterns of the raw
material, oxidized samples by TEMPO (TOWP), and nano-
fibrillated cellulose (TNFC) from red oak and yellow poplar
are presented in Figures 2(a) and 2(b), respectively. The
resultant Crystallinity index for those samples is displayed in
Table 6.

All samples had diffraction peaks at 2𝜃 = 16.5∘ and 22.5∘,
which is considered to represent the typical cellulose I pattern
[38]. The crystallinity index (CI) of the original samples was
37 and 34.4% for RO andYP, respectively. After oxidation, the
apparent crystallinity of samples increased to 61.7 and 59.8%
in RO and YP, respectively, owing to the removal of hemi-
cellulose and lignin. This increase was expected, but not that
significant. Some artifacts in the measurement of CI might
be affecting the results, but since the increase was similar
for both species, the values were accepted. The crystallinity
went through significant reduction upon the homogenization
process to a degree of 39% in TNFC species of RO and YP,
respectively. Mechanical fibrillation appears to affect impor-
tantly the final crystallinity of TNFC samples, but, once again,
caution must be considered here because of possible artifacts
associatedwith themeasurements of crystallinity of TEMPO-
oxidized pulps. Some researchers determined a reduction in

crystallinity after a high level homogenization of TEMPO-
oxidized pulps due to either breakage or peeling-off of the
cellulose [9, 13, 39]. Even though differences in the crys-
tallinity index after the TEMPO oxidation stage and after the
fibrillation process were observed, the differences were simi-
lar between the two hardwood species in study.

3.6. ThermalGravimetric Analysis. Thermogravimetric (TGA)
and derivative thermogravimetric (DTG) analyses were per-
formed to compare the thermal degradation characteristics
of the untreated and chemomechanical treated RO and YP.
Details of the major decomposition temperatures and the
corresponding percentage of weight losses are summarized
in Table 7.The thermal behaviour of lignocellulosic materials
depends on their chemical composition, structure, degree
of crystallinity, and the molecular interactions between the
different macromolecules [40]. Between the temperatures
of 150 and 500∘C, the degradation process begins in the
cellulose, hemicellulose, and the associated linked water.

In theTGAcurve represented byweight (%) (Figure 3(a)),
thermal degradation of untreated raw samples begins at
temperatures 304.5 and 312∘C (𝑇Onset), whereas in TEMPO-
oxidized NFCs the 𝑇onset began at 224 and 225∘C for RO
and YP, respectively. In the DTG curve represented by deriv.
weight (%/∘C) (Figure 3(b)), both TEMPO-oxidized and
untreated samples showed a prominent pyrolysis process,
with a clear double step degradation for TNFC samples
(stages I and II). The maximum weight loss was observed in
the temperature ranges 230–290∘C and 285–366∘C, respec-
tively.

As shown in the DTG curves in Figure 3(b) the untreated
RO showed a small broadening or shoulder at 285∘C on the
left side of the main peak (366∘C), which may have been due
to the decomposition of hemicellulose as hemicelluloses has
lower thermal stability than lignin and cellulose [41]. In the
case of the untreated YP, the DTG curve showed a less sharp
peak on the left side of themain peak,whichmay be explained
by the lower content of hemicellulose. This probably resulted
in better thermal properties for the untreated YP than RO
(304.5 versus 312 in Table 7 for raw RO and raw YP, resp.)
since the decomposition of hemicellulose begins at much
lower temperatures, compared to cellulose [42]. The final
major decomposition peak observed at the high temperature
range (300–400∘C) is accounted for in the pyrolysis of cellu-
lose.This peak was higher in YP compared to RO in both raw
fibers and TNFC samples (stage II of Table 7) and might
be explained by the fact that YP showed a higher cellulose
content than RO by carbohydrate measurement (Table 3). As
expected, the degradation temperatures of TEMPO-oxidized
NFCs for both RO and YPwere lower than those of untreated
samples, because the carboxylic acid groups initiate thermal
decomposition at lower temperatures [43]. These results are
consistent with the results obtained from FTIR and XRD
measurements. As presented in Table 7, the char residues
(CY%) from TNFC samples were higher than those of raw
samples. The large amount of char residue form TEMPO-
oxidized NFCs is due to the high sodium ion which will hold
carbonate, so the high sodium content after neutralization
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Table 8: Mechanical properties of transparent films of the oxidized cellulose fibrils.

Samples Tensile modulus (Gpa) Max tensile stress (Mpa) Strain at break (%)
TNFCRO 12.35 ± 1.02 129.8 ± 16.36 7.75 ± 1.4
TNFCYP 13.6 ± 2.09 135.15 ± 14.2 6.41 ± 2.04

Table 9: Copper determination using EDX of hybrid material
TNFC-CuNPs based on TNFC from Red oak and Yellow poplar
(three repetitions).

Samples Cu (wt%)
TNFCRO 18.9 ± 2.8
TNFCYP 20.2 ± 4.1

results in a high ash (char) content in of TEMPO treated pulps
(TOWP). In summary, based on TGA analysis, TNFCs from
YP and RO have similar thermal stability.

3.7. Morphology of the Treated and Untreated Samples. Fig-
ures 4(a) and 4(b) are SEM images of bleached samples of
RO and YP, respectively. Before the analysis the samples
were dried in a conventional laboratory oven at 103∘C ± 2∘C
overnight. The average in diameter for RO fiber was 9.16 ±
1.06 𝜇m and 15.5 ± 1.04 𝜇m for YP, according to the SEM
images.

Figures 4(c) and 4(d) represent SEM images of TEMPO-
oxidized fibers (TOWP) of RO and YP, respectively. Before
the analysis the samples were dried in a conventional labora-
tory oven at 103∘C ± 2∘C overnight. The resultant average in
diameter for TOWP of RO is of 7.99 ± 1.75 𝜇m and 17.69 ±
2.12 𝜇m for TOWP of YP.The TEMPO oxidation process has
not affected the dry fiber diameters.

Figures 4(e) and 4(f) are SEM images of TEMPOnanofib-
rillated cellulose (TNFC) from RO and YP, respectively.
Before the analysis the samples were dried using a solvent
exchange process previously to a freeze drying stage [20].The
preparation method aims to produce a material with high
specific surface area. As presented in both images a fibrillar
and porous network structure resulted for both red oak and
yellow poplar species. The magnification for these samples
was different compared to the previous ones, to highlight the
high porous structure resultant for both species after their
mechanical fibrillation and drying processes.

In Figures 5(a) and 5(b) TEM images of TEMPOnanofib-
rillated cellulose (TNFC) from RO and YP, respectively,
are presented. As mentioned earlier, the diameters of these
TNFCs were measured from TEM images using the ImageJ
Manipulation Program [21]. The average diameter for TNFC
from RO resulted as 3.8 ± 0.74 nm and as 3.6 ± 0.85 nm for
TNFC fromYP.Themaximum diameter was 5-6 nmwith 6%
distribution in both species.

The distribution of diameter percentages of nanofibrils is
presented in Figures 5(c) and 5(d) for TNFC RO and TNFC
YP, respectively.This information indicates that there are 10%
more nanofibrils with diameters in the range of 3.0–4.0 nm
for RO compared with YP, and also 10% more nanofibrils

with diameters in the range of 5.0–6.0 nm for RO compared
to YP. No nanofibrils with diameters in the range 1.0–2.0 nm
were found for RO. In the nanofibril diameter range between
2.0 and 3.0 nm YP resulted 14.5% higher than RO. The intro-
duction of negative carboxyl groups on nanofibril surface
generated strong repulsive forces, which resulted in separated
individual nanofibrils with narrow diameter distribution
[44].

3.8. Mechanical Properties of NFC Films. TNFC films of RO
and YP were produced and their mechanical properties were
measured. Ten randomly chosen films were used for these
measurements. The average film thickness was 127 microme-
ters for both NFC samples.

The tensilemodulus (modulus of elasticity orMOE) of the
various NFC films was calculated based on the initial linear
region of the stress-strain curve and is shown in Figure 6(a).
YP and RO were shown to be very close in MOE (12.35 ±
1.02GPa versus 13.6 ± 2.09) with no significant 𝑝 value.
Previous studies by other groups showed that tensile mod-
ulus strongly depends on the crystallinity of nanofibrils as
[23, 45, 46]. The results of MOE in both species were in
accordance with XRD analysis by which both TNFC samples
showed close range of crystallinity after homogenization
(Table 6). The strain at break for the various NFC films also
demonstrated no significant difference between films of RO
(7.75% ± 1.4) compared to YP (6.41% ± 2.04) (Figure 6(b)
and Table 8).

The maximum tensile stress (strength) of films prepared
from different NFCs is shown in Figure 6(c) and Table 8. It
can be seen the TEMPO films from YP had almost the same
mechanical strength with a small increase of approximately
135.15± 14.2MPa compared to RO (129.8 ± 16.36MPa).This
difference is not significant according to the 𝑡-test (𝑝 value >
0.05).

Henriksson et al. (2008) [47] pointed out that the tensile
strength, toughness, and strain to failure of nanofiber films
correlate with the average molar mass of the nanofibers. Qing
et al. (2013) [23] reported similar results from Eucalyptus
TNFC samples, showing higher tensile strength of approxi-
mately 220MPa caused mainly because of the higher DP of
the oxidized cellulose, while the crystallinity of their TNFC
samples was in the range of our samples. Saito et al. (2009)
[44] also reported that TEMPO/NaClO/NaClO

2
system pro-

vides CNF with up to approximately 1.5 times higher tensile
strength (312MPa) compared to those CNF from TEMPO/
NaBr/NaClO, which was again attributed to the higher DP
of the final CNF. Moreover, Rodionova et al. (2012) [8]
reported that the final refining and homogenization process
results in significantly higher defects and shorter lengths
for hardwood nanofibers compared to softwood nanofibers;
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so, the correspondent tensile strengths of the softwood nano-
fiber films were significantly higher than the strengths of the
hardwood nanofiber films.

3.9. Copper Determination. As mentioned earlier, samples of
TNFC from red oak and yellow poplar after the copper syn-
thesis step (TNFC-Cu)were characterized by Energy-Disper-
sive X-ray Analysis (EDX). The results show that both nano-
fibrillated hybrid materials (from red oak and yellow poplar)
have similar copper weight percentage present after the syn-
thesis process.This result can be attributed to the similar car-
boxylate content for both TNFC species and sites where cop-
per is reduced from salts to the correspondent metallic state.
This result is confirmed through the SEM analysis, presented
in Figure 7, where the presence of copper is represented as
crystals on the surface of TNFC-Cu from red oak. Similar
pictures were found for yellow poplar.The presence of copper
in the nanofibrillated hybrid material makes it possible to
assume that the final hybrid material will possess antimicro-
bial properties as demonstrated in a previous research [48].

4. Conclusions

Underutilizedwoody biomass composed by red oak (Quercus
rubra) and yellow poplar (Liriodendron tulipifera) was used
for producing TEMPO nanofibrillated cellulose (TNFC)
using a chemimechanical treatment.Themorphological anal-
ysis performed by TEM on TNFC indicated a final average
fibril width between 3 and 4 nm for both species. The car-
boxylate content after the TEMPO oxidation process resulted
in approximately 0.8mmol/g for both species. No differ-
ence in the lignin composition trend was observed after
the pulping and bleaching process for both woody species;
hemicellulose contentwas higher for red oak in all treated and
untreated samples but showed no impact on the final mor-
phology, carboxylate content, or mechanical properties of the
final TNFC. Model films prepared from red oak and yel-
low poplar evidenced similar thermomechanical properties;
however, the strength of the two species seemed to be lower
than the values published elsewhere.The low strength of films
achieved in this research is probably due to the reduced DP
after the mechanical treatment. Overall, both TNFCs from
red oak and yellow poplar presented the same capability to
support metallic copper to be used as hybrid materials in
thermoplastic films for applications in the packaging and
medical/pharmacy fields.
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Whey protein based films have received considerable attention to be used for environment friendly packaging applications.
However, such biopolymers are prevented for use in commercial packaging due to their limited mechanical and barrier
performance.The addition of nanofillers is a common method to overcome those drawbacks of biopolymers. Whey protein isolate
(WPI) based nanocomposite cast films and coatings were produced using montmorillonite and vermiculite clay as nanofiller in
different concentrations.Uniformdistribution of fillerwithin the polymericmatrixwas confirmedby scanning electronmicroscopy.
Mechanical properties such as tensile strength as well as Young’s modulus were increased after increasing the filler content, while
elongation at break values decreased. All samples showed weak barrier potential against water vapor. Nanoclay incorporation,
however, reduced water vapor transmission rates by approximately 50%. The oxygen barrier performance was improved for all
nanocomposites. Results also indicated proportionality with the filler ratio according to applied models. The highest barrier
improvement factors (BIF) were greater than five for the cast films and even greater than sixteen for the coatings. DevelopedWPI-
based composites depicted nanoenhanced material properties representing a promising alternative to fossil-based packaging films.

1. Introduction

The ability of globular proteins such as whey proteins to
form self-supporting films showed great potential for edible
coatings or numerous packaging applications and have been
widely studied [1–6]. However, applications are limited since
without any modification, whey protein films only display
a low moisture barrier as well as relatively poor mechanical
properties compared to commercial and mainly fossil-based
packaging materials [7–10]. Recently, polymer nanocompos-
ites have received considerable attention in research and
development [11–13] and are alreadywidely used in areas such
as automotive or packaging [12, 14]. Just like conventional
microcomposites such as glass fiber enforced polymers,
material stiffness can be increased by filler addition [15].
However, the nanosize scale brings several advantages such
as a reinforcement in all directions, a less filler content
needed (wt%), and a better surface finish [13]. In terms
of barrier performance, the introduction of nanoclays or
particles significantly influences the permeation behavior of

gases by extending diffusion path and time [13]. This effect
can be specifically ascribed to exfoliated clay morphologies
[16] based on the good platelets distribution within the
matrix. Compared to conventional microcomposites, mean-
ing composites with filler particles of approximately 60%
vol in a microscale range, nanocomposites already show
enhanced properties at low filler loads (<2% vol) [16]. In
terms of nanocoatings, even super gas barrier coatings that
match performance of metallized films have been developed
[17]. Thus, the usage of nanometre-sized filler particles is
also becoming a promising option to overcome the limited
mechanical and barrier properties of biopolymer based films
and coatings [7, 18]. Likewise, whey protein based nanocom-
posites have been a field of interest in the last decade [7, 11,
19–26] confirming this topic is of scientific and industrial
relevance. In case of whey protein based films, present oxygen
barrier properties could even potentially be further improved
with nanoparticles.Themain goal of this study was the devel-
opment of exfoliated clay–whey protein nanocompositeswith
enhanced barrier and mechanical properties to maximize
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material suitability for packaging applications in industrial
applications. The related scientific issue was the effect of the
nanofillers on the processability and functional properties
of nanomodified whey protein isolate based cast films and
coatings with emphasis on packaging related properties.

