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With the worldwide depletion of crude oil stock and increas-
ing environmental concerns, efforts on a global scale are
dedicated to developing viable alternatives to conventional
petroleum-based polymeric materials for a sustainable and
green society. Renewable resources, such as vegetable oils,
cellulose, starch, and lignin are promising options, which
are abundantly produced by nature through photosynthesis
from carbon dioxide and water. Innovative technologies
to transform these natural resources into value-added
chemicals and novel polymerization methods for production
of high-performance and low-cost polymers with tunable
structures and functionalities are key parts of sustainable
development. In addition, the development of state-of-the-
art characterization techniques for these new materials is an
essential component in uncovering their specific structures
and facilitates the application of these materials in new areas,
such as sensors, structural parts, and biomedical devices.

Despite the progress made in renewable polymers, such
as PLA, in the last decades, most of the proposed biobased
materials are far from commercial application and from
replacing petroleum-based products. In order to improve
physical and thermomechanical properties, nanofillers and
fibers have been incorporated into biobased polymer matri-
ces. This special issue aims at providing a great platform for
scientists and researchers in the area of biobased polymers
and composites to communicate their state-of-the-art work
related to the transformation of natural resources into
value-added chemicals, the modification and preparation of
new bio-based polymers, and the characterization and appli-
cation of biobased polymers and composites. In this special
issue, original research and review articles that uncover the

development of biobased polymers and composites are
collected, including new technologies related to their
synthesis, processing, characterization, and application. The
topics emphasized in this special issue include the following:

(1) Biobased polymers synthesized from natural
feedstock

(2) Bionanocomposites with renewable reinforcements

(3) Fiber-reinforced polymers with biobased matrix or
biobased fibers

(4) Processing and modification of natural
macromolecules

(5) Specific properties and new application of biobased
polymers and their composites
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To address the problem of limited application of natural SOD, the development of SOD mimic enzymes is of great importance for
bioantioxidation. Herein, we report on a new type of biopolymer antioxidant with excellent scavenging activity for O2

∙−, keratin-
glycine metal complexes (FK-GlyM, M = Zn, Cu, Mn, Ni). They are prepared by feather keratin firstly combined with glycine and
then metal ions. Using FT-IR, TG, CD, and SEM, the performance of the obtained complexes (FK-GlyM) for scavenging O2

∙− is
analysed and investigated. Importantly, the scavenging activity of FK-GlyCu is excellent in all FK-GlyM, and FK-GlyCu60 has the
most excellent anti-O2

∙− activity in all FK-GlyCu𝑥, of which EC50 and degree of simulation were, respectively, up to 4.5 × 10−3 ±
0.0012 𝜇mol/L and 911.1% compared with nature Cu, Zn-SOD. Finally, its mechanism was also discussed. In summary, this method
about the simulation strategies will provide a novel idea for exploiting new-type biocompatible and highly reactive antioxidants.

1. Introduction

In vivo, excess oxygen free radical is harmful to the body
[1]. Under normal circumstances, the production and the
elimination of oxygen radicals are balanced [2]. However,
due to the impact of the disease, age, and the external
environment, excess oxygen radicals would be accumulated
in the cells when the physiological balance was broken [3, 4],
leading to host tissue be damaged [5], such as the damage of
protein, lipid peroxide, DNAmutation, and enzyme inactiva-
tion. However, superoxide dismutase (SOD) as antioxidant is
important to protect cells from oxidative damage [6], which
can catalyze the disproportion action of superoxide anion
radicals (O2

∙−) and further balanceO2
∙− in vivo. Although the

natural SOD has the excellent activity for scavenging O2
∙−,

many disadvantages still exist [7], such as complex extract
process, high cost, big molecular weight, easy deactivation,
and not easily entering the cell membrane, which limited its
application inmedicine and other fields [8–10].Therefore, the
preparation of SOD mimic enzyme is becoming more and
more popular [11, 12].

Currently, a lot of enzyme simulations for scavenging
O2
∙− have been synthesized, including porphyrin metal com-

plexes [7, 13], macrocyclic metal complexes [14], and Schiff-
base metal complexes [15]. However, due to the low solubility
in water, large side effects, and so on, the widespread appli-
cations of these SOD mimics based on micromolecule were
still limited.Therefore, SODmimics based onmacromolecule
become the new direction for simulation of SOD. In SOD
mimic based on polymer, there are mainly cyclodextrins [16]
and proteins [17–19]. For proteins, they can form directly
complexes with metal ions since they contain a large number
of amino and carboxyl functional groups with complex
function. In general, those metals as SOD activity center
mainly include Cu [20], Co [21], Mn [22, 23], and Fe [24].
Ibrahim et al. [25] reported that Ovotransferrin (OTF) had
function of scavenging O2

∙− when it combined with Cu and
Mn. Besides, there is an important complement oxygen free
radical scavenger in vivo:Metallothionein (MT). It is a class of
protein containing low molecular weight and abundant thiol
groups, which contribute to scavenging O2

∙− by combining
with metal ions [26].
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Keratin widely exists in hair, feathers, wool, nails, and
horns [27]. Due to its special molecular structure, it is hard
to be used by humans and casually abandoned, which caused
the waste of resources and bad environmental pollution [28].
However, they have a large number of disulfide bonds [29,
30]. If thiol groups produced by the reduction of disulfide
bonds combine with metal, the structural system similar to
metallothionein will be generated. In this paper, feather ker-
atin (FK) and glycine (Gly) firstly were combined to generate
FK-Gly in an aqueous solution, then the transition metal
ions (ZnII, CuII, MnII, and NII) were combined with FK-Gly
to generate keratin-based biopolymer metal complexes (FK-
GlyM, M = Zn, Cu, Mn, Ni) and further studied its property
of scavenging O2

∙− and seriously explored its mechanism.

2. Experiments

2.1. Materials. Glycine (Gly) was purchased from Shanghai
Institute of Biochemistry. Ni(OAc)2⋅4H2O,Mn(OAc)2⋅4H2O,
Zn(OAc)2⋅4H2O, and Cu(OAc)2⋅H2Owere all obtained com-
mercially. Both Chlorinated Nitro blue tetrazolium (NBT)
and DL-Methionine are biochemicals, which are products
of Zhongqin Chemical Reagent Co., Ltd., in Shanghai and
Tianjin Guangfu Fine Chemical Research Institute. Feather
keratin (FK) is self-made in our laboratory. Unless otherwise
stated, all other chemicals were of analytical grade and used
without further purification.

2.2. Equipment for Characterization. Fourier transform
infrared spectra (FT-IR) weremeasured by an FT-IR spectro-
meter (FTS 3000) of DigiLAB, and the transmittance spectra
were collected in the range of 4000–400 cm−1 at a resolution
of 0.008 cm−1. Thermogravimetric analyses of products were
carried out on a PerkinElmer Pyris Diamond thermogravi-
metry (TG)/dynamic thermal analyzer at a heating rate of
10∘C/min under a nitrogen atmosphere. Circular Dichroism
(CD) was recorded by a Jasco J-810 spectropolarimeter (1 cm
cell). The wavelength of scanning was from 200 to 250 nm,
the speed was 200 nm/min, and a response time was of
1 s. The morphologies of product were studied by scanning
electron microscopy (SEM) (Zeiss ULTRA Plus microscope,
Germany).

2.3. Preparation of Keratin-Glycine Metal Complexes (FK-
GlyM). Four kinds of metal salt solution [M (OAc)2] were
prepared as follows: Ni (OAc)2, Mn (OAc)2, Zn (OAc)2, and
Cu (OAc)2 were individually dissolved in water and set aside.
Glycine solution (0.02mM) was prepared in a phosphate
buffer solution (PBS, 100mL).

2.3.1. Preparation of Keratin-Glycine Complexes (FK-Gly).
Firstly, certain keratin, Na2S2O3, and glycine were dispersed
into water, and then certain concentration of NaOH solution
was added to adjust the pH up to 7-8. Finally this mixture was
stirred 6–12 h in the dark at room temperature. The keratin-
glycine complex (FK-Gly) was successfully prepared.

2.3.2. Preparation of Keratin-Glycine Metal Complexes (FK-
GlyMx). The preparation process of FK-GlyZn5 is as follows:

Zn (OAc)2 and FK-Gly were added to simple tube (MFK-Gly :
MZn = 1 : 5). After beingmagnetic stirred 12 h in the dark, FK-
GlyZn5 was obtained and set aside in the dark at 0–4∘C. The
concentration of FK-GlyZn5 was calculated according to the
amount of FK.

The preparations of FK-GlyCu5, FK-GlyMn5 and FK-
GlyNi5 are similar to that of FK-GlyZn5.

By changing the ratio of Cu(OAc)2 being added to the
mixture, keratin-based metal copper complex with different
ratio was also obtained, namely, FK-GlyCu𝑥 (𝑥 = 5, 10, 20,
30, 40, 50, 60, 80, 100).

3. Results and Discussion

The preparation route of FK-GlyM was shown in Scheme 1,
where the FK and FK-SH were the partially crosslinking
protein and reduced protein. FK-Gly was modified by Gly
and FK-GlyMwas keratin-glycine metal complex. Firstly, the
disulfide bonds (-S-S-) in keratin firstly were reduced to thiol
groups (-SH) by strong reductant, and then these thiol groups
reacted with the amino of glycine to generate keratin-glycine
complex. Finally, keratin-glycine complex reacted with metal
to give keratin-glycine metal complex.

3.1. Structure Characterization of FK-GlyM. The obtained
FK-GlyM was characterized by FT-IR spectra, TG, CD, and
SEM. Moreover, we also discussed the mechanism of anti-
oxidation activity.

3.1.1. FT-IR Spectra. The prepared keratin-glycine Cu com-
plex (FK-GlyCu60) was frozen in the refrigerator at −20∘C
for 24 h. After being lyophilized, the products and KBr
were mixed with 1 : 100 and made into transparent tablet for
measuring FT-IR spectra.The result was shown in Figure 1. In
FT-IR spectrum of FK, some characteristic absorption peaks
at 1647 cm−1, 1522 cm−1, and 1236 cm−1 were, respectively,
assigned to amide I, II, III band of FK, which indicated that
the secondary structure of FK was mainly free coil. However,
for FK-GlyCu60, the characteristic absorption peaks of amide
I, II, III band demonstrated that the secondary structure
of FK-GlyCu60 was mainly free coil and 𝛽-sheet structure.
Therefore, the secondary structure of FK had been changed,
and some random coil structures also had been into 𝛽-sheet
structure in the preparation process of FK-GlyM. Besides,
characteristic absorption peaks of S-S bonds had happened
red shift from 580 cm−1 to 546 cm−1, which illustrated that
S-S bonds had become less stable in the preparation process.
It could be conjectured that some S-S bond had shifted and
might generate -SH or sulfur anion in preparation process.

3.1.2. TG Analysis. TG curves of FK and FK-GlyCu60 were
presented in Figure 2. It could be seen that FK gave three
weight losses within total temperature range, which could be
assigned to the weight loss of adsorbed water at about 100∘C
and keratin decomposition at 200∘C and 375∘C. Meanwhile,
FK-GlyCu60 also gave three weight losses within total tem-
perature range, caused by the decomposition of FK at 200
and 375∘C as well as no weight loss after 575∘C. In sum-
mary, compared with feather keratin, the thermodynamic
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Scheme 1: The preparation process of FK-GlyM (M = ZnII, CuII, MnII, NiII).
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Figure 1: The IR spectra of FK-GlyCu60 complex.

stability of the obtained keratin-glycine metal complexes was
reduced.

3.1.3. CD Analysis. Circular Dichroism (CD) of FK-GlyCu𝑥
(0.005mM) was measured at the wavelength of 190–300 nm
and room temperature. The results were shown in Figure 3.
The characteristic peaks of random coil structure of FK
appeared at near 195 nm while the characteristic peaks of
𝛽-sheet layer structure of FK-GlyCu𝑥 complex appeared in
the vicinity of 200 nm. Therefore, it was showed that the
secondary structures of the prepared FK-GlyCu𝑥 weremainly
𝛽-sheet and random coil, which could be attributed to the
fact that the part random coil of secondary structure of the
FK-GlyCu𝑥 complex had transformed into 𝛽-sheet compared
with pure FK. The result was the same as FT-IR spectrum
analysis.

Table 1: EC50 of FK-Gly and FK.

FK-GlyCu5 EC50 (𝜇mol/L) Degree of simulation (%)
FK 0.85 ± 0.11 4.8
FK-Gly 0.44 ± 0.08 9.3
FK-GlyCu5 0.067 ± 0.004 61.2
FK-GlyCu60 0.0045 ± 0.0012 911.1
Cond: [FK] = 5 𝜇mol/L, n (FK) : n (Gly) = 1 : 0.2; 𝑇 = 20∘C.

3.1.4. SEM Images. After being lyophilized, the microstruc-
ture of dry FK and FK-GlyCu60 was characterized by scan
electron microscopy (SEM). As showed in Figure 4, in
contrast to FK, it was found that they had the porous support
structure and the pore size was 0.2–2 𝜇m in FK-GlyCu60.
These porous structures would facilitate the adsorption of
small molecules and macromolecular compounds.

3.2. O2
∙− Scavenging Activity of FK-GlyM. Using NBT photo-

chemical reduction method to investigate scavenging super-
oxide anion radicals (O2

∙−) activity of keratin (FK) and the
keratin-glycine complex (FK-Gly), the results were shown in
Table 1 and Figure 5. According to the results, FK and FK-Gly
([FK] = 5 𝜇mol/L) both presented some anti-O2

∙− activity,
and the scavenging activity of FK-Gly was better than FK.
Compared with FK, the activity of FK-Gly was doubled.

3.2.1. O2
∙− Scavenging Activity of FK-Gly under Different

Environment. In order to get better FK-Gly, the effect factors
on its scavenging activity, such as temperature, pH, and Gly
content, were investigated.

At Different Temperature. Under the condition of the same
ratio, the effects of temperature on the scavenging activity of
FK-Gly for O2

∙− were investigated.The results were shown in
Table 2 and Figure 6, turning out that FK-Gly had the best
scavenging activity for O2

∙− at 20∘C and EC50 and degree of
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Figure 2: The TG of FK and FK-GlyCu60.
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Figure 3: The CD spectra of FK-GlyCu𝑥 complexes.

Table 2: EC50 of FK-Gly at different temperatures.

𝑇 (∘C) EC50 (𝜇mol/L) Degree of simulation (%)
10 0.61 ± 0.10 6.7
20 0.58 ± 0.03 7.1
30 0.65 ± 0.08 6.3
40 0.60 ± 0.11 6.8
Cond: [FK] = 5𝜇mol/L, n (FK) : (Gly) = 1 : 0.2.

simulation could, respectively, reach 0.58 ± 0.01 𝜇mol/L and
7.1%.

1 m

10 m

Figure 4: The SEM images of FK-GlyCu60.

Table 3: EC50 of FK-Gly at different pH values.

pH EC50 (𝜇mol/L) Degree of simulation (%)
12.6 0.55 ± 0.11 7.5
11.0 0.25 ± 0.05 16.4
10.0 0.28 ± 0.07 14.6
8.7 0.42 ± 0.03 9.8
7.3 0.23 ± 0.10 17.8
Cond: [FK] = 5 𝜇mol/L, n (FK) : (Gly) = 1 : 0.2, T = 20∘C.

At Different pH Value. Under the condition of the same ratio
and temperature, the effects of different pH on the scavenging
activity of FK-Gly for O2

∙− were investigated. The results
were shown in Table 3 and Figure 7, which indicated that the
scavenging activity of FK-Gly was best when the pH was 7-8
and EC50 and degree of simulation could, respectively, up to
0.23 ± 0.03 𝜇mol/L and 17.8%.
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Table 4: EC50 of FK-Gly at different mounts of Gly.

n (FK) : n (Gly) EC50 (𝜇mol/L) Degree of simulation (%)
1 : 0.2 0.23 ± 0.07 17.8
1 : 0.4 0.23 ± 0.07 17.8
1 : 0.6 0.21 ± 0.12 19.5
1 : 0.8 0.50 ± 0.10 8.2
1 : 1 0.76 ± 0.11 5.4
Cond: [FK] = 5𝜇mol/L, 𝑇 = 20∘C, pH = 7-8.

At Different Gly Content. Under the condition of the same
temperature and pH, the effects of different Gly content on
the scavenging activity of FK-Gly for O2

∙− were investigated,

pH = 12.59
pH = 11.10
pH = 10.01
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Figure 7: The comparison of O2
∙− scavenging activity of FK-Gly at

different pH values.
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Figure 8: The comparison of O2
∙− scavenging activity of FK-Gly at

different amounts of Gly.

and the results were shown in Table 4 and Figure 8. It
was found that the scavenging activity of FK-Gly was best
and EC50 and degree of simulation could, respectively, reach
0.21 ± 0.06 𝜇mol/L and 19.5% when the ratio of FK and Gly
was 1 : 0.6 though the scavenging activity was similar when
the ratios of FK and Gly were 1 : 0.2–1 : 0.6.

3.2.2. O2
∙− Scavenging Activity of FK-GlyM. Similarly, adopt-

ing NBT photochemical reduction method investigated anti-
O2
∙− activity of FK-GlyM5 (M = Zn, Cu, Mn, Ni). Although
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Figure 9: O2
∙− scavenging activity of FK-GlyM5.

Table 5: EC50 of FK-GlyM5.

FK-GlyM5 EC50 (𝜇mol/L) Degree of simulation (%)
FK-GlyZn5 0.24 ± 0.01 17.1
FK-GlyCu5 0.067 ± 0.011 61.2
FK-GlyMn5 0.157 ± 0.008 26.1
FK-GlyNi5 0.22 ± 0.05 18.6
Cond: [FK] = 0.005mmol/L, n (FK) : n (M (OAc)2) = 1 : 5 (M = Zn, Cu, Mn,
Ni).

they all had certain anti-O2
∙− activity, the different metal

complexes had different activity. To compare anti-O2
∙− activ-

ity and EC50 of different FK-GlyM in Table 5 and Figure 9,
the results revealed that FK-GlyCu5 had the most active for
scavenging superoxide anion radicals, of which EC50 was
0.067 ± 0.0014 𝜇mol/L and degree of simulation was 61.2%
comparing with nature Cu, Zn-SOD. However, the activity
of FK-GlyZn5 was most weak and its EC50 was only 0.24 ±
0.08 𝜇mol/L and degree of simulation was 17.1% comparing
with nature Cu, Zn-SOD. To sum up, the scavenging activity
for O2

∙− of four kinds of keratin-glycinemetal complexes was
FK-GlyCu5 > FK-GlyMn5 > FK-GlyNi5 > FK-GlyZn5.

Further, the effect of different ratios of FK-GlyCu𝑥 on
scavenging activity for O2

∙− was investigated in order to get
the best FK-GlyCu. Firstly, the following complexes were pre-
pared: FK-GlyCu5, FK-GlyCu10, FK-GlyCu20, FK-GlyCu30,
FK-GlyCu40, FK-GlyCu50, FK-GlyCu60, FK-GlyCu70, FK-
GlyCu80, FK-GlyCu90, and FK-GlyCu100, and then they con-
trasted their anti-O2

∙− activity in Table 6 and Figure 10.
The results indicated that the mount of metal ions (CuII)
had important effect for anti-O2

∙− activity of FK-GlyCu𝑥
complex. With the increase of metal ion CuII, the anti-O2

∙−

activity of FK-GlyCu𝑥 was first increased and then decreased.
The scavenging activity of FK-GlyCu60 for O2

∙− was strongest
in Table 6 and Figure 10. Compared with the literature [31],

Table 6:The effect of the mount of CuII for O2
∙− scavenging activity

of FK-GlyCu𝑥.

FK-GlyCu𝑥 EC50 (𝜇mol/L) Degree of simulation (%)
FK-GlyCu5 0.115 ± 0.010 35.7
FK-GlyCu10 0.055 ± 0.007 74.5
FK-GlyCu20 0.016 ± 0.012 256.3
FK-GlyCu30 0.0163 ± 0.0011 251.5
FK-GlyCu40 0.013 ± 0.005 315.4
FK-GlyCu50 0.0078 ± 0.0006 525.6
FK-GlyCu60 0.0045 ± 0.0012 911.1
FK-GlyCu70 0.007 ± 0.001 585.7
FK-GlyCu80 0.02 ± 0.01 205.0
FK-GlyCu90 0.025 ± 0.009 167.4
FK-GlyCu100 0.019 ± 0.002 221.6

of which EC50 and degree of simulation, respectively, were
0.038 ± 0.003 𝜇mol/L and 107%; here EC50 of prepared FK-
GlyCu60 was far below it and the degree of simulation was
much bigger than it. The values, respectively, were up to
0.0045 ± 0.0012 𝜇mol/L and 911.1%.

3.3. Suggested Mechanism of Active Center. According to our
reported results, the active center and mechanism of FK-
GlyM for scavenging O2

∙− were suggested. There exist pos-
sibly three active reaction centers (Scheme 2). (1) Metal ion
andN from the histidine and amino acid chain of FK residues
formed coordination bonds, obtaining a six-member ring
structure which provided O2

∙− reaction centers. (2) Metal
ions and N, O in amino acid chain of FK coordinated,
respectively, to form a plurality of annular reaction center,
and the synergy of multiple active centers improved the
scavenging activity of FK-GlyM for O2

∙−. Meanwhile, due
to the introduction of glycine, the aggregation of polymer
chains in keratin became difficult and further increased the
solubility of FK-GlyM. (3) For FK-GlyM, the partial COO− of
glycine andM2+ occurred to electrostatic attraction that led to
form new reactive center. Moreover, the thiol (-SH) from S-S
had active hydrogen atom which could cause the free radical
of chain growth to become less active and further generate
the free radical with poor reactivity or extremely stable
inhibitor free radical via providing active hydrogen. In either
of these two cases, the inhibitor slowed down the original
radical reaction and even stopped the reaction carrying
out.

4. Conclusion

In summary, a simple biopolymer antioxidant (FK-GlyM)
with excellent scavenging activity has been gained via simply
combining FK with Gly and metal ions. It was found that the
scavenging activity of FK-GlyM for O2

∙− was prior to FK-Gly
and FK. After exploring the effect of temperature, pH, and
ratios on scavenging activity, the results proved that the opti-
mal conditions were 20∘C, pH = 7-8, and n (FK) : n (FK-Gly)
= 1 : 0.6, where the scavenging capacity of FK-Gly forO2

∙−was
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Scheme 2: The active center for O2
∙− scavenging of FK-GlyM.

best. In four kinds of FK-GlyM, it turned out that the order
of scavenging activity was FK-GlyCu5 > FK-GlyMn5 > FK-
GlyNi5 > FK-GlyZn5. And FK-GlyCu60 was proved to have
the most outstanding anti-O2

∙− activity in all FK-GlyCu𝑥,
of which EC50 and degree of simulation separately reached
4.5 × 10−3 ± 0.0012 𝜇mol/L and 911.1% compared with nature
Cu, Zn-SOD. The reutilization of discarded feather keratin
to prepare biopolymer antioxidant points out a new idea for
both the problem of resources environment and the research
on biopolymer antioxidant to us.
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[24] G.-F. Liu, M. Filipović, F. W. Heinemann, and I. Ivanović-
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The purpose of this study is to evaluate the influence of media treatments on color changes, dimensional stability, and cracking
behavior of bamboo scrimber, which has many applications in construction. The bamboo scrimber specimens comprised bamboo
bundles with a lowmolecular weight phenol formaldehyde resin which were manufactured via a cold-in and cold-out hot-pressing
process. Small clear specimens were sampled and treated under ten different conditions: water immersion at 25∘C, 63∘C, and 100∘C;
oil immersion at 100∘C and 150∘C; air drying at 63∘C, 100∘C, and 150∘C; and infrared drying at 100∘C and 150∘C. Then, tests were
conducted to determine the color changes, dimensional stability, and cracking behavior of the bamboo scrimbers. The results
showed that the bamboo scrimber specimens became darker after all treatment conditions, especially the oil treatments and infrared
drying.The color of the oil-treated bamboo scrimbers was found to bemore homogenous than the others.The dimensional stability
of the bamboo scrimbers was more or less influenced by the water treatments, air drying, and infrared drying, and the oil-treated
bamboo scrimbers were relatively stable. Moreover, during the 4-hour treatments, cracks were found in the bamboo scrimbers after
air drying at 150∘C or infrared drying at 100∘C or 150∘C.

1. Introduction

Bamboo scrimbers are increasingly explored as a material
with significant potential for construction applications [1].
Bamboo scrimbers could be the ideal materials to fulfil the
demand of wood in the construction sector because bamboo
grows rapidly and matures to structural strength within
3–5 years [2]. Bamboo is a sustainable resource, abundantly
available, and biodegradable, and it is widely used in pro-
ducing bamboo-based composites such as bamboo scrimber,
laminated bamboo lumber, bamboo plywood, and bamboo
particle board [3, 4]. Compared with other bamboo-based
composites, bamboo scrimbers have received an increasing
amount of attention due to their higher utilization ratio and
excellent physical and mechanical properties, which have

extensive applications in flooring, furniture, buildings, and
the civil engineering field.