2. Material and Methods

2.1. Materials. Whey protein isolate (WPI) was obtained
from Davisco Foods International Inc, USA. Glycerol was
purchased by Chemsolute, Th. Geyer GmbH & Co KG,
Germany. Deionized water was supplied by Fraunhofer
IVV. The aqueous montmorillonite nanodispersions were
provided by ITENE, Spain using Cloisite Na+ and Nanofil
116 (both BYK Additives & Instruments, Wesel, Germany)
with a clay concentration of 5% (w/w) for both dispersions.
The Sunbar Vermiculite SX009 aqueous nanodispersion with
a clay concentration of 7.6% (w/w) was obtained from
SunChemical Ltd., UK. The chemically treated polyethylene
terephthalate (PET) substrate Sarafil Polyplex Polyester Film
with a thickness of 23𝜇mwas supplied by Polyplex,Thailand.

2.2. Preparation of Film Forming Suspensions. Following
the standard method by McHugh et al. [27] and Schmid
et al. [4] a whey protein standard solution (WPSS) was
produced. Therefore, 10% WPI (w/w) and deionized water
are homogenized at room temperature in an electric stirrer
(Thermomix 31-1, Vorwerk Deutschland Stiftung & Co. KG,
Wuppertal, Germany) for 30 minutes at 200 rpm. Afterwards
the solution is heated for 30 minutes at 90∘Cwith continuous
stirring (200 rpm). Thus, denaturation of the proteins was
fully completed [28]. For cooling anddegassing the solution is
placed in an ultrasonic bath for 15min (DT 514H, Ultrasonic
peak output: 860W, Bandelin electronic GmbH & Co. KG,
Berlin, Germany) at 23∘C and 37 kHz⋅s. After cooling down,
glycerol (Glycerol, Merck KGaA, Darmstadt, Germany) is
added to solution and stirred for further 30 minutes with the
Thermomix at 200 rpm. Finally, the solution is placed in an
ultrasonic bath again for degassing for further 15 minutes.

For the nanosuspensions, WPSS and the aqueous nan-
odispersions were mixed using a magnetic stirrer (Ikamag
RCT, IKA-Labortechnik, Staufen, Germany) at 1200 rpm for
at least one hour in different ratios to achieve the desired
nanofiller ratios of 1%, 3%, 6%, and 9% (w/w) with reference
to the protein content. To prevent agglomeration, it is highly
important to gradually add the nanodispersion under contin-
uous stirring. Additionally, the nanodispersions were redis-
persed for 30 minutes at 500 rpm electric stirrer (Thermomix
31-1, Vorwerk Deutschland Stiftung & Co. KG, Wuppertal,
Germany) at room temperature and ultrasound treated with
a sonotrode (Labsonic 1510, B. Braun, Melsungen, Germany)
at 400 W for 45 minutes before mixing with WPSS.

2.3. Preparation of WPI/Clay Composite Cast Films and Coat-
ings. All suspensions were coated on a chemically treated
23 𝜇m PET film A4 sheets using the coating unit CUF 5
(Sumet Messtechnik, Denklingen, Germany) with 40mm/s
speed of application, a drying temperature of 105∘C and a
drying time of 5.5minutes. For the target dry film thickness of

10 𝜇m, a wired rod with 100𝜇m wet film thickness was used.
Dried coatings were stored at ambient conditions of 23∘C and
50%RH. Nanocomposite cast films were produced by solvent
casting. Film forming suspensions were casted into square
shaped Petri dishes with a target film thickness of 200𝜇m.
Cast films were dried at ambient conditions of 23∘C and
50% RH until they reach constant mass (approx. 8 days). All
samples were stored at least 3 weeks prior to characterization
in order to allow potential postcrosslinking to be completed
[29].

2.4. Composite Film and Coating Characterization

2.4.1. Film Thickness. Thickness measurements were per-
formed with a precision thickness gauge FT3 with 0.1𝜇m
resolution (Rhopoint Instruments, Beyhill on Sea, United
Kingdom) at five random positions around the film test-
ing area and averaged for determination. For barrier and
mechanical measurements, thicknesses were determined for
each sample.

2.4.2. Mechanical Properties. Young’s modulus (𝐸), tensile
strength (TS), and elongation at break (EB) of the cast films
were tested using a tensile testing machine Z005 (Allround
Line) of the Zwick GmbH & Co.KG, Ulm, Germany, at 23∘C
and 50% RH according to the DIN EN ISO 527-1. Tensile
tests were performed with five strips of 15mm width with a
clamping length of 50mm. The test speed was 50mm/min
with a load shut-off at 95% and a preload of 0.3N.

2.4.3. Barrier Properties

WaterVaporTransmissionRate.Thewater vapor transmission
rate was measured with a gravimetric method according to
DIN 53122-1.The initial weight wasmeasured by an analytical
balance Mettler H315 of the Mettler-Toledo GmbH and the
cups were then stored in a climate chamber of the Binder
GmbH at 23∘C and 85% RH. The samples were weighed
four times in 48 hours until the weight gain stagnated. For
each specimen, four replicates were tested. The water vapor
transmission rate was calculated using the following formula
[30]:

WVTR = 24
𝑡 ∗ Δ𝑚

𝐴 ∗ 104 [gm−2 d−1] , (1)

where 𝑡 is time between two weight measurements of which
Δ𝑚 is calculated [h],Δ𝑚 is weight difference of two successive
weight measurements [g], and 𝐴 is sample area [cm2].

OxygenPermeability.Theoxygenpermeability (OP)wasmea-
sured with the oxygen-specific carrier gas method according
to DIN 53380-3. The measurements were performed with
a Mocon Ox-Tran Twin Oxygen Permeation Measuring
Machine at a temperature of 23∘C and 50% RH. The mea-
surement stopped when a value was constant for at least ten
hours. Two replicates of all coating and cast film specimens
were determined.

For a better comparison of different polymers the perme-
ability 𝑄 can be standardized to the 𝑄100–value relating to a
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thickness of 100 𝜇m [31]:

𝑄100 = 𝑄 ∗ 𝑑
100 . (2)

To adapt permeability properties of a packaging material,
multilayers can be used instead of raising the thickness of a
monolayer.The total permeation of a multilayer system𝑄total
can be calculated as follows:

1
𝑄total

=
𝑖=𝑛

∑
𝑖=1

𝑑𝑖
𝑃𝑖 . (3)

2.4.4. Scanning Electron Microscopy (SEM). The scanning
electron microscopy was performed with an ISI scanning
electron microscope ABT 55 (ISI Akashi Beam Technology
Corporation, Tokyo, Japan). Images were taken at 10 kV at
different magnification and evaluated with a digital image
scanning system DISS 5 by Point electronic GmbH, Halle
(Saale), Germany. The measurements were performed in a
high vacuum environment of 2 × 10−3 bar at room tem-
perature. For sample preparation, cryofractures of selected
samples were performed. The cross sections of the samples
were fixed to the specimen holder with carbon tape and
sputtered with a metal coating for improved conductivity.

2.5. Statistical Analysis. Statistical evaluations were per-
formed using the computer programme Visual-XSel 12.0
Multivar (CRGRAPH, Munich, Germany). All measured
data were tested on normal distribution. Depending on
sample size, Kolmogorov-Smirnov test (sample size 3 or
4) or Anderson-Darling normality test (sample size ≥ 5)
was used with a significance value 𝛼 at 0.05. The Hampel
test for outliers was used to detect and eliminate outliers
of nonnormal distributed data with a significance value 𝛼
at 0.05. Condition for elimination is that all other values
are part of the same population, proved by normality tests.
Comparison of sample sets was conducted with a multi-𝑡-test
using a significance value of 0.05.

2.6. Descriptive Statistics

2.6.1. Curve Fitting of the Modulus. According to literature,
the models widely applied to describe the Young’s moduli of
composites filled with various types of filler are the Halpin-
Tsaimodel andmodified equations from it [12, 32]. According
to this model, longitudinal elastic modulus can be expressed
as follows:

𝐸𝑐
𝐸𝑚 =

1 + 𝜉𝛿𝜙
1 − 𝛿𝜙 [—] , (4)

where 𝐸𝑐 is Young’s modulus of the composite [MPa], 𝐸𝑚
is Young’s modulus of the matrix [MPa], and 𝜙𝑓 is volume
fraction of the filler [—] with the constants 𝜉 and 𝛿 given by

𝛿 = (𝐸𝑓/𝐸𝑚) − 1
(𝐸𝑓/𝐸𝑚) + 𝜉 [—] , (5)

where 𝐸𝑓 is Young’s modulus of the filler [MPa] and 𝐸𝑚 is
Young’s modulus of the matrix [MPa]

𝜉 = 2( 𝑙
𝑑) = 2𝛼 [—] , (6)

where 𝑙/𝑑 is the aspect ratio 𝛼 of the reinforcing filler [12].
Since this model overestimated the experimental data, a

Modulus Correction Factor (MCF) was introduced, adapting
an approach by Wu and others [33]. Equation (7) describes
the modified model used for calculations.

𝐸𝑐
𝐸𝑚 =

1 + (MCF) 𝜉𝛿𝜙
1 − 𝛿𝜙 . (7)

The parameter MCF was determined for each type of used
clay by minimizing the residual sum of squares RSS with
Excel Solver (Microsoft Office Professional Plus, Version
14.0.7166.5000).

2.6.2. Predicting Barrier Properties. Table 1 shows different
models that have been suggested to predict barrier properties
of nanocomposites. The used models differ according to the
particle geometry and calculations are based on aspect ratio
𝛼 and the filler degree 𝜙. Since only single particles are
considered, those models assume fully exfoliated clays.

Considering the relatively simple model by Nielsen and
making realistic assumptions with an aspect ratio of 𝛼 = 500
and a volume fraction of 𝜑 = 0.07 for nanocomposites, a
barrier improvement of a factor of 20 is generally possible and
was also already achieved in lab-scale experiments [39].

However, interactions between filler and matrix, state of
exfoliation, and particle orientation also have to be taken
into account. Therefore further important factors for the
diffusion path extension are the state of dispersion, eventual
aggregation or flocculation, and the orientation within the
matrix [40].The highest possible aspect ratio can be achieved
by individual nanolayers requiring complete exfoliation [12].
Although best enhancement of barrier properties can be
achieved with aligned platelets, the processing of exfoliated
nanoclays mainly shows misaligned structures as well as
nonexfoliated areas within the composites [12]. For those
reasons, practical permeability data given by suppliers pro-
vide much lower barrier improvements compared to the
theoretical values, normally with a factor of two [41].

3. Results and Discussion

3.1. Microstructure. The cross-sectional SEM images of
selected WPI nanocomposite cast films and coatings can be
seen in Figure 1. Nanoparticles are given in lighter color,
while dark spots display small holes which are the traces
of nanoparticles that remained on the opposite side of the
cast films during hand fractioning. All composites show a
homogeneous distribution of the nanofiller with maintain-
ing WPI matrix structure. Even at the high nanoparticles
concentrations only little agglomeration could be detected.
The uniform distribution and dispersion of Cloisite Na+ in
the WPI matrix contributed to the mechanical and barrier
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Table 1: Models for predicting barrier properties of platelet filled nanocomposites [13].

Model Filler type Particle geometry Formulas Reference

Nielsen Ribbona
h

w (𝑃0/𝑃)(1 − 𝜙) = 1 + 𝛼𝜙/2 [34]

Cussler
(Random array) Ribbona

h

w (𝑃0/𝑃)(1 − 𝜙) = (1 + 𝛼𝜙/3)2 [35]

Gusev and Lusti Diskb
d

h (𝑃0/𝑃)(1 − 𝜙) = exp[(𝛼𝜙/3.47)0.71] [36]

Fredrickson and
Bicerano Diskb

d
h

(𝑃0/𝑃)(1 − 𝜙) =4((1 + 𝑥 + 0.1245𝑥2)/(2 + 𝑥))2
where 𝑥 = 𝛼𝜙/2 ln(𝛼/2)

[37]

Bharadwaj Diskb
d

h

(𝑃0/𝑃)(1 − 𝜙) = 1 + 0.667𝛼𝜙(𝑆 +(1/2)) where 𝑆 = orientation factor
(from −1/2 to 1)

[38]

aFor ribbons, length is infinite, width, 𝑤; thickness, ℎ; aspect ratio, 𝛼 = 𝑤/ℎ; bfor disks, circular shape of diameter 𝑑 and thickness ℎ; aspect ratio, 𝛼 = 𝑑/ℎ.

(a) (b)

(c) (d)

Figure 1: SEM images of selected nanomodified WPI-based cast films and coatings. Cryofractioned cross sections of 9% Nanofil cast films
(a, b), 9% Cloisite Na+ cast films (c, d) at different magnifications (scaling bottom right).

improvement of the nanocomposites. The poor improve-
ments detected at the Nanofil composites could be due to
the occurrence of comparably bigger agglomerates marked
exemplary in Figure 1(b). Depending on the sample spot
chosen for determination, distribution can of course differ.

3.2. Mechanical Properties. Measured data for mechanical
properties of all casted nanocomposites can be seen in
Table 2. All nanofillers used showed significant enhancement
of Young’s modulus and tensile strength at high nanoparticles
concentrations.The increase ofmaterial stiffness and strength
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Table 2: Mechanical data of WPI-based nanocomposites with different nanofillers. Columns with different letters are significantly different
(𝑝 ≤ 0.05) for each dataset compared to the zero sample.

Filler type Filler ratio [wt%] 𝐸 [MPa] TS [MPa] EB [%]
— 0 58.54 ± 3.45a 3.69 ± 0.24a 135.48 ± 19.74ab

Cloisite Na+
1 71.70 ± 3.85b 4.18 ± 0.23b 129.08 ± 17.48ac

3 97.50 ± 4.44c 4.39 ± 0.14b 111.28 ± 1.54cd

6 142.80 ± 3.11d 4.87 ± 0.09c 90.70 ± 26.69de

9 208.40 ± 18.64e 5.67 ± 0.16d 64.26 ± 14.39e

Nanofil 116

1 57.12 ± 12.27a 4.07 ± 0.13b 136.78 ± 13.07a

3 78.36 ± 4.28b 4.37 ± 0.17c 141.04 ± 15.13a

6 80.32 ± 16.48b 4.90 ± 0.15d 144.30 ± 5.07a

9 123.00 ± 6.52c 5.28 ± 0.26e 116.90 ± 12.96b

Sunbar

1 77.78 ± 15.27b 3.95 ± 0.40a 125.54 ± 20.13a

3 121.46 ± 21.90c 4.10 ± 0.19b 69.50 ± 10.79c

6 218.25 ± 5.12d 4.76 ± 0.58b 29.72 ± 3.15d

9 283.40 ± 35.98e 6.19 ± 0.10c 21.96 ± 1.53e

by the incorporation of nanofillers into whey protein based
matrices was also confirmed by several studies [7, 21, 24–
26]. Similar to the modulus, the material reinforcement
and therewith higher strength levels depend on composite
morphology, since better exfoliation leads to higher improve-
ments. However, tensile strength as well as elongation at
break are nonlinear mechanical properties and decrease
beyond a critical filler ratio [12]. Here, the transfer of load
between filler and matrix is decisive and depends on their
compatibility. Results indicate efficient interfacial interaction
between matrix and filler at all nanoclays used. In terms of
tensile strength, measured improvements are comparable to
other studies using nanoclay in whey protein based matrices
[21, 24–26]. Furthermore, the continuous increase in tensile
strength values is another evidence for a good distribution of
the nanofiller at all concentrations as well as good interface
adhesion.

Since the addition of filler into a polymeric matrix
decreases material ductility, elongation levels of nanocom-
posites are typically lower than those of the polymer itself
[13]. As discussed before, the incorporation of nanofiller
contributes to a reinforcement of the cast films and reduces
their flexibility at the same time [42], which explains a general
decrease of elongation at break with increasing nanofiller
ratio at the measured samples. Except for the highest con-
centration, elongations at break of the Nanofil composites
were not statistically different to pure WPSS cast films (𝑝 >
0.05) and also did not contribute to mechanical strength
as good as the other fillers used. The diverse results of the
different clays used can be attributed to different matrix-
filler interactions, inhomogeneous spots at the measured
samples, or the differences in sample thicknesses. Compara-
ble studies using nanofillers in protein based matrices also
showed diverse results. Wakai and others also incorporated
5% ((w/w), relative to the protein content) MMT clay into
WPI matrix leading to a comparable decrease in elongation
at break by 34% [43], while Sothornvit and others reported
no significant differences at 5% Nanofiller (Cloisite Na+)

in MMT/WPI cast films [20] which was explained by the
assumption of incomplete nanoclay dispersion.

As expected by composite theory, the modulus was
increased when a filler was incorporated into the polymeric
matrix. Young’s modulus is a linear mechanical property
which ismeasured at low strains and reflectsmaterial stiffness
[44]. In the case of polymer nanocomposites, stiffness gener-
ally increases with the volume fraction of the nanofiller, as
long as sufficient dispersion and exfoliation are ensured [12].

To be able to predict the Young’s modulus of such
nanocomposites, the data was also fitted to the described
modified Halpin-Tsai model.Therefore, the Young’s modulus
of the Cloisite Na+ and Nanofil 116 fillers was assumed to be
at 178GPa, following an estimation by Fornes and Paul for
MMT clay [45]. There was no explicit modulus data found
for vermiculite clays. Since the range for Young’s moduli of
layered silica lies between 178 and 265GPa [45–47], a realistic
assumption of 200GPa was made for the Sunbar vermiculite
filler. The modification of the Halpin-Tsai model was needed
due to overestimation of the experimental data. This is
because the Halpin-Tsai model is based on assumptions that
are only partly fulfilled by the examined nanocomposites.The
model presumes linear elastic and isotropic matrix and filler
as well as completely oriented particles of similar size and
shape. Additionally, the properties of matrix and filler do not
change in the presence of each other [48]. Also, occurring
agglomeration and the state of exfoliation are not considered.
The MCF takes deviations into account and gives a better
model fit. Table 3 shows the used and calculated constants
and parameters for the curve fitting.

The determined Young’s modulus values ranged from
approximately 60 to 180MPa. Therefore, the RSS values
also lie in a three-digit range. As described before, Sunbar
and Cloisite Na+ samples showed proportionality between
filler ratio and Young’s modulus according to the Halpin-
Tsai model. RSS as well as 𝑅2 indicates a good model fit;
therefore it is possible to describe this proportionality with
the adapted Halpin-Tsai model. The correction factors of
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Table 3: Modified Halpin-Tsai Parameters for different fillers used
in whey protein nanocomposites.

Filler type 𝜉 𝛿 MCF RSS [MPa2] 𝑅2
Cloisite Na+ 140 0.9557 0.2461 103.727 0.9432
Nanofil 116 140 0.9557 0.0893 315.128 0.5275
Sunbar 200 0.9444 0.2334 271.132 0.7058

Cloisite Na+ and Sunbar filler lie in the same range. As
can be seen in Figure 2, for the Nanofil filler, the initial
Halpin-Tsai theory highly overestimated Young’s modulus
leading to a lower MCF. This is also in line with the varying
results at other tested mechanical properties indicating a het-
erogeneous filler distribution and occurring agglomeration.
Furthermore, inherent moisture of the Nanofil clay is lower
compared to the Cloisite clay, resulting in an actual lower net
volume of the silicate filler.Therefore also lower𝑅2 andhigher
RSS values were determined.

3.3. Barrier Properties Oxygen Permeability

3.3.1. Coatings. To evaluate oxygen barrier properties of the
coatings, permeabilities for the coated monolayer without
the PET substrate were calculated by converting (3) with
the values measured for the bilayer-system and the pure
substrate. Coating thicknesses varied fromapproximately 7 to
9 𝜇m; therefore resulting values were additionally normalized
to 100 𝜇m thickness following formula (2). Cloisite Na+ as
well as the Sunbar filler both showed decreases at each
concentration step, indicating proportionality between filler
ratio and permeability (see Figure 3).The lowest permeability
of 2.097 [(cm3 100 𝜇m)/(m2 d bar)] was determined for a
monolayer with 9% ((w/w), relative to protein) Sunbar filler.
The corresponding BIF, defined as the ratio of the permeabil-
ity through the pure whey protein film and the permeability
through the respective composite, was higher than 16. Weiz-
man et al. [49] also used MMT clay for whey protein isolate
based coatings with comparable OP for the zero sample.
However, compared to Cloisite Na+, barrier improvements
at measured 1% and 5% clay were lower (appr. 30 and 25
(cm3 100 𝜇m)/(m2 d bar), resp.) compared to this study.

3.3.2. Cast Films. To get comparable results and since cast
film thicknesses of the samples varied, measured values were
normalized to 100 𝜇m thickness (2).

All samples showed improved barrier performance with
the addition of nanofiller, which can be seen in Figure 4.
The WPSS sample gave an OP of approx.. 80 cm3/(m2 d bar)
for 100 𝜇m film thickness. By adding Closite Na+, oxygen
permeabilities were reduced up to a factor two at the highest
filler ratio of 9% (w/w). The Sunbar Vermiculite filler gave
even better results with barrier improvements of 20, 50, 75,
and even 80% for the respective ratios compared to the
zero sample. Measured values for the Nanofil sample set
varied widely and showed no expected decrease of OP with
increasing filler ratio. Explanation could be given by filler
agglomeration at the measured sample spots generating no
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Figure 2: Experimental and theoretical Young’s modulus of whey
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plotted as a function of their volume fraction with theoretical data
given by a modified Halpin-Tsai model.
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Figure 3: Influence of filler ratio on OP of whey protein nanocom-
posite coated monolayer with different nanofillers. Values were
normalized to 100 𝜇m thickness. Error bars show minimum and
maximum value (twofold determination).

tortuous pathway for the permeating oxygen molecules. Fur-
thermore, Nanofil 116 clays depict higher inherent moisture
(8–13%) compared to the similar MMT clay Cloisite Na+
(4–9%). Therefore, the net volume of silicate layers in the
composite is lower which could explain lower effects that
also were observed at mechanical measurements. In terms
of barrier properties and especially oxygen permeability,
inherent moisture of the Nanofil clay could have had a
negative effect on the barrier performance, since oxygen
permeability of whey protein based films is amoisture-related
property with decreasing barrier performance at increasing
moisture [50]. Similar observations were also made for water
vapor measurements, confirming this declaration.

Since both the Cloisite Na+ and the Sunbar Vermiculite
sample sets showed expected decreases with increasing filler
content, measured data was compared to the usual applied
models for predicting the barrier performance of polymer
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nanocomposites. The following figure shows the measured
data and the corresponding theoretical values for four differ-
entmodels.The aspect ratio for Cloisite Na+ of 70was already
applied in a former study [43], for both other fillers realistic
values were assumed with 70 for Nanofil 116 (also MMT clay)
and 100 for Sunbar Vermiculite based on found results, since
there was no information available.

For the Cloisite Na+ filler, the model by Fredrickson
and Bicerano seemed most appropriate to predict barrier
properties based on visual assessment (see Figure 5). Unlike
Nielsen or Cussler, Fredrickson and Bicerano assumed disk-
shaped platelets that are aligned, but positionally disor-
dered [37], which is presumed to be present in here pro-
duced nanocomposites. Sunbar Vermiculite showed higher
decreases and lowest deviations to the simple model by
Nielsen. Due to a higher basal spacing and inherent water
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compared to MMT, exfoliation processes are favoured in
vermiculite clay. Additionally, due to different densities, the
net volume ratio of platelets is higher with vermiculite clay.
In terms of oxygen permeability, especially a higher state
of exfoliation could have caused higher decreases and an
approximation to the simple expression by Nielsen. All other
models showed higher variations and mainly overestimated
the measured data and are therefore not applicable for
the used matrix-filler combination. However, for a suitable
prediction of oxygen barrier properties for such WPI-based
nanocomposites, the type of clay as well as the state of
exfoliation and dispersion should be considered. Therefore,
further parameters should be included to modify existing
models if a barrier performance prediction is desired.

3.4. Water Vapor Permeability. Figure 6 shows water vapor
transmission rates of all denatured specimen (cast films). All
samples only showed weak barrier potential against water
vapor. However, using Cloisite Na+ and Sunbar Vermiculite
as filler, WVTR could be significantly reduced (𝑝 ≤ 0.05) by
approximately 30 and 50% at the highest filler ratio.

The slight increase in WVTR when adding nanofillers
(Nanofil and Sunbar) to the cast films could be explained by
a decreased post-cross-linking of the WPI matrix due to the
presence of the nanoplatelets/clays. At higher concentrations,
the influence of an extended tortuous pathway for water
vapor molecules takes more account andWVTR is decreased
with increasing filler ratio at both the Cloisite and Sunbar
filler. Nanofil specimen did not contribute to water vapor
barrier capacities ofWPI cast films. Possible reasons could be
agglomeration of the nanofiller, so that no tortuous pathway
was generated. Additionally, sample swelling could have
caused free volume and easy water vapor solubility within the
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Figure 7: Comparison of WVTR original data with results from
various models for predicting barrier properties of platelet filled
nanocomposites. Average thicknesses of each sample set after
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matrix so that even higher transmission rates were detected.
Permeation tests performed at large relative humidity steps
unluckily lead to swelling of WPI films. Theoretical constant
diffusivity and constant thickness cannot not be assumed
anymore, resulting in inaccurate measurement values [22].
Compared to a study by Sothornvit et al. [20] also using
Cloisite Na+ clay (5%w/w relative to protein) in whey protein
isolate/clay nanocomposites, measured WVTR values were
much higher. However, the improvement by clay incorpora-
tion is of the same order ofmagnitude. Similar to theOP data,
WVTR values were compared to commonmodels for barrier
predictions (see Figure 7).

Cloisite Na+ and Sunbar Vermiculite filler showed good
model adjustment for barrier prediction. AtWVTRmeasure-
ments, the Fredrickson and Bicerano gave the best model
fit by visual assessment for both sample sets. All other
models displayed high differences between measured data
and theoretic calculated values.

Compared to the oxygen permeation values, much
lower barrier improvements were achieved with the same
nanocomposite system. On the one hand, these results can
clearly be attributed to the sample swelling which appeared at
water vapor transmission measurements. On the other hand,
however, other studies using nanoclay fillers in nonswelling
PET matrix also revealed oxygen barrier improvements but
no significant improvements concerning the water vapor
transmission [51]. This different behavior of oxygen and
water vapor transmission within the same system can be
ascribed to occurring interactions between the permeating
molecules with each other, the polymer matrix or the filler.
Water vapor molecules generally have a greater tendency
to those interactions by forming hydrogen bonds, making

barrier improvements rather a function of hydrophobicity of
the filler surface [12]. Since the used nanofillers rather display
hydrophilic properties, stronger interactions between water
vapor molecules and the filler platelets can occur resulting
in lower barrier performances compared to oxygen. Existing
models do not take interaction between filler and matrix into
account.Thus, at least for water vapor permeability in protein
based nanocomposites, interaction parameters should be
established and used to adapt models for barrier predictions.

4. Conclusions

The homogeneous distribution proved by microscopy tech-
niques indicated good compatibility and strong interactions
between filler and matrix and confirmed a suitable method
for the described processing of WPI-based nanocomposites.
This was also reflected by the results of the mechanical and
barrier properties characterizations. The incorporation of
nanofillers gave improved stiffness and strength to the com-
posite materials. Since no decline was visible at elongation
and tensile strength measurements, the limit for nonlinear
mechanical properties, meaning a critical filler ratio, is not
reached yet; therefore further material reinforcement can
be expected with higher filler ratios. Just like other protein
based films, samples only showed weak barrier potential
against water vapor. However, a significant WVTR reduction
of approximately 50% was achieved using 9% (w/w) Sunbar
Vermiculite as filler in cast films. For all prepared nanocom-
posites, oxygen barrier improvements were achieved. The
highest BIF above 16 was achieved for the 9% (w/w) Sun-
bar Vermiculite nanocomposite coating with a permeability
comparable to conventionally used oxygen barrier materials.
Therefore, the development of WPI-based nanocomposites
could expand the potential of whey proteins coating to be
used in sustainable and biodegradable packaging solutions.
Due to shown mechanical and barrier improvements, such
nanocomposites could present an alternative to fossil-based
packaging materials.
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Correspondence should be addressed to Susana Suely Rodrigues Milhomem-Paixão; susanamilhomem@yahoo.com.br

Received 10 January 2017; Accepted 20 March 2017; Published 27 April 2017

Academic Editor: Sohel Rana

Copyright © 2017 Susana Suely Rodrigues Milhomem-Paixão et al. This is an open access article distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.