Recently, a significant amount of research has been
devoted to study the physical and mechanical proper-
ties of bamboo scrimbers. Sharma et al. [5] studied the
mechanical properties of two types of commercially avail-
able products—bamboo scrimber and laminated bamboo
sheets—and compared these to that of timber and engineered
timber products. They found that both bamboo products
exhibited comparable mechanical properties to other struc-
tural materials such as timber and raw bamboo. Sharma et
al. [6] also evaluated the effect of processing methods on the
mechanical properties of engineered bamboo. Kumar et al.
[7] investigated the influence of bamboo scrimber densities
on the mechanical and water absorption properties. They
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Figure 1: General manufacturing process of bamboo scrimbers in the laboratory.

concluded that the density had a significant influence on
the mechanical and water absorption properties of bamboo
scrimber. Yu et al. [8] investigated the use of bamboo as
a promising raw material for fabricating bamboo scrim-
bers. Their study aimed to determine the water absorption,
dimensional stability, and mechanical properties of bam-
boo scrimbers with different weight percentages of phenol
formaldehyde resin and different heat treatments of bamboo
bundles. They also investigated the mechanical properties of
bamboo fiber-reinforced composite and compared these to
that of commercial bamboo scrimber and laminated bamboo
lumber. They presented the tensile, compressive, and shear
strengths of a bamboo scrimber with a density of 1100 kg/m3
[9]. Zhu et al. [10] evaluated the physical and mechanical
properties of bamboo scrimbers subjected to outdoor expo-
sure. They studied the surface color, modulus of rupture,
modulus of elasticity, and swelling properties of bamboo
scrimbers after 2 years of exposure. Xie et al. [11] evaluated
the influence of fabricated density and bamboo species on
the physical–mechanical properties of bamboo fiber bundle-
reinforced composites (BFCs). They found that BFCs with
a density of 1200 kg/m3 exhibited lower water absorption,
better dimensional stability, and higher mechanical proper-
ties compared to those with a lower density. Shuangguan et
al. [12] studied the physical characteristic, mechanical prop-
erties, and chemical composition of heat-treated bamboo
scrimber. Du et al. [13] investigated the influence of different
application methods of a fire retardant, that is, (NH

4
)
2
HPO
4
,

on the physical and mechanical properties of bamboo
scrimber.

However, there is little research regarding the effect
of media treatments on the changes of bamboo scrimber
itself, either domestic or overseas, especially the dimensional
stability and color changes.The present study investigates the
influences of media treatments, such as water immersion,
oil immersion, air drying, and infrared drying, on color
changes, dimensional stability, and cracking behavior of
bamboo scrimbers.

2. Materials and Methods

2.1. Materials. Moso bamboo bundles (Phyllostachys pubes-
cens) with an age of 3-4 years were purchased from Anji,
Zhejiang province. The maximum diameter of bundles was
between 3.11mm and 4.82mm with moisture content of
approximately 10%. The matrix material used in this study
was based on a commercially available low molecular weight
phenol formaldehyde resin, with the following parameters:

Table 1: Media treatments of bamboo scrimbers.

Name Treatment conditions
A Water immersion at 63∘C
B Water immersion at 100∘C
C Hot oil immersion at 100∘C
D Hot oil immersion at 150∘C
E Air drying at 63∘C
F Air drying at 100∘C
G Air drying at 150∘C
H Infrared drying at 100∘C
J Infrared drying at 150∘C
K Water immersion at 25∘C

solid content of 45%, viscosity of 38 cP⋅s, and pH value of
12. It was supplied by Nanjing Dynea Chemical Industry Co.,
Ltd.

2.2. Preparation of Bamboo Scrimbers. The bamboo scrim-
bers comprised bamboo bundles with a lowmolecular weight
phenol formaldehyde resin which were manufactured via a
cold-in and cold-out hot-pressing process [8]. The process of
manufacturing bamboo scrimber is shown in Figure 1. The
resin-impregnated bamboo bundles were assembled along
the grain direction in the hot-pressing mold. When the
temperature of the hot plate heated up to 55∘C, the bamboo
mat was put into the press. The pressure was kept at 5.5MPa
according to relative density at 140 ± 2∘C for 30min to cure
the mat. Afterwards, cold water was introduced into the hot
plate and cooled down to 55∘C. The pressure was released
and the cured mat was removed from the press. The nominal
dimension of bamboo scrimber was 300 × 180 × 13mm3.
The resulting products were tested as a final product with no
additional modifications. The average density of the bamboo
scrimber specimens was 1080 kg⋅m−3. All specimens were
conditioned in a room under a controlled environment at
20±2∘C and 65±3% relative humidity (RH) for 2 weeks prior
to testing.

2.3. Media Treatments of Bamboo Scrimbers. Media treat-
ments were carried out under ten different conditions as
shown in Table 1.The duration of all treatments were 4 hours.
During the tests, the specimens, with dimensions of 40 × 20
× 13mm3 (length × width × thickness), were measured every
30 minutes. Fifteen replicate tests were conducted at each
treatment condition.
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Table 2: Effect of media treatments on the color change of bamboo scrimbers.

Treatment Color in CIE 𝐿∗𝑎∗𝑏∗ system Color difference Change (%)
𝐿∗ 𝑎∗ 𝑏∗ Δ𝐿∗ Δ𝑎∗ Δ𝑏∗ Δ𝐸∗ Δ𝐿∗ Δ𝑎∗ Δ𝑏∗

Untreated 56.9 10.5 22.5 -- -- -- -- -- -- --
A 56.2 10.4 21.9 −0.7 −0.1 −0.6 0.9 −1.23 −0.95 −2.67
B 54.6 10.7 23.8 −2.3 0.2 1.3 2.6 −4.04 1.90 5.78
C 44.4 12.2 19.9 −12.5 1.7 −2.6 12.9 −22.24 16.35 −11.87
D 39.9 10.9 16.6 −17.0 0.4 −5.9 18.0 −31.14 3.74 −24.79
E 56.0 10.9 22.3 −0.9 0.4 −0.2 1.0 −2.03 3.28 −1.01
F 56.8 11.2 23.1 −0.1 0.7 0.6 0.9 −0.25 6.42 3.61
G 49.4 10.8 19.5 −7.5 0.3 −3.0 8.1 −13.39 2.75 −13.45
H 49.5 11.1 18.6 −7.4 0.6 −3.9 8.4 −13.03 5.36 −16.88
J 29.9 6.3 7.2 −27.0 −4.2 −15.3 31.3 −54.66 −38.89 −78.46
K 53.3 11.4 23.5 −3.6 0.9 1.0 3.8 −7.27 8.11 5.38

2.4. Color Measurements. The surface color of the bamboo
scrimber specimens wasmeasured with a color measurement
instrument according to the CIELAB color system (instru-
ment: Konica Minolta Color Reader (Minolta CR-10, Osaka,
Japan); diameter of measured circle: 10mm; light source:
Standard Illuminant D65, which represents normal daylight
including the UV region; and 108 standard observers), where
𝐿∗ is the measure of lightness, 𝑎∗ is the chroma from green
to red, and 𝑏∗ is the chroma from blue to yellow. The color
difference is defined by the following equation:

Δ𝐸∗ = √(Δ𝐿∗)2 + (Δ𝑎∗)2 + (Δ𝑏∗)2, (1)

where Δ𝐸∗ is the color difference, Δ𝐿∗ is the lightness
difference, and Δ𝑎∗ and Δ𝑏∗ are the chroma differences. Δ
means the differences between the initial and final parameters
of the samples after the treatments. 𝐿∗, 𝑎∗, and 𝑏∗ are the
average values of six locations on each sample.

2.5. Evaluation of Physical Properties. The weight percentage
change of the samples was based on the weight of the
specimens before and after the 4 h treatments (measured
every 30 minutes). For the water immersions and oil treat-
ments, the weights of the treated samples were measured
immediately after the removal of the surface media with a
dry cotton fabric. The same specimens were used for the
determination of dimensional stability. The properties were
evaluated based on thickness change and width change after
the treatments. One hundred and twenty specimens were
prepared, and the changes in the width and thickness of all
samples were measured before and after the treatments. The
weight change and dimensional stability (width change and
thickness change) of the specimens were calculated from the
following equations.

Weight percentage change (%) = 𝑀1 −𝑀0𝑀
0

× 100, (2)

where 𝑀
0
is the weight (g) before treatment and 𝑀

1
is the

weight (g) after treatment.

Width percentage change (%) = 𝑊1 −𝑊0𝑊
0

× 100, (3)

where𝑊
0
is the width (mm) before treatment and𝑊

1
is the

width (mm) after treatment.

Thickness percentage change (%) = 𝑇1 − 𝑇0𝑇
0

× 100, (4)

where𝑇
0
is the thickness (mm) before treatment and𝑇

1
is the

thickness (mm) after treatment.

2.6. Evaluation of Cracking Behavior of Bamboo Scrimbers.
The cracking behaviors of the bamboo scrimbers were ana-
lyzed by a stereomicroscope (Olympus SZ61, Tokyo, Japan)
attached to a computer with an appropriate magnification to
observe the cross-section of the bamboo scrimbers after the
4-hour media treatments.

3. Results and Discussion

3.1. The Effect of Media Treatments on the Color Changes of
Bamboo Scrimbers. The results of changes in color (Δ𝐸∗)
and lightness (Δ𝐿∗) of bamboo scrimbers after the 4-hour
media treatments are presented in Table 2. The 𝐿∗ values of
the bamboo scrimbers are shown in Table 2. The decrease
in 𝐿∗ for all treatments indicates that the specimens became
darker after the 4-hour treatments, especially the treatments
of C, D, G, H, and J. The values were −12.5 for C, −17.0
for D, −7.5 for G, −7.4 for H, and −27.0 for J. Darkening as
a result of the media treatments was also clearly visible in
Figure 2, and we found that it increased with treatment time.
Similar results were observed by other researchers [14–16].
The change in the color of the bamboo scrimbers during the
treatments may be due to the degradation of hemicellulose
and other noncellulosic polysaccharides [14, 17–19]. As shown
in Table 2, the lightness of the bamboo scrimbers decreased
1.23% (A), 4.04% (B), 22.24% (C), 31.14% (D), 2.03% (E),
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Figure 2: Digital photograph of bamboo scrimbers after media
treatments.

0.25% (F), 13.39% (G), 13.03% (H), 54.66% (J), and 7.27%
(K).Themaximum reduction was obtained for the treatment
of infrared drying at 150∘C for 4 h. As Figure 2(J) shows,
the surface color of the bamboo scrimber turned dark after
4 hours of infrared drying. The green-red (𝑎∗) and yellow-
blue (𝑏∗) color coordinates also changed significantly under
the treatment conditions. The positive values of Δ𝑎∗ indicate
a tendency of the sample surface to become reddish. The
media-treated bamboo scrimbers showed a more reddish
color except for the treatments of A and J, which showed a
more greenish color. It is interesting note that the Δ𝑎∗ value
of treatment C was higher than that of treatment D. The
color of bamboo scrimber may be affected by oil uptake [20].
The 𝑏∗ values of samples are also presented in Table 2. The
positive values of Δ𝑏∗ indicate a tendency of the specimen
surface to become yellow, while the negative values mean
a tendency to become blue. For B, F, and K, after the 4-
hour treatments, these specimens became yellower, while the
others became bluer. The maximum reduction of Δ𝑏∗ was
obtained for the treatment of infrared drying at 150∘C for
4 h. The greater value in the changes of Δ𝑏∗ compared to
Δ𝑎∗ indicates that yellowing of the treated bamboo scrimbers
is more dominant than the reddish changes. The total color
changes (Δ𝐸∗) of the treated bamboo scrimbers are given in
Table 2. Our results showed that Δ𝐸∗ remarkably increased
after the oil and infrared drying treatments. These results are
in accordance with the results of Figure 2.

3.2. The Effect of Media Treatments on the Weight Percentage
Changes of Bamboo Scrimbers. Figure 3 shows the effect of
media treatments on the mean weight percentage change of
the treated specimens. As shown in Figure 3, the weights
of bamboo scrimbers increased after treatments of A, B,
C, and K. The gain in the specimen weight increased with
the increase of treatment time. As Figure 3 (A, B, and K)
shows, the water absorption of bamboo scrimbers increased
with the treatment temperature. For the 4 h treatments, the
weight percentage change values of bamboo scrimbers after
treatments of A, B, and K were approximately 13.57%, 35.51%,
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Figure 3: Weight percentage change of bamboo scrimbers in
different media at different treatment temperatures. A, B, and K:
water immersion at 63∘C, 100∘C, and 25∘C; C and D: oil immersion
at 100∘C and 150∘C; E, F, and G: air drying at 63∘C, 100∘C, and 150∘C;
H and J: infrared drying at 100∘C and 150∘C.

and 8.19%, respectively. Compared with the water treatment,
the oil treatment did not lead to an obvious change in the
weight of bamboo scrimbers. The weight percentage change
value was only 1.37%. When the oil temperature increased to
150∘C, during the 4-hour treatments, the weights of bamboo
scrimbers decreased with the treatment time (Figure 3(D)).
The weight percentage change value was −0.45%. Compared
to treatment D, the weights of bamboo scrimbers remarkably
decreased during the treatment time. In particular, for the
treatment of J, the weights of bamboo scrimbers obviously
decreased after 2 h of treatment. The weight percentage
change values of bamboo scrimbers after treatments of E, F,
G, H, and J were approximately −2.99%, −5.78%, −8.80%,
−8.69%, and −12.97%, respectively. For both air drying and
infrared drying, the weight percentage change values of
bamboo scrimbers increasedwith the treatment temperature.
As the treatment temperature increases, most of the ther-
mally weak polymeric components, that is, hemicelluloses,
begin to degrade, resulting in the production of methanol,
acetic acid, and various volatile heterocyclic compounds [14,
16]. Undeniably, the water loss in bamboo scrimbers was
the primary cause for the decrease in the weight of the
specimens.

3.3. The Effect of Media Treatments on Dimensional Stability
of Bamboo Scrimbers. Figures 4 and 5 present the results of
width percentage change and thickness percentage change
of the differently treated bamboo scrimbers, respectively. As
the figures show, the water immersions can sensitively change
the dimension of bamboo scrimbers, especially the treatment
of B. The width percentage change and thickness percentage
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Figure 4: Width percentage change of bamboo scrimbers during 4-
hour treatments. A, B, and K: water immersion at 63∘C, 100∘C, and
25∘C; C and D: oil immersion at 100∘C and 150∘C; E, F, and G: air
drying at 63∘C, 100∘C, and 150∘C; H and J: infrared drying at 100∘C
and 150∘C.

change of the treated bamboo scrimbers after 4-hour treat-
ments of A, B, and K increased with the temperature. The
width percentage change values after 4-hour treatments of
A, B, and K were 1.81%, 7.49%, and 0.66%, and the thickness
percentage change values were 12.13%, 58.71%, and 2.14%,
respectively. Compared with the water treatment, the oil
treatment did not obviously change the dimension of the
bamboo scrimbers. After 4-hour treatments of C and D, the
width percentage change values of the bamboo scrimbers
were only 0.129% and −0.018%, respectively. In the thickness
change study, after 4-hour treatments, the 100∘C oil-treated
bamboo scrimbers showed less swelling than the 150∘C oil-
treated samples. The thickness percentage change value was
only 0.541% for treatment C, but 4.095% for treatment D. For
all of the air drying and infrared drying treatments, as shown
in Figure 4 (E, F, G, H, and J), the width percentage change
values of the bamboo scrimbers decreased with the treatment
time. For the 4 h treatments, the width percentage change
values after treatments of E, F, G, H, and J were approximately
−0.25%, −0.74%, −1.34%, −1.32%, and −1.53%, respectively.
The bamboo scrimbers after 4 hours of infrared drying at
150∘Cshowed the greatestwidth shrinkage of 1.53%.However,
the thickness of the bamboo scrimbers increased 2.20% after
4 hours of infrared drying at 150∘C as shown in Figure 5 inset.
This could be explained by the gradual decrease of water in
the bamboo scrimbers during the 4-hour infrared drying.The
rate of water loss in and out of the bamboo scrimbers was not
uniform.This can quickly lead to the cracking of the bamboo
scrimbers after 0.5 hours of infrared drying, which caused an
increase in the thickness. The results were supported by the
following cracking research.
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Figure 5:Thickness percentage change of bamboo scrimbers during
4-hour treatments. A, B, andK: water immersion at 63∘C, 100∘C, and
25∘C; C and D: oil immersion at 100∘C and 150∘C; E, F, and G: air
drying at 63∘C, 100∘C, and 150∘C; H and J: infrared drying at 100∘C
and 150∘C.

3.4. The Effect of Media Treatments on Cracking Behavior
of Bamboo Scrimbers. The cracking behavior is one of the
most important properties of bamboo scrimbers and is used
to evaluate the quality of bamboo products. The effects
of media treatments on the cracking behavior of bamboo
scrimbers during the 4-hour treatments are presented in
Figures 6 and 7. As Figure 6 shows, after 4-hour immersion
in water at 25∘C (K) and 63∘C (A), no surface cracks were
observed in the cross-section of treated bamboo scrimbers.
However, when the water temperature was raised to 100∘C
(Figure 6(B)), some cracks appeared in the bamboo scrimber
after only 0.5 hours of treatment. The size and number of
cracks increased with the treatment time. Water absorption
affected the physical properties of bamboo scrimbers, as well
as the matrix structure and fiber-matrix interface, resulting
in the change of dimensional and physical properties of the
bulk materials, especially under high temperature [8]. Nev-
ertheless, we did not observe cracks in oil-treated bamboo
scrimbers after 4-hour immersion at 100∘C (Figure 6(C)) and
150∘C (Figure 6(D)).This result showed that water, compared
with oil, was a suitable medium to test the dimensional and
physical properties of bamboo scrimbers within a short time.
As shown in Figure 7, no surface cracks were observed in
treated bamboo scrimbers after 4 hours of air drying at
63∘C (Figure 7(E)) and 100∘C (Figure 7(F)). Cracks appeared
in bamboo scrimbers after the treatment temperature was
raised to 150∘C (Figure 7(G)) for 0.5 h. However, the cracks
disappeared with the drying time. The same results could be
observed in Figure 7(H). After the 4-hour infrared drying
treatment, the size and numbers of cracks decreased and
even some cracks disappeared.This could be explained by the
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Figure 6: Representative optical images of the cross-section of
bamboo scrimbers during the 4-hour treatments of K, A, B, C, and
D.
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Figure 7: Representative optical images of the cross-section of
bamboo scrimbers during the 4-hour treatments of E, F, G, H, and
J.

gradual decrease ofmoisture in bamboo scrimbers during the
4-hour drying.The rate ofmoisture loss in and out of bamboo
scrimbers was not uniform.The surface layers of the bamboo
scrimbers first lost moisture, and then the internal layers of
bamboo timber lostmoisture [21].This can quickly lead to the
cracking of bamboo scrimbers after 0.5 hours of air drying
at 150∘C or infrared drying at 100∘C. With the increase of
treatment time, the moisture in bamboo scrimbers gradually
decreased and finally maintained equilibrium.Therefore, the
cracks in bamboo scrimbers gradually disappeared. How-
ever, the size and number of cracks in bamboo scrimbers
increased with the treatment time with infrared drying at
150∘C (Figure 7(J)). From Figure 2(J), we can conclude that
the bamboo scrimber was excessively charred after 4 hours
of infrared drying at 150∘C, which gave it a darker shade.
Darkening occurring from the treatment was due to colored
compounds being developed during the chemical changes of
lignin, hemicelluloses, and the extractives [15]. Finally, the
size and number of cracks in bamboo scrimbers increased
with the infrared drying time.

Based on the above experimental results, we found that
the water medium sensitively changed the dimension and
physical properties of bamboo scrimbers compared to the
others. We can use the water medium to quickly test the
cracking behavior and qualified rate of bamboo products.
From the results shown in Figure 7, the high temperature
of the air drying or infrared drying treatment can cause
cracks and color change in the bamboo scrimbers. We need
to choose an appropriate drying temperature to treat the
products according to one’s demand. The color of the oil-
treated bamboo scrimbers was found to be homogenous
without any resin patches. Oil as a treating medium pro-
vides an oxygen-free environment and uniform heat can
be transferred from the oil to bamboo scrimbers compared
to air drying or infrared drying; thus, the color was more
uniform [22]. In addition, the physical property and cracking
behavior of bamboo scrimbers were relatively stable during
the oil treatment process. More interestingly, we found that
the bamboo scrimbers became more water repellent after
the oil treatment. Further work is currently in progress in
our laboratory to optimize the process parameters of oil
treatments.

4. Conclusion

The present work focused on the influence of media treat-
ments such as water, oil, air drying, and infrared drying on
color changes, dimensional stability, and cracking behavior
of bamboo scrimbers. The experimental results showed
that the bamboo scrimber specimens became darker after
all treatment conditions, especially the oil treatments and
infrared drying. However, the color of the oil-treated bamboo
scrimbers was found to bemore homogenous than the others.
The dimensional stability of bamboo scrimbers was more or
less influenced by water immersion, air drying, and infrared
drying, and the oil-treated specimens were relatively stable.
Moreover, during the 4-hour treatments, cracks were found
in the bamboo scrimbers after air drying at 150∘C or infrared
drying at 100∘C or 150∘C.
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The effect of individual and combined particleboard dust (PB dust) and basalt fibers (BFs) on mechanical and thermal expansion
performance of the filled virgin and recycled high density polyethylene (HDPE) composites was studied. It was shown that the
use of PB dust had a positive effect on improving mechanical properties and on reducing linear coefficient of thermal expansion
(LCTE) values of filled composites, because the adhesive of the particle board held the wheat straw fibers into bundles, which
made PB dust have a certain aspect ratio and high strength. Compared with the commonly used commercial WPC products,
the flexural strength of PB dust/VHDPE, PB dust/RHDPE, and PB dust/VHDPE/RHDEPE at 40wt% loading level increased by
79.9%, 41.5%, and 53.9%, respectively. When 40wt% PB dust was added, the crystallization degree of the composites based on three
matrixes decreased to 72.5%, 45.7%, and 64.1%, respectively. The use of PB dust can help lower the composite costs and increase
its recyclability. Mechanical properties and LCTE values of composites with combined BF and PB dust fillers varied with PB dust
and BF ratio at a given total filler loading level. As the BF portion of the PB dust/BF fillers increased, the LCTE values decreased
markedly, which was suggested to be able to achieve a desirable dimensional stability for composites. The process provides a useful
route to further recycling of agricultural wastes.

1. Introduction

Recycling of waste plastics and agricultural residues is an
effective solution to the sustainable development in the world
and has already become a common practice in industry.
Substituting virgin plastic composites with recycled plastic
composites is proved to be a superior alternative in most
environmental aspects and has achieved the highest environ-
mental benefits [1]. Wood plastic composites (WPCs), which
consist of thermoplastics and wood fibers, have become a
successful commercial building material with a significant
increase over the past decades due to their excellent mechan-
ical properties especially when the low density and price are
taken into account [2–4]. In recent years, due to the shortage

of raw material, WPCs enterprises and research institutions
spared no effort to develop substitute biofillers. Previous
studies showed that using crop residues such as rice straw,
sugar cane, flax, hemp, jute, or tea residues to replace wood
fibers improved notably mechanical and thermal properties
ofWPCs [5–7].Wu et al. [8] prepared cotton stalk bark (CSB)
filled polypropylene and characterized their morphology,
mechanical, and thermal properties. The flexural properties
and tensile modulus of cotton stalk bark plastic composites
were increased with the increasing concentration of CSB.The
tensile strengths exhibited a negative correlationwith theCSB
content, which reached 32.9Mpa when the CSB added was
30%. Recently, Cholake et al. [9] investigated the effect of
waste macadamia sell on enhancing mechanical properties
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of WPC panel. It was shown that the addition of macadamia
shell increased the comprehensive modulus 548MPa for 75%
macadamia shell WPC panel, and thermal property also
indicated that the WPC panel has good flame retardant
property compared to 100% plastic panel. However, limited
information can be found on industrialized WPCs products
from agricultural residues recycling, despite that they were
much cheaper thanwood.One of the lethal weaknesses is that
they are very fluffy and very easily to bemoldy, leading to high
storage and transport cost in unit weight [10].

It is noteworthy that annually there are plenty of oriented
strandboard (OSB) and plywood discarded in European and
American and particle board (PB) and medium density
fiberboard (MDF) abandoned in Asia [11, 12]. Utilization
of these materials in manufacturing of WPCs can not only
reduce production costs but also remove the problem of
accumulating and discarding wood industry waste. Such
postindustrial wooden products are available in huge quan-
tities, quite consistent in moisture, and well-documented
origin, which make it possible to be a consistent alternative
source to wood fibers [13]. In a previous study, MDF/HDF
basedWPC showed significantly higher mechanical strength
behaviors than standard WPC, which showed that using
MDF dust in manufacturing WPC panel had more added
worth [14–17]. The advantages of straw particleboard are
its rigidity and strength, built-in insulation, and low cost
[18, 19]. Since wheat straw particleboards are not as hard
as OSB, they can be easily crushed into particle or powder,
which may be used as raw material as natural fiber for
WPC. In addition, recycling wheat straw particle board is a
meaningful contribution for further recycling of agricultural
wastes.

Although individual biofibers can contribute some desir-
able properties as reinforcement fillers, the mechanical and
thermal properties of WPCs can be represented by the
hybridization with inorganic fillers [20, 21]. Previous studies
showed that hybridization of wheat straw reinforced recycled
PP composites with different inorganic fillers such as heavy
calcium carbonate, silicon dioxide, and fly ash improved
notably their water absorption and thermal expansion prop-
erties. However, the flexural modulus and flexural strength
were both reduced when reinforced with three kinds of
inorganic fillers, respectively [22]. As a cost-effective and
high-strength material for use in composites, basalt fibers
(BFs) are gaining a great attention as an alternative to the use
of glass fibers in polymer composites [23]. Also, an effective
way to enhance the performance of WPCs while minimizing
cost and agricultural residues would greatly improve the
economic attractiveness of WPCs. Huang et al. [24] showed
that incorporating BFs into the HDPE-Talc composites sub-
stantially enhanced the thermal expansion property, flexural,
tensile, and dynamic modulus without causing a significant
decrease in the tensile and impact strength of the composites.
The combined filler system with BFs and Talc could offer
a balance between cost and performance for WPCs. In this
regard, this paper aims at evaluating the effect of individual
PB dust and hybrid fillers (PB dust and BFs) filled virgin and
recycled high density polyethylene (HDPE) composites.