Andiroba oil (AO) is obtained from an Amazonian plant and is used in traditional medicine. We carried out a comparative
study to test the cytotoxicity, genotoxicity, and hematotoxicity of the oil and its nanoemulsion (AN) in vitro (fibroblasts, lineage
NIH/3T3) and in vivo (Swiss mice). The AN was characterized by DLS/Zeta, and its stability was investigated for 120 days. The
biological activity of AN was assessed in vitro by MTT test and cell morphology analyses and in vivo by micronucleus, comet,
and hematotoxicity tests. The AN presented a hydrodynamic diameter (Hd) of 142.5 ± 3.0 and PDI of 0.272 ± 0.007 and good
stability at room temperature. The MTT test evidenced the cytotoxicity of AO and of AN only at their highest concentrations, but
AN showed lower cytotoxicity than AO. A lower cytotoxicity of AN, when compared to AO, is in fact an interesting data suggesting
that during therapeutic application there will be a lower impact in the cell viability of healthy cells. Cytotoxicity, genotoxicity, and
hematotoxicity were not observed in vivo.These tests on the biological and toxicological effects of andiroba oil and nanostructured
oil are still initial ones but will give a direction to future application in cosmetics and/or the development of new phytotherapics.

1. Introduction

Carapa guianensis Aublet (Meliaceae), popularly known in
Brazil as Andiroba, is a tree that has various traditional uses,
such as an insect repellent and an anti-inflammatory and
for healing wounds. The product of the andiroba tree that is

most used for medicinal purposes is its oil, extracted from its
seeds. It is rich in fatty acids, including oleic, palmitic, and
linoleic acids [1]. The internal use was mainly recommended
to combat flu, fever, asthma, and sore throat and even to
lower the glucose level in the blood (diabetes) [2]. According
to Ekor [3], it has increased the use of natural products
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in recent years; however, although the natural products are
beneficial by their pharmacological activities, some products
may produce the toxicity and adverse effect to the body and
they need to be studied regarding these parameters.

There are few scientific data about the possible adverse
effects or the safety of andiroba oil after experimental
administration to animals. Among these studies, Costa-Silva
et al. [4] carried out tests in Wistar rats for acute toxic-
ity (0.625–5.0 g/kg) and subacute toxicity (0.375, 0.75, and
1.5 g/kg/day, for 30 days), per os. Biochemical, hematological
parameters and the weight of animals and organs were
evaluated. In the acute test there was no type of symptom or
death. In the subacute treatment there was an increase in the
activity of plasma alanine amino transferase (ALT) and in the
relative and absolute weight of the liver, results which indicate
hepatotoxicity. Using Swiss mice, Milhomem-Paixão et al. [1]
ran a subacute toxicity test (0.5, 1.0, and 2.0 g/kg/day for 14
days), also per os. Hematological, genotoxic, cytotoxic, and
mutagenic parameters were evaluated, as well as the weight
of the animals and their organs, and no toxicity was detected.

Worldwide, there is great interest from scientific com-
munities and the pharmaceutical industry in developing
drugs derived from plants. This interest has become even
more evident with the development of new biotechnologies,
such as nanobiotechnology [5]. Among the new tools pro-
vided by nanobiotechnology to natural product applications,
nanoemulsions have been used to disperse oily extracts and
compounds in aqueous media [6, 7]. Nanoemulsions are
isotropic nanometric formulations, based on oil, water, and
surfactants, which have been used as carriers of bioactive
compounds. Their long-term stability, ease of preparation,
and high solubility of molecules havemade them a promising
tool in the development of pharmaceutical, cosmetic, and
nutritional innovations [8–10]. Used in the production of
cosmetics, they present advantages such as greater power
to hydrate and to penetrate the skin with their active
compounds [11]. In the food industry, products have been
developed with ingredients that are difficult to absorb, due
to their low solubility in water [10]. In the pharmaceutical
industry, nanoemulsions can be used for controlled and
directed release of drugs [12].

In the current scientific literature, to our knowledge,
there are only three studies that refer to the development
of nanoformulations with andiroba oil [13–15]. Other plant
oils with therapeutic properties have been incorporated in
nanomaterials, but few have been studied for their biocom-
patibility and toxicity [9, 14, 16].

The aim of this work was to develop a nanoemulsion
containing andiroba oil and to study its biocompatibility in
vitro and in vivo.Thedatawere comparedwith andiroba oil in
natura. This report is the first in the literature to evaluate the
effect of the nanoemulsification of andiroba oil on its toxicity
profile.

2. Material and Methods

2.1. The Plant Material. The sample of andiroba oil (AO)
was collected in the county of Uruará in Pará State (SUO3),

with coordinates S 03∘ 58 31.7 W 053∘ 37 32.1 under
license number MMA/ICMBIO/SISBIO-33336-1 issued by
the Brazilian Environmental Agency. The seeds were col-
lected in the months of March to July of 2012. The exsicates
were deposited in the herbarium of the Brazilian Agricul-
tural Research Company (Embrapa) under accession number
191736. The seeds were identified by Dr. Regina Celia Viana
Martins da Silva, curator of the IANEmbrapa Amazônia Ori-
ental herbarium. The andiroba oil was extracted for an arti-
sanal extraction process [17]. More information about profile
of fatty acids, steroids, triterpenes, and secondarymetabolites
like squalene, stigmasterol, cholesterol, epoxygedunin, 1,3-
dipalmitin, deoxylactone derivative, deacetylgedunin, and
epoxydeacetylgedunin can be found in Milhomem-Paixão et
al. [1].

2.2. Formulation of the Andiroba Nanoemulsion (AN). The
nanoemulsion was prepared by a phase-inversion temper-
ature (PIT) method [18, 19]. Briefly, 10 grams of AO and
20 grams of surfactant Kolliphor�ELP SIGMA were mixed
under shaking. Next, 10 grams of Milli-Q water was added
and the temperature was raised to 90∘C. It was confirmed
that the solution had been clarified and another 10 grams
of ice-cold Milli-Q water was added under shaking. As a
control for the tests, amineral oil nanoemulsion (liquidNujol
Petrolatum)was also developed, using the samemethodology
and the same quantity of oil, surfactant, and water.

2.3. Characterization of the Nanoemulsion (DLS/Zeta). The
mean size of the particles was obtained using the Zetasizer
Nano S, Malvern Instruments, based on the dynamic light
scattering technique. The readings were carried out after
1 : 100 (m : v) dilution of the nanoemulsion in distilled water.

To analyze the stability of the nanoemulsion, three freshly
prepared samples were separated and maintained at three
different temperatures (4∘C, 37∘C, and at room temperature
RT). For each sample, six readings with three replicates were
done on the Zetasizer (7, 15, 30, 60, 90, and 120 days), and the
parameters of the polydispersity index (PDI), zeta potential,
and hydrodynamic diameter (Hd) were obtained.

2.4. Cytotoxicity In Vitro Using the MTT Assay in Mouse
Fibroblasts. The fibroblast cell lineage used was NIH/3T3
(ATCC). The cells were cultivated in Dulbecco’s Minimum
Essential Medium (DMEM) (Gibco) supplemented with 10%
of de Fetal Bovine Serum (FBS) and 1% of antibiotic and then
incubatedwith an atmosphere of 5% of CO2 at 37

∘C, in plastic
bottles of 25 cm3 volume.

To evaluate cytotoxicity, the MTT technique was used, a
quantitative assay related to cellmetabolic activity.Mitochon-
drial activity is quantified in a spectrophotometer, measuring
the quantity of formazan crystals, which are formed by the
reduction of MTT tetrazolium by live cells [20].

The fibroblasts of NIH/3T3 were obtained from cultures
with 90–95% of confluence, and 3,000 cells/well were seeded
in a 96-well plate. The whole experiment was carried out
in triplicate. The cells were seeded with 100 𝜇L of DMEM
supplemented with 10% of Fetal Bovine Serum (FBS) and 1%
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of antibiotic for 24 hours, allowing it to adapt to the envi-
ronment and the cells to adhere. After this period, the
medium was removed from the plate, and 200𝜇L of cul-
ture medium containing different concentrations (0.125 to
2.5mg/mL) of each treatment was added to each well:
andiroba oil (AO) in natura; andiroba nanoemulsion (AN);
mineral oil (MO); andmineral oil nanoemulsion (MON).The
control group received only DMEMmedium (10% (FBS) and
1% of antibiotic). AO and MO were diluted in ethanol, and
AN and MON were diluted in water, all in 1%. According to
Jo et al. [21] ethanol exposures at concentrations lower than
3% do not cause interference in the cell viability in primary
glioblastoma cells. In our study ethanol and water were used
at 1% as control, which really did not show any evidence of
cytotoxicity to NIH/3T3, and showed also similar result with
DMEMmedium.Then, we used only one control.

The exposure was maintained for 24 and 48 hours. Cell
viability was evaluated using a solution of yellow tetra-
zolium dye 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetra-
zolium bromide (MTT) (15 𝜇L of MTT for 135 𝜇L of DMEM
per well for two hours). Next, the solution of DMEM plus
MTT was removed and 100 𝜇L of DMSO was added. A
Spectra Max Plate Reader was used to read the plates at
595 nm. The percentage of cell viability was calculated by
making a comparison in the number of viable cells between
the controls and the treatments.

2.5. Test for Alteration of CellMorphology. Themorphological
analysis of treated cells was carried out using an AxioVert.A1
inverted microscope from Zeiss; this was also used to pho-
tograph the cells with an AxioCam MRc camera, from Carl
Zeiss Micro Imaging GmbH.The exposures used for this test
were AO, MO, MON, AN, and ANC (the latter being the
andiroba nanoemulsion control which consisted of surfactant
and water), all at concentrations of 1.25mg/mL for 24 h.
This concentration was chosen because it was the one that
demonstrated cell viability just below 50% in the MTT assay.
Control group C did not receive a treatment.

2.6. In Vivo Tests. Nulliparous nonpregnant female Swiss
mice (Mus musculus) were used, aged 12 weeks, bred at the
bioterium at the State University of Campinas (UNICAMP-
SP-CEMIB). The project was approved by the Commission
for Ethics in Animal Use (CEUA) of the Institute of Biological
Sciences at the University of Braśılia, UnBDoc, 127331/2013.
The animals were kept in the conditions described in
Milhomem-Paixão et al. [1].

2.7. Experimental Design. The animals were divided ran-
domly into five experimental groups (𝑛 = 6 animals/group),
consisting of the negative control, and groups receiving
different doses of andiroba nanoemulsion (0.5, 1.0, and
2.0 g/kg/day). The negative control group received only
surfactant and water, and the treated animals received the
andiroba nanoemulsion via a gastric tube (gavage). The
administrations followed a period of 14 consecutive days, and
the limit of concentration administered corresponds to what
is recommended in guidelines 474 and 475 of the OECD

(Organization for Economic Cooperation and Development)
for the evaluation of genotoxicity using micronucleus tests
[22] and for chromosome aberrations of the bone marrow
[23].

Throughout the whole experimental period, the animals
were weighed and their consumption of foodstuffs was
monitored every three days. Daily observations were made
to check clinical symptoms arising from the treatment. After
14 days, the animals were sedated, and blood was taken for
hematological evaluation and to make slides for the comet
test. They were necropsied, and bone marrow from the
femur was used for the micronucleus test, as described in
MacGregor et al. [22, 23].

2.8. Genotoxicity and Mutagenicity Assays. The comet test
followed the protocol established by Singh et al. [24] for alka-
line comet pH > 13, with some modifications, as described
in Milhomem-Paixão et al. [1]. The micronucleus test was
carried out using bone marrow from the mice, following the
protocols of Schmid [25], with modifications, as described in
Milhomem-Paixão et al. [1].

2.9. Hematotoxicity. For the analysis of the hematological
parameters, 370 𝜇L of the animals’ blood with the anticoag-
ulant EDTA (10%) was submitted to an automatic veterinary
hemocytometer (Sysmex pocH 100iV Diff�), calibrated for
mice.

2.10. Statistical Analyses. The quantitative data were eval-
uated by parametric or nonparametric statistical tests,
according to the distribution of normality. Parametric data
were evaluated by Analysis of Variance (ANOVA) followed
by Dunnett test. Nonparametric data were evaluated by
Wilcoxon and then Kruskal-Wallis test. For this, the Graph-
pad Instat 3.02 program was used, considering significance
to be of 𝑝 ≤ 0.05. The graphics and statistical analyses for
MTT and for nanoemulsion characterizations were obtained
on Graphpad Prism 5.

3. Results

3.1. Characterization of the Andiroba Nanoemulsion (AN):
Mean Hydrodynamic Diameter, PDI, and Zeta Potential. The
andiroba nanoemulsion obtained presented homogeneity
and stability. The mean hydrodynamic diameter found was
142.5 ± 3.0 nm. The value of the PDI (polydispersity index)
was 0.272 ± 0.007. The mineral oil nanoemulsion presented
a hydrodynamic diameter of 610.9 ± 3.0 nm. The PDI was
0.169 ± 0.04.

Aiming to identify for how long and at what temperature
this product remained stable, the characteristics of andiroba
nanoemulsion were evaluated for 120 days. In relation to
the PDI, there was greatest stability in the sample at room
temperature and lowest stability at 4∘C. Regarding zeta
potential, the sample at room temperature was the most
stable and that at 37∘C the least stable. For the diameter, the
samples at room temperature and at 37∘Cwere themost stable
(Figure 1).
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Figure 1: Distribution graphs for (a) PDI (polydispersity index), (b) zeta potential, and (c) hydrodynamic diameter of the nanoemulsion at
three different temperatures obtained on the Zetasizer Nano S, Malvern Instruments, over a period of 120 days. d⋅nm: diameter in nanometer,
AT: ambient temperature. The data represent the mean and standard deviation (𝑋 ± SD).

3.2. In Vitro Tests

3.2.1. Cytotoxicity of the Oil In Natura and of the Andiroba
Nanoemulsion. The AO and AN samples exhibited a con-
centration-dependent cytotoxicity profile, meaning that the
greater the exposure concentration, the lower the cell viabil-
ity. This effect was accentuated at 48 hours of exposure (Fig-
ure 2). However, the MO sample did not present a significant
alteration at 24 and 48 hours of exposure in relation to the
control and, in MON, the cell viability remained constant at
all concentrations for 24 hours. After 48 hours of exposure,
the MON presented small variation at the highest doses,
but without a significant difference in relation to the control
(0mg/mL).

The IC50 values (50% reduction in the cell viability) of the
samples tested at 24 and 48 hours are also described in Fig-
ure 2. The AO showed greater cytotoxicity than the AN. The
entrapment of bioactive compounds in nanostructures can
potentially alter their route of association or internalization
to the targeted cell.Therefore, this is a possible explanation to
the difference between the cytotoxicity ofAOandAN in vitro.
It was not possible to calculate the IC50 in the MO samples
(24 and 48 h) and MON (24 h), because the concentrations
used in the exposure were not great enough to reduce the cell
viability by 50%.

3.2.2. Cell Morphology after Exposure to the Treatments.
Figure 3 represents the cell morphology of NIH/3T3 exposed
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Figure 2: Evaluation of the cytotoxicity in NIH/3T3 fibroblasts of samples of (a) andiroba oil (AO) in natura; (b) andiroba nanoemulsion
(AN); (c) mineral oil (MO); and (d) mineral oil nanoemulsion (MON), all at different concentrations, after 24 and 48 hours of exposure. The
data are expressed by themean and standard deviation.The statistical test used was ANOVA, in accordance with the distribution of normality.
∗𝑝 < 0.05. The IC50 is described in the keys below the graph. The IC50 was obtained using a saturation curve.

at the concentration of 1.25mg/mL for 24 hours and control
group C. This concentration was chosen because it was the
one that demonstrated cell viability slightly below 50% by
MTT assay.

As can be observed, the morphology of the cells that were
exposed to AO, ANC, and AN showed major alterations as
those exposed to MO, MON, and the control. The cells that
were exposed to AO, ANC, andAN can be seen in the smaller
number of cells per field, showing that they were released
during exposure.This demonstrates that there is an influence
on cell morphology not only by the andiroba oil but also by
the andiroba nanoemulsion and by the surfactant used in
the production of the andiroba nanoemulsion. Probably AO,
ANC, and AN have a profound influence on cell membranes.
However, the damaging action of surfactant on the MON is
probably attenuated by the presence of the mineral oil and
the larger size of oil droplets, because the MON cells are very

similar to those of the control. It was also possible to see that
in the AO and AN samples there is a large formation of lipid
vacuoles in the cells. In AO there are more of these than in
AN.

3.3. In Vivo Tests. To evaluate the possible toxicity arising
from the administration of andiroba nanoemulsion, the mice
were observed daily for possible alterations. However, no
clinical or behavioral alteration was observed and nor were
significant differences in body weight. No macroscopic alter-
ations were observed during necropsy nor were alterations
seen in the absolute or relative weight of the liver, spleen, or
kidneys.

In this study, to characterize the genotoxicity/mutag-
enicity occasioned by exposure to the nanoemulsion, comet
tests (Figure 4) and micronucleus tests (Table 1) were carried
out. The results did not show significant alterations in the
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andiroba oil, ANC: andiroba nanoemulsion control, AN: andiroba nanoemulsion, MO: mineral oil, MON: mineral oil nanoemulsion, and C:
control. The scale bar corresponds to 10𝜇m.

Table 1: Frequency of micronuclei of Swiss mice after oral treatment for 14 days with andiroba oil nanoemulsion.

Treatments Negative control 0.5 g/kg 1 g/kg 2 g/kg
N∘ MN-PCE 1.33 ± 1.51 1.33 ± 1.03 2.00 ± 1.55 1.67 ± 1.51

%MN-PCE 6.64 ± 7.49 6.61 ± 5.12 10.40 ± 8.70 8.30 ± 7.48

Relation PCE/NCE 1.32 ± 0.15 1.37 ± 0.21 1.40 ± 0.34 1.49 ± 0.23

The data are represented by the mean and standard deviation (𝑋 ± SD). MN: micronucleus; PCE: polychromatic erythrocytes; NCE: normochromatic
erythrocytes. Data were analyzed by ANOVA, in accordance with the distribution of normality, 𝑝 > 0.05.
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Figure 4: Comet test for mice treated orally with andiroba oil
nanoemulsion for 14 days.The data represent themean and standard
deviation (𝑋±SD). Data were analyzed byANOVA, according to the
distribution of normality, 𝑝 > 0.05. NC: negative control.

formation of micronuclei or fragmentation of the DNA mol-
ecule.

In the hematological evaluations no significant alteration
was seen in the blood parameters (Table 2).

4. Discussion

In the current study, a nanoemulsion was formulated with
oil of andiroba plant, which has an enormous cultural value
and use in folk medicine in Amazonia. The nanoemulsion
and the oil were tested for their biocompatibility, through the
assessment of various parameters in vitro and in vivo.

Nanoemulsions are obtained by a number of preparation
methods with different components. These methodologies
can be divided into high and low-energy methods. Those
that use high energy includemicrofluidization, high-pressure
homogenization, and sonication. The low-energy methods
involve spontaneous emulsification, solvent diffusion, and
phase-inversion temperature. The ideal formulation should
consider the safety of its components, as well as incorporating
the dose required for the drug’s best action and for it to
remain stable over time [26].

Oliveira [13] produced a nanoemulsion based on
andiroba oil, aiming to combat the mosquito Aedes aegypti,
using a low-energy method, with Span and Tween as the
surfactant. The Hd (hydrodynamic diameter) was less than
300 nm, and the tests in humans showed positive results
for insect repellent action. Lorca et al. [14] developed
andiroba nanocapsules using the methodology of in situ
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Table 2: Erythrogram, leukogram, and plateletgram of Swiss mice treated orally with andiroba oil nanoemulsion.

Parameters Negative control 0.5 g/kg 1 g/kg 2 g/kg
Erythrogram
RBC × 106/𝜇L 8.67 ± 0.56 9.17 ± 0.27 9.21 ± 0.51 9.16 ± 0.36

HGB g/dL 12.27 ± 0.81 12.70 ± 0.25 12.97 ± 0.82 12.88 ± 0.45

HCT% 31.58 ± 2.18 33.10 ± 0.78 33.58 ± 2.30 33.57 ± 1.25

MCV fL 36.4 ± 0.70 36.1 ± 0.76 36.4 ± 0.61 36.7 ± 0.34

MCH pg 14.2 ± 0.3 13.8 ± 0.4 14.1 ± 0.3 14.1 ± 0.4

MCHC g/dL 38.8 ± 0.58 38.4 ± 0.48 38.6 ± 0.72 38.4 ± 0.74

RDW% 13.68 ± 0.25 13.73 ± 0.85 14.42 ± 1.52 13.20 ± 0.48

Leukogram
WBC × 103/𝜇L 1.83 ± 0.63 3.07 ± 0.95 3.10 ± 0.89 2.23 ± 0.91

W-SCR% 76.28 ± 5.25 73.43 ± 9.40 74.88 ± 12.44 74.23 ± 6.55

W-MCR% 19.23 ± 3.42 22.97 ± 7.40 23.00 ± 11.67 24.23 ± 6.16

W-LCR% 4.48 ± 2.08 3.60 ± 3.11 2.12 ± 2.57 1.53 ± 1.55

Plateletgram
PLT × 103/mL 1132 ± 270 1326 ± 287 1414 ± 190 1251 ± 129

PDW fL 6.88 ± 0.32 7.02 ± 0.23 6.80 ± 0.16 6.74 ± 0.18

MPV fL 6.63 ± 0.52 6.48 ± 0.19 6.58 ± 0.36 6.26 ± 0.24

P-LCR% 9.25 ± 3.72 6.70 ± 1.95 9.02 ± 3.02 6.26 ± 1.30

The data are represented by the mean and standard deviation (𝑋 ± SD). The data were analyzed by ANOVA, in accordance with the distribution of normality,
𝑝 > 0.05. RBC: red blood cells; HGB: hemoglobin; HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean
corpuscular hemoglobin concentration; RDW: red cell distribution width; g/dL: grams per deciliter; fL: femtoliters; pg: picogram; WBC: white blood cells; W-
SCR: lymphocytes; W-MCR: neutrophils + monocytes; W-LCR: eosinophils; PLT: platelets; PDW: platelet distribution width; MPV: mean platelet volume; P-
LCR: platelet large cell ratio.

polymerization of methyl methacrylate with different
concentrations of the starter and different temperatures. The
Hd varied from 192 nm to 321 nm. The results demonstrated
the viability of producing andiroba nanocapsules. Baldissera
[15] developed a nanoemulsion based on andiroba oil,
aiming to combat the Trypanosoma evansi, the etiological
agent of the disease known as “Surra” or “Mal das cadeiras”
in horses. The nanoemulsion of andiroba was prepared by
the spontaneous emulsification method using Span and
Tween as the surfactant and organic solvent (acetone).
The hydrodynamic diameter (Hd) varied from 129.3 nm
to 240.3 nm, and the tests in Trypanosoma evansi showed
positive results in two concentrations (0.5% and 1.0%). In the
present study, we obtained a nanoemulsion with a Hd lower
than those described by Oliveira et al. [13, 14] and with Hd
intermediate to that described by Baldissera et al. [15]. It is
important to analyze the hydrodynamic diameter because
it characterizes nanoformulations and allows assessing its
stability over time and during dispersion necessary to toxicity
experiments. This dispersion of nanoformulation can change
Hd and “such changes may alter bioavailability or toxicity in
ways that are not entirely understood” [27].

The method used in the present study was suitable for
obtaining a nanoemulsion with good homogeneity and an
excellent hydrodynamic diameter when compared to litera-
ture date [13–15], as well as maintaining its stability for more
than four months, when stored at room temperature.

The stability of the material was accompanied by analysis
of the PDI, hydrodynamic diameter, and zeta potential for
four months. The value of the PDI indicates the distribution

width of the sample size.The closer to zero it is, the lower the
variation in the size of the nanoparticles [28]. From these data
it was possible to conclude that the best storage temperature
for the andiroba nanoemulsion is room temperature (RT).
This temperature is also the same as that used by the Amazon
population when conserving andiroba oil, as well as being the
conservation temperature for other nanoemulsions described
by Alam et al. [29–31]. On the other hand, the andiroba oil
becomes solid at 4∘C, which could explain such variations,
once our stock solution was stored at 4∘C, due to a possible
precipitation in larger particulate compounds.

In the prediction of long-term stability of the nanoemul-
sion, it is necessary to understand the status of the nanoemul-
sion surface zeta potential. Nanoparticles with zeta potential
values greater than +25mV or lower than −25mV typically
have showed higher stability. On the other hand, dispersions
with a low zeta potential value will eventually aggregate due
to Van Der Waal interparticle attractions [28]. In this study,
all samples showed stability until 30 days, regarding these
parameters. Stability longer than 30 days was observed only
in samples stored at 37∘C.

As for the analysis of cytotoxicity in vitro, it is very
clearly established that lineage NIH/3T3 is a powerful tool
for this type of study [32]. In the literature, different effects
of the cytotoxic behavior have been described, depending
on the type of chemical substance, concentration, system for
delivering substances, and type of cell lineage, using theMTT
assay, using NIH/3T3 and other kind of cells [33, 34].The AO
andAN samples exhibited a higher concentration-dependent
profile after 48 hours of exposure (Figure 2). However, the
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MO sample did not induce a significant alteration in cell
viability at 24 and 48 hours in relation to the control. For the
MON treatment, the cell viability remained constant at all the
concentrations for 24 hours, and after 48 hours of exposure
the MON presented a concentration-dependent variation
in the highest concentrations. These results demonstrate a
cytotoxic effect of the AO, at the highest concentrations, and
also of the surfactant used in producing the nanoemulsion. In
relation to theMON, the toxic action of the surfactant is prob-
ably attenuated by the presence of the mineral oil, which was
shown not to be cytotoxic. This result was also corroborated
by the cell morphology after exposure (Figure 3) when we
used the ANC (nanoemulsion control) made only with water
and surfactant.The cytotoxicity of Cremophor EL has already
been described for endothelial and epithelial cells, using the
MTT test, with the endothelial cells being more sensitive
than the epithelial cells [35]. Cremophor, similar to other sur-
factants, has a profound influence on cell membranes. They
disturb plasma membranes or remove certain lipids from the
membranes [35]. It is important to highlight in this study that
the nanostructured oil (AN) showed less cytotoxicity than
the andiroba oil (AO) at the 24 h and 48 h exposures. The
entrapment of bioactive compounds in nanostructures can
potentially alter their route of association or internalization to
the targeted cell [36].Therefore, this is a possible explanation
to the difference between the cytotoxicity of AO and AN in
vitro. According to Chime et al. [37], “an ideal drug delivery
system fulfils the objective of maximizing therapeutic effect
while minimizing toxicity.” Our results demonstrated the
efficacy of andiroba nanoemulsions as a delivery system,
which can improve the efficiency of a drug, reducing their
concentrations without losing effectiveness and minimizing
side-effects [38].

It is important to emphasize that a low cytotoxicity of
AN in normal cell does not necessarily implicate a reduced
bioavailability of the bioactive compounds in in vivo systems.
When used for a therapeutic application, nanostructures
may accumulate in the desired target by taking advantage
of intrinsic characteristics of the pathological process. For
instance, it is known that nanoparticles can preferentially
accumulate in inflammatory lesions, due the presence of
abnormal blood vessels and reduced lymphatic drainage.
This passive accumulation is known as EPR effect (enhanced
permeation and retention) which contribute in increasing the
amount of the bioactive compounds in the desired target [39].

After 24 hours of exposure, the inhibitory concentration
50% (IC50) for the AO was 0.5353mg/mL and for the AN
it was 1.191mg/mL. Comparing the value of the IC50 of the
AO and AN at 24 h with data found in the literature, it can
be noted that these values are higher than those described
for other plant oils with high antiproliferative power. This is
the case of guava (Psidium guajava) leaf oil in the KB lineage,
of 0.0379mg/mL, and of basil (Ocimum basilicum) oil in the
P388 lineage, of 0.0362mg/mL [40]. AO and AN possess a
lower antiproliferative power than guava leaf oil and basil
oil. This result is of extreme importance in the development
of a nanostructured cosmetic or pharmaceutical product
with low cytotoxicity, and our results corroborate the studies
that demonstrate that nanoemulsions present a reduction

in toxicity. Moreno et al. [41] reported that lecithin-based
microemulsions used for parenteral use showed reduced
toxicity. Wang et al. [42] developed aclacinomycin A (E-
ACM) emulsion and evaluated its toxicity in M5076 tumor-
bearing C57BL/6 mice. E-ACM had lower acute toxicity and
greater potential antitumor effects than F-ACM (the free
ACM). Bruxel et al. [26] also report that some studies with
nanoemulsions describe possibilities in toxicity reduction,
increased activity, therapeutic window, bioavailability, and
controlled release of drugs.

The nanoemulsions used in the production of cosmetics
present the following advantages: greater power tomoisturize
and for active ingredients to penetrate; uniform distribution
of the product over the skin; capacity to penetrate wrinkles;
sensorial aspect; transparency and fluidity; ability to carry a
fragrance; and perfumes without alcohol, and follicular, and
pilosebaceous penetration [43, 44]. In the development of
repellent nanoemulsions, they present greater efficacy in the
action against insects [45]. In the case of AN, these actions
need to be proved with specific tests against insects.