2. Materials Processing and
Experiment Methods

2.1. Raw Materials and Experimental Design. Raw materials
for the study included wheat straw particleboard dust (PB
dust), basalt fiber (BF), virgin high density polyethylene
(VHDPE), recycled high density polyethylene (RHDPE),
maleic anhydride grafted polyethylene (MAPE), and lubri-
cant. PB dust was fromDare TechnologyCo., Ltd., Zhenjiang,
China. Basalt fibers were from Anjie Polymer Material Co.,
Haining, China. VHDPE was grade AD60 with an MFI at
190∘C and 2.16 kg weight of 0.7 g/10min and a density of
0.96 g/cm3 (ExxonMobil Chemical Co., Houston, TX, USA).
MAPE was grade Epolene TM G2608 with an MFI at 190∘C
and 2.16 kg weight of 6∼10 g/10min,Mw of 65,000 g/mol, and
acid number of 8mgKOH/g from Eastman Chemical Co.
(Kingsport, TN, USA). Lubricant was grade TPW 306 from
Struktol Co. (Stow, OH, USA).

Experiment design included two factorial experiments.
The first experiment was to investigate the effect of individual
filler consisting of twelve blends covering one filler (PB
dust) and four loading rates (10, 20, 30, and 40wt% of total
compositeweight for PBdust pallets filler reinforcedVHDPE,
RHDPE, and VHDPE/RHDPE, resp.). The VHDPE/RHDPE
ratio is 1 : 1. The second experiment was designed to study
the effect of combined polymer and combined fillers system
(VHDPE/RHDPE/basalt fibers/PB dust pallets), consisting
of six blends covering one filler weight contents (50wt%)
and three basalt fibers/PB dust ratios (2 : 1, 1 : 1, and 1 : 2).
The VHDPE, RHDPE, and VHDPE/RHDPE were used as a
control.

2.2. Sample Preparation. Melt compounding was performed
using a Leistritz Micro-27 corotating parallel twin-screw
extruder (Leistritz Corporation, Allendale, NJ, USA) with a
screw speed of 60 rpm. The temperature profile of barrels
ranged from 150 to 175∘C.The extrudates were air-cooled and
then pelletized into granules. The granules were injection-
molded into standard mechanical test specimens using a
Battenfeld Plus 35 injection molding machine (Battenfeld,
NJ). The injection temperatures were 190 and 180∘C for
HDPE-PB dust composites and neat HDPE, respectively. All
specimens were then conditioned for 72 h at a temperature
of 23 ± 2∘C and a relative humidity of 50 ± 5% for later
characterization.

2.3. Characterization

(1) Mechanical Properties. Flexural tests of samples were
carried out according to ASTM D790-03, using a CMT6104
SANS Mechanical Testing Machine (Tesla Industrial systems
Co., Guangdong, China). Notched Izod impact strengths
were measured with XJJ-5 Impact Tester (Jinjian Testing
Instrument Co., Chengde, China) according to the ASTM D
256-05. Four samples of each group were tested.

(2) Thermal Expansion Performance. Thermal expansion
samples were machined with a miniature table saw along
the long direction of samples with a dimension of 43.5
(length) × 12.7 (width) × 5.4 (thickness) mm. The linear
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coefficients of thermal expansion (LCTE) value of each
specimen were measured parallel to the long direction over
a temperature range from 20 to −13∘C and −13 to 60∘C. They
were conditioned at 60∘C in an oven and −13∘C in a freezer
from their initial equilibrium temperature of 25∘C prior to
size measurements with a Mitutoyo digimatic indicator of
±0.01mm accuracy (Mitutoyo Co., Kanagawa, Japan). Five
specimens were used for each group. The LCTE for each
sample was calculated based on size changes before and
after conditioning. The heating and cooling rates were kept
constant at 5∘C/min. The LCTE (𝛼L, 1/∘C) was calculated as

𝛼𝐿 =
1

𝐿

𝑑𝐿

𝑑𝑇
, (1)

where 𝐿 is the linear dimension of the test sample and
𝑑𝐿/𝑑𝑇 is the rate of change in the linear dimension per unit
temperature.

(3) Crystallization Behaviors. The crystallization behaviors of
HDPE in the blends and composites were measured using
a differential scanning calorimeter (DSC Q100, TA Instru-
ments, New Castle, DE). Samples of 4-5 mg were placed in
aluminium capsules, heated from 40∘C to 260∘C at 10∘C/min,
and thenmelt annealed for 5min to eliminate the heat history
before being cooled down at 10∘C/min.The crystallinity levels
corresponding to the crystallization of HDPE in blends were
normalized to the mass unit of specimens.

2.4. Statistical Data Analysis. Duncan’s multiple range tests
for pairwise comparisons were used to test the effect of
various treatments on measured properties using Statistical
Analysis Software SPSS 22. Statistical ranking at the 5%
significance level was provided among the treatments for each
property.

3. Results and Discussion

3.1. Morphology. Morphology of impact fractured surfaces
of composites with PB dust is shown in Figure 1. Most PB
dust appeared to be well dispersed in the VHDPE matrix,
indicating that the PB dust was compounded well with
VHDPE matrix (Figures 1(a), 1(b), and 1(c)). Agglomeration
of PB dust was observed when PB dust content reached 40%
(Figure 1(d)). In Figures 1(e) and 1(f), more fiber pullouts and
increased gaps between two phases were observed compared
to these shown in Figure 1(d). These features suggest that
VHDPE/RHDPE andRHDPEmatrix has a weaker interfacial
bonding between wood filler and the matrix. Thus, further
surface modification should be studied in the future, espe-
cially for the matrix which contained recycled plastic, which
could help improve PB dust/polymer interfacial adhesion and
play an important role in determining the efficiency of stress
transferred from plastic matrix to the reinforcing fibers.

3.2. Mechanical Properties

3.2.1. Flexural Property. Flexural properties of PBdust/HDPE
composites with PB dust content from 0 to 40wt% were
shown in Figure 2(a). Compared with the mechanical

properties of commonly used commercial WPC products
(GeoDeck�, Report number ESR-1369, manufactured by
Green Bay Decking, LLC, WI, US), the flexural strength of
PB dust/VHDPE, PB dust/RHDPE, and PB dust/VHDPE/
RHDEPE at 40wt% loading level increased by 79.9%, 41.5%,
and 53.9%, respectively, andmodulus improved by 2∼3%.The
better flexural properties might be because the adhesive of
the particle board held the wheat straw fibers into bundles
as it can be seen from Figure 1(b), which made PB dust have
a certain aspect ratio and high strength. Therefore, adding
PB dust improved the stress transfer efficiency and enhanced
the composite stiffness. Flexural modulus of the composite
exhibited an increasing trendwith increasing PB dust loading
levels. With every 10wt% rise of PB dust content, HDPE,
RHDPE, and VHDPE/RHDPE based composite showed an
average increase of 85%, 48%, and 72%, respectively. For
HDPE, RHDPE, andVHDPE/RHDPE systems, themodulus,
respectively, increased to 2.58GPa, 2.22GPa, and 2.55GPa
at the 40wt% PB dust loading level. It can be inferred that
flexural modulus of composite is affected by its component.
The interfacial interaction existed between fiber and matrix
by addition of PBdust to plasticmatrix, which couldmake the
transmission from matrix to stiff PB dust and consequently
results in increasing the modulus of the composite. The
flexural strength increased significantly from 0 to 30% PB
dust content but decreased slightly at the 40%PBdust content
level.The increasing PB dust content increased the possibility
of stress concentration caused by fiber aggregation, which
became the failure point of composite and resulted in lower
strength (Figure 1(d)).

3.2.2. Tensile Strength. Tensile properties of PB dust/HDPE
composite with different PB dust loading levels are plotted in
Figure 2(b). Tensile modulus of the composite exhibited an
increasing trend with increasing PB dust content in compos-
ites. For the neat virgin HDPE, recycled HDPE, and virgin
and recycled HDPE, tensile modulus was 1.17 GPa, 0.71 GPa,
and 0.96GPa.When PB dust content was 40wt%, composites
in three kinds of system showed a notable increase to
3.23GPa, 2.7 GPa, and 3.07GPa, respectively. It can be seen
that PB dust suggested a positive effect on tensile modulus,
which might be due to the strength and stiffness of PB dust.
For tensile strength, a decreased trend with increasing PB
dust content in composite was observed. When composites
were loadedwith 40wt%PB dust, tensile strength of VHDPE,
RHDPE, and VHDPE/RHDPE based composite decreased to
18.14MPa, 11.48MPa, and 12.06MPa from the neat VHDPE,
RHDPE, and VHDPE/RHDPE of 22.36MPa, 16.56MPa, and
19.42MPa, respectively. The constant reduction of tensile
strength illuminated that MAPE did not work as a coupling
agent leading to the interface adhesion between PB dust
and matrix was very weak. The force of tensile will not be
transported from matrix to filler effectively.

3.2.3. Impact Strength. The impact strength constantly
decreased by increasing PB dust loading level among all three
systems. This showed that the MAPE could not improve
the interface adhesion between fibers and polymer, which
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Figure 1: Morphology of fractured surfaces of WPCs: (a) VHDPE system with 10% PB dust, (b) 20% PB dust, (c) 30% PB dust, (d) 40% PB
dust, (e) VHDPE/RHDPE system with 40% PB dust, and (f) RHDPE system with 40% PB dust.

contributed to an assumption that PB dust might be wrapped
in adhesive so that there was few hydroxyl groups on the
surface, and consequently it was difficult for MAPE to have
graft reaction. On the other hand, the addition of stiffness PB
dust reduced the toughness of the composite.

3.3. Thermal Expansion Properties. In the process of actual
use, WPCs are often subjected to more complex service
conditions and wider-ranging working temperatures, which

made thermal expansion properties as important as mechan-
ical properties become a crucial engineering performance
indicator. A lower LCTE value is one of the most desired
properties for WPCs used in outdoor application in order
to improve their thermal stability and optimize thermome-
chanical properties. Table 1 showed measured LCTE values
as a function of PB dust content for PB dust filled HDPE
polymer. Among three temperature ranges, the first heating
cycle (20 to 60∘C ) had the largest LCTE, and the second



International Journal of Polymer Science 5

M
O

E 
(G

pa
)

PB dust content (wt%)

VHEPE system RHDPE system
VHDPE/RHDPE VHEPE system

RHDPE system
VHDPE/RHDPE

0

10

20

30

40
M

O
R 

(M
pa

)

0.0

0.6

1.2

1.8

2.4

3.0

system
system

403020100

(a)

PB dust content (wt%)

VHEPE system
RHDPE system
VHDPE/RHDPE

VHEPE system
RHDPE system

0

6

12

18

24

Te
ns

ile
 st

re
ng

th
 (M

pa
)

0.0

1.0

2.0

3.0

4.0

5.0

Te
ns

ile
 m

od
ul

us
 (G

pa
)

system

403020100

VHDPE/RHDPE
system

(b)

PB dust content (wt%)

VHEPE system
RHDPE system
VHDPE/RHDPE system

0

7

14

21

28

35

Im
pa

ct
 st

re
ng

th
 (K

J/Ｇ
2
)

403020100

(c)

Figure 2: Mechanical properties of PB dust/HDPE composite: (a) flexural properties, (b) tensile properties, and (c) impact properties.

heating cycle (−30 to 20∘C ) had the smallest LCTE, which
suggested that the thermal expansion behavior of composite
was related to the thermal history built into the samples.
As implied from the test results reported in Table 1, LCTE
decreasedwith increased PB dust content among three plastic
systems. Introducing 10wt% PB dust in matrix, LCTE values
among three plastic systems were observed to decrease by
10 to 15%. With 20wt% PB dust loading, the LCTE showed
a moderate decrease. The LCTE reduction rate increased
greatly with the use of PB dust after the 30wt% filling level.

Statistical ranking shows a significant effect of 40wt%PBdust
content on measured LCTE values among all systems, which
indicated that the introduction of PB dust presented positive
influences on LCTE of virgin and recycled HDPE, especially
at higher loading level.

The LCTE showed an obvious decrease with respect to
neat plastic.The LCTE reductions for the temperature ranges
of 20 to 60, 60 to −30, and −30 to 20 are 49.2, 47.4, and
38.3%, respectively, for HDPE systems, and 27.5, 27.9, and
23.6% for the RHDPE system. The corresponding values are,
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Table 1: Effect of PB dust content on thermal expansion coefficient of PB dust filled composites.

System Filler contenta Linear coefficient of thermal expansion (10−6/∘C)
(wt%) 20 to 60∘Cbc 60 to −30∘C −30 to 20∘C

VHDPE

0 177.53 (5.36)i 168.40 (3.28)i 138.48 (1.35)i

10 147.67 (3.24)gh 146.50 (3.35)g 129.64 (3.34)g

20 143.73 (12.27)fg 136.07 (3.29)f 122.88 (3.39)f

30 98.85 (1.04)b 97.80 (4.43)b 88.49 (3.10)a

40 90.10 (5.69)a 88.57 (6.15)a 85.41 (0.42)a

RHDPE

0 151.17 (4.91)gh 146.40 (0.80)g 124.40 (1.14)f

10 136.47 (2.87)ef 136.77 (0.58)f 119.3 (6.92)ef

20 133.03 (6.85)e 131.63 (1.77)ef 113.60 (3.01)d

30 117.20 (3.99)d 116.93 (6.07)d 100.04 (1.50)c

40 109.60 (2.63)cd 105.53 (2.20)c 95.01 (0.66)b

VHDPE/RHDPE

0 155.67 (4.54)h 154.70 (7.32)h 129.47 (1.78)g

10 134.90 (4.70)e 134.10 (7.86)ef 116.30 (3.03)de

20 128.67 (0.57)e 127.90 (5.31)e 102.59 (4.61)c

30 108.30 (1.50)c 108.27 (1.27)c 89.27 (0.94)a

40 103.93 (1.36)bc 101.97 (0.81)bc 86.15 (0.74)a
aThe content of each filler was based on the total composite weight. bMean values with the same lowercased letters for each property are not significantly
different at the 5% significance level. cNumbers in the parenthesis are standard deviation based on five specimens. d, e, f, g, h, and i represent data statistics
ranking in Duncan’s multiple range tests.

respectively, 33.2, 34.1, and 33.5% for the VHDPE/RHDPE
system. It was because of a small LCTE of PB dust and
the reduction of plastic content in composites [25, 26].
Noticeably, though among three plastic matrices (i.e., HDPE,
RHDPE, and VHDPE/RHDPE), neat RHDPE had the small-
est LCTE value, RHDPE based composites did not impose an
efficient effect on preventing the thermal expansion caused
by heating and cooling cycles. It is because MAPE could
not effectively enhance PB dust bonding to RHDPE matrix,
so the interface adhesion between PB dust and matrix was
very weak, which made the net effect hardly worked out
[27, 28].Thus, the declined LCTEof RHDPEbased composite
mainly contributed to the low LCTE of PB dust. Though
it was reported that the introducing of coupling agent can
improve thermal expansion of natural fiber filled composite,
so much impurity in matrix may resist the covalently link
with the PB dust [29–31]. This argument is further supported
through previous tensile and impact properties, which sug-
gested the weak interface adhesion between PB dust and
RHDPE.

At the 40wt% PB dust loading level, the LCTE values
for HDPE system were, respectively, 90.1 × 10−6/∘C, 88.57
× 10−6/∘C, and 84.41 × 10−6/∘C from the cooling and heat-
ing cycles. These values are still higher than the reported
LCTE values of WPC filled with natural fiber and other
fillers. It is probably because during the manufacture of
particleboard, wheat straw suffered from high temperature
and high pressure, which may reduce the thermal and
mechanical properties of WS fiber. On the other hand, the
methylene diphenyl isocyanate (MDI) remaining on PB dust
surface may resist MAPE to improve the thermal expansion
behaviors of filled composites through enhancing surface
adhesion.

3.4. Crystallization andMelting Behavior fromDSC. Thermo-
gravimetric analysis was performed to evaluate the behav-
ior of the materials when subjected to the heating such
as during thermomechanical processing. The cooling and
second heating thermogramic curves of PB dust/HDPE, PB
dust/RHDPE, and PB dust/HDPE/RHDPE blends from DSC
measurement are shown in Figure 3, and DSC results of three
various types of matrix and composites are summarized in
Table 2. 𝑇𝑐 and 𝑇𝑚 are peak temperatures of crystallization
and melting, respectively. Peak heat flow of cooling run
(Hp) presented peak crystallization rate of polymer. The
crystallinity level, 𝑋𝑐, was evaluated from the following
equation:

𝑋𝑐 =
Δ𝐻exp

Δ𝐻
×
1

𝑊𝑓
× 100%, (2)

whereΔ𝐻exp is the experimental heat of crystallization,Δ𝐻 is
the assumed heat of crystallization of fully crystalline HDPE
(290 J/g), and𝑊𝑓 is theweight fraction ofHDPE in the blends
[32, 33].

As shown in Figure 3, compared with neat HDPE,
HDPE, and HDPE/RHDPE, PB dust filled composites had
lower melting peak temperatures, higher crystallization peak
temperatures, much lower crystallization rates at crystalliza-
tion peak temperatures, and wider crystalline temperature
range, which implies an improvement on the processing
temperature of composite.

PB dust content influenced crystallization degree of
HDPE, RHDPE, and HDPE/RHDPE dramatically (Table 2).
Crystallization degree results calculated from second heating
run were fairly close to that from cooling run. The sample
𝑋𝑐 decreased with the increased WSPB dust loading level.
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Table 2: DSC result of VHDPE/fiber, RHDPE/fiber, and VHDPE/RHDPE/fiber composite.

System Fiber loading (%) Cooling 2nd heating
𝑇𝑐 Hp 𝑋𝑐 𝑇𝑚 𝑋𝑐

VHDPE
0 121.2 5.7 84.8 134.3 89.3
20 121.8 5.2 79.4 134.0 84.7
40 121.7 4.1 72.5 133.6 78.8

RHDPE
0 117.7 4.4 54.7 128.8 57.4
20 118.1 3.7 52.0 128.4 55.3
40 117.2 2.8 45.7 128.0 51.3

VHDPE/RHDPE
0 120.4 5.0 68.4 132.0 72.9
20 120.4 4.3 65.4 131.8 70.8
40 120.3 3.8 64.1 131.2 69.7

a, b, c, and d represent data statistics ranking in Duncan’s multiple range tests.

When 40wt% PB dust was added, the 𝑋𝑐 of the composites
based on three matrixes decreased to 72.5%, 45.7%, and
64.1%, respectively. It was because, by addition of natural
fiber, the diffusion rate of HDPE chain was certainly reduced
because matrix viscosity at the crystallizing temperature was
increased [34, 35]. This phenomenon was more obviously
found in composites based on RHDPE system due to their
poor flow ability.

At the 40wt% PB dust level, the crystallization degree for
all HDPE systems was lower than that of WPC filled with
wood fiber at the same loading level. It is probably because the
consistence of PB dust was very complex, which contained
low fibrous and miscellaneous awn and auricle fibers, with
remaining MDI onWS surface. It was reported that so much
impurity in matrix might hardly act as nucleation seeds and
may greatly resist the crystal growth of polymer [36]. It
was believed that the reduction of chain mobility of HDPE
overwhelmed that of the nucleation resulting in the lowered
crystallization degree. Similar results were reported by Lei et
al. [35, 37].

As implied from the test results reported in Table 2, Hp
showed a moderate decrease with 20wt% loading and, then,
decrease with further increase of PB dust content at 40wt%,
which are 28.1%, 35.3%, and 23.8% for HDPE, RHDPE, and
HDPE/RHDPE systems, respectively. It indicated that the
introduction of PB dust lowered the crystallization rate, and
aggregation of PB dust at higher loading rate resisted the
chain mobility of HDPE. As a result, the 𝑇𝑐 shifted to a
lower temperature, and the crystallization rate was obviously
lowered.

3.5. Mechanical Properties of Composites with Combined
Fillers. The results of Table 3 showed that the combined
fillers affected the mechanical properties of composites.
Here, both virgin HDPE and recycled HDPE were used
to generate a mixed blend (50/50wt%) as the matrix. The
incorporation of BFs greatly improved mechanical prop-
erties. Flexural properties of PB dust/BF/VHDPE/RHDPE
composites exhibited an increasing trend as BF portion of
the PB dust/BF fillers (i.e., 2 : 1, 1 : 1, and 1 : 2) increased.
Compared to the VHDPE/RHDPE, the flexural strength
and modulus of PB dust/BF/VHDPE/RHDPE composites

increased by 150% and 247%, respectively, when PB dust/BF
ratios reached 1 : 2, which exhibited the high strength and
well-dispersed BFs play an important role in determining
the flexural properties. Tensile strength and modulus of PB
dust/BF/VHDPE/RHDPE composites increased by 46% and
255% when PB dust/BF ratio was 1 : 1. A slight decrease
of tensile properties with the increasing BF content was
observed. The decreasing trend could be associated with
the insufficient interfacial adhesion between two fillers with
different slenderness ratio.

Table 3 also shows test data of the notched Izod
impact strength of PB dust/BF/VHDPE/RHDPE composites,
which exhibited a significant decrease compared to that of
VHDPE/RHDPE matrix. The stiffness of the hybrid com-
posites increased with the addition of combined filler and
possible strength concentration caused by fiber aggregation,
thus resulting in the reduced toughness of the composites.
On the other hand, the hydrophilic nature of the PB dust and
BF and the contrasting hydrophobic nature of HDPE matrix
exacerbate the agglomeration problem, thus resulting in the
decrease of impact properties. Similar behavior for wheat
straw fiber and inorganic filler reinforced PP composites was
observed in the previous study [22].

3.6. Thermal Expansion Properties of Composites with Com-
bined Fillers. The measured LCTE values of PB dust/BF/
VHDPE/RHDPE composites over three temperature ranges
(i.e., 20 to 60∘C, 60 to −30∘C, and −30 to 20∘C) are listed
in Table 4 at three PB dust/BF ratios. As the BF portion of
the PB dust/BF fillers increased, the LCTE values decreased
markedly, which was suggested to be able to achieve a
desirable dimensional stability for composites. The LCTE
value of PB dust/BF/VHDPE/RHDPE composites at PB
dust/BF ratios of 2 : 1, 1 : 1, and 1 : 2 were, respectively, 56.6 ×
10−6/∘C, 50.2 × 10−6/∘C, and 44.1 × 10−6/∘C. These values are
much lower than that of individual PB dust filler composites.
Possible reasons for the decreasing trend of LCTE include the
lower LCTE of BF than that of PB dust, whichwas able to pose
a mechanical restraint on the opening of the polymer chain
during the heat and cooling cycles and helped decrease the
overall LCTE of composites [38].
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Figure 3: DSC curves of (a) PB dust/HDPE, (b) PB dust/RHDPE, and (c) PB dust/HDPE/RHDPE.

4. Conclusions

The effect of individual and combined PB dust and basalt
fibers on mechanical and thermal performance of the filled
VHDPE and RHDPE composites was studied. Application of
PB dust could be a possible solution for the problem due to
the potential low cost of this fiber as well as good mechanical
performance.The following conclusions could be drawn from
the results of the present study:
(1)The use of PB dust had a positive effect on improving

mechanical properties and on reducing LCTE values of filled

composites, because the adhesive of the particle board held
the wheat straw fibers into bundles, whichmade PB dust have
a certain aspect ratio and high strength.
(2)At the 40wt% PB dust level, the crystallization degree

for all HDPE systems was lower than that of WPC filled with
wood fiber at the same loading level, which it was believed
that the reduction of chain mobility of HDPE overwhelmed
that of the nucleation resulting in the lowered crystallization
degree.
(3) As the BF portion of the PB dust/BF fillers increased,

the LCTE values decreased markedly, which was suggested
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Table 3: Mechanical properties of HDPE and filled HDPE composites with combined fillers.

System Filler content (wt%) PB dust/BF ratio
Strength Modulus

Tensile Flexural Impact Tensile Flexural
(MPa) (MPa) (KJ/m2) (GPa) (GPa)

VHDPE/RHDPE 0 0 19.4 (0.2)a 19.1 (0.5)a 9.6 (0.2)d 0.96 (0.05)a 0.73 (0.02)a

VHDPE/
50

2 : 1 24.1 (1.3)b 45.2 (0.9)c 6.3 (0.3)b 4.03 (0.16)d 2.15 (0.06)c

RHDPE/ 1 : 1 28.3 (1.5)d 40.9 (1.3)b 6.7 (0.4)c 3.4 (0.09)c 2.01 (0.09)b

PB dust/BF 1 : 2 26.2 (1.4)c 47.8 (1.5)d 6 (0.4)a 3.15 (0.08)b 2.52 (0.07)d

a, b, c, and d represent data statistics ranking in Duncan’s multiple range tests.

Table 4: Thermal expansion properties of HDPE and filled HDPE composites with combined fillers.