Andiroba oil possesses various uses in traditional
medicine, mainly as an anti-inflammatory and a wound
healer. Even without scientific studies, the Amazonian
population uses this oil indiscriminately in natura and even
in capsules. Because of this, here in this study the route of
administration chosen for andiroba nanoemulsion (AN)
was oral. The oral administration of surfactants is relatively
safe. Here, this route via a gastric tube (gavage) was tested in
vivo (Swiss mice). As could be observed in the initial results
for cytotoxicity byMTT and cell morphology, the oil presents
a concentration-dependent cytotoxic effect. With the data
obtained in vitro it is not possible to affirm whether the
andiroba oil and its nanoemulsion are suitable for use in
humans, due to the cell death observed. Additional in vivo
toxicity tests are needed to establish the concentrations
that will allow safe use. In the in vivo study model, there
is a complex of processes that occur in the gastrointestinal
tract, affecting the absorption of the analyte, which does not
happen in vitro, where the dissolution and absorption of the
drug can be immediate [46].

In our studies, administration in the mice was carried
out for a period of 14 consecutive days. The analyzed con-
centration limit is in accordance with the recommendations
indicated in guidelines 474 and 475 of the OECD (Organi-
zation for Economic Cooperation and Development) for the
evaluation of genotoxicity from micronucleus test [22] and
of chromosome aberrations in bone marrow [23], as also
described in Milhomem-Paixão et al. [1].

Oxidative species, as well as various natural compounds
or medicines, can interact with DNA, causing damage. The
damage can be reverted by the DNA repair system or may
persist, inducing genotoxicity and evenmutagenesis. To eval-
uate the mutagenic and genotoxic effects of numerous com-
pounds, comet and micronucleus tests are well established
in the indication of the extent and severity of the interaction
between the compounds studied and DNA [47, 48]. Further-
more, these tests are validated by international agencies that
evaluate the safety of chemical agents.
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The PCE/NCE (polychromatic erythrocyte/normochro-
matic erythrocyte) relationship is another parameter that can
be evaluated by the micronucleus test. The progression of
erythroblasts from the PCE to the NCE stage is an indicator
of the acceleration or inhibition of erythropoiesis, and thus
a reduction in this relationship (PCE/NCE) indicates cyto-
toxicity [49]. The results of the experiment by Milhomem-
Paixão et al. [1] showed that andiroba oil did not induce
a significant increase in the MN-PCE frequency and did
not reduce the PCE/NCE relationship at any of the tested
concentrations. All the tested samples of andiroba oil in
natura and of the nanoemulsion indicate a negative result for
the micronucleus test, which means that these samples did
not induce structural or numerical chromosome damage in
the erythroblasts of Swiss mice treated with andiroba and nor
did they present cytotoxicity in the bone marrow. The comet
assay for the experiments of Milhomem-Paixão et al. [1] and
those described here in this study also demonstrated that the
substances tested did not produce DNA breakages in blood
cells of mice during administration at the maximum dose
of 2 g/kg for 14 days. The results show that andiroba oil and
nanoemulsion are not genotoxic, cytotoxic, or mutagenic.
These results are similar to those found for other plant oils
such as Copáıba oil of the genus Copaifera [50] and the
oil extracted from fruit of the species Litsea cubeba [51].
Similar results were observed in Swiss mice treated with
a nanoemulsion made from the oil of the Sucupira tree
Pterodon emarginatus Vogel [52].

In this study, as well as in our previous work, both
andiroba nanoemulsion and andiroba oil in natura presented
no hematotoxicity in mice [1].

Even with the detection of the high antioxidant potential
of AO described by Milhomem-Paixão et al. [1] it could be
noted that the cytotoxicity test in vitro showed that andiroba
oil and nanoemulsion have a cytotoxic effect only at high
concentrations, which was not seen in in vivo tests. This dif-
ferencemay have occurred because of the forms of absorption
in the samples tested here. In vitro, there is no barrier to the
absorption of the compounds by the cells, while in vivo the
absorption is a complex process, involving the interaction of
the compounds with the gastrointestinal tract, their transport
to organs, hepatic first pass effect, and other events. This
process may have prevented or obstructed the delivery of the
andiroba compounds to the blood cells, in the case of comet
and hematoxicity analysis, in the bone marrow cells, and in
the case of the micronucleus test.

5. Conclusion

In conclusion, this work reports the development of a stable
nanoemulsion produced with andiroba oil. In the experi-
mental biological conditions used in vivo in this work, a
nanoemulsion did not present genotoxic, cytotoxic, or muta-
genic effects, whereas in the in vitro tests it presented
cytotoxicity at the highest concentrations.

These tests on the biological and toxicological effects of
andiroba oil and nanostructured oil will give a direction to
future application in cosmetics and/or the development of

new phytotherapics. The data presented here are still initial
ones, but as studies advance, bringing greater knowledge
about the properties and applications of this oil, more value
may be given to the andiroba tree.
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dant action and cytotoxicity on HeLa and NIH-3T3 cells of new
quercetin derivatives,” Interdisciplinary Toxicology, vol. 6, no. 4,
pp. 209–216, 2013.

[34] Y. Cetin and L. B. Bullerman, “Cytotoxicity of Fusariummyco-
toxins to mammalian cell cultures as determined by the MTT
bioassay,” Food and Chemical Toxicology, vol. 43, no. 5, pp. 755–
764, 2005.

[35] L. Kiss, F. R. Walter, A. Bocsik et al., “Kinetic analysis of the
toxicity of pharmaceutical excipients cremophor EL and RH40
on endothelial and epithelial cells,” Journal of Pharmaceutical
Sciences, vol. 102, no. 4, pp. 1173–1181, 2013.

[36] H. Ding and Y. Ma, “Theoretical and computational investi-
gations of nanoparticle-biomembrane interactions in cellular
delivery,” Small, vol. 11, no. 9-10, pp. 1055–1071, 2015.

[37] S. A. Chime, F. C. Kenechukwu, and A. A. Attama, “Nanoe-
mulsions—advances in formulation, characterization and
applications in drug delivery,” in Application of Nanotechnology
in Drug Delivery, InTech, Rijeka, Croatia, 2014.

[38] R. P. Patel and J. R. Joshi, “An overview on nanoemulsion:
a novel approach,” International Journal of Pharmaceutical
Sciences and Research, vol. 3, no. 12, pp. 4640–4650, 2012.

[39] A. Watanabe, H. Tanaka, Y. Sakurai et al., “Effect of particle size
on their accumulation in an inflammatory lesion in a dextran
sulfate sodium (DSS)-induced colitis model,” International
Journal of Pharmaceutics, vol. 509, no. 1-2, pp. 118–122, 2016.

[40] J. Manosroi, P. Dhumtanom, and A. Manosroi, “Anti-pro-
liferative activity of essential oil extracted fromThai medicinal
plants on KB and P388 cell lines,” Cancer Letters, vol. 235, no. 1,
pp. 114–120, 2006.

[41] M. A. Moreno, M. P. Ballesteros, and P. Frutos, “Lecithin-based
oil-in-water microemulsions for parenteral use: pseudoternary
phase diagrams, characterization and toxicity studies,” Journal
of Pharmaceutical Sciences, vol. 92, no. 7, pp. 1428–1437, 2003.

https://www.ipen.br/biblioteca/cd/cbpol/2009/PDF/761.pdf
https://www.ipen.br/biblioteca/cd/cbpol/2009/PDF/761.pdf
http://www.fca.unesp.br/Home/Extensao/GrupoTimbo/frutiferas.pdf
http://www.fca.unesp.br/Home/Extensao/GrupoTimbo/frutiferas.pdf
http://www.biozentrum.unibas.ch/fileadmin/redaktion/Forschung/Research_Groups/BF/instruments/zetasizer_manual.pdf
http://www.biozentrum.unibas.ch/fileadmin/redaktion/Forschung/Research_Groups/BF/instruments/zetasizer_manual.pdf
http://www.biozentrum.unibas.ch/fileadmin/redaktion/Forschung/Research_Groups/BF/instruments/zetasizer_manual.pdf


Journal of Nanomaterials 11

[42] J. Wang, Y. Maitani, and K. Takayama, “Antitumor effects and
pharmacokinetics of aclacinomycin A carried by injectable
emulsions composed of vitamin E, cholesterol, and PEG-lipid,”
Journal of Pharmaceutical Sciences, vol. 91, no. 4, pp. 1128–1134,
2002.

[43] M. S. Bangale, S. S. Mitkare, S. G. Gattani, and D. M. Sakarkar,
“Recent nanotechnological aspects in cosmetics and derma-
tological preparations,” International Journal of Pharmacy and
Pharmaceutical Sciences, vol. 4, no. 2, pp. 88–97, 2012.

[44] J.-L. Gesztesi, L. M. Santos, P. T. Hennies, and K. A. Macian,
“Oil-in-water nanoemulsion, acosmetic composition and acos-
metic product comprising it, aprocess for preparing saidna-
noemulsion,” United States Patent. No. US 8,956,597 B2, 2015,
https://www.google.com/patents/US8956597.

[45] U. Sakulku, O. Nuchuchua, N. Uawongyart, S. Puttipipatkha-
chorn, A. Soottitantawat, and U. Ruktanonchai, “Characteriza-
tion and mosquito repellent activity of citronella oil nanoemul-
sion,” International Journal of Pharmaceutics, vol. 372, no. 1-2,
pp. 105–111, 2009.

[46] G. L. Amidon, H. Lennernäs, V. P. Shah, and J. R. Crison, “A
theoretical basis for a biopharmaceutic drug classification: the
correlation of in vitro drug product dissolution and in vivo
bioavailability,” Pharmaceutical Research, vol. 12, no. 3, pp. 413–
420, 1995.

[47] V.W. C.Wong, Y. T. Szeto, A. R. Collins, and I. F. F. Benzie, “The
COMET assay: a biomonitoring tool for nutraceutical research,”
Current Topics in Nutraceutical Research, vol. 3, no. 1, pp. 1–14,
2005.

[48] G. A. Asare, B. Gyan, K. Bugyei et al., “Toxicity potentials of the
nutraceutical Moringa oleifera at supra-supplementation lev-
els,” Journal of Ethnopharmacology, vol. 139, no. 1, pp. 265–272,
2012.

[49] P. Venkatesh, B. Shantala, G. C. Jagetia, K. K. Rao, and M. S.
Baliga, “Modulation of doxorubicin-induced genotoxicity by
Aegle marmelos in mouse bone marrow: a micronucleus study,”
Integrative Cancer Therapies, vol. 6, no. 1, pp. 42–53, 2007.

[50] L. S. Almeida, J. R. Gama, F. d. Oliveira, J. O. Carvalho, D. C.
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Cellulose nanofibrils (CNFs) have potential applications in the development of innovative materials and enhancement of
conventional materials properties. This paper focused on the mixed cellulase hydrolysis with major activity of exoglucanase
and endoglucanase on the cellulose length shearing. By the cooperation of two-step production route, including (1) enzymatic
pretreatment using cellulase from Trichoderma viride and (2) mechanical grinding twice, a shorter cellulose nanofiber was
fabricated. The influence of enzymatic charge and hydrolysis time on cellulose fibers was analyzed by using scanning electron
microscopy (SEM), Fourier Transform Infrared Spectrometer (FTIR), and X-ray diffractometer (XRD). SEM images revealed that
the surface morphology change, effective diameter sharpening, and length shearing of cellulose fibers are as a result of cellulase
hydrolysis. The XRD suggested that the cellulase acted on the amorphous regions more strongly than the crystalline domains
during layer-by-layer hydrolysis.The enzymatic charge and hydrolysis time significantly affected the yields and hydrolysis products
concentration. The enzymatic pretreatment assisted mechanical grinding could improve the uniformity of CNF and helped to
obtain CNF with exact length according to the requirement for special applications.

1. Introduction

Cellulose is one of the most important biopolymer materials
[1]. The renewable, lightweight, and low-cost natural fibers
can be used as the ideal reinforcementmaterial [2] to improve
the strength and stiffness of polymer composites [3]. In recent
years, cellulose nanofibers have attracted great attention due
to the super peculiarity [4, 5] (e.g., biodegradation, small
size effect, and extremely large surface area), which results
in the wild applications [2, 4], including optically trans-
parent materials, surface coating, drug delivery, biomedical
materials [6], and food package [7]. A few methods have
been developed to manufacture cellulose nanofibers [8–14],
including chemical, mechanical, and biological method. The
most common chemical method is strong acid hydrolysis
[8, 9]. However, the easy-corrosion and high requirements
for reaction equipment, nonrecycling, and comparatively low
yields limit this method for large-scale production. TEMPO-
oxidized cellulose fibers method can obtain a high yield.

But this method seems unsuccessful to apply to the high
crystalline nonwood fibrils [10]. Biological preparation is
major to be used in the bacterial cellulose, and it is a
high cost, long time, and small-scale preparation process
[11–13]. Mechanical method is more widely applied because
of the nonchemical reagents, nonenvironmental pollution,
and ripe equipment. However, plant fibers have the special
multilayer structure of cell walls, and there are a large number
of hydrogen bonds between the molecular interaction and
intramolecularity, which requires more number of repeated
cycles to increase the degree of fibrillation [14]. A higher
number of passes also increase the energy consumption [15].
In conclusion, mechanical fabrication is the most potential
method to produce CNF on a large scale. The high energy
consumption and large variability [15–17] are the major
problems during the mechanical fabrication.

Pretreatment methods have been reported [8–10] to solve
the issues mentioned above. Compared with acid hydrolysis
[18, 19], carboxymethylation [20], and TEMPO-mediated
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oxidation [10], enzymatic pretreatment is satisfied with the
requirements of green and is ecofriendly. It is one of the
most promising, efficient, and energy-saving pretreatments
to convert plant cellulose fibrils [21, 22]. So far, a series of
studies have been reported about the mechanism of enzy-
matic hydrolysis [23–25]. There is wide recognition that the
enzyme hydrolysis is the result of cooperation of monocom-
ponent [26, 27] enzyme, mainly including endoglucanases,
exoglucanases, and cellobiases. Nevertheless, there are no
explicit reports about the sharpening and shearing action on
cellulose fibers during the mixed cellulase hydrolysis process.
The action mechanism of mixed cellulase on hardwood pulp
fibers dimension control, especially length shearing, is worth
to research.

This paper focused on the ecofriendly approach for
CNF production on a large scale by enzymatic pretreatment
assisted mechanical grinding from hardwood pulp. It mainly
studied the action of one of mixed cellulase pretreatments
on the length control of cellulose fibers. Compared with
monoendoglucanase hydrolysis previously reported [28, 29],
the cost of mixed cellulase is much lower, which significantly
declines the total cost of CNF products. Then the hydrolysis
mechanism of cellulase on the crystalline and amorphous
domains was studied by the XRD and FTIR spectrum with
enzymatic charge and hydrolysis time change. The enzyme
hydrolysis can effectively shear the fibril length and sharpen
the diameter of cellulose fibrils, which will help to manufac-
ture CNFs with special size according to the requirements
of applications using a virtually nonenvironmental pollution
process. The shorter length CNF and its derivatives are being
prospectively explored in extensive application in composite
reinforcement and nanomaterial fields.