System Filler content (wt%) PB dust/BF ratio LCTE (10−6/∘C)
20→60∘C 60→−30∘C −30→20∘C

VHDPE/RHDPE 0 0 155.7 (4.5)d 154.7 (7.3)d 129.5 (1.8)d

VHDPE/
50

2 : 1 118.1 (2.1)c 107.8 (5.5)c 97.2 (3.4)c

RHDPE/ 1 : 1 77.3 (2.6)b 68.7 (1.1)b 60.7 (1)b

PB dust/BF 1 : 2 56.6 (1.0)a 50.2 (0.8)a 44.1 (2.6)a

a, b, c, and d represent data statistics ranking in Duncan’s multiple range tests.

to be able to achieve a desirable dimensional stability for
composites.
(4) The MDI remaining on PB dust surface could lead

to the weak interface adhesion between combined fillers and
matrix, resulting in a weak composite when PB dust is at a
larger portion.
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Strawberry is a nutritious, but highly perishable fruit.Three polysaccharide-based edible coatings (alginate, chitosan, and pullulan)
were applied to postharvest strawberry fruit during cold storage (4∘C), and their effects on fruit quality and antioxidant enzyme
system were investigated in the present study. The results showed that polysaccharide coatings showed a significant delay in fruit
softening and rot and reduced changes in total soluble solid and titratable acidity content during 16 d storage. Polysaccharide
coatings also maintained higher ascorbic acid and total phenolic contents than control from day 2 and significantly inhibited fruit
decay and respiration after 12 d storage (𝑝 < 0.05). Polysaccharide treatments enhanced the activities of antioxidant enzymes
(peroxidase, catalase, superoxide dismutase, and ascorbate peroxidase) so as to prevent lipid peroxidation and reduce membrane
damage. Additionally, chitosan coating had the most positive effects on fruit quality amongst three polysaccharide-based edible
coatings and presented the highest relative activities of antioxidant enzymes. These results indicated that polysaccharide-based
edible coatings were helpful in postharvest quality maintenance of strawberry fruit.

1. Introduction

Strawberry (Fragaria × ananassa Duch.) is one of the most
consumed nonclimacteric fruits due to its organoleptic and
nutritional properties [1]. However, strawberry is extremely
perishable with a short postharvest life, mainly because of
high metabolism as well as susceptibility to mechanical dam-
age and infection by phytopathogenic bacteria, fungi, and
viruses [2]. Many preservation techniques such as refrigera-
tion, heat treatment, and modified or controlled atmosphere
have been applied to increase strawberry shelf life [3]. Most
physical treatments have showed potential negative effects on
nutritional and flavor components in this fruit [4].Therefore,
it is necessary to explore and utilize new techniques for
maintaining postharvest strawberry fruit quality.

Active edible coating is a novel promising approach
for extending shelf life of fruits and vegetables [5]. Edible

coatings with semipermeable film can prolong posthar-
vest fruit life through reducing moisture, respiration, gas
exchange, and oxidative reaction rates [6]. The application of
polysaccharide-based edible coatings enriched with antimi-
crobials or antioxidants has been proved to be efficacious in
preserving fruit quality during storage [7, 8]. Alginate, chi-
tosan, and pullulan are often used as polysaccharide-based
edible coatings due to their capacity to form rigid and stable
gels [9, 10]. Alginate, a polysaccharide derived from marine
brown algae (Phaeophyceae) and gellan or secreted by bac-
terium Sphingomonas elodea, is employed in food industry
as texturizing and gelling agent [11]. Chitosan, a high-
molecular-weight polysaccharide obtained by deacetylation
of chitin, is a byproduct of seafood industry. Chitosan-
based coatings have been found to be an ideal preservative
coating material for different types of fruits, with functional
advantages such as storage period extension, respiration
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rate reduction, firmness retention, and microbial growth
regulation [12]. Pullulan, produced by fungusAureobasidium
pullulans, is a water-soluble polysaccharide with excellent
film-forming properties [13]. It can form edible films with
antioxidant and antibacterial activities and without any taste
or aroma.

Peroxidation activities are directly involved in natural and
induced fruit senescence. Antioxidant enzymes are critical
in inhibiting oxidative stress. When reactive oxygen species
(ROS) increases, chain reactions start in which superoxide
dismutase (SOD) catalyzes the dismutation of superoxide
radical (O

2

∙−) to molecular oxygen (O
2
) and hydrogen

peroxide (H
2
O
2
). H
2
O
2
is then detoxified by catalase (CAT),

peroxidase (POD), and ascorbate peroxidase (APX) [14].
CAT reduces H

2
O
2
into water and O

2
, whereas POD decom-

poses H
2
O
2
by oxidation of cosubstrate such as phenolic

compounds [15]. It is important to note that the effect of
polysaccharide coatings (e.g., alginate, pullulan, and chi-
tosan) on antioxidant enzyme system of strawberry has
not been studied up to date. The objective of this study
was thus to determine how polysaccharide-based edible
coatings affected quality and antioxidant enzyme system of
strawberry during cold storage. The molecular characteriza-
tion of polysaccharide-based edible coatings in response to
senescence was also analyzed. The study results were useful
formaintaining postharvest quality and extending storage life
of strawberry.

2. Materials and Methods

2.1. Plant Materials and Treatments. Strawberries (Fragaria
× ananassa Duch. cv. Sweet Charlie) were harvested at full
maturity at an orchard in Nanning of Guangxi province
during March 2017 and transported to Guangxi Key Labora-
tory of Fruits and Vegetables Storage-Processing Technology
immediately. The fruits with physical damage or decay were
discarded, and those fruits with uniform size and color were
selected as materials. Subsequently, strawberry materials
were randomly distributed into four groups prior to treat-
ments.Three different polysaccharide-based coating-forming
solutions (1% alginate, 6.5% pullulan, and 2% chitosan) were
prepared by dissolving compounds in sterile distilled water
under magnetic stirring. Strawberries were sanitized for
1min with a 200mg/kg chlorinated water solution, dipped
in polysaccharide-based coating-forming solutions for 5min,
and then dried for 30min at room temperature. Coated
strawberries were packed in the polyethylene terephthalate
clamshell containers with venting holes and stored for 16 d at
4∘C. Uncoated strawberries were used as control at the same
storage condition in all analyses.

2.2. Fruit Quality Evaluation

2.2.1. Decay Rate and Firmness. Decay rate was evaluated
on a modified 0–3 decay scale based on the surface area of
macroscopic lesions, where 3 meant unacceptable, more than
30% of surface area showing decay; 2 meant bad, 10–30%
of surface area showing decay; 1 meant acceptable, less than
10% of surface area showing decay; 0 meant excellent, no

visible decay detected [16]. The firmness of strawberries
was measured using a FT-327 handheld penetrometer (UC
Fruit Firmness Tester, Milano, Italy) equipped with a probe
with 5mm diameter. The firmness was recorded from three
different fruits with three different points per fruit, and then
means were expressed as Newtons (N).

2.2.2. Contents of Total Soluble Solid, Titratable Acidity, Ascor-
bic Acid, and Total Phenolic. Total soluble solid (TSS) level
of strawberries was determined according to AOAC method
[17], using a hand refractometer (Atago, Tokyo, Japan).
Titratable acidity (TA) content was determined using an
automatic titrator (Titroline Easy, Schott, Mainz, Germany)
by titration of juice with 0.1M NaOH to pH 8.2. Results
were expressed as percentage of citric acid (grams of citric
acid per 100 g fresh weight). Ascorbic acid (VC) content was
determined by titrating 10 g of mixed pulp sample against
the standard 2,6-dichlorophenol indophenol dye following
procedure outlined in AOAC. Total phenolic content was
determined by Folin-Ciocalteu method reaction using gallic
acid as a standard with some modifications [18]. The samples
were analyzed at 760 nm with a UV-160A spectrophotometer
(Shimadzu, Kyoto, Japan), whichwere expressed as gallic acid
equivalents in milligrams on FW basis.

2.2.3. Respiration Rate. Respiration rate for strawberries,
exposed to pure N

2
for 0 or 9 h and then stored at 20∘C and

90% relative humidity, was determined after various storage
days. Three fruits were sealed in a 4.2 L glass jar for 2 h at
25∘C. One milliliter of headspace gas samples was withdrawn
from the jar and injected into a GC-9A gas chromatograph
(Shimadzu). Carbon dioxide concentration was determined
using a thermal conductivity detector (TCD) with a Porapak
N column (Shimadzu), while ethylene content was measured
using a flame ionisation detector (FID) and anOV17 capillary
column (Zhonghuida Co., Dalian, China).

2.3. Oxidative Stress Analysis

2.3.1. Malondialdehyde Content and Lipoxygenase Activity.
Malondialdehyde (MDA) content wasmeasured according to
the reported method of Sun et al. [14] with a slight modifica-
tion. Strawberries (3 g) were homogenized with 15mL of 10%
trichloroacetic acid and centrifuged for 20min at 15000×g.
One milliliter of supernatant was mixed with 3mL of 0.5%
2-thiobarbituric acid, heated for 20min at 95∘C, and then
immediately cooled in an ice-water bath.The absorbance was
spectrophotometrically measured at 532 nm (UV 1600 PC,
Shimadzu) after centrifugation for 10min at 3000×g, and the
value for nonspecific absorbance at 600 nm was subtracted.

The frozen strawberries (5 g) were ground finely in liquid
nitrogen and then homogenized in 15mL of 50mM phos-
phate buffer (pH 7). After centrifugation at 10000×g for
20min at 4∘C, supernatant was collected and used as crude
enzyme extract. LOX activity was assayed by monitoring the
formation of conjugated dienes from linoleic acid at 25∘C
and 234 nm [15]. Reaction mixture (3mL) contained 50mM
sodium phosphate buffer (2.8mL, pH 7), 10mM sodium
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Figure 1: Effects of three different polysaccharide-based edible coatings on firmness (a) and decay rate (b) of strawberry.

linoleic acid solution (0.1mL), and crude enzyme solution
(0.1mL).

2.3.2. Activities of Antioxidative Enzymes. POD, CAT, and
APX were extracted according to the modified methods of
Nakano and Asada [19]. Strawberries (1 g) were extracted
for 10min at 4∘C with 2.5mL of 0.05M sodium phosphate
buffer (pH 7.8) containing 0.1% (w/v) polyvinyl pyrrolidone.
The extract solution was centrifuged for 20min at 12000×g.
The supernatant was collected to determine activities of POD,
CAT, and APX according to the methods of Song et al. [20].
SOD was extracted and assayed according to the modified
method of Azarabadi et al. [21]. SOD activity was determined
by measuring its ability to inhibit the photochemical reduc-
tion of nitro blue tetrazolium (NBT).

2.4. Statistical Analysis. All experiments were performed in
triplicate (𝑛 = 3) and were arranged in a completely random-
ized design. All statistical analyses were performed by vari-
ance (ANOVA) analysis using SPSS 13.0 statistical software
(SPSS Inc., Chicago, USA). Significant differences between
the means of parameters were determined by using Fisher’s
Least Significant Difference (LSD) test (𝑝 < 0.05).

3. Results

3.1. Effects of Polysaccharide-Based Edible Coatings on Firm-
ness and Decay Rate of Strawberry. Firmness is one of critical
factors affecting strawberry storage quality. The effects of
three polysaccharide-based edible coatings on firmness were
shown in Figure 1(a). The firmness values of coated fruits
and control decreased with prolonged storage time due to
cell wall degradation. Firmness loss in polysaccharide-coated
fruit delayed significantly (𝑝 < 0.05) compared to control.
It was observed that strawberries coated by chitosan were
firmer than the other two treatments (alginate and pullulan).
From Figure 1(b), strawberries exhibited a sharp increase

in decay rate during 16 d storage at 4∘C. The decay rate of
control remained significantly higher (𝑝 < 0.05) than that
of polysaccharide-coated fruits after day 4. Meanwhile, the
decay rate of chitosan-coated fruits was significantly lower
(𝑝 < 0.05) than that of alginate-coated and pullulan-coated
fruits.

3.2. Effects of Polysaccharide-Based Edible Coatings on Nutri-
ent Components of Strawberry. From Figure 2(a), TSS con-
tents decreased during 16 d storage of all strawberries. On day
16, TSS values of three polysaccharide-coated fruits were in
the order of chitosan > pullulan > alginate. From Figure 2(b),
TA contents in all fruits decreased with extended storage
time. TA values in polysaccharide-coated fruits were signif-
icantly higher (𝑝 < 0.05) than those in control after day 6.
Chitosan-coated fruits showed the highest TA content during
storage. From Figure 2(c), VC content decreased in all fruits
during 16 d storage. Polysaccharide-coated fruits possessed
relatively higher (𝑝 < 0.05) VC contents than control on
days 8, 14, and 16. Chitosan-coated fruits showed the highest
VC content amongst three polysaccharide treatments after
day 12. The higher VC level in chitosan-coated fruit might
reflect low oxygen permeability, which reduced the activities
of enzymes involved in the oxidation of ascorbic acid. From
Figure 2(d), TP contents in all fruits decreased throughout
storage time. TP values in polysaccharide-coated fruits were
slightly higher than those in control. Chitosan-coated fruits
showed the lowest decrease rate in TP content amongst
three polysaccharide treatments after day 10. The above
results indicated that polysaccharide-based edible coatings
had positive effect on maintaining strawberry fruit quality
when storing at low temperature.

3.3. Effect of Polysaccharide-Based Edible Coatings on Respi-
ration Rate of Strawberry. The increases of respiration rate
could be related to fruit senescence and disease development
during storage. Polysaccharide-coated fruits can generally
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Figure 2: Effects of three different polysaccharide-based edible coatings on TSS (a), TA (b), VC (c), and TP (d) contents of strawberry.

delay ripening by modifying the levels of endogenous carbon
dioxide, oxygen, and ethylene. From Figure 3, respiration
rate exhibited increasing trends during storage of all fruits.
Respiration rates in polysaccharide-coated fruits were slightly
higher than those in control after 12 d. In the case of
control, respiration rate increased rapidly from an initial
value of 3.8mg/kg/h to a peak value of 58.71mg/kg/h on day
16, whereas alginate-coated, chitosan-coated, and pullulan-
coated fruits showed 45.59, 38.03, and 50.00mg/kg/h on day
16, respectively.

3.4.Malondialdehyde Content and Lipid Peroxidation Activity.
MDA content and LOX activity are used as measurements of
membrane integrity loss in response to postharvest oxidative
stress during storage [22]. The change of MDA level is
considered to be a marker of membrane lipid peroxidation
of fruits subjected to senescence or stress. From Figure 4,
MDA contents of control increased quickly during stor-
age. Polysaccharide coatings inhibited an increase of MDA
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Figure 3: Effects of three different polysaccharide-based edible
coatings on respiration rate of strawberry.
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Figure 4: Effects of three different polysaccharide-based edible coatings on MDA content (a) and LOX activity (b) of strawberry.

content. LOX activity increased during 6 d cold storage,
suggesting that the dioxygenation of polyunsaturated fatty
acids produced toxic hydroperoxy fatty acids and con-
sequent membrane damage. LOX activity of control was
higher than that of polysaccharide-coated fruits. Chitosan-
coated fruits showed the lowest LOX activity amongst three
polysaccharide treatments on day 14. Chitosan coating also
significantly delayed LOX activity peak compared to con-
trol.

3.5. Effect of Polysaccharide-Based Edible Coatings on Oxida-
tive Stress. The activities of antioxidative enzymes (POD,
SOD, CAT, and APX) in polysaccharide-coated fruits were
shown in Figure 5. POD activity is involved in plant se-
nescence and stress through membrane alteration and lipid
degradation. From Figure 5(a), POD activity in all fruits
decreased during 16 d storage, and POD activity in poly-
saccharide-coated fruits showed higher level compared to
control. Chitosan coating induced significantly higher (𝑝 <
0.05) POD activity after day 10 compared to alginate and
pullulan coating. From Figure 5(b), SOD activity in all fruits
increased within the first two days and then decreased.
Chitosan-coated fruits presented the highest SOD activity
amongst three polysaccharide treatments after 6 d storage.
From Figure 5(c), CAT activity in all fruits decreased during
refrigerated storage, but the activity in control decreased
more rapidly than that in polysaccharide-coated fruits.
Chitosan-coated fruits showed the highest CAT activity
amongst three polysaccharide treatments. Similar to CAT
activity, APX activity in all fruits decreased rapidly during
storage, and chitosan coating significantly reduced (𝑝 < 0.05)
the decrease in APX activity after 6 d storage (Figure 5(d)).

4. Discussion

Edible coatings are proposed as viable alternatives for the
preservation of fresh food such as fruit, vegetable, fish, and
meat due to their capabilities to preventmoisture loss, aromas

loss, solute transport, water absorption in food matrix, or
oxygen penetration [23]. Edible coatings from polysaccha-
rides have been applied to extend shelf life and preserve
quality of foods. Polysaccharides such as chitosan, alginate,
pullulan, gellan, and starch have been reported as rawmateri-
als to prepare edible coatings, which can be used as packaging
materials for food preservation [24].

Recently, several polysaccharide-based edible coatings
were successfully applied for preserving fruits such as orange,
apple, mango, banana, papaya, citrus, and grapefruit [25–
27]. The influence of polysaccharide-based edible coatings
(chitosan, alginate, and pullulan) on quality and antioxidant
enzyme system of strawberries was discussed in this study.
Polysaccharide coatings showed a significant delay in straw-
berry softening and rot, which reduced TSS and TA content
changes during 16 d storage at 4∘C (Figures 2(a) and 2(b)).
Polysaccharide coatings also maintained higher VC and TP
contents than control from day 2 and inhibited strawberry
fruit respiration and membrane damage (Figures 2(c) and
2(d)). Similar results were found in cherry tomatoes, apples,
citrus fruits, and so on.

Antioxidant enzymes play a very important role in inhib-
iting oxidative stress. POD, CAT, SOD, and APX are impor-
tant enzymes, protecting cells fromoxidative damage by scav-
enging ROS [18]. ROS accumulation causes oxidative injury,
accelerating senescence progression and various senescence-
associated disorders. In this study, polysaccharide-coated
fruits maintained significantly higher POD, CAT, SOD, and
APX activities compared to control when storing at low
temperatures (Figure 5). These antioxidative enzymes can
scavenge overproduced ROS in fruit, retard peroxidation
of membrane lipids, postpone loss of membrane function,
alleviate oxidative stress of postharvest fruit, and there-
fore control strawberry senescence during storage to some
extent. Consequently, polysaccharide-based edible coatings
inhibited oxidative stress and ROS overproduction mainly
by maintaining high activity of antioxidative enzymes in
strawberry fruits.
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Figure 5: Effects of three different polysaccharide-based edible coatings on POD (a), SOD (b), CAT (c), and APX (d) activities of strawberry.

Chitosan-based coating was concerned in recent years
owing to its nontoxic, biodegradable and biocompatible
properties. Chitosan is obtained by alkaline N-deacetylation
of chitin, with a linear polysaccharide consisting of (1,4)-
linked 2-amino-deoxy-𝛽-D-glucan. Chitosan has attracted
attention as a potential food preservative due to its antimicro-
bial activity against a wide range of fungi, yeasts, and bacteria
[28, 29]. In this study, chitosan had the most positive effects
on strawberry fruit quality amongst three polysaccharides
(Figures 1–3). Unlike other polysaccharide coating materials,
chitosan has ability to resist several fungi and induce defense
enzymes such as chitinase and chitosanase, which are associ-
atedwith induced systemic resistance of fruits [30]. Chitosan-
coated fruits maintained significantly high POD, CAT, SOD,
andAPXactivities on the 16th day of storage at 4∘C (Figure 5).
These antioxidative enzymes could scavenge overproduced
ROS in strawberries, retard peroxidation ofmembrane lipids,
postpone loss of membrane function, alleviate fruit oxidative
stress, and therefore control senescence during storage of
strawberries.

In summary, polysaccharide coatings application delayed
softening and slowed senescence and decay of strawber-
ries by protecting membrane structure from peroxidation.
Polysaccharide coatings are helpful to extend shelf life and
maintain appearance and nutritional values during storage of
strawberries. Polysaccharide-coated fruits also showed differ-
ential activities of antioxidant enzymes during storage at low
temperature, which warranted further investigations on its
effects on gene expression related to these enzymes. Whether
polysaccharides can regulate ripening and senescence related
gene needs to be ascertained in future research.
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The use of biomaterials composed of organic pristine components has been successfully described in several purposes, such as
tissue engineering and drug delivery. Drug delivery systems (DDS) have shown several advantages over traditional drug therapy,
such as greater therapeutic efficacy, prolonged delivery profile, and reduced drug toxicity, as evidenced by in vitro and in vivo
studies as well as clinical trials. Despite that, there is no perfect delivery carrier, and issues such as undesirable viscosity and
physicochemical stability or inability to efficiently encapsulate hydrophilic/hydrophobic molecules still persist, limiting DDS
applications. To overcome that, biohybrid systems, originating from the synergistic assembly of polymers and other organic
materials such as proteins and lipids, have recently been described, yielding molecularly planned biohybrid systems that are able to
optimize structures to easily interact with the targets.This work revised the biohybrid DDS clarifying their advantages, limitations,
and future perspectives in an attempt to contribute to further research of innovative and safe biohybrid polymer-based system as
biomaterials for the sustained release of active molecules.

1. Introduction

This work demonstrates the wide possibility of advanced
materials developments in the drug delivery/release field
based on a molecular approach. It draws a parallel line
between the nanostructured drug delivery systems (DDS)
or drug release systems studied in recent years and their
hybridization processes from an assembly with polymeric
materials able to bypass many of the intrinsic limitations to
each system. These versatile polymer-based hybrid nanos-
tructures combine the advantages of each excipient, resulting
in formulations or pharmaceutical forms designed to specifi-
cally interact with the targets, acting as smart drug delivery

systems. The current literature revision aims to show the
mainly polymeric materials used as DDS, as well as those
organic hybrid nanocarriers based on polymermolecules.We
have also moved efforts to inspire novel hybrid DDS in the
search of a perfect DDS design, which is still a challenge.

The pioneering use of biomaterials dates back to early
civilizations, such as Ancient Egypt, since artificial ears,
noses, and teeth were found in many mummified bodies
[1]. In the last 50 years, much effort has been focused on
understanding the interactions between biomaterials and
targets, contributing to the creation of advanced products
with different biomedical applications [1]. Polymeric blends
as well as the combination of different types of biomaterials
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have been tried for the development of biosensors, scaffolds,
implants, tissue engineering, wound healing, and sustained
drug delivery [2].

The so-called DDS are technological devices that have
been studied since 1959 to overcome the limitations of the
traditional drug therapy [3]. DDS are composed of excipients
such as inorganic, lipid, or polymeric origin (or their combi-
nation), used in the preparation of nanosystems (e.g., vesicles,
micelles, nanocapsules, and nanospheres), microparticulates
(e.g., microspheres and microemulsions), or dosage forms,
such as films and hydrogels. Each carrier system has specific
properties and can bind, encapsulate, adhere to, or adsorb
active compounds such as genes or drugs [4]. Among the
desirable features of DDS are nontoxicity, high drug upload,
and targeting, thus reducing side effects in nontarget tissues,
sustained delivery of therapeutic molecules, physicochemical
stability, ability to protect drugs from degradation, steriliza-
tion, and large-scale production [3–5].

One of the first lipid-based DDS described in the liter-
ature were liposomes, in 1963, being to this day one of the
most studied nanocarriers. The evolution and technological
improvement led almost 30 years later to the development of
solid lipid nanoparticles (SLN, in 1990) and nanostructured
lipid carriers (NLC, in 2000), with greater stability and ability
to efficiently encapsulate hydrophobic drugs than liposomes
[6].

Among polymeric carriers, cyclodextrins (CD) have
unique inclusion complex formation properties, even though
their use as carriers (1997) was only described 100 years
after their isolation [7]. In addition to CD, other polymeric
carriers were later described, capable of forming micro- or
nanoparticles (nanocapsules and nanospheres) that require
the use of high amount of organic solvents in the preparation
method [8]. However, many of these above-mentioned DDS
systemsmay not provide specific properties such as adhesion,
fixation, proper consistency, and viscosity; these properties
are required for several administration routes, where preser-
vation of the dosage form at the target site, permeation,
and suitable mechanical properties are essential for the
efficient delivery of active molecules. In this context, the
use of nanocarriers systems combined with (bio)polymeric
materials may overcome such limitations.

Thus, organic-organic biohybrid systems for sustained
drug release emerged as a versatile strategy for the develop-
ment of optimized formulations and dosage forms. Biohybrid
materials are advanced systems that combine the properties
of organic nanocarriers with the adhesiveness and biodegrad-
ability of (bio)polymers [9]. Within this context, this mini-
review aims to examine the main advances in biohybrid
materials based on organic compounds for sustained drug
release and provides a perspective to inspire their future
developments.

2. Polymeric Matrices for Sustained
Release of Active Molecules

When choosing the matrix in the development of a pharma-
ceutical form, properties such as versatility, biocompatibility,
biodegradability, high drug retention capacity, and low cost

should be considered. In this sense, for over 50 years, several
types of polymeric materials have been used in biomedical
applications [10].The flexibility to design and select polymers
with desirable characteristics ensures their use in a wide
variety of applications. Compared to other types of bioma-
terials, polymers offer wide structural diversity and distinct
properties [11]. Polymers used as matrices for sustained drug
delivery may be synthetic, natural, or a combination of both.
Synthetic polymers include aliphatic polyesters of hydroxy
acids, such as polylactic acid (PLA), polylactic-co-glycolic
acid (PLGA), or polyvinyl acid (PVA). Among polymers
of natural origin (biopolymers) are polypeptides, proteins
(e.g., albumin, zein, fibrinogen, gelatin, and collagen), and
polysaccharides (e.g., hyaluronic acid, alginate, pectin, and
chitosan) [12–14].

In any case, and regardless of origin and chemical nature,
the essential feature for a polymer to be used as a matrix in
sustained drug release is its biocompatibility.This means that
the polymer should not stimulate or cause any kind of allergic
reaction or inflammatory response when in contact with liv-
ing tissues or organic fluids [15]. In this sense, biodegradable
polymeric matrices, known as biopolymers, are one of the
most promising alternatives in the design of new sustained
DDS. As they are biocompatible and biodegradable, the
body through usual metabolic processes can excrete them. In
addition, they are extremely versatile and can be processed in
themost varied forms, such as films, beads, and foams [16, 17].

Among the most commonly used biopolymers in DDS,
polysaccharides stand out for their abundance, structural
diversity, versatility, desirable physicochemical properties,
easy handling, and low cost. From the chemical point of view,
polysaccharides combine large and distinct carbohydrates,
which may be composed of a single kind of monosac-
charide or two or more different monomeric units. The
ability of polysaccharides to respond to different stimuli
such as pH, temperature, ionic strength, and concentration
makes them particularly attractive for the development of
innovative delivery matrices. Additionally, polysaccharides
can be functionalized, which gives them an overall positive or
negative charge.The presence of such positively or negatively
charged groups is extremely useful in preparing networks of
stable gels through cross-linking reactions.Thus, polysaccha-
ride networks can be obtained by cross-linking assisted by
interactions of diverse forces (from weak physical forces to
irreversible covalent bonds) [18].

In this perspective, chitosan, the second most abundant
polysaccharide on the planet (after cellulose), is the only
natural polysaccharide positively charged, obtained from
the partial alkaline deacetylation of chitin. The level of
chitosan deacetylation is a critical parameter in its abil-
ity to respond to stimuli. Chitosan-free amine groups are
responsible for its sensitiveness to pH and for high affinity
to mammalian cell components and bactericidal activity
[15]. Such amine groups may interact with opposite charges
of drugs, polymers, or cross-linking agents, such as glu-
taraldehyde, formaldehyde, genipin, or oxalic acid, used to
prepare covalently cross-linked networks, or to either cal-
cium phosphate, 𝛽-glycerophosphate, citrate, or tripolyphos-
phate, which are employed to generate ionically cross-linked
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hydrogels [19–21]. Thus, studies simulating the gastrointesti-
nal tract showed that chitosan networks present a typical
swelling, which is related to the pH of the medium: high
sensitivity in acid medium (high degree of swelling) and
low sensitivity in neutral and alkaline medium (low degree
of swelling). Such behavior is strategic in the development
of dosage forms in which the drug of interest must be
absorbed in acidic pH milieu, being quickly dispersed in the
medium. This is the case, for example, of chitosan systems
processed as films and cross-linked with differentmultivalent
phosphates for the sustained delivery of riboflavin [22] or
of chitosan microspheres cross-linked with glutaraldehyde
or epichlorohydrin for release of sodium diclofenac [23].
Some studies have been reported for microspheres prepared
from chitosan derivatives, such as malonylchitosan cross-
linked with glutaraldehyde for the delivery of acyclovir in the
treatment of infections caused by Herpes zoster virus strains
[24].

However, in order to increase the resistance of chitosan-
based systems to acidic pH, allowing the sustained drug
delivery of interest into the digestive system, a commonly
employed strategy is the combination of chitosan with other
biopolymers that act asmacromolecular cross-linking agents.
Among them, the polysaccharide alginate was one of the
first used in chitosan-based dosage blends. The alginate-
chitosan blend is widely used as a drug carrier in the most
varied designs and purposes [16]. In this sense, nitrofuran-
toin encapsulated in chitosan-calcium alginatemicrocapsules
proved to have a better-sustained release profile than the
antibiotic in pure chitosan particles [25]. The success of the
association between these two polysaccharides is the result of
a highly synergistic effect of polyelectrolyte-type interactions
generated between the protonated amine groups of chitosan
and the carboxyl groups of alginate. The combination of
chitosan and alginate served as the inspiration for the
development of new blends employing other biopolymers,
such as glucomannan [26] or silk fibroin [27]. In the latter
case, the carrier properties of the chitosan-silk fibroin sys-
tems as carriers of four model drugs (theophylline, sodium
diclofenac, amoxicillin, and salicylic acid) were evaluated. In
vitro delivery studies, performed at 37∘C in buffer solutions at
pH 2.0, 5.5, and 7.2, revealed that systems processed as films
containing 80% chitosan delivered at pH 2.0 the maximum
amount of all model drugs studied (∼90%). For the pH that
simulated the intestinal region (7.2), a sustained release profile
was evidenced due to the amount of silk fibroin in the system’s
composition [27].

The combination of chitosan with synthetic polymeric
matrices can be employed to increase the biocompatibility
of these systems. Thus, drug delivery devices for gingival
treatments were developed from the combination of chi-
tosan with polyvinyl acid (PVA), polyethylene glycol (PEG),
and polyvinylpyrrolidone (PVP) [28]. FTIR analyses and
stress tests in materials processed as films indicated that
chitosan-PEG and chitosan-PVP blends presented miscibil-
ity in all the studied proportions, while the chitosan-PVA
blend only showed interaction at 50 : 50 and 80 : 20 ratios
(chitosan : PVA). This study also suggested that chitosan
blends possessed improved properties when compared to

pure chitosan, being a promising alternative for oral mucosal
DDS.

Another polysaccharide widely used as matrix in drug
delivery systems is alginate, extracted from brown marine
algae [29]. Unlike chitosan, this biomacromolecule has car-
boxylic functional groups, resulting in an overall negative
charge. In this case, the usual method of forming alginate
networks is to cross-link the gel with bivalent cations, such
as Ca2+, forming a three-dimensional structure known as
egg box, which allows the processing of hydrogels as spun
or microspheres, for example. However, for dosage forms to
be administered orally, such calcium alginate cross-linked
systems become sensitive in basic pH fluids, such as intestinal
regions, where the alginate matrix tends to exhibit high swell
ability, delivering the drug encapsulated in itsmatrix abruptly
[30]. To overcome this drawback, different approaches have
been employed to improve the properties of the alginate
matrices in an attempt to prolong the rates of release profile,
such as the use of other hydrophilic macromolecules able
to establish ionic interactions with carboxyl groups, such as
pectin, in order to create a coating that renders the alginate
system more resistant for oral administration [31].

On the other hand, studies revealed that such matrices
may present certain drawbacks such as high degree of
swelling, low encapsulation efficiency, and high hydrophilic-
ity [30]. An alternative proposed was the use of other
biomacromolecules with reduced hydrophilicity or even
insoluble in water. In such biopolymeric associations, the
second biopolymer is incorporated into the alginate gel,
forming a homogeneous blend with improved physicochem-
ical properties compared to those of pure alginate matrix. In
this sense, in vitro studies have shown that the formation of a
complex between alginate carboxyl groups and amine groups
from zein (a hydrophobic protein) [32] made it possible to
develop a prolonged release system of drugs in solutions that
simulate intestinal fluid (pH 6.8 and 7.4) [33].

Less studied as DDS than polysaccharides, proteins are
promising candidates for the development of innovative
pharmaceutical systems. The literature reported that gelatin
microparticles can serve as vehicles for the delivery of large
bioactive molecules, while nanoparticles are more suitable
for intravenous administration or drug delivery to the brain
[34]. Gelatin hydrogels can encapsulate drugs of interest
between the empty spaces formed by the biopolymer cross-
linking, allowing these active molecules to diffuse into the
bloodstream, such as the creation of bioinspired gelatin-
based films, which incorporated antibiotic and analgesic
drugs [34–36].

As exposed, the application of biopolymers in dosage
forms is highly innovative, versatile, and extensive, since
various polymeric combinations can be developed using
the most distinct synthesis strategies. It is important to
note that these systems may have limitations such as great
affinity between the drug and the matrix, hindering the
latter’s delivery into the medium of interest, poor miscibility
between biopolymers of distinct hydrophilicity, rendering
the system heterogeneous and creating drug domains in the
prepared device, and structural similarity, for example, in a
polysaccharide blend, which makes it difficult to elucidate
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Table 1: Blended polymers as pharmaceutical forms for DDS
discussed here.

Polymeric blend Form Drug Ref.
PLGA-PEG Micelle Doxorubicin [4]
Chitosan-alginate Beads BSA [16]
Chitin-Pluronic F108 Microparticles Paclitaxel [20]
Chitosan-gelatin Hydrogel Chloramphenicol [22]
Chitosan-alginate Microcapsules Nitrofurantoin [25]
Chitosan-glucomannan Hydrogel Ofloxacin [26]
Chitosan-silk fibroin Film Theophylline [27]
Chitosan-silk fibroin Film Sodium diclofenac [27]
Chitosan-silk fibroin Film Amoxicillin [27]
Chitosan-silk fibroin Film Salicylic acid [27]
Alginate-gelatin Film Ciproflaxin [29]
Alginate-zein Beads Ibuprofen [32]
Chitosan-pectin Beads 5-Aminosalicylate [33]
PEG-gelatin Nanoparticles Ibuprofen [34]
PEG-gelatin Hydrogel Ciproflaxin [34]
PLGA-gelatin Nanofiber Fenbufen [34]

details on the molecular interactions between them. There-
fore, biopolymers can be applied as drug delivery matrices,
conferring important physical and mechanical properties to
the systems, and theirmajor limitationsmay be circumvented
when combinedwith othermaterials. Table 1 summarized the
above-mentioned DDS based on blended polymers.

3. Biohybrid Sustained Release Systems

Achallenging strategy is the development of complex systems
able to combine the properties of different materials into a
single formulation with optimized properties. Such systems
self-organize synergistically and can be used for the most
varied applications. Although the use of the synergism among
materials may suggest an innovative field of research, such
approach was already employed since Ancient Greece [1, 2].
An example of a hybrid system with synergistic properties is
adobe, a building material composed of a mixture of clay and
straw, used as an effective hybrid system in the manufacture
of bricks and walls in arid regions throughout history. The
addition of straw contributed significantly to preventing
the formation of cracks in building structures, generating a
systemwith superior properties by the synergismbetween the
components [37]. There are also biohybrid systems perfectly
engendered in nature, such asmother-of-pearl, formed by the
interaction of calcium carbonate (aragonite) crystals strictly
oriented with fibrous proteins (Lustrin A), which provides
exceptionalmechanical properties to themineral.Mother-of-
pearl is an inspiration for several hybrid devices of biomedical
interest [9].

Organic-organic biohybrid systems have combined prop-
erties that offer many advantages compared to current
DDS systems [38]. Different types of interactions such as
hydrophobic, electrostatic, hydrogen bonds, donor-receptor,
coordinating, and, less commonly, covalent interactions gov-
ern the molecular organization of these systems [39]. In all

cases, the resulting materials must present biocompatibility
and the ability to self-organize, maintaining a state of ther-
modynamic equilibrium [40].

3.1. Emulsions. An emulsion is a colloidal system consisting
of two immiscible liquids that form small and dispersed
droplets, mainly used as a strategy for the delivery of
lipophilic molecules in the pharmaceutical and food indus-
tries [41]. They can be either oil-in-water (O/W) or water-
in-oil (W/O) and are classified into five types: O/W or
W/O microemulsions, with droplet size between 0.1 and
5 𝜇m; nanoemulsions, with droplet size generally around
20–100 nm; micellar emulsions, with droplet size ranging
from 5 to 50 nm; and double or multiple emulsions of
the water-in-oil-in-water (W/O/W) and oil-in-water-in-oil
(O/W/O) types [41]. Despite these differences, a limitation
of emulsions is the thermodynamic instability, which can
result in cream formation, flocculation, coalescence, phase
inversion, and “Ostwald ripening” [42]. The preparation of
stable formulations requires the incorporation of emulsifiers,
thickeners, gelling agents, and/or ripening inhibitors [43].
These agents stabilize the system and also confer other
interesting features such as improved mechanical property.
They are able to change in the final pharmaceutical form, as
a biphasic gel, known as “emulgel,” which is widely explored.
Emulgel has an internal nonpolar liquid phase and a viscous
matrix composing the continuous phase [43].

The emulgel development contributed to the preparation
of novel biohybrid emulsions composed of organic excip-
ients, combining suitable properties of all compounds. In
the development of biohybrid emulsions, it is important
to analyze the rheology properties and, consequently, the
delivery kinetics of the compound of interest, which would
be modified [44]. In general, an increase in viscosity causes
a decrease in the rate of drug delivery [45]; it also affects the
structural excipients organization in the final pharmaceutical
form [46].

Jacobs et al. formulated emulsions modified of different
concentrations of xanthan gum aiming at the delivery of acy-
clovir and ketoconazole for the treatment of epidermal fungal
disorders [47]. Two different forms were produced from the
same matrix: a cream with 0.5% (w/w) xanthan gum and
emulgel with 1.5% (w/w) xanthan gum.The authors evaluated
the physicochemical properties (viscosity, pH, mass loss, and
particle size) for 6 months. In all the analyzed parameters,
the formulations had better results than those shown by the
commercial form analyzed, as in the viscosity measures over
time, showing the advantages of the xanthan gum use in the
biohybrid system. In addition, for such systems, the in vitro
permeation through human skin (obtained from abdominal
plastic surgery) was sustained up to 12 h, reaching deeper
layers of the skin compared to the commercially available
formulations. Wakhet et al. [48] studied the structural elu-
cidation of hydrogel and emulgel formulations composed
of agar and gelatin as the biopolymeric counterpart. X-ray
diffraction (XRD) measurements confirmed the incorpora-
tion of the oil phase in the gel through the relative increase in
its crystallinity, corroborated by Fourier Transform Infrared
spectroscopy (FTIR-ATR) analysis, followed by the electrical
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impedance andmechanical measurements, which were supe-
rior to those of the conventional hydrogel.

Thus, the development of biohybrid emulsions can be
an interesting alternative to improve the delivery of drugs,
with several options of composition, and may even improve
some properties of the commercially available formulations.
The great advantage of these systems is the ability to solu-
bilize hydrophobic molecules with efficiency, improving the
physicochemical stability with a sustained release profile of
the therapeutic molecules.

3.2. Polymer-Protein Nanoparticles Formulations. The conju-
gation of a polymer with a protein results in a new biomacro-
molecule with different physicochemical properties. These
changes are usually reflected in solubility, stability, in vitro
activity, biodistribution, and pharmacokinetic and pharma-
codynamic profiles, as well as immunogenicity and toxicity
[49]. As therapeutic agents, peptides and proteins are gener-
ally covalently bound to polymers to form peptide/protein-
polymer conjugates. Such systems have been widely studied
as possible devices for drug delivery over the last decades [50].

The first polymer-protein complex was reported in 1970
when polyethylene glycol (PEG) was conjugated with bovine
serum albumin (BSA) [51], opening way for a new field
of study for proteins. US Food and Drug Administration
(FDA) approved the first PEG-protein conjugate for rou-
tine clinical use in the early 1980s. PEG-adenosine deami-
nase (Adagen�) [52] is currently used for the treatment of
the severe immunodeficiency associated diseases and PEG-
asparaginase (Oncaspar�) [53] is applied in the treatment
of acute lymphoblastic leukemia [54]. Conventionally, poly-
mers are conjugated with proteins in the lysine or cysteine
domains. Normally, the protein acts as an active component,
while the polymer plays the role of carrier, targetingmoiety or
having cofunctional groups [49]. As mentioned, proteins are
versatile biopolymers and their functional properties depend
on their amino acid composition, besides several functional
groups (-NH

2
, -COOH, and -SH), which may be used for

covalent and noncovalent bonds with other molecules of
interest. So far, only linear polymers such as PEG, polysaccha-
rides (e.g., dextran), polyglutamic acid, N-(2-hydroxypropyl)
methacrylamide acid, and their copolymers have been clini-
cally explored [50]. Covalent conjugation strategies are often
used in reactions of amine groups with carboxylic acid,
via carbodiimide, or amine-aldehyde addition-elimination
reactions, leading to nonselective conjugations and thiol-
ene and azide-alkyne click reactions, which cause stereospe-
cific conjugations. Noncovalent conjugations have been used
as a “layer-by-layer” strategy, usually through electrostatic
interactions, hydrophobic attractions, or highly selective
bioaffinity bonds. Although it is common for conjugated
proteins to lose their biological activity after nonspecific
covalent conjugation with polymer particles, noncovalent
conjugation strategies using electrostatic interactions can be
adopted, which do not affect the biological activity of the
native protein [55].

The work by Ge et al. [56] reported a new DDS based on
self-assembled nanoparticles of BSA conjugated with poly-
methyl methacrylate (PMMA). PMMA is a thermoplastic

material approved by FDA for medical applications. Uni-
form spherical nanoparticles with BSA-PMMA core and
layers were prepared by precipitation to encapsulate camp-
tothecin. The camptothecin-loaded BSA-PMMA nanopar-
ticles showed antitumor activity improvement in both in
vitro and in vivo studies, reducing the tumor growth around
79%, being more effective than free drug. Zhang et al.
described another biohybrid polymer-protein system as a
delivery vector for nonviral genes [57]. Nanoparticles of BSA-
poly(dimethylamino)ethyl methacrylate (nBSA) were syn-
thesized by in situ polymerization, with BSA as the macroini-
tiator.The size and surface charge of the hybrid nanoparticles
(polyplexes) were controlled by modulation of the polymer-
ization time. It was postulated that the delivery of these com-
plexes to the cells would be facilitated by the positive charge
on the surface of the polyplexes.The ability of nBSA to medi-
ate nonviral gene delivery to cells was studied and compared
to that of traditional cationic polymers, that is, polyethylen-
imine (PEI) and poly(2-(dimethylamino)ethyl methacrylate)
(PDMA), linear and branched. The nBSA/pDNA conjugates
were able to transfer genes to cells with similar or improved
efficiency compared to the PEI and PDMA polymers. It is
believed that the use of polymer-protein conjugates for gene
delivery provides additional biofunctionality to the systems
[57].

Saarai et al. [58] tested a polymer-protein nanoparticles
system consisting of diblock copolymers composed of elastin-
like polypeptides (ELP) bonded to FKBP12 (intracellular
protein) to deliver a potent immunosuppressant, rapamycin
(Rapa), and evaluated its effects on lacrimal gland inflam-
mation in nonobese diabetic (NOD) rats. The formulations
were characterized regarding purity, hydrodynamic diameter,
encapsulation, and drug delivery. The dosage form associ-
ated with Rapa was successful, with a half-life five times
longer (62.5 h) than the free drug. When administered by
injection in NOD, the formulations significantly suppressed
lymphocytic infiltration in the lacrimal gland compared to
the control group, while reducing toxicity, proving to be a
promising tool for the delivery of Rapa in the treatment of
Sjögren’s syndrome.

3.3. Cyclodextrins. Since 1970, biotechnological advances al-
lowed the purification and production of cyclodextrins to
be applied as pharmaceutical excipients [59]. Cyclodextrins
(CD) are cyclic oligosaccharides composed of glucopyranose
units, joined by 1.4 alpha linkages [60]. CD are capable of
interacting noncovalently with a wide variety of lipophilic
and hydrophilic molecules by forming molecular inclusion
complexes in the inner (nonpolar) cavity of their macrocyclic
ring or through hydrogen interactions with the hydroxyls
of their outer (polar) surface [61]. Natural CD (𝛼, 𝛽, 𝛾,
with six, seven, and eight units of glucopyranose, resp.)
underwent chemical modifications, producing even more
soluble and less toxic derivatives, such as hydroxypropyl-
𝛽-CD, sulfobutyl ether-𝛽-CD, and methyl-𝛽-CD, the first
two cited as inactive pharmaceutical ingredients by the
FDA. There are currently more than 35 CD-based products
commercially available [62].
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CD/polymer biohybrid systems were synthesized to
obtain more biocompatible and multifunctional formula-
tions. The CD are covalently linked to the backbone chain or
conjugated with the side groups of polymers. When CD are
synthesized by charged functional monomers, electrostatic
interactions may occur, allowing the spontaneous formation
of nanospheres, nanogels, and nanocapsules [63]. El Fagui
et al. described the development of CD (hydrophilic)-PLA
(hydrophobic) nanoparticulated biohybrid systems. Struc-
tural characterization by NMR (nuclear magnetic resonance)
and small-angle X-ray scattering (SAXS) demonstrated that
the CD coated the PLA nanoparticles by absorption, pro-
tecting their hydrophobic core which modified the physic-
ochemical properties of the PLA nanoparticles, opening the
possibility for future conjugations [64]. Another interesting
possibility is the incorporation of CD in hydrogels matrices,
stabilizing the inclusion complexes formed by CD in their
hydrophilic network. In addition, the presence of CD opti-
mizes mechanical properties, makes the system sensitive to
physiological stimuli, and allows the sustained delivery of
drugs [65].

Zhou et al. described the creation of an injectable ther-
mosensitive gel composed of chitosan and 𝛽-CD, which
presented a lamellar structure with fractal characteristics
and showed a prolonged release profile for Aspirin�. It was
evidenced that the presence of CD in the system modulated
the drug release profile, delivering around 50% after 24 h [66].
McCormack and Gregoriadis were the first to propose the
encapsulation of drug-CD inclusion complex by liposomes,
improving its ability to encapsulate hydrophobic drugs with
success. Thus, the complex formed was encapsulated in the
internal aqueous medium of the liposomes, which main-
tained the integrity of the lipid bilayer after inclusion of
CD. Therefore, this approach has been widely explored as
DDS [67]. Recently, Sharma et al. developed a CD-liposome
inclusion complex with improved physicochemical stability
for the transdermal delivery of aceclofenac (ACE), an anti-
inflammatory drug indicated for the osteoarthritis treatment.
The drug was previously conjugated with a 𝛽-CD and the
resulting compoundwas encapsulated bymultivesicular lipo-
somes. FTIR analysis suggested that Van der Waals interac-
tions governed theACE-𝛽-CD system, as well as this complex
conjugated to liposomes. The resulting material was further
incorporated in a polymeric matrix and processed as a gel,
which presented better in vitro permeation (through mouse
skin) compared to the control group, being a promising
candidate for the treatment of osteoarthritis [68].

3.4. Liposomes. Liposomes are composed of lipid bilayers, in
which amphiphilic phospholipids carry a hydrophilic group
(head) and two hydrophobic acyl chains (tail) [69]. In these
lipid vesicles, formed by the hydrophobic effect to maximize
the interaction between the acyl chains, protecting them from
the contact with the aqueous medium, the hydrophobic tails
turn towards the inside of the lamella and the polar heads
are exposed outward, in contact with water [69]. Due to
the presence of an aqueous compartment and lipid bilayers,
liposomes can incorporate hydrophilic and hydrophobic
molecules, which is quite interesting for a drug carrier [70].

Several advances are required for liposomes to be clinically
applied, given their short half-life and low physicochem-
ical stability [71]. One of the strategies to improve these
limitations is the association of liposomes with other drug
delivery systems, usually polymers, forming the liposome-
based biohybrid systems.

To improve the stability and half-life of liposomes in the
bloodstream, a hydrophilic polymer is commonly used, usu-
ally PEG, covalently bound to a phospholipid, for example,
phosphatidylethanolamine (PE). In these so-called stealth
liposomes, even containing a low molar fraction of PEG-
PE (usually 5%), the surface of the liposomes is coated by
PEG, creating a steric hindrance that reduces the absorp-
tion of plasma protein and, consequently, the metabolism
[72]. This strategy has been widely used to produce stealth
liposome with the particle size in the range of 100 nm. Abe
et al. evaluated, by NMR, the molecular state of PEG on
the surface of liposomes composed of DSPC (distearoyl-3-
phosphatidylcholine), finding that the PEG chain’s flexibility
depends on its molecular weight and lipid composition [73].
However, extensive PEGylation can also cause inhibition of
cellular uptake, which is not desired for the cancer treatment.
Pozzi et al. reported by SAXS that phase separation on
liposome can occur due to PEG. Thus, they developed a
moderated PEGylated (size 2 K) multicomponent liposome
that hindered protein adsorption but still presented high
cellular uptake in cancer cells [74]. Therefore, all of these
studies were relevant for the development of efficient bio-
hybrid liposomal pharmaceutical forms, contributing to the
elucidation of their performance in the bloodstream [75,
76].

Another interesting approach was the combination of
liposomes with (bio)polymers as matrices for hydrogels
preparation.The association of liposomes of different charges
(negative, neutral, and positive) with a chitosan hydrogel
was evaluated. Using rhodamine as a model molecule, flu-
orescence experiments revealed its in vitro delivery profile
from the hybrid system. The hydrogel containing anionic
liposomes showed a burst release of rhodamine, probably
because the positive charges of chitosan destabilized the
anionic liposomal membrane, which was able to increase
the rhodamine delivery. The neutral liposomes/chitosan
preparation presented a more sustained delivery profile than
the anionic liposomes. On the other hand, the cationic
liposomes/chitosan preparation, in turn, presented the most
sustained rhodamine profile of all liposomal hydrogels tested.
The positive charges of the phospholipids and chitosan
chains probably were repelled, preserving the integrity of
the lipid bilayer [77]. Another study developed a liposomal
thermosensitive hydrogel for the delivery of doxorubicin. In
these forms, besides the in vitro sustained delivery profile, a
decrease in in vivo toxicity was observed [78]. On the other
hand, Caddeo et al. showed the use of chitosan as coating
for liposomes containing quercetin.The formulationwas able
to modulate the quercetin release profile according to the
pH, increasing the bioavailability of the encapsulated drug.
Chitosan was able to protect quercetin-loaded liposomes and
provide special resistance to acidic environments, such as that
found in gastric environment [79].
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Liposomes can also be used to target active molecules to
specific sites, such as tumors. The incorporation of different
ligands, such as monoclonal antibodies, peptides, growth
factors, or integrin, improves the specificity in the drug
release. Protein-coated liposomes are considered promising
in comparison to conventional liposomes. Different forces
such as electrostatic interactions, or even more specific such
as receptor-ligand interactions, will determine the biohybrid
system interaction with the plasma membrane of cells. A
biohybrid system composed of liposomes and specific pro-
teins (MCF-7) for the transport of DOX through the blood-
brain barrier (BBB) was recently described.Through covalent
interactions between the liposomal lipid and protein, the
systemwas proven to be effective in overcoming BBB, showed
a sustained delivery profile, and was able to kill tumor cells in
vitro [80].