2. Materials and Methods

2.1. Materials. The commercial eucalyptus pulp was pur-
chased from Guangdong Zhanjiang Chenming Paper Co.,
Ltd. The fiber dimensions were ≥10 𝜇m in diameter and
≥200𝜇m in length. The cellulase (Mw = 45000∼76000,
enzyme activity ≥ 15000U/g) was from Trichoderma viride
and purchased from Chinese Medicine Group. The commer-
cial enzyme was a mix of endoglucanase and exoglucanase.
The phosphate buffer solution was used during enzymatic
pretreatment, including KH

2
PO
4
and Na

2
HPO
4
, where pH

was 4.8.

2.2. Preparation of Enzymatic Pretreatment Cellulose. The
enzymatic pretreatment of cellulose fibers was carried out
by pulp treating and enzymatic treatment followed by three
steps: first, never-dried cellulose hardwood pulp (10 g) was
shred into pieces (Micro pulverizer, Tianjin Taisite Instru-
ment Co., Ltd.) and soaked in 1000mL deionized water. The
high speed mixer was used to mix the pulp pieces with
500 rpm for 2 h. Then the pulp suspension was placed for
24 h to fully swell the fibers at the room temperature. The
suspension was filtered to remove water after well swelling.
Secondly, 250mL phosphate buffer solution was added to
a 500mL erlenmeyer flask, then adding cellulase charge
of 0.1 g, 0.2 g, 0.4 g, and 0.6 g, respectively. The enzymatic

solution is shaken evenly and added to the filtered cellulose
pulp. The erlenmeyer flask was put into the constant tem-
perature shaking incubator (HZQ-F160, Taicang Laboratory
equipment, China) at 50∘C with 180 r/min for 10 h. At the
same condition, the sample suspension with charge of 0.4 g
cellulase was shaken in full temperature oscillation incubator
for 5 h, 10 h, 15 h, and 20 h, respectively, which evaluated
the influence of hydrolysis time. Thirdly, after the enzymatic
reaction achievement, the cellulose fiber treated by enzymatic
hydrolysis was filtered and washed using distilled water until
the pH ∼ 7.0.The purpose was to get rid of buffer solution and
biomass products during the hydrolysis. Then the pulp fibers
was added a certain amount of distilled water and placed in
the oscillation incubator for 30min at 80∘C to terminate the
cellulase reaction.

2.3. Enzymatic Pretreatment Yields Calculation. Using the
cellulase reaction method mentioned above, the suspension
was filtered and washed using distilled water after the enzy-
matic reaction. The filtered fiber was dried in the oven at
105∘C for 6 h and the never-dried mass was weighted as𝑀

1
.

The enzymatic pretreatment yield 𝑌enzy was calculated by the
following equation:

𝑌enzy = 𝑀1𝑀
0

× 100%, (1)

where 𝑀
0
was the raw eucalyptus pulp mass. The yield

result was obtained by the average value of thrice parallel
experiments.

2.4. Mechanical Grinding Treatment. The enzymatic pre-
treatment pulp suspension was prepared by adding distilled
water until 1000mL volume and adding it to the grinder
(MKCA6-2, Japan Masuko Company) with the millstone
gap of −200𝜇m and speed of 1500 rpm twice. Then the
CNF suspension was fabricated. A comparative suspension
without enzymatic treatment was prepared under the same
grinding condition. A small amount of CNF suspension was
frozen in liquid nitrogen and dried in a freeze dryingmachine
(Beijing Boyikang Laboratory InstrumentCo., Ltd.) for 2 days
to form the aerogel.The aerogel was used to be tested by SEM,
FTIR, and XRD.

2.5. Characterization

2.5.1. Morphology Analysis. The scanning electron micro-
scopy (SEM, Hitachi S-4800) was performed to characterize
the morphology of enzymatic pretreatment fibers. It was
prepared by sputter-coating with gold to provide adequate
conductivity. The further images of CNF were obtained
using the transmission electron microscopy (TEM, JEOL
JEM-1230) with an accelerating voltage of 120 kV. The TEM
samples were prepared by dropping diluted CNF dispersions
(5 𝜇L) onto copper grids coated with carbon-coated support
film. 1 wt% phosphotungstic acid solution was used to stain
negatively and enhance the contrast of images. The samples
were dried at room temperature for 24 hours. The length and
diameter of CNF were calculated by Nano Measurer Particle
Size Distribution Software.
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2.5.2. Chemical Composition Analysis. The chemical compo-
sition of the raw eucalyptus pulp was determined by national
standards GB/T 462-2008, GB/T 2677.10-1995, GB/T 2677.8-
1994, and GB/T 774-1989 and expressed as wt% contents
of synthetic cellulose, acid insoluble lignin, 𝛼-cellulose, and
hemicellulose. Three tests on each sample were performed
and the average value was calculated.

2.5.3. Fourier Transform Infrared Spectroscopy (FTIR). FTIR
was recorded using the spectrum 400 (PE company, Amer-
ica). Before CNF aerogel samples data collection, back-
ground scanning was performed using KBr disc. The KBr
disc containing 1% of very fine ground samples and one
hundred scans were taken in the range of 4000–500 cm−1 at
a resolution of 4 cm−1 in the absorbance mode.

2.5.4. X-Ray Diffraction (XRD) Analysis. The XRD patterns
were measured by an X-ray diffractometer (D8 advance,
Bruker Co., Ltd., Germany) with Ni-filtered Cu K𝛼 radiation
at 45 kV and 40mA. The diffraction data were collected
from 2𝜃 = 5∘ ∼40∘ at a scanning rate of 4∘/min. The relative
crystallinity index CrI was estimated using the Segal method
[30] by the following equation:

CrI (%) = (1 − 𝐼am𝐼
200

) × 100, (2)

where 𝐼am was the diffraction intensity of amorphous fraction
at 2𝜃 ≈ 18.5∘ and 𝐼

200
was the peak intensity of the 002 lattice

diffraction at 2𝜃 ≈ 22.5∘ which represented the crystalline
region.

2.5.5. The High-Performance Liquid Chromatography (HPLC)
Saccharification Analysis. The centrifuged supernatant of
enzymatic pretreatment pulp was filtered through a 0.45 𝜇m
organic microporous membrane filter. The sugar quantifica-
tion was performed using a HPLC system (JACSO, Tokyo,
Japan), equipped with an Inertsil NH

2
column at 35∘C with

a flow rate of 1.0mL 78% acetonitrile/min, to determine the
concentration of the monomeric sugars and disaccharide
derived from the cellulose and hemicellulose fractions by
comparing with the standard samples.The concentration was
estimated by the following equation:

𝐶 = 𝑆𝑆s ⋅ 𝐶s, (3)

where 𝐶 was the concentration of hydrolysis product, 𝑆s was
the peak area of standard sugar sample, 𝑆was the peak area of
hydrolysis product, and𝐶s was the concentration of standard
sugar sample, including glucose, xylose, and cellobiose.

3. Results and Discussions

3.1. The Enzymatic Pretreatment Procedure. The hardwood
resource (e.g., Eucalyptus) had more rigid structure com-
pared to softwood counterpart [31]. It required more
mechanical treatment than softwood homologue to man-
ufacture equivalent fibrillations [32]. Thus, the pretreat-
ment was a necessary technique to extract nanofibrils

assisted mechanical disintegration. Figure 1 showed the
schematic representation of enzymatic pretreatment pro-
cedure. The chemical composition analysis of raw euca-
lyptus pulp revealed that the holocellulose, acid insoluble
lignin, 𝛼-cellulose, and hemicellulose were 95.71%, 0.09%,
84.64%, and 11.07%, respectively. It revealed that the pulp
could be directly used in enzymatic hydrolysis and did
not need purification treatment. By the constant temper-
ature shaking incubator, the cellulase evenly adhered to
the surface of pulp cellulose fiber and started hydrolysis.
The cellulose fibrils were about hundreds of microns in
length and dozens in diameter (seen in Supporting Figure 1
in Supplementary Material available online at https://doi
.org/10.1155/2017/1591504). And the cellulose fibrils were
consisting of microfibrils with 3-4 nm in dimension and up
to 20 nm for wood cell wall. Cellulose was further consisting
of hundreds to over ten thousands of 𝛽-1,4 linked glucose
units and formed a linear polymer, where the chain length
varied between 100 and 14000 residues [31]. Due to numerous
hydrogen bonds being intra/intermolecular, cellulose chains
tended to be oriented in parallel and aggregate crystalline
regions were highly ordered. And more disordered amor-
phous domainswere interspersed [33, 34]. By the cooperation
of mixed cellulase and layer-by-layer permeated hydrolysis,
mixed enzyme finally caused fibers surface wrinkling and
length decreasing. The short cellulose nanofibrils (about 1∼
3 𝜇m in length) were prepared by enzymatic pretreatment
assisted twice grinding passes, as shown in Figure 1.

3.2. Micromorphology Characterization of Enzymatic Cellu-
lose. It was essential to investigate the micromorphology
structure change of cellulose fibers at different enzymatic
charge and hydrolysis time, as the SEM images shown in
Figure 2. Figure 2(a) illustrated the morphology change of
cellulose fibers including original pulp (O-Pulp), pretreat-
ment with cellulase charge of 0.1g, 0.2g, 0.4g, and 0.6 g at
hydrolysis time 10 h, and hydrolysis time of 5h, 10h, 15h,
and 20 h, respectively, at 0.4 g cellulase charge. The surface
of O-Pulp fiber was obviously smooth. With the cellulase
charge and hydrolysis time increasing, the surface of cellulose
fiber appeared rough wrinkled and grooved. It was obvious
that the most outer layer was protuberant (see the images
of C0.1 g,10 h and C0.4 g,5 h) and the finer fiber appeared (see
the images of C0.1 g,10 h and C0.4 g,10 h, especially in the pink
insert frame). However, there was still a small quantity of
smooth outer layer. Furthermore, the smooth outer layer
disappeared and a large amount of micro/nanoporosity
appeared on the surface of cellulose, which resulted from
the cellulase degradation layer by layer unidirectionally and
deeply sharpening the fibers; see the images of C0.2 g,10 h,
C0.4 g,15 h and the pink insert frames. It was easy to fracture
in the porosity, which resulted in a loss of fiber length
and diameter. It was apparent that enzymatic pretreatment
could receive the purpose of facilitatemicrofibrillation during
the homogenization procedure. Simultaneously, the most
significant action of the porosity was to shear the length
of cellulose fibrils. Under C0.6 g,10 h condition, the surface of
cellulose appeared as obvious nanofibrils with a lot of fracture
sites, as seen in the image of C0.6 g,10 h and themagnified image

https://doi.org/10.1155/2017/1591504
https://doi.org/10.1155/2017/1591504
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Figure 2:The SEM images for micromorphology change of cellulose fibers at different enzymatic charge and hydrolysis time. (a)The surface
morphology changing process of single cellulose fiber with different conditions, appearing as rough wrinkle-groove-micro-/nanoporosity-
nanofibrils. (b) The whole morphology of O-Pulp and enzymatic hydrolysis cellulose SEM images. There were numerous white flocculent
substances on the surface of enzymatic hydrolysis cellulose fibers, which showed the enzymatic hydrolysis processes layer by layer on the
fiber surface. The white flocculent substance was composed of shorter-thicker spindles fiber aggregation, which were cut by the cellulase.

(right blue frame one). However, there were only a handful of
nanofibrils appearing on the surface layer with the cellulase
time increasing (∼20 h, see the image of C0.4 g,20 h and the
magnified one).The next layer was still relatively coarse fiber,

which illustrated that the cellulase hydrolysis process com-
pleted layer by layer and the cellulase molecule was gradually
permeating inwards. Supporting Figure 2 further showed
the diameter of original pulp fiber and enzymatic hydrolysis
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Figure 3: The XRD patterns of O-Pulp and enzymatic hydrolysis samples with different enzymatic charge and hydrolysis time. (a) The XRD
patterns of the typical diffraction of crystal lattice type I with different conditions. The diffraction peaks were around 2𝜃 = 16∘ and 22.5∘. (b)
The crystallinity of cellulose varied under different enzymatic hydrolysis pretreatments. With the cellulase charge increasing, the crystallinity
exhibited a ladder increase due to the layer-by-layer hydrolysis. However, the crystallinity trended to evidently decrease with hydrolysis time,
which suggested that cellulase hydrolysis rate of amorphous domains reduced gradually and was less than that of crystalline domains.

cellulose fibers with the conditions the same as Figure 2(a).
The average diameter had an obvious decreasing after using
enzyme hydrolysis due to layer-by-layer action. Due to
the synergistic cooperation [35] of enzymatic pretreatment,
adding an excess enzymatic charge would make a number
of enzyme molecules interaction with the same region and
influence on the degradation efficiency. And the enzyme
hydrolysis time turned out the effect on the reaction kinetics
[25], which was not well as long as possible.

Seen from theminified SEM images, the layer sharpening
action of cellulase was more remarkable. Figure 2(b) demon-
strated that the surface of original pulp fibers was tidy and
clean. There were no flocculent substances in O-Pulp image.
With the enzyme addition, the white flocculent substance
appeared, seen as the orange dotted circle. And the flocculent
substance changed increasing with the cellulase charge and
time increasing, especially under C0.6 g,10 h condition. The
magnified images (the orange and blue dotted frame on
the right) showed that the white flocculent substance was
composed of short-thick spindle fiber aggregation, which
were cut by the cellulase. The spindle aggregation obviously
consisted of shorter-finer cellulose fibers (seen in the magni-
fied image with blue dotted frame). The formation of spindle
fibers might result from the cellulase sharpening action;
simultaneously, it led to the length decreasing.The dimension
of these spindle fibers was about length of 5 𝜇m and diameter
of 1.8 𝜇m, which was greatly less than cellulose fibers. The
existence of these white flocculent substances suggested
enzymatic hydrolysis processes periodic “skinning” on the
fiber surface and shearing the cellulose fiber length.

3.3. XRD in Qualitative Measurements of Enzymatic Cellu-
lose. Regarding the change of crystallinity (CrI) and crystal
structure, the enzymatic pretreatment cellulose aerogels were
presented in Figure 3(a). Figure 3(a) showed that all the XRD
patterns exhibited the typical diffraction of crystal lattice type
I, which confirmed the diffraction peaks around 2𝜃 = 16∘
and 22.5∘. The cellulose crystal lattice type was preserved
even though it had gone through the cellulase pretreatment.
However, Figure 3(b) implied that the crystallinity of cellulose
varied under different enzymatic hydrolysis pretreatment.
The CrI was calculated as the ratio of the crystalline phase
area versus the total area [36, 37]. Origin software was used
to accurately select the diffraction intensity of amorphous
fraction at 2𝜃 ≈ 18.5∘ and the 002 lattice diffraction at 2𝜃 ≈
22.5∘ that represented the crystalline region [28]. The CrI of
O-Pulp was 62.1%, and that was evidently increasing after
different cellulose charge pretreatment, 70.2%, 68.9%, 70.2%,
and 72.9%, respectively, for 0.1 g, 0.2 g, 0.4 g, and 0.6 g at
10 h. This suggested that the mixed cellulase mainly affected
the amorphous domains of cellulose, which resulted in the
crystallinity of all samples increasing 8.1% compared with
original pulp. However, with the cellulase charge increasing,
part monocomponent cellulase penetrated into the crys-
talline region interior and allowed a selective hydrolysis of
the crystalline sites, which resulted in the CrI reducing in
small quantities (1.3%) with 0.2 g charge. With large cellulase
increasing, plenty of enzymes were involved in the reaction.
The cellulase hydrolysis ability of amorphous domains was
much higher than the crystalline ones [38], which resulted in
CrI exhibiting a linear increase, 1.3% and 2.7%, respectively,
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Figure 4: The FTIR spectrums and relative absorption peaks intensity of O-Pulp and enzymatic hydrolysis cellulose with different charge
and hydrolysis time. (a) The FTIR spectrums of different samples. It is illustrated that enzymatic hydrolysis did not cause the structure
transformation change. (b) The relative absorbance peak intensity relative to 1641 cm−1.

for 0.4 g and 0.6 g charge. However, the effect of hydrolysis
time presented a different trend. Compared with the O-Pulp
crystallinity, it was evidently increasing from 62.1% to 71.0%
after hydrolysis for 5 h at 0.4 g charge, which was identical to
the change mentioned above. Nevertheless, the CrI trended
to evidently decrease with hydrolysis time, 70.2%, 69.1%, and
66.4%, respectively, after hydrolysis for 10 h, 15 h, and 20 h
with 0.4 g charge. This suggested that the crystalline domain
hydrolysis rate was stronger than the amorphous ones with
time extension, which resulted in the CrI decreasing (Fig-
ure 3(b)). It further implied that mixed cellulase hydrolysis
was not confined to attack the amorphous region but the
surfaces of the crystalline and amorphous domains compared
to monocomponent endoglucanase [39]. Furthermore, the
hydrolysis on these two domains was restrained regarding
each other.

3.4. FTIR Spectrums Analysis of Enzymatic Cellulose. FTIR
was employed to reveal the absorption peak intensity of O-
Pulp, enzymatic hydrolysis cellulose with different charge,
and reaction time, as Figure 4 shows. There was no dis-
tinction of the absorbance peaks between O-Pulp and enzy-
matic hydrolysis samples, which illustrated that enzymatic
hydrolysis did not cause the structure transformation. The
absorbance peaks at 3400, 2900, and 1641 cm−1 were, respec-
tively, the intramolecular hydroxy O-H stretching vibration,
C-H stretching vibration, and oxygen-containing group of
absorbed water molecules. The absorbance peaks at 1433,
1369, 1165, 1113, and 1059 cm−1 were, respectively, the -CH

2
-

bending vibration and shear vibration (1433 cm−1), the -CH-
bending deformation and vibration (1369 cm−1), C-O-C
stretching vibration between cellulose and hemicellulose
(1165 cm−1) or between the cellulose (1113 cm−1), and C=O

stretching vibration (1059 cm−1). The absorbance peak at
898 cm−1 was 𝛽-glycosidic bond vibration [40–42]. Even
though therewas no structure transformation after enzymatic
hydrolysis, the relative absorbance peak intensity changed
obviously. Supporting Table 1 provided all absorbance peak
intensities of characteristic peaks. Based on the standard
deviation, the absorbance peak at 1641 cm−1 was the least
one and chosen as the relative peak. All the characteristic
peaks were related to 1641 cm−1 at own samples, as shown
in Figure 4(b). Compared with the O-Pulp, the relative
absorbance peak intensity at 3400 cm−1 presented an obvious
increase, which suggested that the intramolecular hydroxyl
was heightened due to a large number of hydrogen bonds
broken during enzymatic hydrolysis. And the other peaks
definitely appeared rectilinear or stepped decreasing with
cellulase charge and hydrolysis time, which illustrated that
cellulase molecules gradually diffused into the fiber interior
with the hydrolysis process and resulted in the chemical
bonds changing. For example, the relative absorbance peak
intensity at 2900 cm−1 had a stepped decreasing compared
with original pulp, which stated that the intermolecular
hydroxyl had been destroyed. However, cellulose macro-
molecule structure did not change during enzymatic hydroly-
sis. The relative absorbance peak intensity at 1433, 1369, 1165,
1113, and 1059 cm−1 presented evident rectilinear decreasing
with cellulase charge and wave-like changes with cellu-
lase time, which showed that cellulose hydrolysis presented
periodic regularity. It might result from the hydrolysis on
fiber crystalline and noncrystalline domains due to the
cooperation of mixed cellulase. But the relative absorbance
peak intensity at 898 cm−1 showed that 𝛽-glycosidic bond
was broken at the initial stage of enzymatic hydrolysis, and
the changes were a little with the hydrolysis continuing.
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Figure 5: The yields of cellulose followed by hydrolysis with different charge and reaction time. (a) The yields of cellulose fibers appeared
sharply decreasing at the initial hydrolysis process. (b) The optical images of yields under different conditions.

The FTIR spectra analysis further stated that the enzymatic
pretreatment presented periodic effect on the crystalline
and amorphous domains of cellulose fiber by layer-by-layer
hydrolysis.

3.5. The Cellulose Yields of Fibers Followed by Cellulase
Hydrolysis. Figure 5 demonstrated the yields of cellulase
hydrolysis with different charge and reaction time. As shown
in Figure 5(a), the yields of cellulose fiber appeared sharply
decreasing at the initial hydrolysis process, 86.6% and 83.3%,
respectively, for C0.1 g,10 h and C0.4 g,5 h. With the cellulase
charge and reaction time increasing, the yields were decreas-
ing accordingly. The yields were respectively 81.9%, 80.5%,
and 79.6% with the charge increasing and decreasing to
80.5%, 78.4%, and 77.2% with the cellulase hydrolysis time.
It was noteworthy that the yields declined more slowly. It
implied that the decreasing rate was restricted that might be
affected by reaction kinetics [25]. The final product glucose
and intermediate cellobiose could restrain the enzymatic
hydrolysis. Therefore, immoderately increasing the charge
and hydrolysis time did not help to improve the hydrolysis
efficiency. Figure 5(b) showed vividly the optical images
under different conditions. The solution volumes were lim-
ited with 18mL and kept for 30min standing. The hydrolysis
products, for example, glucose, were in the supernatant.
Therefore, the sediment was proportional to the yields men-
tioned in Figure 5(a).

3.6. Hydrolysis Products Analysis. The cellulase hydrolysis
produced some biomass components, for example, glucose,
xylose, and disaccharide. HPLC was performed to estimate
the compositions and amounts of cellulase hydrolysis prod-
ucts. Based on the standard samples determination, the main
three types of compositionswere respectively, glucose, xylose,

and cellobiose. Figure 6 showed the concentration change
of hydrolysis products with enzymatic charge and hydrolysis
time increasing. The changing of three types of sugar prod-
ucts showed a similar tendency. The highest saccharification
yield was glucose, which showed the high-efficiency and full
cellulase hydrolysis pretreatment. And higher concentration
of glucose was achieved by more charge or hydrolysis time.
The glucose concentration sharply increased from 1.408 to
3.630mg/mL followed by the charge increasing from 0.1 to
0.6 g and from 2.418 to 3.273mg/mL followed by the hydroly-
sis time increasing from 5 to 20 h.The other monosaccharide
product was xylose. Unlike glucose increasing trend, it slowly
increased followed by the enzymatic charge and hydrolysis
time increasing. The xylose concentration ranged from 0.372
to 1.543mg/mL with the enzymatic charge changing and
from 0.869 to 1.564mg/mL with hydrolysis time increasing.
The reason might be on account of the xylose derived from
hemicellulose hydrolysis. And the hemicellulose content
was just 11.07%. In the hydrolysis products, there was little
cellobiose (0.570 to 1.258mg/mL in Figures 6(a) and 6(b))
as the intermediate product of cellulase hydrolysis. Due to
the feedback inhibition of reaction kinetics, the abundance of
glucose affected the rate of cellobiose hydrolysis by cellobiase
(one of monoenzyme in the mixed cellulase). Thus, the
increasing rate of cellobiose was slower than glucose and
xylose. In general, more enzymatic charge and hydrolysis
time resulted in more biomass products, which would result
in the reduction of CNF yields.

3.7. CNF Manufactured by Cooperation of Cellulase Pretreat-
ment and Mechanical Grinding. The CNF suspensions were,
respectively, manufactured using un-enzyme and cellulase
hydrolysis (C0.4 g,10 h) pretreatment followed by grinding twice
with themillstone gap−200𝜇mand speed 1500 rpm. Figure 7
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Figure 6: The concentration change of hydrolysis products with enzymatic charge (a) and hydrolysis time (b) increasing. All of the glucose,
xylose, and cellobiose were increasing with the enzymatic charge and hydrolysis time increasing.The glucose was the highest saccharification
yield in all the hydrolysis products.

showed the SEM and TEM images and data statistics of
diameter of two types of CNF samples. Figure 7(a) shows
the CNF prepared by pure grinding of raw pulp suspension.
Nanomeasure software was used to count the diameter of
cellulose fibrils, derived from 10 SEM images with 2000
data points. The diameter ranged from 50 nm to 300 nm,
as shown in Figure 7(c). The average diameter under that
conditionwas 118.6± 62.6 nm,whichwas highly nonuniform.
However, the CNF fabricated by enzymatic pretreatment
assisted grinding was more uniform, as shown in Figure 7(b).
The average diameter of CNF under C0.4 g,10 h pretreatment
was 69.1±15.2 nm (seen in Figure 7(d)).The diameter ranged
from 20 to 120 nm. Seen from the data distribution, the
diameter of fibrils with enzymatic pretreatment was more
centralized than original pulp. It was more interesting that
there was obvious fibril breakage as shown the arrows in
Figure 7(b), which was inferred from the cellulase hydrolysis.
The TEM images further showed the length of CNF. The
average length was about 2.4 ± 0.9 𝜇m (seen in the TEM
image at Figure 7(e) with red dotted frame), which was much
less than that of fibril prepared by original pulp. The TEM
image (Figure 7(e) with blue dotted frame) displayed that the
shorter fibrils had reached the nanometer level. Compared
with two types of cellulose fibrils, it more vividly illustrated
the sharpening and shearing action of cellulase pretreatment
on fibril dimensions.

3.8. The Mechanism of Enzymatic Hydrolysis and Length
Shearing Process. Figure 8 showed the schematic illustration
and morphology images of the cellulose fibers from enzy-
matic hydrolysis to formation CNF. As shown in Figure 8(a),
the surface of original pulp fibers was smooth, and no

fibrillation existed. With the enzymatic hydrolysis proceed-
ing, the fiber surface was markedly rough and aggregated
microfibrils due to layer-by-layer action. The diameter of
fibers declined and the microfibrils vividly displayed many
breaking sites (Figure 8(b)). Based on the enzyme action
mechanism recognized universally [43] and discussed above,
the hydrolysis resulted from the synergistic effect of endoglu-
canase (EG), exoglucanase (cellobiohydrolases, CBH), and
cellobiase (CB). In this research, the cellulase from Tri-
choderma viride was one kind of mixed cellulase. Each of
monoenzymes included a globular catalytic domain and one
or more carbohydrate binding domains, which were con-
nected by an identifiable link bride, as shown in Figure 8(b).
Based on the previous reports [44–48], CBH included CBH
I and CBH II; here, CBH I degradated the crystalline fibrils
by layer sharpening [44–46] and CBH II resulted in the
crystalline microfibril-end sharpening [47, 48] and reduced
the length of fibrils (Figure 8(b)). It suggested themechanism
of mixed cellulase action on fiber length control. The EG
mainly caused the degradation of amorphous region [49].
It performed the prefect synergistic degradation effect [50]
of CBH and EG (Figure 8). Here, CB further degraded
the intermediate product of CBH and EG hydrolysate (cel-
lobiose) and further formed monosaccharide (glucose and
xylose), which helped to decrease the feedback inhibition
of reaction kinetics. The aim of enzymatic pretreatment
was to hydrolyze the cellulose crystalline and noncrystalline
domains and destruct the stable hydrogen bonds structure,
which further assisted the mechanical grinding to obtain
the cellulose nanofibrils with greatly decreasing the length
and diameter. The reaction sites of molecular formula of
cellulose were shown in Supporting Figure 3. The synergistic
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Figure 7:The SEMandTEM images and data statistics of diameter of different CNFmanufactured by cooperation of original pulp or cellulase
hydrolysis pulp withmechanical grinding. (a)The SEM image of CNF prepared by grinding of raw pulp solution.The diameters of these CNFs
were highly nonuniform. (b) The SEM image of the CNF prepared by grinding with C0.4 g,10 h condition pretreatment. There were numerous
breaking points. (c-d) The diameter statistics of (a) and (b) samples. The diameter of CNF prepared by original pulp ranged from 50 nm to
300 nm that the average diameter was 118.6 ± 62.6 nm. And the diameter of CNF prepared by C0.4 g,10 h condition pretreatment ranged from
20 nm to 120 nm that the average diameter was 69.1 ± 15.2 nm. (e) The TEM images of average length CNF prepared by C0.4 g,10 h condition
pretreatment was about 2378 ± 940 nm.

cooperation of mixed enzyme finally caused fibers surface
wrinkling and length decreasing. Followed by enzymatic
hydrolysis, mechanical grinding further sheared the length of
fibers and declined the diameter and ultimately formed the
shorter CNF (Figure 8(c)).

4. Conclusions

We reported a kind of green and ecofriendly pretreat-
ment method to manufacture CNF, which was a mixed
cellulase from Trichoderma viride before hydrolysis. By the

cooperation of enzymatic pretreatment and mechanical
grinding twice, the length of fibrils was obviously controlled,
in that enzymatic pretreatment led to the key action on
cutting the length of fibrils. The as-pretreatment cellulose
fibers indicated that cellulase acted on the pulp layer by layer
and concurrently hydrolyzed the crystalline and amorphous
regions.The shearing action of enzyme hydrolysis resulted in
the decreasing of fiber length. This paper further discussed
the effect of cellulase charge and hydrolysis time on crys-
tallinity, yields, and hydrolysis products. The result offered
an insight into the fabrication method of CNF with length
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controlled. It would help to choose the appropriate reaction
condition according to the requirements for the specific
applications.
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