3.5. Innovative Hybrid Lipid Nanoparticles: Solid Lipid Nano-
particles (SLN), Nanostructured Lipid Carriers (NLC), Lipo-
spheres, and Lipid Nanocapsules. Lipid nanoparticles are
innovative nanocarriers that have been studied since 1990,
representing a progress in the physicochemical stability
of the lipid-based formulations and the encapsulation of
hydrophobic molecules. Solid lipid nanoparticles (SLN), the
first generation of these systems, are composed of solid lipids
(core) at room temperature, surfactant, and water. Nanos-
tructured lipid carriers (NLC) are the second generation,
having as the lipid phase a blend of one or more solid and
liquid lipids at room temperature [81]. Both systems still
present some disadvantages, such as a possible expulsion of
the drug over time (SLN) and low capacity to encapsulate
hydrophilic molecules [82] due to limited thermodynamic
interactions between the hydrophilic and hydrophobic inter-
faces of the drug and the lipid nanoparticle, respectively
[83].

An important strategy employed to minimize such lim-
itations of SLN and NLC is their hybridization with other
classes of biomaterials, mainly polymers. The electrostatic
and hydrogen interactions among the excipients thus provide
biohybrid systems with improved properties, such as the
delivery profile of active molecules increasing plasma half-
life [83], permeation [84], and efficacy [85]. Furthermore, this
combination of materials can be used to modulate viscosity,
consistency, and mucoadhesion of lipid nanoparticles [86] or
to add thermoreversible properties to the systems [87, 88].

Pandit andDash [88]modified the surface of SLN systems
in order to improve the encapsulation of the hydrophilic
antineoplastic ifosfamide (IFO), indicated for the treatment
of soft tissue sarcoma, for oral administration. The formu-
lations were composed of glycerol monooleate, oleic acid
(surfactant), and cross-linked chitosan. Despite the low
encapsulation efficiency of IFO (∼10%), the biohybrid SLN
showed an in vitro sustained drug delivery profile up to 60 h.
The system was able to protect drug against degradation
in acidic environments, demonstrating the benefits of using
hybrid systems in a single dosage form.

Biohybrid hydrogels (Figure 1) have been widely
employed in association with SLN for topical applications.
Among the most commonly used polymeric matrices are

Polymer network

Cross-linking

Functionalization

Nanocarrier 

Water 

Figure 1: Hydrogels are semisolid pharmaceutical forms composed
mostly of water, tridimensional polymeric network, and cross-
linked chains. Their hybridization process allows incorporating
other functional groups, drug-loaded nanocarriers, and triggers,
improving the DDS performance.

Carbopol [89, 90], alginate [91], and dextran [92]. Hao et
al. [93] developed a thermosensitive biohybrid hydrogel
composed of poloxamer to improve the ophthalmic drug
delivery. The hydrogel gelled only in contact with the ocular
mucosa, improving adhesion and permeation of the Chinese
phytochemical resin, known as “Dragon’s blood.” The
SLN with particle size around 150 nm showed an abrupt
increase when incorporated in the hydrogel (∼450 nm) due
to the adsorption of poloxamer portions on the surface of the
nanoparticles.Thebiohybrid hydrogels improved the stability
of the drug and increased mucoadhesion and penetration
capacity in the cornea when in vitro evaluated.The evaluation
of transcorneal mechanism across the cornea was performed
in rabbits, showing that the system allowed a prolonged
residence time and reduced the systemic side effect. On
the other hand, Hazzah et al. [86] developed biohybrid
sponges based on hydroxypropyl methylcellulose (HPMC)
and polycarbophil as polymeric matrices, incorporating
curcumin-loaded SLN for oral mucosal administration. The
resulting materials showed a sustained delivery profile of
curcumin and excellent mucoadhesion properties evaluated
in five adult healthy volunteers.

The incorporation of polyelectrolytes on the surface
of nanoparticles is also a strategy to improve stability
and optimize targeting. Doktorovová et al. [94] developed
PEGylated-based NLC through the blend between Precirol
(solid lipid) and a PEGylated liquid lipid (Labrasol) for the
sustained delivery of fluticasone propionate in dermatology.
The nanoparticles showed excellent encapsulation efficiency
(95%) and physicochemical stability (60 days), stored at
room temperature. The crystallinity and polymorphism of
the compounds were analyzed by wide-angle X-ray scat-
tering (WAXS) and DSC, which showed that although the
formulations presented a lower melting point than pure
Precirol (63∘C), the nanoparticles were in solid state at room
temperature, with a melting point above 50∘C, as required for
biological applications.

Devkar et al. [95] developed a biohybrid NLC based on
glycerol monostearate and Capryol 90 as the lipid matrix,



8 International Journal of Polymer Science

stabilized with soy lecithin and poloxamer and superficially
modified by the natural Delonix regia gum, combining
mucoadhesive properties to the system. The hybrid sys-
tem was intended for intranasal delivery of ondansetron
and showed ca. 44% encapsulation efficiency. Mucoadhesive
properties were achieved and the drug efficiently reached
the target site (brain) with a sustained release profile, as
observed by in vivo biodistribution assay, showing higher
drug concentration in the brain than the plasma compared
to intravenous route. Wong et al. described polymer-lipid
hybrid nanoparticle systems composed of SLN and soybean-
based anionic polymer, which efficiently loaded doxorubicin
(∼50%) and improved the toxicity against human breast
cancer cells [96]. Li and coworkers designed polymer-lipid
hybrid nanoparticles based on SLN and dextran sulfate
sodium as a polymeric counterpart to complex the ionized
verapamil. The structural characterization suggested that
verapamil was in the amorphous form into SLN, further
corroborated by the high encapsulation efficiency (∼88%),
when the lipid : drug ratio in the hybrid was 1 : 1 (w/w) [97].

Rose et al. [87] developed optimized lipid-polymer
nanoparticles composed of PLGA electrostatically modified
with dimethyl octadecyl ammonium as cationic surfactant
and conjugated with a complex formed between the glycol-
ipid trehalose dibehenate and PVA. This formulation aimed
to act as an immunopotentiator to modify cellular and
humoral immunity by antibodies and Th1/Th17 responses,
proposed as adjuvant in topical vaccine, improving the
specificity of the system against many bacterial pathogens of
the oral mucosa. The main force that governed its molec-
ular arrangement was the electrostatic interaction between
the quaternary ammonium group of dimethyl octadecyl
ammonium and the negatively charged PLGA-PVA polymer
conjugate. The lipid polymer nanoparticles were able to
stimulate immune response, acting as efficient adjuvants, as
demonstrated by in vivomice immunization model.

On the other hand, lipospheres are drug upload sys-
tems composed of an oily solid core (triglycerides) [98], in
which a hydrophobic drug may be dissolved or dispersed,
stabilized by a monolayer of phospholipid molecules that
cover its surface [99]. These systems were developed for the
delivery of bioactive compounds by parenteral and topical
routes, exhibiting a great in vivo anti-inflammatory effect
by piroxicam-loaded lipospheres [100]. They consist of solid
microparticles with sizes between 0.2 and 100 𝜇m [101].
Their advantages over other DDS (emulsions, liposomes, and
polymer nanoparticles) include physical stability, being easy
to disperse in aqueous medium, simple preparation, high
retention of hydrophobic drugs in the core, and prolonged
delivery [102]. Lipospheres have been used for the delivery
of several classes of drugs, such as local anesthetics [99],
anti-inflammatories [100], antineoplastic [101], immunosup-
pressant [102], hypoglycemic agents [103], antimalarial agents
[104], and antihypertensive agents [105].

Lipospheres are usually associated with other types of
carrier systems, such as cyclodextrins or polymeric matrices.
These biohybrid systems aim to potentiate the lipospheres’
properties and/or modulate drug delivery. An example
is the incorporation of butyl methoxydibenzoylmethane

(BMDBM)/hydroxypropyl-𝛽-cyclodextrin (HP-𝛽-CD) com-
plex into lipospheres, aiming to increase the effect and
photostability of the sunscreen agent. DSC analysis revealed
that the endothermic peak of the pure drug disappeared in the
liposphere-BMDBM/HP-𝛽-CD sample. Such thermal behav-
ior suggested that the drug was dispersed in the liposphere
core, in an amorphous state, which explained the sustained
drug release, as well as the increase in photostability achieved
[106]. In another study, Ma et al. [107] developed a biohybrid
system based on PLGA copolymer conjugated with the
liposphere core for the delivery BSA for oral administration.
The lipospheres exhibited spherical morphology with PLGA
hydrophobic core delimited by a weak ring, suggesting that
the lipid layer was on its surface, as shown by scanning
electron microscopy. This system, compared to conventional
PLGA microspheres, showed better uploading of BSA (∼
91%) and a sustained delivery profile. The biohybrid system
improved the protein delivery capacity as well as its bioavail-
ability, being potentially useful for oral administration.

Lastly, lipid nanocapsules are further bioinspired hybrid
nanocarriers, composed of a triglycerides core delimited by
a polymeric shell, stabilized by surfactants and/or cosur-
factants, and obtained by thermal inversion [108]. Recently,
Jones et al. developed lipid nanocapsules functionalized with
cytotoxic T-cells (CTLs) as mediator of antigen recognition-
triggered drug release. In an in vivo model of HIV infection
(mice), the nanocapsules were able to detect immunosup-
pressed cells with a sustained interleukin-15 (IL-15) release at
theHIV-specific site [109]. Kimet al. proposed a treatment for
non-small cell lung cancer, based on the release of erlotinib
encapsulated by PEGylated polypeptide-lipid nanocapsules.
The nanocapsules were biocompatible with particle size lower
than 200 nm and a monodisperse distribution. The PEG
covering exerted a protective role, acting as a molecular
barrier that prolonged the erlotinib release in the acidic
target medium. The lipid nanocapsules were found cytotoxic
for NCI-H358 and HCC-827 lung cancer cells. The efficacy
was evaluated in mice by a tumor regression profile model,
showing an improved therapeutic action for the hybrid
lipid nanocapsules in comparison with free drug, being a
promise for the treatment of lung cancer [110]. Antonow
et al. described lipid nanocapsules loaded doxorubicin to
study the in vitro antiproliferative property and determine
the nanocapsules uptake by MCF-7 cells. The nanocapsules’
particle size was ca. 200 nm and a high antiproliferative
capacity (>90%) was observed. These systems were cytotoxic
for MCF-7 cell exhibiting a sustained effect evaluated for 72 h
[111]. Quercetin lipid nanocapsules for dermatological uses
were prepared by phase inversion method. The formulations
presented particle size around 50 nm, high encapsulation
efficiency, and antioxidant activity (92%) in vitro, with a
sustained release profile over 24 h, being stable for 28 days at
room temperature [112]. While lipid nanocapsules appear as
a novel hybrid-based approach with great potential as DDS,
allowing for small-sized (<100 nm) nanoparticles’ prepara-
tion, cytotoxic issues related to their high surfactant content
are still pending. Figure 2 compares the structure of some
types of traditional DDS and the respective hybrid systems.
Table 2 shows relevant information of main published works
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Table 2: Main published works regarding biohybrid systems for
sustained drug delivery, listed in terms of kind, activity, and
encapsulation efficiency (EE%).

Biohybrid system Therapeutic
molecule EE% Ref.

NE-alginate/chitosan Capsaicin 68.0% [44]
Emulgel-jojoba oil/HPMC Clotrimazole — [46]

Emulgel-xanthan gum Acyclovir and
ketoconazole — [47]

Emulgel-lecithin soy Ketoprofen — [113]
Nanogel-agar Sodium diclofenac — [48]
Emulgel-CMC Sodium diclofenac — [114]
Emulgel-gelatin Metronidazole — [45]
Poly(SMA)-neocarzinostatin Neocarzinostatin — [115]
PEG-DNA DNA — [52]
PEG-streptavidin Streptavidin — [116]
PEG-L-asparaginase L-Asparaginase — [53]
PEG-streptavidin Streptavidin — [117]
PDMA-BSA DNA — [57]
PMMA-BSA Camptothecin 11.0% [56]
ELP-FKBP Rapamycin — [58]
Liposome-chitosan Doxorubicin 98.0 % [78]
Liposome-cellulose Quercetin 40.0% [77]
Liposome-cellulose Rutin 58.0% [77]
Liposome-gel Lidocaine 21.6% [118]
Liposome-gel Bupivacaine 98.8% [119]
Liposome-alginate Benzocaine 63.2% [120]
Liposome-PEG Lidocaine 98.8% [73]
Cyclodextrin/liposome Quercetin 91.0% [121]
Cyclodextrin/liposome Tretinoin 88.7% [122]
Cyclodextrin/liposome Curcumin 50.0% [123]
Cyclodextrin/PLGA Oxaprozin 62.0% [124]

SLN-PLGA-PEG-PLGA 2-
Methoxyestradiol 91.3% [125]

SLN-hydrogel Natural resin — [93]
SLN-polycarbophil Curcumin 88.1% [86]
SLN-B

12
vitamin Insulin 55.9% [85]

SLN-chitosan Amphotericin B 88.5% [126]
SLN-PLGA Flurbiprofen 91.7% [127]
SLN-dicetyl phosphate Retinyl palmitate 99.1% [128]
SLN-PEG EGFP Plasmid 89.0% [129]
SLN-PEG Paclitaxel 11.0% [130]

SLN-PEG Salbutamol
sulphate 30.0% [131]

SLN-PEG Noscapine 83.6% [84]
SLN-chitosan Carbamazepine 66.7% [132]
SLN-chitosan Ifosfamide — [89]
SLN-dextran Ibuprofen 99.1% [133]
SLN-chitosan Tretinoin 99.6% [134]
SLN-PLGA DNA 93.1% [135]

Table 2: Continued.

Biohybrid system Therapeutic molecule EE% Ref.
NLC-natural gum
(D. regia) Ondansetron 29.9% [95]

NLC-PEG Fluticasone propionate 97.0% [94]
NLC-peptides Docetaxel 77.5% [136]
NLC-PEG Biochanin A 99.0% [137]
NLC-chitosan Curcumin 96.6% [138]
NLC-chitosan Fubiprofen 97.5% [139]

Lipospheres-𝛽-CD Butyl
methoxydibenzoylmethane 85.0% [106]

Lipospheres-𝛽-CD Rifampicin — [140]
Lipospheres-PLGA Albumin 90.8% [107]
Lipospheres-PLGA
Lipospheres-PEG

Donepezil hydrochloride
Ceftriaxone

—
60.1%

[141]
[142]

Lipospheres-PEG Gentamicin 85.0% [143]
Lipid nanocapsules Interleukin-15 (IL-15) — [109]
Lipid nanocapsules Erlotinib 90.0% [110]
Lipid nanocapsules Doxorubicin 90.0% [111]
Lipid nanocapsules Quercetin 92.0% [112]

related to biohybrid systems for sustained delivery of thera-
peutic molecules.

4. In Vivo Performance of Biohybrid
Polymer-Based Hybrid DDS

The polymer-based hybrid systems’ development has been
exponentially increased in the last years. However, most
of the publications noticed the in vitro performance of
such materials in addition to their structural elucidation.
This theoretical approach is fundamental to guarantee their
success and physicochemical stability. Therefore, multidisci-
plinary efforts are necessary to precisely evaluate the efficacy,
bioavailability, and pharmacokinetics of these multipurpose
systems, considering that there is a lack of animal models for
testing different DDS for specific applications [144].

In general, we observed advantages of such hybrid sys-
tems over their respective traditional DDS, which signifi-
cantly improved the in vivo pharmacokinetics and the activity
of several classes of drugs [67, 72, 100, 104, 118, 119, 128]. As
in the case of protein nanoparticles, where polymer-protein
conjugates for gene delivery provided biofunctionality to
the systems [57], other formulations reduced in vivo tumor
growth [56]; and the anti-inflammatory activity five times
higher than the traditional protein nanoparticle was noticed
[58]. Regarding the hybrid lipid-based DDS, the outlook
is exciting. The well-known stealth liposomes commonly
hybridized with PEG were able to improve the in vivo short
half-life [71] and the low bloodstream stability [72] of pure
liposomes inmice.The decrease of in vivo chemotherapeutics
toxicity was noticed for liposomes in gel [78]. With respect
to hybrid lipid nanocapsules, a sustained interleukin-15 (IL-
15) release at the HIV-specific site in an HIV infection
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model in mice was provided [109]. A promising hybrid-
based lipid nanocapsule was described for the treatment
of lung cancer, which described the in vivo (mice) tumor
regression profile [110]. In vivo pharmacokinetics studies in
rats demonstrated higher bioavailability of hybrid artesunate-
loaded lipospheres when compared to the commercial tablet
for malaria treatment [104]. Different in vivo studies were
described for SLN- andNLC-based hybrid systems for topical
and parenteral applications, using mice, rat, and rabbit, as
well as in human clinical trial, which demonstrated the effec-
tiveness, nontoxicity, and bioavailability of these biodevices
compared to their respective traditional DDS or free drug
[86, 88, 94, 96].

5. Perspectives

It is utopian to expect that a single nanosystem will accom-
plish all drug delivery demands. Despite the progress in
pharmaceutical nanotechnology, all current DDS present
advantages and limitations for its clinical use. The DDS
composed of biopolymers as single component can exhibit
undesirable mechanical properties and do not have the
advantages of drug encapsulation. On the other hand, despite
the capability of encapsulation of hydrophilic molecules,
protein nanoparticles and liposomes can present low physic-
ochemical stability, as also occurs in the emulsions, affecting
their therapeutic properties. SLN and NLC present long-
term stability and low encapsulation efficiency of hydrophilic
molecules. CD and all the colloidal formulations cannot be
applied for topical routes with success, due to undesirable
adhesion, spreadability, and viscosity, which are advantages
of the emulsions and polymeric systems. Finally, CD and
liposomal systems are able to incorporate both hydrophilic
and hydrophobic molecules in their structure. Considering
that there is no perfect DDS system, a deep understanding
of the structural, physicochemical, and biological properties
of the route and drug is necessary, making the choice of the
appropriate device possible.

Therefore, the strategic association of different organic
biomaterials combines suitable intrinsic properties of each
component in a single DDS. The organic-organic biohy-
brid systems represent important advances in drug deliv-
ery field, such as efficient encapsulation of hydrophilic
molecules by SLN andNLC formulations; improvedmechan-
ical (emulsions), adhesion (colloidal formulations and CD),
and physicochemical properties (emulsions, liposomes, and
protein nanoparticles); functionalization of protein and lipid
nanocarriers enhancing target specificity and cancer cells
cytotoxicity; improved protein bioavailability for oral admin-
istration; multiple therapeutic properties in a single system;
and better in vivo performance than themost of conventional
DDS.

The use of (bio)polymeric excipients in biohybrid sys-
tems development is especially relevant due to its diversity,
abundance, low cost, and biocompatibility. These versatile
materials have several uses, such as surface modifiers, com-
plexing agents, stimulus-response dependence, and matrices
for solid pharmaceutical forms that improve mechanical,
adhesion, and permeation properties of the nanocarriers.

This class of biohybrid systems (organic-organic) deserves
attention, considering the ability to interact with ability to
interact with site of interest, predicting and controlling the
DDS performance when in contact with the target, solving
several limitations of traditional DDS.

There are several hybridization processes of DDS cur-
rently employed to improve the nanocarrier specificity to
the targets. Changes in the global charge of the traditional
nanocarriers by superficial functionalization or thiomeriza-
tion provide hybrid smart drug delivery systems, which are
able to electrostatically interact with the different mucosal
tissues, fixing them at the desired site. Moreover, molecular
designed polymer-based hybrid DDS can combine several
stimuli-dependent effects in a single biodevice, such as pH
and temperature, which should be specific to the action site,
as a tumor tissue.Therefore, a multidisciplinary point of view
is mandatory to understand the particularities of the target,
carrier, and therapeutic molecules, linking physical, chem-
ical, and biological aspects to design creative and efficient
systems to improve the efficacy and stability of delivered
drugs.

However, despite the excellent performance in the in vitro
and in vivo assays, the human trials of these creative DDS are
still scarce, which hinders the market arrival of the biohybrid
nanocarriers systems. Along with that, the regulatory issues
of the excipients safety as well as their conjugation in a
single nanostructured biodevice are not fully established,
contributing to the delay in commercial availability of these
promising DDS. Moreover, the long-term consequences of
nanostructured systems as DDS in the environment have not
been fully elucidated yet.

6. Conclusions

The development of biohybrid advanced materials for sus-
tained release has been widely described over the last years.
However, a thorough review of these findings is not yet avail-
able in the literature. Characteristically, a synergistic interac-
tion among the components, combining the advantages of
each raw material, governed the molecular organization of
these systems. Different systems have been efficiently pre-
pared, which combine different classes of organic excipients,
such as polymer, protein, and lipid, yielding formulations
or pharmaceutical forms with several advantages, such as
dynamic interaction with targets, enhancing their perfor-
mance. This work revised the biohybrid DDS, elucidating
their advantages and limitations, contributing to further
study of creative, molecularly planned, and safe biohybrid
systems as advanced materials for the sustained release of
active molecules. These systems showed exciting in vitro and
in vivo results, being a promise for the delivery of many drugs
for different routes. This work also directed efforts to inspire
new research with this innovator multidisciplinary approach.
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[32] A. C. S. Alcântara, P. Aranda, M. Darder, and E. Ruiz-
Hitzky, “Bionanocomposites based on alginate-zein/layered
double hydroxide materials as drug delivery systems,” Journal
of Materials Chemistry, vol. 20, no. 42, pp. 9495–9504, 2010.

[33] L. N. M. Ribeiro, A. C. S. Alcântara, M. Darder, P. Aranda, F. M.
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Nanoemulsions have been widely used as additives for drilling fluids in recent years. With the development of nanotechnology,
multifunctional nanomaterials have been added to nanoemulsions. The improvement of wettability of the surfaces, alteration
of oil-wet on shale rock surfaces, and environmentally friendly conditions are considered as the future development directions
of nanoemulsions. In this work, a novel nanoemulsion was prepared by using hydrocarbon-based polyoxyethylene ether, oil
(hydrocarbon), distilled water, and formation crude oil as the main raw materials. The shale rocks before and after immersion
with as-prepared nanoemulsion were characterized by contact angle measurement, atomic force microscope (AFM), and Fourier
transform infrared spectroscopy (FTIR). It is clearly observed that the nanoemulsion greatly improved the wettability of the
sandstone and rock surface by forming a layer of active agent film on the surface of the rock. The as-prepared nanoemulsion had
good ability to curb the anticollapse and lubricate and protect the oil and gas layer.

1. Introduction

Nanoemulsion is a transparent/translucent (50–200 nm) or
milky white emulsion (about 500 nm). It also has developed
as small emulsion, ultrafine emulsion, latex liquid, unstable
emulsion, and submicron emulsion. The introduction of
nanomaterials in the drilling completion fluid can solve
urgent issues, such as stability performance and environ-
mentally friendly composites [1]. When the nanoemulsion
was applied to drilling, solid particles and the filtrate from
the drilling and completion were prevented from the deep
formation to avoid permanent blockage in the oil and gas flow
channel [2].This played very important role in the protection
of oil and gas layer. The current pilot exploration research
showed that in the field of oil and drilling fluid nanoemulsion
had a very strong attraction.

In this work, rock with a porosity of 11.6% and a per-
meability of 0.0001–1mD was derived from Jimusaer dense
oil reservoir [3–7]. The average density and viscosity of the
crude oil were, respectively, 0.888 g/cm3 and 73.45mPa⋅s.

The freezing point was 24.84∘C, which belonged to high
temperature and high freezing point. The basic information
about Jimusaer dense oil reservoir was listed in Table 1.

In this work, the surface of the rock in Jimusaer oil field
was modified by nanoemulsion due to the improved wetta-
bility of the rock surface and formed active agent film. This
provided a new idea for the optimization of sandstone drilling
fluid and the improvement of the stability of sandstone gas
shaft [8–10].

2. Experiment

2.1. Materials. Alkyl polyoxyethylene ether, oil (hydrocar-
bons), distilled water, stratified crude oil, and rock samples
were obtained from Changji Oilfield.

2.2. Experiment. The experiments were processed as follows:
(1) Diluted crude oil: a diluted crude oil with a viscosity

of 10.83mPa⋅s was obtained by mixing crude oil with
kerosene at a ratio of 1 : 1.25.
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Table 1: The basic information of the Jimusaer dense oil reservoir.

Block Changji oilfield
Oil layer Lauza ditch group on the desert Luca ditch group under the desert
Thickness of the reservoir (m) 16 (thin interbed) 20 (thin interbed)
Lithology Debris cloud, muddy siltstone, and silt sandstone Cloudy siltstone
Natural cracks Not developed Not developed
Porosity (%) 11.0 11.6
Permeability (mD) 0.012 0.010
Oil saturation (%) 78.7 80.2
Formation pressure coefficient 1.273∼1.32
Reservoir temperature (∘C) 86.6 93
Crude oil viscosity (mPa⋅s, 50∘C) 64.3 204.6
Stratified crude oil viscosity (mPa⋅s) 10.58 21.5 (calculation)
Ground crude oil density (g/cm3) 0.888 0.908
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Figure 1: FTIR spectra of soaked sandstone samples: (a) sandstone soaked under NaCl solution for different immersion times and (b)
sandstone soaked with nanoemulsions at different immersion time.

(2) Nanoemulsionmother liquor configuration: a certain
amount of the surfactant (hydrocarbyl polyoxyethy-
lene ether), alcohol, and oil (hydrocarbons) were
mixed. Subsequently, distilled water was added to
generate microemulsion mother liquor.

(3) Nanoemulsion configuration: nanoemulsion was
obtained by mixing microemulsion mother liquor
and 2% KCl solution at the ratio of 0.1 : 100.

(4) Rock soaking: the core was cut into 1 cm thick and
2.5 cm diameter with 1000mesh sandpaper polished
smooth; then, it was soaked with diluted oil for 10
days.

(5) Remove the rock and immerse it into nanoemulsion.

(6) The soaked rock was analyzed by FTIR, atomic force
microscopy (AFM) and contact angle.

3. Results and Discussion

3.1. FTIR. Rocks soaked inNaCl solution andnanoemulsions
for different immersion time (blank sample, 5min, 30min,
and 4 h) were characterized by FTIR (Figures 1(a) and 1(b)).
It is clearly seen that a strong peak at 3300 cm−1 occurred
after nanoemulsion soaking [11–15]. The longer the soaking
time, the stronger the relative intensity of the peak.This peak
corresponded to a group with strong polarity, indicating that
the nanoemulsion can greatly improve the wetting of the
sandstone surface [15–18].
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Figure 2: (a) A typical force curve data, (b) a typical AFM tip probe, and (c) adhesion force between rocks and probes under different soaking
time with nanoemulsions.

3.2. AFM Adhesion Test. Figure 2 gives the adhesion forces
between probes and rock surfaces under different nanoemul-
sion soaking time. All the tests were performed at a tem-
perature of 23∘C with humidity 23%. The same positions on
the rocks were tested (experimental conditions: ramp size
500 nm, reserved velocity 1000 nm/s, preload time 0 s, and
temperature 19∘C) [19]. Figures 2(a) and 2(b) are a typical
adhesive force curve and tip probe detected under AFM.
It can be seen from Figure 2(a) that the adhesion force
between particle and substrate increased with the increase
of soaking time. The adhesive force shown in Figure 2(c)
also increased as the loading force increased from 500 to
2000 nN, indicating that the surfactant in the nanoemulsion

was effectively spread on the shale rock surface and formed a
layer of active agent film with high stability performance.

3.3. Contact Angle. Wettability refers to the tendency of
another fluid to expand or adhere to the solid surface when
there is a mixed fluid [20]. It is the interaction between oil
and water and reservoir rocks under reservoir conditions.
According to the affinity between the reservoir rock surface
and water and oil, the reservoir wetting property is divided
into water wetting, oil wetting, neutral wetting, and subwet-
ting. Reservoir wettability is the main factor to control the
flow and distribution of fluid in reservoirs [21].Therefore, the
study of reservoir wettability is of great significance to the
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Figure 3: Contact angle of water droplets in air; rocks soaked in the nanoemulsion for various times, (a) 1 day, (b) 3 days, (c) 7 days, and (d)
9 days.

development of oil field and the final recovery rate of crude
oil [22].

The contact angle method is mainly used for the determi-
nation of wettability of pure fluid and artificial core systems.
The wettability of the system is usually defined according to
the determination of the angle 𝜃 of the water on the solid
surface. Generally, 𝜃 < 75∘, 105∘ > 𝜃 > 75∘, and 𝜃 > 105∘
are defined as water wetting, neutral wetting, and oil wetting,
respectively.

Figures 3(a)–3(d) are the contact angle of the rock sample
immersed in the nanoemulsions for different soaking times.
It can be clearly seen that the oil was wetted when the rock
was soaked in the nanoemulsion for 1 day (Figure 3(a)) but
weakly wetted when immersed for 3, 7, and 9 days (Figures
3(b)–3(d)). The graph inferred that the wetting of the rock
surface changed with the immersion time.

3.4. The Schematic of the Reaction. Nanoemulsions are usu-
ally thermodynamically stable isotropic dispersions of oil,
water, surfactants, and cosurfactants spontaneously formed.
Figure 4 is the model of nanoemulsion structure [23]. From
the microscopic principle analysis, the nanoemulsion is a
heterogeneous dispersion, which consists of a continuous
aqueous phase and a polymer dispersed in water in a micro-
sphere form. During the emulsion formation process, the
water is gradually volatilized or absorbed by the porousness
of the surface. Then, the microspheres of the polymer slowly

Oil

Figure 4: Nanoemulsion structure model.

approach and finally contact each other until the polymer
particles fuse with each other to form a continuous uniform
coating [24].

Figure 5 is the schematic diagram of shale rock soaked in
nanoemulsions. It can be seen that when the nanoemulsions
are dispensed onto water surface under gravity, it can mix
with rock in two ways; one is spreading on the surface
and the other is infiltration into rocks. Since the infiltration
speed of water is much higher than that of nanoemulsions,
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Figure 5: Schematic diagram of sandstone soaked in nanoemulsion.

thus nanoemulsions start to get concentrated under surface
tension and form a solid thin film on top of the shale rock
surfaces. That is the reason why the wettability of the shale
rocks was changed [25–28].

4. Conclusions

In this work, we designed a new nanoemulsion and proved
that the nanoemulsions can greatly improve the wettability of
the sandstone surface and form a layer of active agent film on
the surface of the rock. The drilling fluid used in the oil field
had good ability to curb the anticollapse and lubricate and
protect the oil and gas. AFMand FTIR results represent a thin
layer of film formed on the surface of the shale rock. Those
findings may guide the scientists and engineers regarding
designing nanoemulsions with good wettability and stability
properties.
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Polysaccharide is one of the important active ingredients of Cantharellus cibarius. The aims of this work were to analyze
preliminary characterization and to investigate immunostimulating activity of a novel water-soluble neutral polysaccharide named
JP1, which was purified from the fruiting body of Cantharellus cibarius using DEAE-FF chromatography and Sephadex G-100
chromatography. The characteristics of JP1 were determined by HPGPC, FT-IR spectra, gas chromatography, and Congo Red
Method. Immunostimulating activity of JP1 was investigated in RAW264.7 cells. Results indicated that JP1 consisted of L-Arabinose,
D-Mannose, D-Glucose, and D-Galactose in a molar ratio of 1 : 1.06 : 1.95 : 1.17 with a molecular weight of 336 kDa. JP1 is nontoxic
to RAW264.7 cells at this concentration range (62.5–1000𝜇g/mL). Furthermore, JP1 can promote mouse peritoneal macrophages
to secrete NO and enhance the secretion of macrophages’ cytokines IL-6 in RAW264.7 cells. These results suggested that JP1 could
have potential immunostimulating activity applications as medicine or functional food.

1. Introduction

Chronic inflammation has been strongly related to a wide
range of progressive diseases, such as cancer, neurological
disease, metabolic disorder, and cardiovascular disease [1, 2].
Polysaccharides are natural polymers that exist widely in
plants, animals, and microorganisms [3–5]. Previous studies
have demonstrated that the polysaccharides play a vital role
in the life of living organisms [6–8]. In particular, plant
polysaccharides have attracted much more attention from
experts in the food and biomedical fields, due to their
biological activities [9–11].

Special attention was payed to mushrooms over recent
decades, which could be used as food ormedicalmaterials. As
reported, many constituents isolated from mushrooms have
been confirmed to have the bioactivities like antitumor, anti-
infection, immunomodulating, and blood sugar controlling
[12–14]. These active constituents include proteins, polysac-
charides, and protein−polysaccharide complexes. Among

them, the polysaccharide occupies an important position. For
example, the polysaccharides of edible and medicine mush-
room have the potential application as biological response
modifier (BRM) [15, 16]. The research of both the structure
and physiological effects of polysaccharides receives more
and more attention.

Cantharellus cibarius, one kind of popular edible macro-
fungi (mushrooms), is commonly known as chanterelle,
yellow silk fungus, or golden chanterelle [17]. It is cultivated
mainly in North America, Northern Europe, and China. It
incrementally attracted attention of researchers in the past
decade for its high nutritional and medical value. It is rich
in protein, carbohydrates, carotene, vitamin C, vitamin D,
potassium, calcium, phosphorus, and other nutrients [18–20].

As a traditional medicine, it is believed that chanterelles
can benefit the stomach, purge toxins in liver, clear the
lung, and improve the eyesight. The function of antitumor,
reducing blood glucose, antioxidation, curing the diseases
caused by VA deficiency, like nyctalopia, xerodermia, and
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keratomalacia, and preventing the infection of respiratory
and digestive tract have come forward by modern medicine
[18, 21–23]. It is also proofed that a protein bound polysaccha-
ride fraction from Cantharellus cibarius possessed immune-
modulating function that observably promotes the prolifera-
tion of mouse splenocytes with the dose-dependent manner
[24, 25]. Moreover, the antioxidation and hypoglycemic
functions of polysaccharides extracted from C. cibarius have
been studied [26].

The properties of polysaccharides are depending on the
structure. The primary structure, for example, the com-
position, linkage pattern, and sequence of the monosac-
charide, would have significantly impacted on the bioac-
tivities. What is more, the molecular conformation and
stereoconfiguration are interwovenness with the biological
function of polysaccharides. Since the heterogeneity of the
polysaccharide involved may complicate the understanding
of the underlying mechanisms, the in-depth study of the
polysaccharide is difficult to carry on.The existing researches
on polysaccharides of C. cibarius are confined to in vitro
simulating and simple cell experiments [27].

Macrophage is one kind of the phagocyte that plays
vital roles in the innate immune responses, embryogenesis,
tumorigenesis, cutaneouswoundhealing, andhematopoiesis.
Macrophages can serve as an antigen-presenting cells (APCs)
that present antigen to T lymphocytes and, then, induce
the adaptive immune response when pathogenic organisms
invade the host. So macrophage is always considered as an
deal cell model to examine the immunomodulatory charac-
teristics of bioactive compounds.

Polysaccharides from mushrooms have been found to
improve the viability of macrophage against pathogenic mic-
roorganisms and tumorigenesis through increasing the secre-
tion of nitric oxide (NO) and the production of cytokines,
such as tumor necrosis factor 𝛼 (TNF-𝛼) and interleukin
(IL-1, IL-2, IL-6, IL-8, IL-10, and IL-12) [28]. Previous study
showed that polysaccharides could bind to specific mem-
brane receptors of macrophage and activate the immune
response [7]. However, the mechanisms involved in the
activation of macrophages by polysaccharides are still not
clear. Thus, it is useful to explore the structural characteri-
zations, biological functions, and molecular mechanisms of
the polysaccharides from Cantharellus cibarius.

In this present study, the main purpose of the present
work was to isolate and purify a novel water-soluble neu-
tral polysaccharide (denoted as JP1) from the fruit body
of Cantharellus cibarius by DEAE-FF chromatography and
Sephadex G-100 chromatography, and then we determined
the structural characteristics and conformation using UV,
IR, and GC–MS techniques methods. Furthermore, we
investigated the immunostimulating activities in mouse
macrophage cell line RAW264.7. Based on these results, the
mechanism of immunostimulating activity of JP1 was also
discussed. These results from our study might provide useful
information to understand better the chemical structure and
immunomodulatory activities of botanical polysaccharides
from Cantharellus cibarius.

2. Materials and Methods

2.1. Materials. Dried Cantharellus cibarius fruiting body was
purchased fromKunming Jianhang Trading Co., Ltd. Dialysis
tube of molecular weight cut-off (MWCO) = 3000 kDa was
purchased from Guangzhou Qiyun Biological Technology
Co., Ltd. Chloroform and N-butyl alcohol were acquired
from Guangzhou Dongju Experimental Apparatus Co., Ltd.
DEAE-Sepharose Fast Flow: S8800 was obtained from Phar-
macia 17-0709-10. EDTA disodium was purchased from Jian
Yang Biotechnology Co., Ltd. The DEAE-FF chromatogra-
phy and Sephadex G-100 chromatography were purchased
from GE Healthcare Life Science (Piscataway, NJ). The
murine macrophage cell line RAW 264.7 was acquired from
American Type Culture Collection (ATCC, Rockville, MD).
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), and phosphate-buffered saline (PBS, pH 7.4)
were purchased fromGibco Life Technologies (Grand Island,
NY). Trypsin digestion EDTA was acquired from Ever-
green Co., Ltd. MTT reagent (B.R.) and lipopolysaccharide
(LPS, B.R.) were obtained from America Sigma Companies.
Dimethylethylene SA was acquired from Tianjin Fu Yu Fine
Chemical Co., Ltd. NO kit was acquired from Pik days Ltd.
All of the other chemical reagents applied in the work were of
analytical grade.

2.2. Extraction and Preparation of JP1. The purchased fruit
body of Cantharellus cibarius was dried by hot air at 60∘C
and crushed into powder using a grinder. In this experiment,
hot water extraction was applied. The polysaccharides were
extracted in boiling water bath at a ratio of 1 : 20 (w/v) for
2 h with continuous stirring. After 2 rounds of extraction,
the mixture was centrifuged at 3500 rpm for 15min; then
the combined supernatants were concentrated to 200mL
using the vacuum rotatory evaporator at 55∘C, followed by
deproteination using the Sevag method. The process was
repeated 30 times until no chloroform-protein gel existed.
Three volumes of 75% ethanol were added to the resulting
solution and kept for 24 h at 4∘C. Then they were separated
with centrifuge and discarded the supernatant. The deposit
was dried with electrothermal air drying oven at 40∘C for 2 h,
followed by redissolving with distilled water. Put the resulting
solution into the ultralow temperature freezer (−80∘C) for
two days to prefreeze and then it was freeze-dried at −50∘C
for 48 h to obtain thewater-decocting extract, which is always
called crude polysaccharide [29, 30].

DEAE-Sepharose Fast Flow column chromatography was
applied to further separate the polysaccharide [31].The crude
polysaccharide was dissolved with distilled water to prepare
the sample solution (10mg/mL). Firstly, 10mL of the sample
solution was pipetted into the column and then eluted with
distilled water. In this study, the eluent rate was 1.2ml/min
and the collection time was 5min per tube. After 30 tubes,
the eluents were detected by phenol-sulfuric acid method
[32]. An orange yellow compound would be found if the
polysaccharide exists in the eluent and then the multimode
microplate reader was used to detect the absorbance at
490 nm. Afterwards, the elution curve was drawn using the
value of absorbance and tube number, combining the eluents
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with the same peak. The eluents were stored in the plastic
bottles and frozen at 20∘C. Eluents with the same peak were
combined and concentrated at 50∘C and then freeze-dried,
which we called CJP1.

After that, the CJP1 fraction was further purified by
Sephadex G-100 column chromatography. A total of 20mg of
CJP1 was redissolved in 10mL of distilled water and loaded
onto a Sephadex G-100 column. The sample was eluted with
distilled water at a speed of 1.2ml/min, and then the eluent
was collected and detected using the phenol−sulfuric acid
method. JP1 fraction was collected after gel filtration, dialysis,
and freeze-drying. The JP1 powder was white in color.

2.3.Determination ofMolecularWeight.Themolecularweight
of JP1 was measured by high-performance gel permeation
chromatography (HPGPC). It was performed on a Waters
instrument equipped with TSK-GEL G-5000 PWXL column
(300mm × 7.8mm inner diameter, 10 𝜇m) and TSK-GEL
G-3000 PWXL column (300mm × 7.8mm inner diame-
ter, 6 𝜇m) connected in series and eluted with 0.02mol/L
KH
2
PO
4
at a flow rate of 0.6mL/min as previous study with

some modifications [33].

2.4. Periodate Oxidation−Smith Degradation. 25mg of JP1
was dissolved in 12.5mL of distilled water, and 12.5mL of
NaIO
4
(30mmol/L) was then added in the dark at room

temperature.During the incubation period, 0.1mLof aliquots
was withdrawn at 6, 12, 24, 36, and 48 h intervals, diluted
to 100mL with distilled water, and read using a spectropho-
tometer at 223 nm, until the optical density value became sta-
ble. Glycol (2mL) was used to stop periodate oxidation. The
solution of periodate product (2mL) was titrated to calculate
the production of formic acid by 0.01mol/L NaOH, and the
rest was extensively dialyzed against tap water and distilled
water for 48 h. The residue was concentrated and reduced
with NaBH

4
(70mg). The solution was placed at room

temperature for 24 h, neutralized to pH 6.0–7.0 with 50%
acetic acid, dialyzed as described above, and concentrated to a
volume of 10mL followed by freeze-drying. Subsequent treat-
ments were performed as described in previous study [34].

The residues (10mg) were hydrolyzed with 4mL of
2mol/L trifluoroacetic acid in a sealed glass tube at 110∘C for
6 h. Acetylation was carried out with 10mg of hydroxylamine
hydrochloride and 0.5mL of pyridine for 30min at 90∘C.
Next, 0.5mL of acetic anhydride was added with continuous
heating.The acetate derivative was analyzed using an Agilent
gas chromatograph 6890N system with a HP-45 column
(30m × 0.25mm i.d., 0.25 𝜇m) and a flame ionization dete-
ctor. The temperature program was set to increase to 220∘C
from 80∘C atan increment of 2∘C/min, then elevate to 250∘C
at an increment of 5∘C/min, and hold for 5min at 250∘C.The
detector was set at 250∘C. The injection volume was 1.0 𝜇L.
Glucose, galactose, glycol, glycerol, and erythrite were used
as standards.

2.5. Determination of Monosaccharide Composition. Gas
chromatography (GC) can be used to determine the com-
position of neutral monosaccharide as previous study [35,
36]. The acetylation was carried out with 10mg JP1, 10mg

hydroxylamine hydrochloride, and 0.5mL pyridine at 90∘C
for 30min. After cooling down, 0.5mL of acetic anhydride
was added at 90∘C for 0.5 hours. Water and chloroform
were added to extract three times after cooling. Then the
chloroform layer was evaporated and the residue dissolved
in chloroform. It was filtered with 0.22 𝜇m vacuum filter and
analyzed by GC. The percentages of monosaccharides in the
sample were calculated from the peak areas using response
factors.

The ultraviolet-visible waveband scanning was used to
evaluate the purity of the polysaccharides. The polysaccha-
rides were redissolved with distilled water and prepared to
1mg/mL solution. 5mL of the solution is enough for the
experiment. The scanning range was 200 nm to 800 nm and
the interval was 1 nm.

The infrared spectrum can detect the glycosidic linkage
conformation and the presence of functional group on the
polysaccharide. The samples were submitted to Analytical
andTestingCenter of JinanUniversity. An FT-IR spectropho-
tometer was used to determine the IR spectra of samples
within the range of 4000 cm−1 to 400 cm−1 [5].

2.6. Determination of Tertiary Structure Using Congo Red
Method. We determined the tertiary structure of JP1 using
Congo Red Method as previous study with some modifica-
tions [34]. 1mg/L solution of JP1 polysaccharide was mixed
with 0.1mmol/L Congo Red solution and then 1mol/LNaOH
solution was added to make the final concentration of 0.05,
0.1, 0.15, 0.20, 0.30, 0.35, and 0.40mol/L. They were placed
for 10min at room temperature. At last, they were scanned
within 600–400 nm to get the relation between themaximum
absorption wavelength of Congo Red and the concentration
of NaOH. Besides, 0.1mmol/L Congo Red solutions mixing
with NaOH solution was taken to make a final concentration
of NaOH which is consistent with the above and was also
scanned within 600–400 nm.

2.7. Preparation of JP1 Samples for Cell Culture. The polysac-
charide sample JP1 should be dubbed into seven different
doses with sterile and low sugar DMEM; thus the concentra-
tions are 62.5 𝜇g/mL, 125𝜇g/mL, 250𝜇g/mL, 500𝜇g/mL, and
1000 𝜇g/mL.

The vials containing cells were taken out from the liquid
nitrogen tank and thawed for 1min in the 37∘C water bath
immediately. In the meantime, shake it constantly to make
it melt. After spraying alcohol into the clean bench, the
solution was poured into 15mL centrifuge tube and then the
prepared DMEM medium was added 10 times. It was mixed
and then centrifuged for 5min (1000 rpm/min). Discarding
the supernatant, 10mL fresh medium was mixed in and was
pipetted repeatedly with Pasteur pipette until it became the
suspension. The total number of cells was counted by cell
counting board and adjusted to the concentration of 5 ×
104 cells/mL. Put it into a flask, add about 3mL medium, and
then put it in the CO

2
incubator (37∘C, 5%) for 24 h. After

the original broth drained, rinse it with PBS for 1-2 times and
then add 3mL fresh medium [10].

RAW 264.7 cells were seeded in 96-well cell culture plate
(100 𝜇L/well) in the concentration of 106 cells/mL. Then they
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Figure 1: H
2
O elution curve of crude polysaccharide with DEAE-FF chromatography (a) and CJP1 with Sephadex G-100 column (b).

were cultivated in 37∘C in 5% carbon dioxide incubator.
After 24 h, the supernatant was removed for fresh culture
medium, adding 20 𝜇L in 5% carbon dioxide incubator.
As positive control, culture was continued. It was removed
after 24 h and 5mg/mL MTT solution 20 𝜇L was added and
continued to cultivate for 4 h. The supernatant was removed,
and 150𝜇L DMSO was added. The microplate was oscillated
for 10min. Measure the value of absorbance by enzyme-
linked immunosorbent assay at the wavelength of 490 nm
[37]. Calculate the relative degree of proliferation of the cells
called relative growth rate (RGR) according to the formula.
The reaction of the sample should be less than level 1 reaction
(RGR = 80–99%) and the positive control group at least level
3 reactions (RGR = 30–49%):

RGR (%)

=
average absorbance value of the test group
mean absorbance value of the control group

× 100%.

(1)

2.8. Analysis of NO Production and IL-6. NO concentration
in the culture medium supernatant of RAW 264.7 cells was
detected as total nitrite using the Griess method [33, 38].
RAW 264.7 cells and samples (100𝜇L/well) were cultured
in 96-well plates for 24 h. Then one hundred microliters of
supernatant was mixed with 100 𝜇L of Griess reagents. After
incubation for 10min at room temperature, absorbance was
determined at 540 nm. A standard curve was prepared using
sodium nitrate (0–100 𝜇mol/L). 50 𝜇g/mL was used as the
positive control.

Concentrations of IL-6 were determined using a Mouse
IL-6 ELISA Kit according to the manufacturer instructions
and previous study [10].

2.9. Statistical Analysis. Data are presented asmean± SD and
were analyzed for statistical differences. The Student’s 𝑡-tests

were used for all statistical analysis between different groups.
𝑃 values below 0.05 were considered significant.

3. Results and Discussion

3.1. Extraction and Preparation of JP1. Crude polysaccharides
were isolated from the fruiting body of Cantharellus cibarius
with a yield of 5.63%. DEAE-FF chromatography was used
to fractionate the extracts. The neutral polysaccharide was
eluted by distilled water. Based on Figure 1(a), the main peak
is between tubes 3 and 6, and it is symmetrical. There was a
small peak behind the main peak, which was regarded as the
impure peak and should be dismissed. In the phenol-sulfuric
acid method, the concentration of the polysaccharide has a
linear relationship with the absorbance. The operation was
repeated for three times, and the results were the same as
above, which means the reproducibility was good.Therefore,
we just collected and combined the eluents in the tubeswithin
the same peak and dismissed others. In the subsequence,
tubes could be directly collected and combined without
phenol-sulfuric acid assay.

In the light of Figure 1(b), the main peak is between
tubes 8 and 24 and the reproducibility was good. So, we
just collected directly and combined the eluents in the tubes
within the same peak and dismissed others.

3.2. Molecular Weight. Due to the advantages of rapid and
reproducible HPGPC, it is widely used to determine the
molecular weight of the polysaccharide. Based on HPGPC
spectrum (Figure 2) and regression equation, logMW =
−0.158𝑡 + 12.98, 𝑅2 = 0.983, therefore, we got JP1 = 336 kDa.
JP1 showed a single and symmetrical sharp peak on the
HPGPC chromatogram, indicating that it was homogeneous
polysaccharide [5].

3.3. Periodate Oxidation−Smith Degradation. The chemi-
cal analysis results demonstrated that JP1 showed different



International Journal of Polymer Science 5

−2.5
0

2.5
5

(m
V

)

7.5
10

12.5
15

17.5
20

10 20 30 40 50 60 700

(min)

Figure 2: Chromatography of JP1 by HPGPC.

0.02 0.04 0.06 0.080

R2 = 0.9933

y = 10.663x + 0.0222

0

0.2

0.4

0.6

0.8

Ab
so

rb
an

ce
 (2

23
nm

)

Concentration of NaIO4 (mmol/L)

Figure 3: Standard curve of NaIO
4
concentration.

monosaccharide composition and branching linkages. In
mushrooms, polysaccharides are present as structural com-
ponents of the cell walls [39]. The position of glycosidic
linkages in JP1 was examined. The results of periodate
oxidation showed 0.839mol of NaIO

4
produced 0.229mol of

methanoic acid (Figure 3), indicating that theremay be 1 → 2
or 1 → 4, 1 → 3 or 1 → 6 glycosidic linkage in the molecule.
The periodate-oxidized and Smith-degraded products were
further analyzed by GC.

3.4. Monosaccharide Composition.Themonosaccharide com-
position of JP1 was analyzed using GC. As shown in
Figure 4(a), four monosaccharides, including L-Arabinose,
D-Mannose, D-Glucose, and D-Galactose, were identified
according to the elution time of relative monosaccharide
standards. According to the internal standard method, the
percentages of the four polysaccharides were L-Arabinose
19.31%, D-Mannose 20.45%, D-Glucose 37.67%, and D-
Galactose 22.54%, respectively.

The UV-visible spectra were shown in Figure 4(b). There
was no absorption peak at 260 nm or 280 nm, which means,
in the sample, neither nucleic acid nor protein existed. The
measurement range of the experiment was 200–800 nm,
while the light source of UV range was deuterium lamp and
the one of visible range was tungsten lamp. The serration
appeared around 340 nmbecause the switching point of these
2 lamps was 340 nm.

The IR spectra of JP1 were shown in Figure 4(c) and
Table 1. The broad band in the region of 3000∼3500 cm−1
displayed the characteristic of the hydroxyl group, which
means poor degree of methylation. The weak bands in the

region of 2930 cm−1 were due to C-H stretching vibration and
the medium bond in the region of 1400∼1200 cm−1 indicated
the C-H deviational vibration [40, 41]. JP1 was confirmed
as polysaccharides by these three peaks. The medium peak
at around 1640 cm−1 indicated the acetyl (-C=O) group. The
sharp and strong absorption in the range of 1300∼1000 cm−1
displayed the stretching vibration of pyranoid ring, so that JP1
were pyranose.

Congo Red reacts with triple-helix polysaccharides,
which shifts the maximum absorption towards the long
wavelength in solution. The specific transition from triple-
helix conformation to single coil conformation makes the
maximum absorption decrease in Congo Red polysaccharide
solution [42]. As shown in Figure 5(a), JP1 did not show
the specific shift of the maximum absorption wavelength
at different concentrations of NaOH, demonstrating the
absence of triple-helix conformation in JP1, as in the control.

3.5. Toxic Effects of JP1 on RAW264.7 Cells. The JP1 toxic
effects on macrophages were shown in Figure 5(b). From
the results of the experiment, with increasing concentration
of JP1, the proliferation of macrophages is also growing,
indicating that JP1 is nontoxic to cells in this concentration
range. The cytotoxicity grade of the positive control LPS is
1, which meets the cytotoxicity range as positive control.
Furthermore, its cytotoxicity is stronger than JP1.

3.6. Immunostimulating Activity of JP1 in RAW264.7 Cells.
The polysaccharides of edible fungi are important biological
macromolecules that have been shown to have antioxidant,
antitumor, anti-inflammatory, and antidiabetic activities [8,
43, 44]. Previous studies have indicated that natural polysac-
charides can activate immunologic response and enhance the
secretion of cytokines including interleukin-6 (IL-6), IL-12,
TNF-𝛼, interferon gamma (IFN-𝛾), and nitric oxide (NO)
[45].

Measuring NO according to Griess method, as shown in
Figure 3, we get the standard curve line: Y = 0.008X + 0.082,
𝑅2 = 0.999 (Y = absorbance, X = content).

NO can combine with O2− or Fe, which is in the protein
of Fe-S center, to produce Fe-NO complex.This substance has
a direct effect on tumor cell destruction. Although NO itself
does not generally induce nitration of tyrosine residues in
proteins, NO reacts with superoxide to produce peroxynitrite
at physiological pH, which can induce the nitration of
tyrosine in vivo [46]. NO produced by macrophages also has
a feedback effect, which mediates its tumor-killing ability
indirectly. In addition, NO also plays a role in mouse NK-
mediated DNA breakage and cytolytic function [47].

On the range of 0.005–0.5mg/mL, JP1 can promote
mouse peritoneal macrophages to secrete NO and shows cer-
tain positive correlation (Figure 5(c)). NO is one of nearly 100
kinds of biologically active substances secreted by activated
macrophages, related to a number of immune responses and
inflammation [48].

When tissue injury or inflammation occurs, it may
accompany the release of IL-6. This cytokine mainly comes
from the lesion in macrophages and stromal cells. It can
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Figure 4: Gas chromatography, UV-visible spectra, and FT-IR spectrum of JP1.

Table 1: FTIR spectrum of JP1.

Wavenumber (cm−1) Strength Functional group Indication
3000–3500 Strong O-H stretching vibration Degree of methylation
Near 2900 Weak C-H stretching vibration Characteristic peak of saccharides
1600–1730 Medium C=O stretching vibration Existence of acetyl
1400–1200 Medium C-H deviational vibration Characteristic peak of saccharides
1300–1000 Strong Stretching vibration of pyranoid ring Pyranoid ring
Near 810 and 870 Weak Mannose Characteristic peak of mannose

be applied to various parts of the body and play a role in
the immune response, acute reaction, and hematopoietic and
nervous systems. IL-6 is capable of inducing T cells’ acti-
vation, proliferation, and differentiation, protecting neurons
against viruses CTL’s (cytotoxic lymphocyte) differentiation
and promoting neutrophil’s differentiation and activation [10,
49]. The result (Figure 5(d)) indicates that the concentration
of IL-6 secreted byRAW264.7 (treated by JP1) increasedwhen
the concentration of JP1 increased, which has significant
differences compared to the PBS control group. It described
that JP1 can enhance the secretion of macrophages’ cytokines
IL-6 (Figure 5(d)).

4. Conclusions

In conclusion, the novel polysaccharide isolated from Can-
tharellus cibarius with an average molecular weight of
336 kDa could be considered as materials with natural
immunostimulating activity applications. In addition, the
structural characterization of JP1 was identified in our study.
Based on the results, L-Arabinose, D-Mannose, D-Glucose,
and D-Galactose are the effective monosaccharides in the
polysaccharide structure. These results suggested that JP1
could be used as an anti-inflammatory ingredient or immun-
ostimulatory functional foods. The isolated polysaccharide
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Figure 5: Congo Red test curve of JP1 (a) and its effect on cell viability (b), NO activity (c), and IL-6 (d) in RAW264.7 cells.

needs to be further examined for its potential functions to be
unveiled.
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Lignin samples fractionated frommicrowave liquefied switchgrass were applied in the preparation of semirigid polyurethane (PU)
foamswithout purification.Theobjective of this studywas to elucidate the influence of lignin in the PUmatrix on themorphological,
chemical,mechanical, and thermal properties of the PU foams.The scanning electronmicroscopy (SEM) images revealed that lignin
with 5 and 10% content in the PU foams did not influence the cell shape and size. The foam cell size became larger by increasing
the lignin content to 15%. Fourier transform infrared spectroscopy (FTIR) indicated that chemical interactions occurred between
the lignin hydroxyl and isocyanate revealing that lignin was well dispersed in the matrix materials. The apparent density of the
foamwith 10% lignin increased by 14.2% compared to the control, while the foamwith 15% lignin had a decreased apparent density.
The effect of lignin content on the mechanical properties was similar to that on apparent density. The lignin containing foams were
muchmore thermally stable than the control foam as evidenced by having higher initial decomposition temperature andmaximum
decomposition rate temperature from the thermogravimetric analysis (TGA) profiles.

1. Introduction

As an important engineering material, polyurethane foam
(PU foam) has been widely used in automotive industry,
insulating panel, construction, and so on [1]. Currently, the
research on the alternative of petroleum-based polyol, a
main chemical component to manufacture PU foam with
eco-friendly biopolyol sources such as biodiesel residues,
has attracted an increasing attention [2], due to the rapid
depletion of fossil fuels.

Vegetable oil composed of triglycerides of long chain
fatty acids has great potential for the synthesis of polyols. In
recent years, a series of vegetable oils have been successfully
applied in the preparation of biobased PU foams, such as
modified oils from soybean and castor oils [3–5]. Mean-
while, chemical platforms derived from nonfood resources
were also modified and used as alternative components to
achieve highly functional biobased foams. Lignocellulosic
biomass composed of cellulose, hemicellulose, and lignin

is a valuable and worldwide accessible bioresource which
can provide alternative chemicals via proper conversion
processes. Recent achievements in biomass thermochemical
conversion techniques have stimulated great interests in the
integrated utilizations of lignocellulosic biomass for the pro-
duction of hydroxyl-rich biopolyols. The achieved biopolyols
by liquefaction have high hydroxyl functionalities and great
promising properties in the production of PU foams [6]. A
large variety of lignocellulosic biomass such as bamboo [7],
wheat straw [8], and soybean straw [9] has been liquefied
into liquid polyols for the preparation of PU foams. Instead
of converting lignocellulosic biomass into biopolyols as a core
reactant in the synthesis of foams, other researchers directly
added bioderived materials such as wood pulp fiber [10] and
nanoparticle lignin [11] into matrix materials as reinforcing
filler in the biofoams.

Lignin is composed of three different types of phenyl-
propane units. It is a three-dimensional amorphous phenolic
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polymer which fills the space between cellulose and hemi-
cellulose and cross links with hemicellulosic polysaccharides
[12]. Lignin generally features an irregular structure with a
highly condensed cross-linked polymer network providing
the biomass with mechanical strength as well as rigidity to
resist external forces [13]. However, lignin from pulping or
biorefinery industries is currently an underutilized waste
product. About 225 million tons of lignin generation is
expected from the cellulosic alcohol industry in the United
States in the near future, and only 2% is used for value-
added applications [14]. In order to address the resource
waste problem and to enhance the commerciality of the
bioethanol industry, a number of studies have been con-
ducted to use lignins as raw feedstocks for production of
biobased materials. Lignin was added to poly lactic acid
(PLA) matrix to fabricate PLA-lignin composites for use as
packaging materials [15]. The liquefied lignin was applied for
the substitution of petro derived ployol to prepare flexible
polyurethane foams [16]. Organosolv and Kraft lignin were
used as hydroxyl sources to replace polyols for the production
of PU foams [17, 18]. Meanwhile, some chemical strategies
such as oxypropylation [19], urethane modification [20], and
liquefaction [21] were also used to modify lignin macro-
molecules, and the modified lignin was incorporated into
the polyurethane matrix for production of high biocontent
materials. Although recent research work on lignin-based
foam has achieved great progress, some of these synthesized
foams could not show comparable properties to commercial
ones. Thus, intensive work is still needed to find efficient
ways to transform lignin into highly functional materials for
market applications.

In the past decades, research for alternate fuel resources to
meet the ever-increasing energy demand and to avoid depen-
dence on fossil fuel has attracted the attention of researchers
worldwide. Switchgrass (Panicum virgatum), which occurs
naturally from 55∘N latitude to central Mexico [22], is
considered as a promising crop for a large region of the
Unite States. Switchgrass shows promise due to its high
productivity, suitability for marginal land quality, low water
and nutritional requirements, environmental benefits, and
flexibility for multipurpose uses [23]. It has been used over
other crops for conversion to bioenergy within the United
States andwas identified by theUSDepartment of Energy as a
model herbaceous energy crop [24]. Nowadays, fast pyrolysis
and enzymatic hydrolysis have been used as common strat-
egy for energy conversion employing switchgrass [25, 26].
Recent research on alkaline pretreatment of switchgrass for
lignin removal and sugar retentions for economic valuable
cellulosic ethanol productionwas reported byKarp et al. [27].
Meanwhile, liquefaction was also applied in the integrated
utilizations of switchgrass for biobased epoxy resins [28].
In our previous study, we optimized a system to selectively
liquefy the lignin in lignocellulosic biomass for production
of carbohydrate polymers. In order to verify the commercial
potential of this novel biomass utilization process, the lignins
from the selective liquefaction process were recovered and
the physicochemical properties of the lignin samples were
examined [15]. Previous results showed that the recovered
switchgrass lignin retained its original core structure, high

thermal stability, and good solubility in common organic
solvents. Thus, in order to verify whether the recovered
lignin had potential for PU foam, lignins were introduced
into the PU matrix for the preparation of lignin containing
semirigid PU foams. The specific objective of this study was
to investigate the influence of lignin on the morphological,
mechanical, and thermal properties of the synthesized foams.
The aimof this researchwas to provide a new approach for the
utilizations of biorefinery industrial lignins.

2. Experimental

2.1.Material andChemicals. Switchgrass (Panicum virgatum)
was harvested from agricultural land in central Louisiana,
USA. The whole switchgrass straw including leaves was
reduced to particles using a Thomas Wiley Laboratory mill.
The particles were screened to collect particles that passed
through a 20-mesh sieve and then retained on a 40-mesh
sieve and then dried to a constant weight in an oven main-
tained at 80∘C.Thedried particleswere stored in polyethylene
bags and used without further treatment. All acids, glycerol,
and methanol used were of reagent grade and obtained from
commercial sources.

2.2. Microwave Liquefaction. Microwave selective liquefac-
tion was carried out in a Milestone MEGA laboratory
microwave oven. Mixed glycerol and methanol at a ratio of
2/1 (w/w) was used as the solvent at a solvent to switchgrass
ratio of 4/1 (w/w). Sulfuric acid (1.75% of solvent weight) was
used as the catalyst. A typical reaction mixture consisting of
2 g of switchgrass particles, 8 g of solvent, and 0.14 g of sulfuric
acid was loaded in Teflon vessels with a magnetic stirring
bar. The Teflon vessels were then placed on the rotor tray
inside the microwave cavity. The temperature was monitored
using an ATC-400FO automatic fiber optic temperature
control system. Based on monitored temperature, the output
power was autoadjusted during liquefaction. In this study, the
temperature was increased from room temperature to 120∘C
and then was kept constant for 4min. The resulting reaction
mixtures were dissolved in methanol and then vacuum-
filtered through Whatman number 4 filter paper.

The filtrated liquid was evaporated at 45∘C under vacuum
to remove methanol, and then distilled water [10/1 (w/w)]
was added to the obtained liquid. The mixture was stirred
thoroughly with a glass rod. Afterwards, the mixture was
centrifuged at 5000 rpm for 10min. The precipitates were
dried at 30∘C for 12 h. The samples were kept in ambient
conditions for further usage.

2.3. Preparation of PU Foams. The control PU foam was
prepared using a one-step method according to a previous
used method [29]. A typical mixture of PEG-400/glycerol
(8.0 g), catalyst (dibutyltin dilaurate, 0.16 g), blowing agents
(water, 0.54 g), and surfactant (Dow corning 193, 0.16 g) was
premixed thoroughly in a beaker with amechanical stirrer for
15 s. Afterwards, 12.8 g of isocyanate ([NCO]/[OH] ratio, 0.6)
was added to the premixture and the combination was stirred
with a high-speed agitator at a stirring speed of 3600 rpm.
Immediately afterwards, the resultant mixture was poured
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into an open cylindrical mold and was allowed to freely
rise at room conditions. The obtained foams were allowed
to cure at room temperature for 1 h. For the preparation
of lignin containing foams, desired lignin samples were
dissolved in PEG/glycerol blend at the mass rate of 5, 10, and
15% (based on PEG/glycerol mixture), and then the mixture
was compounded with other components following the same
procedure for the control foam.

2.4. Characterization. The foam samples were crumbed into
powder prior to the chemical structure analysis by using
FTIR. The FTIR analysis was performed by a Nicolet Nexus
670 spectrometer equipped with a Thermo Nicolet Golden
Gate MKII Single Reflection ATR accessory. Data collection
was performed with a 4 cm−1 spectral resolution and 32 scans
were taken per sample. The surface morphology of the foam
was observed using scanning electron microscopy (SEM,
NeoScope JCM-5000, NiKon Instruments Inc.). Test samples
were coated with gold using a vacuum sputter coater before
being subjected to the SEM analysis. TG/DTG analysis was
conducted with a thermal analyzer, TGA (Q50, TA Instru-
ments), to simultaneously obtain thermogravimetric data.
About 5mg of powder sample was loaded on the platinum
crucible and analyzed by the thermal analyzer. Pyrolysis
was terminated at 800∘C with a heating rate of 20∘C/min
under a flow of 60mL/min of nitrogen gas. The apparent
density of the PU foam was measured at 23∘C with 50%
relative humidity according to ASTM D1622-03. The size of
the specimen was 30mm × 30mm × 30mm (length × width
× thickness). Five specimenswere used for per sample and the
average value was reported. The mechanical properties were
characterized by the compressive strength and compressive
modulus. The size of the specimen used for compressive
strength was 30mm × 30mm × 30mm (length × width ×
thickness). The test was performed using an Instron testing
machine (Instron 4465), with a load of 2 KN at a crosshead
speed of 2.5mm/min. Compressive strength at 10% strain and
compressive modulus were performed according to ASTMD
1621-10. For each sample, five specimens were tested, and an
average value was taken along with the standard deviation.

3. Results and Discussion

3.1. Morphological Structures. The cross-section structure of
the PU foam samples was characterized by SEM images. As
presented in Figure 1, both the control (Figure 1(a)) and the
lignin containing (Figures 1(b)–1(d)) PU foams exhibited a
honeycomb structure with closed cells.The control PU foams
had almost regular cell size and distribution with a negligible
quantity of broken cell walls. Despite the broken cell walls,
the pure polyol PU foams with a light yellow color had no
significant difference in cell structures from the ones with
5% lignin, indicating that the influence of lignin on the foam
structure was insignificant with less than 5% lignin content in
the foam.With the introduction of lignin into the PUmatrix,
the PU foam color became brown and the cell diameter
tended to be larger.

The cell diameter and number of cells by surface area (𝑛)
of the PU foams were measured and the values are listed in

Table 1. FromTable 1, the polyol PU foams had relatively small
cell diameter and high number of cells by surface area (𝑛).The
cell diameters of foams with 5, 10, and 15% lignin were 523.1,
521.3, and 838.8 𝜇m, respectively, and the number of cells by
surface area (𝑛) was 1.82, 1.87, and 1.02N/mm2, respectively.
According to the ANOVA analysis, significant differences
(𝑝 < 0.01) in the cell diameter were found between 15% lignin
foam and the others. The result revealed that the addition of
15% lignin into the PU matrix had a significant effect on the
foam cellular structures. The alteration in the cell structure
may be due to the fact that high lignin content affected the
cell nucleation process in the preparation of PU foams [30].
Similar results were also found by Pan and Saddler [17], who
reported that the increase of ethanol organosolv lignin ratio
in petroleum-based polyol resulted in particularly large cells
(bubbles). However, this finding regarding cell diameter was
quite different from Luo et al. [3]. This may be due to the
character variations among the polyols and lignins employed
in the foam preparation. A combination of PEG/glycerol
blends and depolymerized switchgrass lignin were used as
hydroxyl sources in this study whereas soy oil/lignin powder
was used as the reaction feedstock in Luo et al.’s research [3].

3.2. Chemical Structure. FTIR spectra were used to char-
acterize the chemical structures of polyol, lignin, MDI
(Figure 2(a)), and the synthesized PU foams (Figure 2(b)).
As shown in Figure 2(b), the polyol was confirmed by
the absorption bands at 3330 cm−1 (OH stretching) and
2870 cm−1 (C-H stretch). Switchgrass lignin was confirmed
by the main characteristic bands at 1599 cm−1 (aromatic ring
vibration), 1510 cm−1 (aromatic skeletal vibration), 1456 cm−1
(C-H deformation), and 1220 cm−1 (C-O stretching in phenol
and ethers) [15]. An intensity band at 2240 cm−1 attributed
to the NCO group was found on the spectrum of MDI. The
absorption bands of urethanemoieties such as 3310 cm−1 (NH
stretching vibration), 1703 cm−1 (C=O), 1599 cm−1 (CO-NH
variation), 1510 cm−1 (NH bending vibration), and 1220 cm−1
(O-CO stretching vibration) were identified in the spectra
of the PU foams. No absorption band was observed at
2240 cm−1 assigned to NCO groups in the spectra of the
PU foams, which indicated that the isocyanate group was
completely consumed with the production of urethane or
urea linkages. Meanwhile, the intensity of both the peaks
at 3330 and 2870 cm−1 in the spectrum of the polyols was
weakened and became broad. These results indicated the
occurrence of the efficient chemical interactions between the
polyols and MDI.

Compared to the spectrum of the control foam, no extra
band was introduced by the addition of lignin into the
PU foam (Figure 2(b)). There was a slight position shift of
carbonyl stretching vibration band from 1703 to 1707 cm−1
by increasing the amount of lignin in the PU. This result
could allow the chemical interactions that occurred between
the hydroxyl bonds from the lignin and the NCO groups
[31]. From this result, it can be speculated that lignin was
well miscible with the PU foam matrix at a molecular
level. Moreover, the bands at 1599 and 1510 cm−1 which also
corresponds to the aromatic structure of lignin presented
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Figure 1: SEM images of (a) pure polyol, (b) 5% lignin, (c) 10% lignin, and (d) 15% lignin content polyurethane foams.
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Figure 2: FTIR spectra of (1) polyol, (2) Switchgrass lignin, and (3) MDI; (A) pure polyol, (B) 5% lignin, (C) 10% lignin, and (D) 15% lignin
content polyurethane foams.

Table 1: Cell diameter and number of cells by surface area (𝑛) of different polyurethane foams.

Index Lignin content (%)
0 5 10 15

Diameter (𝜇m) 513.4 ± 112.7 523.1 ± 89.8 521.3 ± 130.7 838.8 ± 167.1
Number of cells by surface area (𝑛) (N/mm2) 1.98 1.82 1.87 1.02
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Figure 3: Effect of lignin content on (a) apparent density, (b) compressive strength, and (c) compressive modulus of the PU foams.

no significant difference between the control and lignin
containing foams, revealing that the main structure of lignin
was not altered by the reactions.

3.3. Apparent Density and Mechanical Properties. The appar-
ent density and mechanical properties of the PU foams are
shown in Figure 3. The apparent density initially increased
and then decreased by increasing the lignin content (Fig-
ure 3(a)). The apparent density for the foam with 10% lignin
was the highest, increased by 14.2% relative to the control
foam, while the foam with 15% lignin showed the lowest
density of 0.047 g/cm−3, which was 12.8% lower than the
control foam. In general, for foams with similar cell wall
thickness, density is known to decrease as cell size increases,
which further influence mechanical properties [32]. There-
fore, the low density for the 15% lignin foam is due to its
large cell size as evidenced by the SEM image (Figure 1(d)).
Though the 10% lignin foam had similar cell size to that
for the control, its relatively high density was due to thicker
cell walls (Figure 1(c)). As shown in Figures 3(b) and 3(c),
by increasing the lignin content to 10%, the compressive
strength and compressive modulus increased from 38 and
296KPa to 63 and 485KPa, respectively; with additional

increase in the amount of lignin, the compressive strength
and compressive modulus decreased to 53 and 410KPa,
respectively. The influence of lignin content on mechanical
properties of the foams was similar to that on density. This
result also confirmed that density is a prominent parameter
determining mechanical properties. It can be concluded that
the incorporation of lignin into the PUmatrix reinforced the
PU foams.

Other researchers also observed an increase in compres-
sive strength and compressive modulus by the introduction
of less than 10% of lignin into foams [11, 18]. However, lignin
was not reinforcement filler in the foam in the report of Xue
et al. [30], who argued that ligninwas not completelymiscible
with the polyol, and the uneven mixture of lignin and polyol
resulted in irregular cellular structure and thus weakened
the mechanical properties. According to other researches
[33, 34], the addition of 2wt% and 1.5 wt% cellulose and
wood flour into foams increased the compressive strength
by 21% and 30%, respectively. In this study, the compressive
strength was increased by 63% with the addition of lignin
to the foam. For comparison, the lignin used in this study
was significant in reinforcing the mechanical properties of
foams with comparison to cellulose and wood flour. The
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Figure 4: TG and DTG cures of (A) pure polyol, (B) 5% lignin, (C) 10% lignin, and (D) 15% lignin content polyurethane foams.

Table 2: Temperature and residue yield of the PU foams with
different lignin content.

Lignin
content (%) 𝑇onset (

∘C) 𝑇max (
∘C) Char yield

(%)
0 133 323 5.4
5 140 332 5.8
10 178 335 12.4
15 224 334 8.4

significant reinforcement functionality of lignin in the foam
may be because lignin is a three-dimensional polymer acting
as a compatibilizer in the PU matrix, which resulted in
goodmolecular order of the polyurethane network [31].With
higher lignin content (15%), the mechanical properties of
the foam were decreased, probably due to the lignin macro-
molecules agglomerating into segments, which reduced the
uniform distribution of lignin in the foam. This will result in
significant changes in the cellular structure and weaken the
strength of the foam [17].

3.4. Thermal Stability. The thermal decomposition behavior
of PU foams was evaluated by TG in nitrogen and the TG
profiles are presented in Figure 4. All the samples had a
narrow degradable temperature range of 350–450∘C. The
decomposition processes of both the control and lignin
containing foamswere divided into two stages corresponding
to soft and hard segments, respectively [35], indicating that
the addition of lignin into the foams had no significant
influence on the degradation mechanism.

The thermal degradation temperatures and char yield are
presented in Table 2. The control foam started to decom-
pose at a relative low temperature. 𝑇onset (defined as the
temperature at the mass loss of 5%) significantly increased
as the lignin content increased, revealing that lignin in the
foam could elevate the initial decomposition temperature

primarily because of the thermostable segments produced
from interactions between lignin and the PU matrix. The
maximum decomposition rate temperature (𝑇max) shifted
to higher temperatures with the addition of lignin. Though
𝑇max for the foam with 10% lignin was lower than the PU
foam with 19% soluble ammonium polyphosphate (flame
retardant) [36], it was greater than the control foam about
11∘C. As shown in Figure 4(b), the foam with 10% lignin
had particularly high degradation rate at the second peak
temperature. This is probably due to the ability of lignin to
reinforce the soft phase of the PU matrix resulting in the
enrichment of the hard segments. These results indicate that
the introduction of lignin into the foam could improve the
thermal stability of the foams, and the foam with 10% lignin
had the best thermal stability. A similar result was found in
a study of PU foam made from lignin derivatives enriched
biopolyol [29].

Char yield showed an increasing trend as the lignin
content in the foams increased. Char yield for the foam with
10% lignin content wasmore than 2 times that for the control.
This is mainly due to the cross-linkage cellular structure
and thermostable nature of lignin. The difference in char
yield among the control and lignin containing foams further
confirmed that lignin acted as thermal filler in the PU foams.

4. Conclusions

The addition of less than 10% of lignin fractionated from
microwave liquefied switchgrass into the PU matrix had no
significant influence on the microstructures of the PU foam,
while higher lignin content (15%) in the PU matrix resulted
in foam with large cell size. FTIR spectra indicated the
occurrence of chemical interactions between lignin hydroxyl
groups and NCO groups with the production of an extra
hydroxyl bond. The foam with 10% lignin content had the
highest apparent density of 0.061 g/cm3, best mechanical
strength (compressive strength and compressive modulus),
and superior thermal stability. Further increase of the lignin
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content in the foam resulted in a decline in the apparent
density and mechanical properties. The lignin obtained from
liquefied switchgrass could be used as reinforcement filler in
the preparation of semirigid polyurethane foams.
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